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Abstract

The objective of this work is the investigation and structural characterisation of pyridoxal
phosphate (PLP)-dependent racemases. In particular a-amino-g-caprolactam racemases
(ACLRsS), such as the enzyme from Achromobacter obae (AOACLR) are of interest for this
work, as they have been found to racemise amino acid derivatives. This can be beneficial for
the use of enzymes for the application for the dynamic kinetic resolution (DKR) of amino acid
derivatives. In this work focus was put on the racemisation of the model substrate
phenylalanine methylester due to the potential of a biocatalytic DKR of amino acid esters to
the corresponding amides.

In addition to AoACLR, two further enzymes were identified in a homology search.
Racemases from Rhizobum freirei (RFACLR) and Ochrobactrum anthropi (OaACLR) were
identified as targets for the evaluation of PLP-dependent racemases. These enzymes were
heterologous expressed in Escherichia coli and purified.

The purified ACLRs were subjected to crystallisation trials and especially RFACLR was found
to crystallise well. Intensive structural analysis of RFACLR gave structures of different
reaction intermediates of the racemisation reaction. A reaction mechanism proceeding via the
formation of a geminal diamine and an achiral quinonoid was proposed based on these results.

Furthermore, the catalytic residues D210 and K267 were identified by mutational analysis.

The purified enzymes were subjected to activity assay to evaluate their substrate spectrum.
Only OaACLR was found to be active towards phenylalanine methylester. With information
obtained from the structure of OaACLR, structure-guided engineering of OaACLR resulted
in 3.4-fold activity-improved variant. This variant, OaACLR-L293C, was characterised in
detail and found to be an overall improved variant of OaACLR. OaACLR-L293C is therefore

a promising biocatalyst for the application DKR of amino acid esters.
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1 Introduction

1.1 Pyridoxal phosphate-dependent enzymes

1.1.1 Pyridoxal phosphate as catalyst

Since the discovery of pyridoxal 5’-phosphate (PLP) in the 1940s the interest in PLP in
chemical synthesis has not declined due to its vast versatility as catalyst.2? The biological
activity of PLP as vitamin Bs was first discovered in 1951 for bacteria, yeasts and rats.® In
living organisms PLP is recruited as a cofactor by apo-enzymes for biocatalytic activity as
shown by Snell et al. for the first time in 1962.* The biologically active form of vitamin B6 is
either PLP or pyridoxamine phosphate (PMP) and is covanlently bound in the enyzme active

site.
H O
1
HO
~
N OH

Figure 1: Chemical structure of PLP.

PLP-dependent enzymes take part in many different cellular processes, especially in the
biosynthesis of amine containing metabolites, such as amino acids and their derivatives or
amino sugars. ® Due to the significant role of PLP-dependent enzymes in cellular processes
they are often drug targets for inhibitory inactivation. For example y-aminobutyric acid
aminotransferase or ornithine decarboxylase are targets for the treatment of epilepsy,
respectively African sleeping sickness through inhibition of the enzymes.®> On the other hand,
dysfunction in PLP-dependent enzymes can cause diseases like homocystinuria caused by

deficiency of the cystathionine B-synthase.®

PLP can catalyse transaminations, decarboxylations, racemisations, eliminations and
replacement reactions. Transamination, decarboxylation and racemisation are catalysed at the

o position, elimination and replacement at the B or y position as illustrated in Figure 2.
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Figure 2: Different types of PLP catalysed reactions. The reactions are categorised according to the position
of the bond breaking of the substrate.

The function of PLP as cofactor is identical in all the reactions: it stabilises the negative charge
at the Ca of the reaction intermediate. The transition state, namely the external aldimine is
formed after a condensation reaction of the aldehyde group of PLP and the substrate amine
forming a Schiff base. The negative charge of the formed carbanion is stabilised by the
delocalisation of the negative charge over the n-System of the pyridine ring, which often is
described as ‘electron sink’.® The formation of the quinonoid enables the removal of the Ca
proton and thus allows for the subsequent chemistry for different reactions. PLP enables the
deprotonation of the Ca of amino derivatives under physiological conditions through the
stabilisation of the negative charge of the carbanion. Under physiological conditions the pKa
at the Ca is normally too high for proton abstraction.” Outside biological systems, PLP can
also work as catalyst in solution as the crucial step for catalysis is the formation of a stabilised
intermediate. However, incorporation in an enzyme scaffold enhances reactivity and substrate
specificity determines the type of the reaction that is catalysed.

1.1.2 Reaction specificity of PLP-dependent enzymes

All PLP-dependent, enzyme-catalysed reactions have the formation of an external aldimine
intermediate of the cofactor and the substrate in common (Figure 3).
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Figure 3: Formation of the external aldimine and the different resonance structures of the carbanionic
intermediates.

The external aldimine is formed after attack of the protonated Schiff base, which is formed
between an active site lysine e-amine and the C4’ of PLP. The Schiff base is attacked by the
unprotonated amino group of the substrate resulting in the breaking of the bond between
enzyme and cofactor and formation of a new Schiff base between substrate and cofactor. ® One
intermediate state of the newly formed external aldimine is the so called quinonoid. Formation
of the reaction intermediate is linked with the increase in electron delocalisation energy which

increases the potential for bond breaking at the substrate Ca.. °

The external aldimine is the starting point to the many different reactions that are catalysed by
PLP-dependent enzymes. The reaction type is determined by which bond of the external
aldimine Ca is broken.? Theoretically, any of the three bonds at the Ca can be broken (Figure
4) and different classes of PLP-dependent enzymes have evolved different scaffolds to control

the specificity of the bond breaking.
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Figure 4: Different reaction types after formation of the external aldimine. Most reactions (elimination,
racemisation, transamination) follow the proton abstraction at Ca. Adapted according to Toney et al.®

In 1966 Dunathan published a hypothesis to predict the type of reaction that is catalysed after
formation of the external aldimine. The “Dunathan hypothesis” postulates that the
conformation of the Ca in relation to the pyridine ring of PLP determines the type of catalysed
reaction. The bond that is at 90° angle to the pyridine ring, hence parallel to the w-System, is
broken. This bond is destabilised through stereoelectronic effects of the m-system and the
resulting carbanion is stabilised through the charge delocalisation through the n-system of the
pyridine ring.® Evidence for this hypothesis was later found in the solved structure of an
aminotransferase complexed with phosphopyridoxyl aspartate. Jansonius et al. solved the
structure of an aspartate aminotransferase to 2.8 A with substrate analogues revealing the

catalytic residue, K258, and conformational changes that direct substrate specificity. 1012

Y :

®ON

C4‘I O
O N © @ Ca
©
(0] R

Figure 5: lllustration of the Dunathan hypothesis to predict the type of reaction that is catalysed after
formation of the external aldimine. Picture is modified according to Toney et al.*

Once the carbanionic intermediate (Figure 3) is formed by deprotonation of the external
aldimine at the Ca. it can go undergo different reactions.® The simplest bond forming reaction
is protonation at the opposite face of Ca which is a racemisation reaction and gives the opposite
enantiomer of the starting material as product. Protonation of the C4” of the cofactor results in

a ketimine intermediate and subsequent hydrolysis to give a ketone product as first half-
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reaction of a transamination. The carbanionic intermediate can also acts as nucleophile which
can result in o/f elimination, in the case of a good leaving group at CpB. In a retro aldol
condensation the a-p bond can be broken.? In general three different principles determine the
type of reaction that is catalysed after formation of the carbanionic intermediate which will be

further discussed below.

1. Stereoelectronic effects determine bond breaking and making
2. The protonation state of PLP

3. The conformation of the active site and catalytic residues

1.1.2.1 Stereo-electronic effects: Specificity of dialkylglycine decarboxylase

The reaction specificity of PLP-dependent enzymes was in detail studied for dialkylglycine
decarboxylase as this enzyme is able to catalyse two half reaction types: transamination and
decarboxylation (Figure 6). The first half reaction is a decarboxylation reaction resulting in a
ketone product and pyridoxamine phosphate (PMP). CO; is released from the substrate
followed by the protonation of the C4’ of PLP resulting in a ketimine intermediate.
Subsequently, the intermediate is hydrolysed to the ketone product and PMP. This is a typical
reaction mechanism for transamination as opposed to the Ca protonation as typical for
decarboxylation reactions. The second half-reaction is a typical transamination reaction where

the generated PMP and pyruvate substrate react to the corresponding amino acid and PLP.%3
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Figure 6: Reaction scheme of the two step conversion of dialkylglycine to amino acids catalysed by
dialkylglycine decarboxylase. a) Decarboxylation half-reaction. b) Transamination half-reaction.
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Crystal structures were obtained for dialkylglycine decarboxylase with substrates and different
external aldimine intermediates.’*° It was possible to designate three sites in the substrate
binding pocket, named site A, B or C (see Figure 7). In the catalytic site A bond breaking and
making is catalysed, whereas in site B carboxylate or larger alkyl groups are bound for the
transamination half-reaction. Site C is restricted to bind only small alkyl groups.® The activity
and specificity towards the decarboxylation of a specific substrate is determined by sterical

hindrance or preference in the site B.1>1¢

A A
COy”
/iL R H
Q o <’ \)
C B C B
Non-productive for Productive for
decarboxylation decarboxylation

Figure 7: Productive and non-productive conformations of p-amino acids in the three different binding
pockets of dialkylglycine decarboxylase.

Two different binding modes influence the specificity towards decarboxylation: it is promoted
when the substrate carboxylate is located in the catalytic site A and prohibited when the
carboxylate is accommodated in site B.1® This model explains the higher activity towards
substrates with larger side chains. Binding of larger side chains is favoured in the larger site

B, so that the carboxylate is bound in the catalytic site A.

1.1.2.2 Protonation state of PLP: Specificity of alanine racemase

Bacterial alanine racemase has been extensively studied due to its importance for bacterial
growth and involvement of cell wall synthesis. Structural studies revealed the X-ray structure
of the enzyme in complex with alanine.'” Based on the complex with alanine a reaction

mechanism was proposed as summarised in Figure 8.
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Figure 8: Reaction scheme for the racemisation of alanine catalysed by alanine racemase.

Y265 and K39 were identified as the catalytic acid/base pair by structural and mutational
analysis.'® The residues are located at opposite faces of the Ca, therefore enabling de- and
reprotonation to give opposite enantiomers. An arginine is found in position 219 in alanine
racemase; in aminotransferases a residue with a carboxylic group is often found in the
homologous position. The pyridine nitrogen of PLP is protonated by the carboxylic group
resulting in a more electrophilic pyridine, whereas arginine is unlikely to protonate the
nitrogen.’®% The racemisation of D-alanine is catalysed via the formation of the D-external
aldimine which is deprotonated by K39. The resulting carbanion is unstable due to the
unprotonated state of the pyridine nitrogen. The carbanion is reprotonated by Y265 and the

product is released by transamination.

1.1.2.3 Active site conformation

Reactions with solely PLP as catalyst showed that different reaction types were catalysed. Due
to the lack of any conformational control during the catalysis, the specificity for a certain
reaction type was low yielding a mixture of different products.?* PLP alone is an effective
catalyst, however, the scaffold of the apoenzyme introduces high substrate and reaction
specificity to the catalysis. This was shown by several mutational experiments that highlighted
the importance of the active site environment on the reaction specificity.®

Replacing tyrosine with alanine in position 265 of the alanine racemase from Geobacillus
stearothermophilus resulted in the 10° fold increase of the aldolase activity and a 10° decrease
in the wild type racemase activity.? In absence of the catalytic Y265, H166 takes over the role
as the catalytic base during catalysis which leads to a change in reaction specificity to a retro-
aldol condensation.

The rational design of an aspartate decarboxylase furthermore stresses the impact of active site
residues on the reaction specificity. Based on differences in conserved amino acid residues in

aspartate -decarboxylases and aspartate transferases Wang et al. designed seven different
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single mutants of an aspartate decarboxylase. The aminotransferase activity was introduced
by the single mutation F204W into the aspartate decarboxylase and was 3.8 fold increased
over decarboxylase activity.?®

Christen et al. were able to switch the reaction specificity of an aspartate aminotransferase
from Escherichia coli (E. coli) into an aspartate decarboxylase by generating a triple mutant
(Y225R/R292K/R386A). Investigation of the impact of the single mutation revealed that the
arginine shift from R386A to Y225R was responsible for introduction of B-decarboxylase
activity. In contrast, the mutation R293K reduced transferase activity of the enzyme by altering
the substrate binding.2

1.1.3 Fold type | PLP-dependent enzymes

All PLP-dependent enzymes can be classified into one of five different fold types (I-V). The
fold type does not determine the type of reaction that is catalysed, but is a consequence of
evolutionary process towards PLP-dependent enzymes. The majority of PLP-dependent
enzymes are of fold type 1.5 A functional-phylogenetic analysis suggests that all fold types
originate from a universal organism from ancestral enzymes.? The ancestral enzymes then
evolved into the different fold type enzymes. Fold I type enzyme are diverse in their catalysed
reaction but the majority were reported to catalyse reactions at the substrate Ca.?® As outlined
above reactions at this position include racemisation, decarboxylation, elimination and
transamination reactions.

The diversity of the fold type | group is due to the high number of enzymes belonging to this
group. However the overall structure is conserved, and often referred to as aspartate
aminotransferase superfamily.? All fold type | enzymes are dimers or higher order oligomers
with one active site per subunit, which is located at the interface of the two subunits as

illustrated in Figure 9.°
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Figure 9: Structure of RFACLR (solved in this work) as representative of the fold type I of PLP-dependent
enzymes. The secondary structure is represented in a-helices (red tubes) and blue B-sheets. The two subunits
are represented as surface model in different colours (blue and gold). The active site is located at the interface
of the dimers indicated by the cofactor PLP shown as green spheres.

Each monomer is built from a large and a small domain and the domains can undergo a
conformational change after substrate binding, which might increase reactivity and determine
substrate specificity.> PLP binding is conserved in fold type | enzymes, as the si-face of PLP
is buried in the PLP binding site and the bond making and breaking occurs on the buried si-
face of the cofactor.?” Even though the positioning of the PLP in its binding site is conserved
within this group of PLP-dependent enzymes different residues are involved in the binding.
The pyridine ring is often stacked between aromatic or hydrophobic residues, whereas charged
or polar residues interact with the phosphate backbone of PLP.% Conserved throughout all
PLP-dependent enzymes is the formation of the internal aldimine with a lysine that forms the
Schiff base to the C4’ of PLP.

114 Decarboxylases

Decarboxylases are of great physiological importance in living organisms. They are involved
in the biosynthesis of amines and polyamines in prokaryotes and are used by bacteria for the
intracellular and extracellular pH regulation through decarboxylation of amino acids.? In
mammals they play a major role in the production of monoamine neurotransmitters. Some
decarboxylases bind a pyruvoyl residue as prosthetic group in the active site, however, the
majority of decarboxylases uses PLP as cofactor.®® Decarboxylases were first classified by
Christen et al. based on an alignment of nine different PLP-dependent enzymes which
subdivided decarboxylases into four different classes (I-1V) with a different evolutionary
background.®® All decarboxylases of the groups I-111 represent the fold type I; only members
of the group 1V exhibit the fold type 111.27 The structure of ornithine decarboxylase from

Lactobacillus represents fold type | and, despite their low sequence homology, showed
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similarity to fold type | aspartate transaminase, especially in the PLP binding motif.3
Comparing a bacterial and a mammalian ornithine decarboxylase revealed structural
differences, especially in the stereochemistry of the enzyme-catalysed reaction, suggesting

convergent evolution of bacterial and mammalian decarboxylases.?’

The reaction specificity in decarboxylases is controlled by the general stereo-electronic
concept of PLP enzymes (Figure 10). After formation of the external aldimine,
transaldimination results in the orientation of the a-carboxylate group parallel to the m-system
of pyridine ring. The a-f or a-y bond is then cleaved to release CO- resulting in the quinonoid,
which is stabilised by electron delocalisation through the conjugated m-system.*? Depending
on the conformation of the proton donor relative to the pyridine ring either retention or
inversion of the configuration of the substrate is obtained. Retention occurs when the proton
donor lies on the same side of the pyridine ring as the carboxylate group, inversion when the
proton donor is on the opposite site of the pyridine ring of the leaving group.? Labelling
experiments showed that the majority of decarboxylases catalyse reactions via retention,

however examples for inversion reactions have been reported as well.*
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Figure 10: Reaction scheme of PLP-dependent enzyme-catalysed decarboxylation. Modified from Kirsch et
al.s

Amino acid decarboxylases, such as L-3,4-dihydroxylphenylalanine (dopa) decarboxylase,
glutamic acid decarboxylase or histidine decarboxylase catalyse the synthesis of
neurologically active compounds and neurotransmitters in mammals.®® Especially DOPA
decarboxylase has been subjected to extensive research as it is involved in the synthesis of the
monoamine neurotransmitters dopamine, serotonin, epinephrine and norepinephrine in
mammals.®® Deficiencies in DOPA decarboxylase catalysed reactions can result in diseases
like Parkinson’s disease or hypertension.®” Another example for the neurologically key role of
decarboxylases is glutamic acid decarboxylase which catalyses the decarboxylation of the
named substrate to y-aminobutyric acid (GABA). GABA is a key inhibitory neurotransmitter

in mammals. Disorders of the GABA metabolism in the tricarboxylic acid cycle can lead to

10
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dysfunctions of the central nervous system.*® GABA has many functions, such as hypotensive,

diuretic and tranquilising effects® and acts as secretion promoting compound for insulin.*

In plants decarboxylases are involved in biosynthesis of secondary metabolites. Tryptophan
decarboxylase and tyrosine decarboxylase are of interest due to their role in synthesis of
tryptamine which is a precursor of different pharmaceutical alkaloids. Several metabolic
engineering experiments have been carried out in order to give increased production of
pharmaceutical compounds in plants.®” Accumulation of tryptamine was achieved by
introducing tryptophan decarboxylase into Tobacco.** The tryptamine derivatives, serotonin
and B-carboline alkaloids, were successfully accumulated in plant tissue cultures from

Peganum harmala. 42

100% conversion to L-DOPA was achieved in vitro in a two-step reaction from catechol to
dopamine with a lyase and tyrosine decarboxylase from Streptoccus feacalis.** GABA has
been produced by fermentation from glutamate in different microorganisms such as
Lactobacillus strains or E. coli.*-*¢ Cadaverine (1,5-diaminopentate) has been produced with
80 % conversion by whole-cell biotransformation with E. coli overexpressing an lysine

decarboxylase.*’

1.1.5 Transaminases

Transaminases (TAs) are a class of important and very well investigated type of PLP-
dependent enzymes.® In nature, TAs like acetylornithine transaminase or aspartate
aminotransferase are involved in the nitrogen metabolism and conserved in prokaryotes and

eukaryotes.*84°
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Figure 11: Reaction scheme of transaminase catalysed reaction.
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This enzyme class is of biocatalytic interest as transaminases can be applied in the resolution
of racemic compounds or, due to their enantioselectivity, also for the synthesis of chiral
amines.>®®! Transaminases catalyse the transfer of an amine group to an amine acceptor which
commonly is a ketone or aldehyde (Figure 11). The reaction is catalysed in two half reactions.
The first reaction is the oxidative deamination of the amine donor with transfer of the amine
group to PLP to yield PMP. The second half reaction is the reductive amination of the amine
acceptor and regeneration of PMP to PLP.% %2
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Glutamate Quinonoid Ketimine PMP
aldimine

Figure 12: First half reaction catalysed by glutamate aminotransferase. Modified from Elliot et al.

Transaminases (E.C 2.6.1.X) can be classified as a- and o-transaminases, whereas a-TAs
catalyse the transfer of an amine group from an a-amino acid to a a-keto acid. ®-transaminases
are of interest as they are able to transfer amine groups from all non a-position.>>® Most
transaminases are member of the fold type I class of PLP-dependent enzymes. Transaminases
of the class I-11 and V exclusively represent the fold type I. Outside the fold type I class only

class IV transaminases are classified in the fold type IV class.>*

o-TAs are class Il transaminases and of special interest for biocatalytic application as they
can use substrates that are not a-keto acids or a-amino acids. Most of the known ®-
transaminases show (S)-selectivity, however, a few (R)-selective o-transaminases, like the o-
TA from Arthrobacter sp.,*® are commercially available. Many different transaminases have
been characterised and libraries covering broad substrate ranges are commercially available.®
Additionally, various screens have been developed to screen for new w-TAs.5”%8 Chiral amines
can be accessed with ®-TAs from either kinetic resolution or asymmetric synthesis.
Drawbacks of kinetic resolution are the limitation to 50% yield and the reaction equilibrium
favouring formation of the substrates.®® Asymmetric synthesis is often the preferred route to
the amine product as this would result in a theoretical yield of 100% product. However, this
method suffers from drawbacks such as product inhibition and side product formation which

require product removal and recovery.>® Despite the drawback of both methods, m-TAs are
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very effective and versatile biocatalysis due to broad substrate specificity, enantioselectivity
and natural cofactor regeneration.

®-TAs have a great potential to help overcome difficulties in accessing chiral amines for the
production of fine chemicals and pharmaceuticals. For example the application of an ®-TAS
for the synthesis of a precursor of suvorexant, a dual orexin receptor for treatment of insomnia,
reduced the environmental impact of the synthesis route as dichloromethane and a metal
catalyst could be replaced by the biocatalytic step.>® Other examples in which o-TAs are used
for pharmaceutical synthesis are the anti-diabetic drug Sitagliptin, the antihypertensive
Dilevalol or the cholinergic agent Rivastigmine for dementia treatment.>® Recent
improvements that can even expand the application of o-TAs are the use of smart amine

donors, multienzyme cascades and rational enzyme design.®

1.1.6 Phospholyases

Phospholyases are an interesting example for the variety of reactions that are catalysed by PLP
fold type | enzymes. These enzymes belong to the class 111 of transaminases, but do not display
any transamination activity. Only a few phospholyases have been characterised so far. A
bacterial phospholyases was characterised by Tuner et al.’®*® and human AGXT2L1 and
AGXT2L2 were investigated by Veiga-de-Cunha and co-workers.5! The first crystal structure
of a phospholyase was solved for the enzyme A1RDF1 from Arthrobacter aurescens TC1.%2
Solving the structure of this enzyme helped to prove former predictions on the mechanism of
the reaction specificity. The PLP binding lysine K281 was identified as catalytic residue for
hydrolysis of the substrate phosphoethanolamine. A positively charged pocket was identified
in A1RDF1 to recognise and bind the phosphate moiety of the substrate.®? The protonation of
the phosphate ester oxygen by K281 is possible due to the lack of the typical left-handed o-

helix which has two amino acid deletions that seem to be characteristic for phospholyases.?:
62

1.1.7 C-C bond formation

Aldolases catalyse the formation of a C-C bond via a reversible aldol reaction. They can also
catalyse the breaking of the B bond by a retroaldol cleavage reaction.®® They are highly
specific to the donor substrate and different enzymes can use either dihydroxyacetone
phosphate, acetaldehyde, glycine, pyruvate or phosphoenolpyruvate as donor.®* Amongst the
class of aldolases (EC 4.1.2.X) members of the subgroup | are cofactor-independent while

some other aldolases need metal ions (Group 11), PLP (Group IV) or lysine as cofactor.5
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Glycine-dependent aldolases are group IV aldolases that can catalyse the formation of f-
hydroxyl a-amino carbonic acids by addition of glycine to an aldehyde. Only two types of
glycine aldolases are known, serine and threonine aldolase. Both enzymes are involved in

glycine synthesis from their respective amino acid substrate as revealed by labelling studies.%
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Figure 13: Serine hydroxymethyltransferase catalysed a-elimination and replacement. Adapted according
to Eliot et al. ®

Comparative studies of PLP-dependent threonine aldolases with racemases showed that they
probably evolved from one ancestor and then further specialised in catalysing aldol or
racemisation reactions over time.®® Both reactions are very similar and require the same
enzyme conformation in the active site. Homology between fold type | L-threonine aldolase
and a fungal racemase and between a fold type 111 D-threonine aldolase and bacterial racemase
has been reported.®® The close relationship between PLP-dependent racemase and aldolases
was shown by rational design of a racemase into an aldolase with just one single mutation of

the active site.?

Threonine aldolases have great potential for the application in biocatalysis. Due to the
formation of two stereogenic centres of the product of the aldol reaction, four different
stereoisomers can be obtained. D- or L-threonine aldolases are available with different
substrate specificities, therefore giving access to a platform of different products.®® The
potential of aldolases for the synthesis of active pharmaceutical ingredients (APIs) has been
shown by applying aldolases for the synthesis of precursors of thymine deoxypoloxin, an
antifungal agrochemical®” and the cardiac active compound digitoxin.®® As aldolases are
limited in their substrate specificity due to the high specificity towards the donor substrate,
research has been conducted to expand the substrate scope of aldolases. Hilvert et al. used
structure-guided protein engineering to expand the substrate scope and stereoselectivity of
aldolases.®"° Additionally to protein engineering enzyme discovery is a successful method
for providing access to new aldolases with expanded substrate scope. PLP-dependent aldolases

that accept fluorothreonine or methylserine were recently identified.” 72 Together, protein
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engineering and enzyme discovery are excellent examples of expanding the applicability of
enzymes for chemical synthesis. Due to extensive research novel aldolases with activity
towards phenylserines, methylserines, fluorothreonine, alanine and aminobutyric acid as

donor substrates were identified.

1.1.8 Other reactions catalysed by PLP-dependent enzymes

The versatility of PLP-dependent enzymes is illustrated by the broad variety of different
reactions they catalyse. The most common reactions were described in the previous chapters,
nonetheless, there are many other, more specific reactions. Some interesting examples are

discussed in this section to further highlight the versatility of PLP-catalysed reactions.

o/B-eliminations are catalysed by PLP-dependent enzymes involved in amino acid
metabolism, such as tyrosine phenol-lyase, tryptophan synthase or D-serine dehydrates.”
Usually, PLP-dependent enzymes catalysed o/f-eliminations that undergo an Ei; syn

elimination as poor leaving groups require the protonation of the B-position (Figure 14).7
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Figure 14: Different pathways for a/B-eliminations catalysed by PLP-dependent enzymes. View is on the
substrate Ca, the circle is representing the C4’ of PLP. a) Pathways starting with anti elimination; b)
Pathways starting with syn elimination. Figure was modified according to Tai et al.”

O-acetylserine sulfhydrylase has been found to be an exception as it was suggested to catalyse

a/B-eliminations without formation of the quinonoid and bond breaking does not occur on the
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same side of the Schiff base. Therefore this reaction represents a rare exception from the
Dunathan’s hypothesis. This might be because the acetyl of O-acetyl-serine is a good leaving
group which does not require protonation of the leaving group, hence is catalysed via E-

mechanism.”

Besides rare exceptions like acetylserine sulfhydrylase completely new reactions and therefore
new classes are still discovered amongst the PLP-dependent enzymes. Recently a PLP-
dependent enzyme able to catalyse the O, dependent oxidation was described by Du and
colleagues™. The discovered enzyme, Ind4, is able to combine the O. coupled oxidation with
the anion stabilisation effect of PLP in order to oxidise an unactivated C-C bond in L-arginine.
Ind4 catalyses the four-electron oxidation of L-arginine which is the initial step of the
metabolic pathway to indolmycin (Figure 15). PLP-dependency of the catalysed reaction was
confirmed, interestingly, the enzyme was also described to have similarity with a cofactor-

independent oxidases.”

©) @
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o) 3 2 02 2 H202 N(_gl3

Figure 15: Ind4 catalysed oxidation of a C-C bond of arginine.”

Another example is the enzyme cystathionine B-synthase, that catalyses a classical PLP-
dependent condensation reaction converting homocysteine and serine to cystathionine.
Remarkably, in humans and other organisms this enzyme binds heme and is the only known
enzyme to bind PLP and heme as cofactors.” The heme is bound approximately 20 A away
from the active site and therefore it was proposed to be of a regulatory, non-catalytic function.
The enzyme activity is regulated through redox changes of the iron, which suggest induction

by signal molecules, such as CO or NO.™

1.2 Amino acid racemisation in Nature

As described in the previous sections, most PLP-dependent enzymes catalysed reactions
involve the conversion of amino acids or their derivatives. As building blocks of proteins L-
amino acids are predominant in Nature. However, the D-enantiomer of amino acids is also

present in living organisms. The most prominent examples are D-alanine and D-glutamate as
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components of bacterial peptidoglycan. The availability of b-amino acids is not only crucial
for the cell wall synthesis, but also influences processes such as capsule building, biofilm
development or sporulation in microorganisms.”” D-amino acids, such as D-valine or D-
phenylalanine, are also often found in peptide containing antibiotics produced in several

microorganisms.

Already 50 years ago, free D-amino acids, mainly bD-forms of alanine or serine, were found in
various animal tissues, however, explanation for their function was lacking.”® With
improvement of analytical techniques D-amino acids could be detected in peptides and even
proteins in higher living organisms. The opioid peptide, dermorphin, was the first peptide
containing D-alanine isolated from a vertebrate, the frog Phyllomedusa sauvage.” Other D-
amino acid containing peptides were found in snails and the toxin of spiders.® Interestingly,
the biological activity of equivalents with the L-amino acid was abolished or very low
indicating the importance of the D-amino acid for biologic activity.

In humans D-aspartate has been found in proteins from several tissues, such as the brain, eye
lens or skin.®’ p-aspartate was found in human proteins of tissues from elderly patients and
explained by the naturally occurring racemisation of aspartyl residues over time. Free D-serine
was identified in the mammal brain and was suggested to be a glutamate receptor regulator or
synaptic modulator.?’ D-serine and D-aspartate were found in B-amyloid, the protein associated
with Alzheimer’s disease. The presence of D-amino acids in the f-amyloid might lead to failure
of the natural degradation of this protein through proteinases.?* Recently, a connection
between the severity of Alzheimer’s disease and the level of D-amino oxidase, D-serine and D-
glutamate in blood from Alzheimer’s disease patients was reported and suggested as potential

blood marker for Alzheimer’s disease. 8

As D-amino acids can be found in living organisms, it is not surprising that accumulation of
D-amino acids has been measured in the environment, in particular in oceans and grassland.”
Release of D-alanine was observed from freshwater or marine bacteria environments under
laboratory conditions. During the exponential growth phase up to 18% of the total produced
D-alanine was released to the environment.® Accumulation of other D-amino acids, such as D-
lysine, D-phenylalanine, and D-aspartic was also detected in the environment. 2-15% of the
total amino acid concentration of soils from North America were determined as D-amino
acids.®* In addition to accumulation of D-amino acids through enzymatic activity, b-amino
acids can also be produced by chemical racemisation. However, the chemical racemisation of
L-amino acid is very slow and this principle is used in different research fields to estimate the
age of samples. The field of amino acid geochronology describes the analysis of D/L ratio of

amino acids in geological samples to estimate the age of the samples.®® This technique can not
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only be used for age estimation of geological samples, but also for biological samples, for

example from the human dentin or sclera.®

1.3 Racemases in Biocatalysis

As described above amino acid racemisation is very common and involved in various
physiological processes in living organisms. This section will focus on the application of
racemases for biocatalysis to produce natural and non-natural compounds. The controlled
racemisation of organic compounds was reviewed two decades ago by Ebbers and co-
workers.#” Due to the importance of chirality in active compounds great emphasis is put on
enantioselective processes in chemical synthesis. Racemisation has not only been overlooked
but even avoided in synthesis as it is often seen as an inconvenient side reaction. Nevertheless,
racemisation processes are highly valuable for the synthesis of enantiopure compounds,
especially for the resolution of racemates. This potential has been discovered and exploited by
the chemical industry and many racemisation processes are disclosed in patents.®” Common
chemical racemisation methods, like thermal, acid or base catalysed racemisation, often
require harsh reaction conditions that facilitate side reactions.® Milder reaction conditions
were investigated with racemisation catalysts, for example Schiff base forming aldehydes or

ketones for the racemisation of amino acids and derivatives.8"-8°

The advantage of enzymatic over chemical routes is the high specificity and applicability at
mild reaction conditions. Racemases are a small class of enzymes (EC 5.1.X.X) within the

isomerases® as depicted in the phylogenetic tree in Figure 16.

Enzyme class Enzyme sub-class Classification by
substrate spectrum

== 1 Oxidoreductases
e 2 Transferases 5.1.1 amino acids I
= 3 Hydrolyases —I 5.1 Racemases and Epimerases 5.1.2 hydroxy acids I
| 4 Lyases = 5,2 Cis-tran isomerases 5.1.3 carbohydrates I
— 5.2 Intramolecular oxidoreductases
b 6 Ligases == 5.3 Intramolecular transferases

= 5.4 Intramolecular lyases

Figure 16: Phylogenetic tree of racemases and epimerases.
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The major function of these enzymes in Nature is the racemisation of amino acids and a-
hydroxyl acids as outlined in the previous section. Enzyme catalysed racemisation can be
mediated by either one or two bases in the active site. Racemases can be classified according
to the catalysed reaction mechanism, into one-base-system or two-base-system racemases.*:

The general reaction scheme of enzyme catalysed two base mechanism is shown in Figure 17.

Lys O _Tyr Lys Tyr
- > ~
NH,® O °NH,  HO
S) G
YC% H\?rCOQ
C) o
° as
%o | o
N N
H H
L-Alanine aldimine Quinonoid D-Alanine aldimine

Figure 17: Two base reaction scheme of alanine racemase modified according to Elliot et al. 5

Most racemases accept amino acids as substrates, however, other racemases have a relaxed
substrate scope and accept amino acid derivatives or a-hydroxy acids.®® Most racemases
recruit PLP as cofactor in the active site to facilitate catalysis, but there are also racemases that
do not require a cofactor.”? As the reaction mechanism is still unknown for some racemases,
it is more common to classify racemases by their substrate scope or PLP-dependency. As
catalysts of stereo-inversion, racemases can be implemented as a useful tool for the synthesis
of enantiopure chemicals. They represent an important instrument to enhance purity of the
product and commonly are used in concert with an enantioselective enzyme. Racemases can

be applied to improve yields of the enantiopure product in two different methods:
1. Kinetic resolution

In a kinetic resolution the racemic substrate is enantioselectively converted to the
corresponding product yielding high enantiomeric excess (ee) of the desired enantiomer. A
crucial disadvantage of a kinetic resolution is the limitation to 50% yield of the enantiomer of
interest. Hence the product has to be separated and the undesired enantiomer has to be recycled

in further steps.®
2. Dynamic Kkinetic resolution

In-situ racemisation of the remaining enantiomer is an elegant way to avoid extensive
recycling steps.® This process is called dynamic kinetic resolution (DKR) and has a theoretical
yield of 100% of the enantiomer of interest. As reviewed by Huerta el al.*® three conditions
must be fulfilled for an efficient DKR:
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1) Conversion of the enantiomer of interest must be significantly faster than the other.
2) Racemisation rate of the substrate must be higher than the conversion rate to product.

3) The product must not be racemised.

kpra
A —> P

rac

B

Figure 18: Scheme of a DKR. A, B enantiomers of the substrate, P: product, kpro: rate constant of conversion
of enantiomer A to product, krac: rate constant for racemisation of A and B. Modified according to Huerta
et al. and Gruber et al. %%

When choosing a racemase for a specific process, the substrate spectrum and tolerance to given
process conditions are crucial criteria. Selected racemases with different substrates scopes are
highlighted in the following sections in order to illustrate their value for the synthesis of

enantiopure compounds.

1.3.1 Hydroxyl carbonyl derivative racemases

With only two members known so far, hydroxyl carbonyl racemases are the smallest group
within the sub-classes of racemases. Both representatives of this group, mandelate racemase
and lactate racemase are PLP-independent but require cofactors of other nature. Both enzymes

will be discussed in the section below.

1.3.1.1 Mandelate racemase

Mandelate racemase is isolated from Pseudomonas putida and has been investigated in detail.
The enzyme activity is dependent on the presence of divalent ions, complete activity is
achieved with Mg?* but activity can also be restored with Co?*, Ni?*, Mn?* and Fe?.%" The
divalent ions bind in the active site and facilitate proton abstraction by withdrawing electron
density from the Ca of the substrate.””"*® The structure of mandelate racemase revealed lysine
and histidine as catalytic residues and confirmed a two-base reaction mechanism.® An achiral
enol intermediate is formed after abstraction of the proton, which then is reprotonated from

one of the catalytic residues resulting in two different enantiomers.
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Mandelate racemase from Pseudomonas putida can easily be produced by fermentation in
large amounts. More than 10° U of highly active enzyme were produced from a 10 L
bioreactor.®® Immobilisation on ionic resins increased activity of the enzyme and enhances
application and recyclability in batch reactions.’®® Both, straightforward production and
immobilisation of mandelate racemase increase the applicability of the enzyme for industrial
purposes. Furthermore, the enzyme has a broad substrate scope and accepts derivatives of
mandelate acid.'0*-1%2 Electron-withdrawing substituents in the para position of the benzyl ring
increased activity, whereas substituents in the meta position decreased activity due to steric
hindrance.'® Presence of n-electron systems is essential for activity of mandelate racemase
but it can be reduced to just one m-electron system as found in vinyl glycolate.** The enzyme
retains 35% residual activity with this substrate. Contrarily, it is completely inactive with
lactate which lacks any conjugated electrons. A model of substrates accepted by mandelate
racemase and features that are favoured or disfavoured for catalysis is illustrated in Figure 19.

required

disfavoured /_\v /_\ required
R OH 4+—~ X =0 favoured

XH X = NH tolerated

A
1
! -
Ao
oct thdrawi \/ required
electron withdrawing
group favoured \_/ )

disfavoured

Figure 19: Scheme of substrates favoured or disfavoured by mandelate racemase. Features shown in black
are the minimum requirements for racemisation, features shown in grey are not necessarily required for
activity. Adapted according to Felfer et al. 12

Mandelate racemase has been applied in a kinetic resolution of racemic mandelate to (S)-O-
acetyl mandelic acid.’® The asymmetric synthesis of (S)-O-acetyl mandelic acid was carried
out with a (S)-selective lipase from Pseudomonas in organic solvent. When the reaction was
complete (50% yield of the product) the solvent and lipase were removed and mandelate
racemase was added to racemise the remaining (R)-mandelate in aqueous buffer. Afterwards
the lipase reaction was carried out again, repeating the two steps yielded 80% isolated product

of excellent ee. 10
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1.3.1.2 Lactate racemase

The first lactate racemisation was described in 1936 in Clostridium butylicum®® after
production of D-lactate was reported for some lactic acid bacteria.’®” Since then lactate
racemases have been found in other microorganisms, such as streptobacteria species or the
propionate producing Mageshpaera elsdenii.’?®1%° Mandelate racemase and lactate racemase
are the only known a-hydroxy acid racemases so far and both are PLP-independent. For lactate
racemase, studies on activity towards other substrates than lactate or the application for
chemical synthesis have not been reported to date. Lactate racemase requires Ni2* for activity
and therefore creates a new group of Ni-dependent enzymes.t° Due to the lack of an electron
withdrawing group in its substrate, lactate, a hydride transfer was suggested as reaction

mechanism.*

Extensive research on the lactate racemase and lactate metabolism in Lactobacillus plantarum
has been carried out by Hols and colleagues since the 2000s.1% 112114 These efforts resulted in
the publication of the first structure of a lactate racemase by the same group.!*® The structure
revealed that lactate racemase from Lactobacillus plantarum is a Ni?*-dependent, dimeric
enzyme of a novel o/ fold that has low similarity to other known structures.'® Molecular
experiments of the same study investigated the maturation system of three other proteins that
is required for building an active lactate racemase. The accessory proteins are necessary for
the incorporation of Ni?* and remarkably, also the metallocentre for coordination of Ni?*,

within the apo-form of lactate racemase.!'

The antibiotic compound vancomycin abolishes cell wall synthesis and therefore microbial
cell growth by forming a complex with the D-alanine incorporated in peptidoglycan of the cell
walls. Replacing the terminal D-alanine of peptidoglycan with D-lactate is a modification in
vancomycin resistant microorganisms against this attack mechanism.*>1%¢ The racemisation
activity of lactate racemase is induced by L-lactate and repressed by D-lactate.!*? In
Lactobacillus plantarum D-lactate is normally produced by stereospecific lactate
dehydrogenases and it is required for growth due to its incorporation in the cell wall.'** When
lactate dehydrogenases are deleted, the presence of lactate racemase compensates this deletion
by production of D-lactate in a rescue pathway for the synthesis of an intact cell wall and

therefore ensures the survival of the organism. !4

Further studies gave an insight into the reaction mechanism of lactate racemase. One study
elucidated the uniqueness of lactate racemase as it is the only known enzyme that recruits a
cofactor to form a tethered pincer complex with a metal ion. Evidence has been provided for

the dependency of the racemisation activity on a nicotinic acid mononucleotide (NAMN).1
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NAMN forms a metal-C bond and coordinates Ni?* with this pincer complex in the active site

which is common for chemical metal catalysts, but unprecedented for biocatalysts.!*3
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Figure 20: Proposed reaction mechanism of lactate racemase from Lactobacillus plantarum based on the
structure solved by Desguin et al. 13

The proposed reaction mechanism (see Figure 20) supports the hydride transfer hypothesis
and suggests that NAMN takes up an analogous role to NAD in hydride transfer catalysis.!*®
Two conserved histidine residues, H108 and H174, are positioned at the opposite sides of the
substrate and therefore could be catalytic residues.!™ ¥ Computational studies propose
catalysis via a metastable NAMN-pyruvate intermediate destabilised by the less electrophilic

Ni cofactor.t’

1.3.2 Amino acid racemases

Amino acid racemases represent the largest and best known group within the racemases. Some
members of this group have been investigated in detail in order to elucidate their biological
role. In particular alanine racemase and glutamate racemase are well characterised as they are
involved in the production of D-amino acid for the biosynthesis of bacterial peptidoglycan.
However, especially in biocatalysis focus shifts towards identifying new amino acid racemases

with a broader substrate acceptance.

1.3.2.1 Alanine racemase

Alanine racemase is a very well characterised PLP-dependent enzyme due to its importance
for the biosynthesis of the bacterial cell wall. Alanine racemases have been isolated from many
different bacterial sources, for example from Clostridium or Streptomyces, and are still subject
of interest due to their potential as drug targets. 11812 The alanine racemase reaction

mechanism has been extensively studied as described in detail above (Chapter 1.1.2.2). Due
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to their role in production of D-alanine for the incorporation in peptidoglycan, alanine
racemases are highly specific to alanine. Nonetheless, an alanine racemase from Salmonella
typhimurium was found to accept also serine, homoserine and cysteine as substrates.'?* Efforts
to expand the substrate acceptance of the alanine racemase from Streptomyces coelicolor by

directed evolution resulted in a mutant that has new activity towards arginine and ornithine.!?

Despite the efforts to expand the substrate scope of alanine racemases, their application is still
mostly restricted to the use for interconversion of their natural substrate. Alanine racemase has
been applied for the synthesis of the !C-labelled aromatic amino acids, L-3,4-dihydroxy-
phenylalanine (DOPA) and 5-hydroxy-L-tryptophan.?® These amino acids are analogues to
the neurotransmitters dopamine and serotonin and can be used to measure neuronal activity.
Alanine racemase is applied in an auxiliary step of the multi-enzyme process. 'C-labelled DL-
alanine is oxidised by a D-amino acid oxidase to pyruvate which is then converted by a
tryptophanase and indole to 5-hydroxyl-L-tryptophan.’?® Using the same concept with a
tyrosinase and catechol results in **C-labelled DOPA.!%

1.3.2.2 Glutamate racemase

Similar to other amino acid racemases, the cofactor-independent glutamate racemase is also
involved in the cell wall biosynthesis. Glutamate racemase synthesises D-glutamate which is
an essential component of peptidoglycan of the bacterial cell wall.'?* Due to its conserved
function across all bacteria in cell wall synthesis and the lack of an equivalent enzyme in
humans, glutamate racemase has been targeted for discovery of new antibiotics.!?* Two Zn
and Mn metal complexes from a compound library have been identified to inhibit activity of
glutamate racemase from Burkholderia sp., cause of severe lung infections, that can lead to
irreversible bronchiectasis and respiratory failure.'?® Another important target is the glutamate
racemase from Mycobacterium tuberculosis, a tuberculosis causing organism that has recently
evolved multi and even total resistance against first and second-line antibiotics. 126127
Structures of glutamate racemases from Gram positive and negative bacteria were evaluated
in order to elucidate its regulation and binding of potential inhibitors.}?: 12 Glutamate
racemases have a conserved dimeric o/p-fold, where the active site is situated at the interface
of two subunits.??® N-terminal and C-terminal residues were found to be catalytic, as well as
an overall movement of the subunits that is essential for catalysis.!?® Regulation of the
racemases can be negative, substrate mediated by D-glutamate or positive through a precursor
of peptidoglycan.1?8

Due to the specific physiological function in the synthesis of D-glutamate, glutamate

racemases are highly substrate specific.®” Therefore, their application in biocatalysis is limited
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to this substrate. One obvious application of glutamate racemases is the production of D-
glutamate from fermented L-glutamate. Kinetic resolution of L-glutamate was performed with
glutamate racemases from different Lactobacillus species in combination with an L-selective
glutamate decarboxylase to yield 50 g L b-glutamate. 122130 This system exploits the different
pH optima of the two enzymes. Adjusting the pH value to the respective optimum was used to
control the sequence of the reactions.'?®

A similar approach was demonstrated by using immobilised glutamate racemase and L-
glutamate oxidase for the kinetic resolution of L-glutamate. In this case the enzymes had
similar reaction optima. Immobilisation on carrier material and running the reaction in a flow
reactor facilitated recycling steps.®! In a more sophisticated process, glutamate racemase was
applied as an auxiliary enzyme to produce aromatic D-amino acids.*321% A four enzyme multi-
system was established to produce either D-phenylalanine or D-tyrosine from cheap L-
glutamate.’® In the first step, glutamate racemase supplies D-glutamate from L-glutamate to
the multi-enzyme system. In the second step, a D-amino acid transferase transfers the amine
from D-glutamate to the respective pyruvate to produce D-phenylalanine or D-tyrosine. The a-
ketoglutarate is recycled to L-glutamate by a dehydrogenase system using NADH and
ammonia.

Formate
dehydrogenase

Formateﬁ C02

NAD* NADH

_/

Glutamate
dehydrogenase
+ NH,*

Glutamate m
racemase

D-glutamate alpha-ketoglutarate

N

Phenylpyruvate D-Phenylalanie
D-amino transferase

L-glutamate

Figure 21: Process scheme of multi-enzyme system for the production of b-phenylalanine from L-glutamate.
The process can also be applied to produce d-tyrosine by replacing phenylpyruvate with 4-hydroxyphenyl
pyruvate 1%,
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1.3.2.3 Broad spectrum amino acid racemase

Similar to alanine or glutamate racemases most amino acid racemases evolved high substrate
specificity due to their specific physiological role. Unspecific racemisation of amino acids in
the cell would lead to reduced availability of L-amino acid for protein biosynthesis'?? and
accumulation of D-amino acids could have toxic effects. Despite the need for high substrate
specificity in nature, racemases with broad substrate spectra are highly desirable for
biocatalytic purposes and have been isolated from Pseudomonas sp. and from Aeromonas
caviae and.’**13® Aeromonas caviae amino acid racemase was the first known racemase to
interconvert all three aromatic amino acids, however, with very low activity (<1% of maximal
activity with glutamine).3* Several other broad-spectrum amino acid racemase (BSAAR) were
isolated from Pseudomonas sp. in the 1980s.%8 More recently, amino acid racemases with
broad substrate spectrum have been isolated and characterised from E. coli and Bacillus
subtilis.?*” Nonetheless, especially the E. coli enzyme showed very low activity to most amino
acids.® Thus, further investigations on the physiological role of these enzymes are necessary

to assign them as broad-spectrum amino acid racemases.

As the natural role of BSAARSs is still unknown a structural and bioinformatics study was
carried out to clarify their classification in respect to other amino acid racemases.**® A BSAAR
from Vibrio cholerae was structurally compared to its closest homologue alanine racemase
from E. coli to investigate the different background of BSAAR.'*® Indeed, structural features
and conserved sequences were identified that allow distinguishing BSAARs from alanine
racemases.!® Based on these results it was suggested that BSAARs can be classified in a new

subfamily of amino acid racemases.*

The potential for industrial application of these enzymes was demonstrated for the production
of L-tryptophan using BSAAR from Pseudomonas putida.’®® The racemase was used in
concert with a tryptophan synthase to produce L-tryptophan from DL-serine and indole. The
DKR was successfully performed at large scale in a 200 L reactor using whole cells as catalyst

giving 91% yield of L-tryptophan.**®

1.3.2.4 Other biocatalytically relevant amino acid racemases

Many amino acid racemases have been identified and characterised emphasising their
important role in different physiological processes like cell growth, second metabolism,
neurotransmission or defence mechanisms. However, as mentioned in the examples above,
amino acid racemases are often very restricted to a few substrates which hampers their wide
application in biocatalysis. In this section a few examples of racemases with potential as

biocatalyst and possible applications will be discussed.
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Arginine racemase was isolated from Pseudomonas graveolens and was described to have
activity towards several natural and non-natural amino acids.*® Ornithine transamination and
irreversible formation of PMP was observed as side reaction which has the inactivation of the
enzymes as consequence.*® Furthermore, the enzyme showed higher activity towards L-lysine
than to L-arginine® leaving its classification as L-arginine racemase debatable. In accordance
with these findings is the physiological role of arginine racemase that was recently found to
be essential for the metabolism of D-lysine as carbon source in Pseudomonas taetrolens.!4:
Despite its broad substrate spectrum arginine racemase has no reported biocatalytic application
yet.

The one-pot fermentation of optically pure L-pipecolic acid was recently performed with a
recombinant E. coli strain overexpressing four heterologous enzymes, a piperideine-2-
caroxylae reductase, L-lysine a-oxidase, lysine racemase and a glucose dehydrogenase.**? This
system enables conversion of L-lysine to L-pipecolic acid with 87% yield and in-situ D-lysine
recycling by the racemase and cofactor recycling by a dehydrogenase.'#? Pipecolic acid is an
important building block of many microbiological secondary metabolites and often essential
for biological activity of APIs derived from natural products, for example rapamycin.#3
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Figure 22: Reaction scheme of one-pot fermentation of L-pipecolic acid. The multienzyme system is
overexpressed in a recombinant E. coli strain and L-lysine is converted to optically pure L-picecolic. DpkA:
piperideine-2-carboxylate reductase. Modified according to Tani et al. 24

Protein engineering is a powerful tool to give access to new enzyme activities, especially when
supported by structural information. In experiments from Kourist and Miyamoyo a unique
arylpropionate racemase was generated aided by structural information.’** The low
promiscuous racemisation activity of an arylmalonate decarboxylase could be significantly
improved based on structural similarity to aspartate/glutamate racemases.'** The new enzyme
activity could be further improved by structure-guided engineering up to 40 fold giving an

enzyme with efficient racemisation activity for application in chemical synthesis. The new
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arylpropionate racemase accepts pyridyl, vinyl aliphatic and aryl carboxylic acids.*
Especially aryl carboxylic acids are of pharmaceutical interest as they are common features of

non-steroidal anti-inflammatory drugs, such as ibuprofen and naproxen.146

1.3.3 Amino acid derivatives racemases

Amino acid derivative racemases are of special interest for the use in biocatalytic processes
for production of enantiopure amino acids. Racemases of this sub-class present several
examples for the application of racemases in chemical synthesis at industrial scale.

1.3.3.1 Hydantoin racemase

Hydantoin racemases have been implemented for the production of D-amino acids in the D-
hydantoin process since the 1970s.14’ Today, this process is applied industrially by Degussa at
multi-ton scale for the production of the D-amino acid containing side chains of the 3-lactam
antibiotics, amoxicillin and ampicillin.® °% 148 Racemic 5-monosubstituted hydantoins can be
easily prepared from cheap starting materials.*® Depending on the nature of the substituent
racemisation of 5-monosubstituted hydantoins can be chemically (aromatic substituent) or
enzymatically (aliphatic substituent) catalysed.’*® The D-hydantoin process includes three
enzymatic steps (Figure 23). The first step is a ring opening reaction catalysed by a D-selective
hydantoinase yielding the respective N-carbamoyl-D-amino acid from racemic 5-
monosubstituted hydantoins. In the following step N-carbamoyl-D-amino acid is hydrolysed
by a D-carbamoylase resulting in the corresponding D-amino acid. The last step is the recycling
of the unreacted L-enantiomer which is racemised by hydantoin racemase. Hydantoin
racemases have been discovered in Arthrobacter and Pseudomonas.t®*1%! As this is a dynamic
kinetic resolution with three different enzymes, reaction rates of the each step have to be
carefully adjusted to shift the equilibrium to the product side.®® Efforts were made to establish
a process for the production of L-amino acids via the hydantoin process.*® Developing an L-
hydantoin process highly depends on the availability of a suitable L-hydantoinase. Only a few
L-selective hydantoinases have been reported'®? and their application was withhold by low
activity and high catalyst costs.'*® For a feasible production of L-amino acids by this route
catalysts costs were drastically decreased by improving the catalyst. In a first study the whole
cell catalyst was improved by expressing and aligning activities of all three necessary enzymes
in E. coli.’®® Additionally, the activity of the hydantoinase from Arthrobacter sp was further
increased by inverting its natural D-selectivity to L-selectivity with 90% ee. This resulted in
reducing catalysts cost so far that the process becomes now feasible for the production of the

low cost amino acid L-methionine.’® The catalyst optimisation aiming to enable an L-
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hydantoin process is a great example of how protein and process engineering can be applied

to overcome natural limitations of biocatalysts.
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Figure 23: Scheme of p-hydantoin kinetic resolution to produce p-amino acids from the corresponding
racemate of N-substituted hydantoins.'*®

The industrial relevance of this enzyme is demonstrated by several patents filed for hydantoin
racemase, for example for Degussa, DSM and Kaneka Corp. Several biochemical and
biophysical characterisations of hydantoin racemases were carried out, however, a structure of
the enzyme has not been published yet.t® 1157 Nonetheless, the structure of the homologous
enzyme allantoin racemase from Pseudomonas sp. has been solved.®® Allantoin racemase
shares 45% identity with the hydantoin racemase from Pseudomonas sp. and both enzymes
belong to the aspartate/glutamate racemase superfamily. The structure of allantoin racemase
is known as a o/ fold with subunits organised as a hexamer.'®® Two cysteines were identified
as catalytic relevant residues which are conserved within the aspartate/glutamate racemase
superfamily.®™® These conserved cysteine residues were also identified in hydantoin racemase
from Sinorhizobium meliloti to be involved in catalysis.?®® The allantion racemase enzyme has
a role in the degradation of urate as part of the purine metabolism and nitrogen supply in
bacteria.’® Due to its narrow substrate specificity limited to (S)- or (R)-allantoin, this enzyme

is not applied for any biocatalytic processes to date.

The power of combining enzymatic reactions in one process is illustrated by the recently
optimised hydantoinase process for the production of optically pure L-amino acids with 100%
yield.’®® The so-called double-racemase hydantoinase process uses N-acetyl amino acid
racemase (NAAAR) in addition to hydantoin racemase to overcome selectivity limitations of

the hydantoinase (Figure 24).
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Figure 24: Hydantoin process for the production of L-amino acids. This process utilises two racemases to
overcome the low reaction selectivity of L-hydantoinase towards N-carbamoyl-amino acids.

The process exploits the promiscuity of NAAAR which was shown to also racemise N-
carbamoyl amino acids.®! The presence of NAAAR avoids accumulation of D-carbamoyl
amino acid which is produced during the process due to the low enantioselectivity of L-

hydantoinase.®°

1.3.3.2 N-acetyl amino acid racemase

Another process for the production of enantiopure amino acids is the acylase process which
has been used by Degussa for the multi-ton production of L-methionine since 1970s.1%? This
biocatalytic process can be adapted to produce D-amino acids from N-acetyl-DL-amino acids
using a D-acylase. A major drawback is the limitation to 50% vyield so that the unreacted
enantiomer has to be separated and chemically racemised under harsh thermal conditions.®3
To overcome this drawback emphasis was put on finding a highly selective racemisation
catalyst for N-acetyl amino acid racemisation by various chemical companies. Enzyme
screenings in different source organisms were carried out in order to isolate such a
biocatalyst.'%+16 The first N-acetyl amino acid racemase (NAAAR) activity was discovered
by a soil sample screening in 1994.1% This novel enzyme was isolated exclusively from
Actinomycetes and showed racemisation activity against N-acetyl amino acids but not towards
unprotected amino acids*%® Due to its lack of activity towards amino acids NAAARs are very
attractive catalyst to optimise the acylase process to a dynamic kinetic resolution by

introducing in situ racemisation of the starting material.
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Figure 25: DKR of N-acetyl amino acids to L-amino acids. Modified according to Bommarius et al.162

A NAAAR from Amycolatopsis sp. was heterologous expressed in E. coli and biochemically
characterised.’®® This enzyme was promising for industrial application as it is thermostable
and accepts various N-acetyl derivatives of valine, tyrosine and methionine.'®” Interestingly,
activity towards alanyl-methionine dipeptide was detected but no activity could be measured
towards amino acids, N-alkyl-amino acids or methyl or ethyl amino acid derivatives.'®” Despite
its potential for biocatalytic application dependency on high concentrations of metal ions and
substrate inhibition confined the application of the NAAAR from Amycolatopsis sp. for
industrial processes.'®® The promiscuity of the Amycolatopsis sp. NAAAR was further
investigated by an enzyme function-sequence analysis. The analysis suggested that NAAAR
is a member of the enolase superfamily and the metabolic role is within the menaquinone
biosynthesis.1®® O-succinylbenzoate synthase activity was measured to be 700 times higher
than N-acetyl amino acid racemisation activity proving the catalytic promiscuity of this
enzyme.2% More recent studies indicate that NAAAR is a physiologically bifunctional enzyme
as is also showed N-succinylamino acid racemase activity that could play a role in the amino
acid metabolism.6°

To date, NAAARS have been isolated from Actinomycetes, Geobacillus and Streptomyces.1’
Structures of the NAAARs from Deinococcus radioduran and Amycolatopsis were solved in
2004.17172 The crystal structure of Deinococcus radioduran NAAAR complexed with the
ligand N-acetyl-L-glutamine revealed catalytic residues and binding sites of the ligand and
Mg?*. Two lysine residues were suggested as catalytic bases for proton abstraction in the
racemisation reaction.’> The o/B fold is characteristic for enolases which supports the
hypothesis that NAAARs belong to this enzyme superfamily.’

A genetic screening of 30 Actinomycetes strains identified a NAAAR from Amycolatopsis
orientalis subsp lurdia that has similar properties to the Amycolatopsis sp. enzyme. The two
NAAARs have high sequence similarity and are similar in their substrate spectrum,
thermostability and metal ion dependency.!”® However, tolerance to high substrate
concentrations is improved in the new enzyme and substrate concentrations up to 200 mM are
tolerated 12 which is four fold higher than the limitation of the Amycolatopsis sp. NAAAR.
As an alternative approach to novel enzyme discovery protein engineering studies have been

carried out by Campopiano et al. in collaboration with Dr. Reddy’s. A double knockout E. coli
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mutant strain was generated to detect NAAAR activity as selection system for directed
evolution. The novel E. coli strain is L-methionine auxotroph and viability is dependent on
NAAAR activity when cultivated in minimal medium supplied with N-acetyl-D-methionine.*’*
Using this assay for directed evolution allowed to identify an improved NAAAR double
mutant, that shows six fold activity compared to the wildtype Amycolatopsis sp. NAAAR.174
A photometric assay was developed to further expand the screening capabilities to the
determination of specific activities and substrates other than N-acetyl-D-methionine. The
photometric assay is a coupled enzyme assay in which NAAAR activity is linked to the
horseradish peroxidase catalysed oxidation of a photometric detectable dye.'”™ Different
substrates were tested with this assay confirming a novel activity towards N-acetyl-D-
naphtylalanine 7.

The substrate scope for the acylase/racemase DKR system was recently extended to other
amino acid derivatives.'® 176 Using a system of the thermostable enzymes from Geobacillus
sp, L-N-carbamoylase and NAAAR, allows to use not only N-acetyl amino acids, but also N-
formyl and N-carbamoyl amino acids as substrates to give yields of >95% of the optically pure

L-amino acid.t"®

1.3.3.3 «a-amino-g-caprolactam racemase

The a-amino-g-caprolactam racemase from Achromobacter obae (A0oACLR) has been
commercially used in the Toray process for the industrial production of L-lysine from a-amino-
e-caprolactam (ACL) since the 1970s.2”" In this process L-ACL is hydrolysed by an L-ACL
hydrolase from Cryptococcus laurentii whereas the remaining D-ACL is racemised in situ by
ACLR.'®

L-ACL L-lysine
1 . LACL o
HN 2 lactamse J\/\/\/NHQ
—— HO 7
NH,

H ACL racemase

O
NH

D-ACL

Figure 26: DKR process for the production of L-lysine using L-ACL lactamase and ACLR.

As this work focusses on this group of enzymes the state of the art of ACLRs will be detailed

in this section with the example of AGACLR.
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First biochemical characterisation of AcACLR

The PLP-dependent racemase AOACLR was investigated in detail in the 1980s by Soda et
al.’®® and more recently re-discovered and intensely investigated by Asano and co-
workers.18318 Several ACLRs have been discovered and characterised from different
organisms and especially from rhizobium bacteria.’®18” The natural role of ACLRs is
unknown so far but ACLRs were mainly found in rhizobia which might indicate a role in plant
root infection.’® ACLRs belong to the enzyme class 5.1.1.15 and a-amino-g-caprolactam is
considered as the natural substrate for racemisation.'’® 184 The monomer subunit of ACACLR
was estimated to a molecular weight of 50 kDa and described to form a tight homodimer as
tertiary structure.'® Originally, the AOACLR substrate scope was described as limited to cyclic
amides of amino acids such as a-amino-g-caprolactam from lysine and a-amino-6-
valerolactam (AVL) from ornithine.'”® AoACLR is competitively inhibited by AVL and was
described to have no activity on amino acids or peptides.!”® Differently from the ACL
racemisation pH optimum at 8.8, the pH optimum for AVL racemisation is pH 7.0. The
difference in the pH optima was explained by the inactivation of AOACLR by AVL at pH
values <8.0.1%! Nevertheless, addition of PLP can reactivate or even protect AOACLR from
inactivation by AVL, and a-keto acids, such as glyoxylate, can also prevent the inactivation.
181 An explanation for this may be a transamination between AVL and PLP following the

regeneration of pyridoxamine phosphate by transamination with the a-keto acid.8
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Figure 27: Mechanism for the transamination of VAL catalysed by AOACLR proposed by Ahmed et al. in
1985.181

L-a-amino-B-thio-e-caprolactam was also discovered as substrate for AGACLR which is
racemised 3-times faster than ACL but with a pH optimum of pH 10.0.2%° New interest on
ACLRs arose in the 2000s due to the discovery of an expanded substrate scope and therefore

a possible application in a DKR of amino acid amides to amino acids.

Structure and mechanism of AoACLR

The first reaction mechanism for ACLR catalysed racemisation was proposed in 1986.82 The
determination of tritium incorporation during racemisation showed that tritium was
incorporated in both D- and L-substrate suggesting a mechanism of deprotonation and
subsequent reprotonation of the substrate using a hydrogen atom from the solvent.!® This
deprotonation and reprotonation of the substrate-PLP complex was proposed to be mediated
by a single active site base in a “swinging door” model which was found for another PLP-

dependent (amino acid) racemase. '8
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After the discovery of AGACLR it took more than 40 years until the first three-dimensional
structure was published by Yamane and co-workers.!® The structure was solved of native
AOACLR (2.1 A) and the enzyme in complex with e-caprolactam (2.4 A). The AcACLR
monomer consists of an N-terminal domain from residues 3-43, a PLP-binding domain with
residues 48-319 and a C-terminal domain containing residues 321-436. The active site is
located around the PLP binding site in a cleft formed between PLP-binding site and the C-

terminal domain.

Figure 28: Structure of AGACLR (pdb code 2zuk) solved by Okazaki et al.*®* a) overall structure of the
dimeric enzyme; b) view in the active site (orange cylinder representation) complexed with PLP and e-
caprolactam (green ball and stick representation).

The AoACLR crystal structure shows a homodimer in which the dimer formation between
subunit A and B is stabilised by 48 interchain hydrogen bonds. As in other fold | PLP-
dependent enzymes the N-terminal domain of the ACLR subunit A interacts with the PLP-
binding site of subunit B. Various other interactions between both subunits indicate that the
subunits form a dimer not only in the crystalline form but also in the dissolved enzyme.

As g-caprolactam is an inhibitor of ACLR,'” it is considered to interact with the active site of
ACLR in a similar way as its natural substrates. The structure of the AOACLR- g-caprolactam
complex differs to the native ACLR structure only in the disordering of residues 151-158 in
subunit B. g-caprolactam is stacked between W49 and Y137 while the carbonyl oxygen is
bound to K241 nitrogen by a hydrogen bond.

The C4’ atom of PLP is covalently bond to the amino group of K267 forming the internal
Schiff base linkage. The nitrogen of the PLP pyridine is connected to D238 by formation of a
salt bridge. It is suggested that the bond of the PLP nitrogen and D238 stabilises the electron
sink properties of PLP. The pyridine ring of PLP is complexed between Y137 and VV240. Due
to structural similarities to an alanine racemase it was proposed that racemisation is catalysed
by an acid/base pair mechanism mediated by Y137, D210 or K267 as possible acid/base

residues. Furthermore a racemisation mechanism via a quinonoid intermediate is suggested
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due to the D238 mediated stabilisation of the pyridine nitrogen of PLP. In silico studies
identified K241as important for ACL racemase activity. 13 The aspartate in position 210 was
suggested to be involved in amide recognition by hydrogen bonding with the lactam nitrogen

of the substrate.18¢

Substrate scope of AocACLR

The AoACLR catalysed racemisation of novel substrates, various amino acid amides, was
described in detail in a recent study.’®® Among others L-2-aminobutyric acid amide, alanine
amide, norvaline amide, norleucine amide, leucine amide, methionine amide and
phenylalanine amide were tested as substrates for AOACLR. Among the tested substrates L-2-
aminobutryric acid amide was discovered to be accepted best with 2.7% relative activity (of
100% activity with ACL), lowest activity (0.052 %) was determined for L-phenylalanine
amide. 83

Discovery of this expanded substrate scope disproved that ACLRs are only active towards
cyclic amino acid amide derivatives and created new potential applications of these racemases.
DKRs for the production of various L-amino acids from the corresponding amides have been
successfully applied with AGACLR. In this process AOACLR was used together with a D-
amino peptidase from Ochrobactrum anthropi in one pot to resolve L-alanine amide to D-
alanine with a yield of 99.7%.1% An AoACLR double mutant (L19V/L78T) was developed
with improved activity towards L-phenylalanine amide for application in a DKR of
phenylalanine amide to D-phenylalanine with yields >99% and excellent enantiomeric excess
up to 99%.18

The ongoing commercial interest in ACLRs is demonstrated by a recent patent for the use of
an ACLR from Ochrobactrum anthropi (OaACLR) for the production of enantiopure amino
acids filed by DSM in 2008.1®° This patent describes the use of OaACLR as amino acid amide
racemase for the production of enantiopure amino acids from the corresponding racemic amino

acid amides.
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1.4 Aim of this work

The aim of this project is the evolution of a novel amino acid ester racemase (AAER) for the
application in ester to amide DKRs as shown in Figure 29. Racemic amino acid esters are used
in the desired DKR as substrate for a hydrolase-catalysed aminolysis towards the
corresponding amino acid amide. The hydrolase-catalysed reaction is enantioselective,
therefore it is of interest to racemise the unreacted enantiomer during the reaction. One
criterion for the desired racemisation catalyst is high selectivity towards the ester substrate and
low activity towards the amide product. Aim of this project is to evolve the desired AAER
activity by structure-guided engineering starting from PLP-dependent ACLRs.

R R

Hydrolase /v\
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Figure 29: Dynamic kinetic resolution of racemic amino acid esters. A hydrolase and amino acid ester
racemase are used in-situ to convert a racemic amino acid ester to the corresponding enantiopure amino
acid amide.

The evolution of amino acid ester racemase activity will include structure-guided engineering
experiments which require knowledge of the substrate binding and the reaction mechanism of
ACLRs. This project will focus on exploring the three-dimensional structures and racemisation
activity of amino acid amide racemases. As mentioned above racemisation activity towards
amino acid amides was recently discovered for AOACLR from Achromobacter obae.'® Hence,
AOACLR will be subject of detailed investigations and two homologous enzymes, namely
aminotransferase from Rhizobum freirei (RFACLR) and amino acid amide racemase from
Ochrobactrum anthropi (OaACLR) will be explored within this work (Table 1).

Table 1: Overview of enzymes of investigated in this work.

Enzyme AocACLR RfFACLR OaACLR
Origin organism Achromobacter obae Rhizobum freirei Ochrobactrum
anthropi

Enzyme function amino-caprolactam- Class Il Amino acid amide
racemase aminotransferase racemase

Heterologous host Escherichia coli Escherichia coli Escherichia coli

Gene length (bp) 1311 1311 1320

Size (kDa) 45.7 45.6 46.8

Cofactor PLP PLP PLP

PDB code 2ZUK 5M46 n.a.
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Attempts will be made to obtain X-ray structures of an ACLR-ligand complex to give insights
of the substrate binding. Detailed knowledge of the ligand binding site will allow further
conclusions about the mechanism of the racemisation reaction and will allow identification of
key catalytic residues. All three ACLRs will be tested on their racemisation activity towards
amino acid amides and esters. Once AAER activity is confirmed focus will be put on
improving the racemisation activity of amino acid esters. The information gained from a
crystal structure will facilitate the evolution of AAER activity by structure-guided engineering.
In summary this work is aimed to characterize ACLRs according to three main objectives:

e Investigations into the structure and mechanism of ACLRs
e Characterisation of the racemisation activity

e Engineering of amino acid racemisation activity

38



Materials and Methods

2 Materials and Methods

2.1 Materials

All chemicals were of high analytical grade and purchased from Sigma-Aldrich, Fluka, Merck,
Melford or Thermo Fisher Scientific. Restriction enzymes were supplied from New England
Biolabs (NEB). Hotstart Turbo Pfu DNA polymerase was ordered from Agilent and KOD
DNA polymerase was purchased from Merck. Enzymes for the photometric assay, alcalase,
horse radish peroxidase and L-amino acid oxidase were purchased from Sigma-Aldrich.
Premixed LB medium (high salt Miller’s broth) was purchased from Melford. Crystallisation
buffers were obtained from Hampton research (Index) or Molecular Dimensions (Pact, CSS I,
CSS 11). Oligonucleotides were synthesised by Eurofins Genomics or Invitrogen. Chemically

competent bacteria cells were supplied by Merck, Clontech and Novagen.

2.1.1 Plasmids

A variant of the expression vector pET-28a was used for the molecular modification of
expression hosts throughout this work. The YSBLI3C vector is an optimised pET-28a vector
which features allow to use it for ligation independent cloning (LIC).**® Amongst other features
this plasmid encodes a gene encoding for kanamycin resistance, the T7 promotor and the lac
operon. For protein modifications after protein expression it encodes an N-terminal hexa-
histidine tag followed a cleavage site for a 3C protease (Figure 30). All vectors used for this

work are listed in Table 2.

Start codon  Linker Purificationtag Linker 3C protease cleavage site Linker

Protein
sequence

Figure 30: Scheme of the N-terminal region of the target protein encoded on the YSBLI3C vector.

Table 2: Racemase expression vectors. Gene sequences are shown in Appendix 10.2, vector map for
YSBLIC3C is shown in Appendix 10.1

Plasmid Genotype Supplier
YSBLIC3C-vector Modified from pET28a (ColE1 lacZ'KanR PT7 Plac) YSBL
YSBLIC3C-A0ACLR Recombinant with 1311 bp gene of ACLR This work
YSBLIC3C-RfACLR Recombinant with 1311 bp gene of RFACLR This work
YSBLIC3C-OaACLR Recombinant with 1320 bp gene of OaACLR This work
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2.1.2 Bacterial strains

Materials and Methods

Different strains of Escherichia coli (E. coli) were used for genetically modifications in order

to produce the target proteins (Table 3).

Table 3: Bacterial strains

Bacterial strain Genotype Supplier
E. coli BL21(DE3) F-ompThsdSbh(rB-mB-) gal dcm Merck
E. coli Rosetta™ (DE3)  F- ompT hsdSB(rB- mB-) gal dcm pRARE (CamR) Novagen
E. coli Stellar (E.coli F-, ara,A(lac-proAB) [®80d lacZAM15], rpsL(str), thi, Clontech
HSTO04) A(mrr-hsdRMS-mcrBC), AmcrA, dam, dem
2.1.3 Devices and equipment
Table 4: Devices
Technique Device Supplier
Centrifugation GenFuge 24D Progen
Avanti J-20 XP Centrifuge Beckmann CoulterTM
Sigma 3-16 KL Sigma
LYNX 6000 Sorvall
Incubation | 26 Shaker New Brunswick Scientific
UV-Vis Spectroscopy BioPhotometer plus Eppendorf
50 Bio UV Visible Spectrophotometer Varian
EPOCH Tecan

PolarStar

BMG Labtech

pH determination

pH 210 Microprocessor pH Meter

HANNAH Instruments

chromatography

High pressure liquid Dionex Ultimate LC Packings
Prominence HPLC system Shimadzu
DNA amplification BIOER 2.01 LifeECO
Protein Purification Akta Purifier General Electrics
Akta Pure General Electrics
Atka Start General Electrics
X-ray crystallography Mosquito® robot TTP Labtech
Micromax-007HF Rigaku
MAR345 imaging plate detector Marresearch
Gel electrophoresis SDS-PAGE Biorad
DNA electrophoresis Amersham
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2.2 Methods

2.2.1 Cloning synthetic genes into an expression vector

E. coli codon optimised synthetic genes for AOACLR, RFACLR and OaACLR were purchased
from Invitrogen and amplified by Polymerase Chain Reaction (PCR). Components of the
reaction mixture are listed in Table 5 and a PCR program (Table 6) was run to amplify the
gene of interest. Steps 2-5 were repeated in 35 cycles.

Table 5: Reaction mixture for PCR

Component Concentration Volume [uL] Final
concentration

gH20 34
dNTPs each 2 mM 5 0.2 mM
KOD polymerase 5
MgSOq4 25 mM 2 1mM
primerrwp 20 pmol/puL 1 0.4 pmol/uL
primerrev 20 pmol/uL 1 0.4 pmol/uL
DNA-template 1
Total volume 50

Table 6: Parameters of PCR for amplification of the target genes.

Reaction step Temperature [°C] Time [s]
Polymerase activation 94 120
Denature 94 30
Annealing 55 30
Extension 72 150
Final extension 72 180

Termination 10 -

Analysis and purification of the PCR product

The amplified PCR product was analysed on an agarose gel. The gel electrophoresis was
carried out as described in Chapter 2.2.2. The dyed samples (60 uL) were loaded onto the gel
and after electrophoresis the DNA bands were visualised by blue light. A band of the expected
size between 1000-1500 base pairs (bp) was visible for each sample. These bands were excised
and the DNA was extracted from the agarose gel using a gel extraction kit (Sigma). After
purification the DNA concentration of the samples was determined by UV absorption at a

wavelength of 260 nm and the samples were stored at -20°C.
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T4 polymerase digest of PCR product

Ligation independent cloning requires the specific restriction of the DNA fragment for the

insertion into an expression vector.® Due to specific designed primers (Table 7) the restriction

with a T4 DNA polymerase (3’2 5’) will result in overhangs which are complementary to the

overhangs of the vector. This allows for the insertion of the DNA fragment into the vector by

simple annealing of the complementary overhangs (Figure 31). For the T4 polymerase

treatment a DNA concentration of 0.2 pmol was used in a total reaction volume of 20 uL. The

reaction mixtures were incubated for 30 min at 20°C and then for 30 min at 75°C.

Table 7: Primers used for ligation independent cloning.

Primer Nucleotide sequence
Forward primer 5°>3’) GACCCGACGCGGTTA
Reverse primer (5°—=23") CAGGGCGCCATG

1 .T4 polymerase treatment

5’ . 3

CAGGGCGCCATG Gene TAACCGCGTCGGGTC
GTCCCGCGGTAC Gene ATTGGCGCAGCCCAG 5
2. Annealing into the
YSBLIC vector

5’ 3’
CAGGGCGCCATG  Gene TAA

AC Gene ATTGGCGCAGCCCAG

3 5
5 +
Vector- ATTTT CCGCGTCGGGTCACCAC - Vector
3 Vector- TAAAAGTCCCGCGGT TGGTG - Vector
Annealing product
5'

Vector- ATTTT CAGGGCGCCATG  Gene TAA CCGCGTCGGGTCACCAC - Vector
Vector- TAAAAGTCCCGCGGT AC Gene ATTGGCGCAGCCCAGTGGTG - Vector

31

Figure 31: Scheme of ligation independent cloning procedure.

Annealing of the insert into an expression vector

3}

51

31

51

After T4 polymerase treatment the PCR product was annealed into the YSBLIC3C vector. The

vector was ready to use as it was linearised and treated with T4 polymerase before. 3 uL of
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insert and 3 pL of the YSBLIC3C-vector were pipetted into a reaction tube for the annealing
reaction. The reaction was carried out for 10 min at room temperature and afterwards stopped
by adding 1.5 uL EDTA (25 mM).

Transformation of chemically competent E. coli Stellar cells

1.5 pL of the respective YSBLIC3C-insert vector were added to 25 pL E. coli Stellar cells
(Novagen). This mixture was incubated for 30 min on ice. Afterwards, the cells were heat
shocked at 42°C for 20 s followed by incubation on ice for 5 min. 200 pL SOC medium were
added to each preparation. This mixture was incubated at 37°C, 180 rpm for 60 min. The
antibiotic kanamycin can be used to select recombinant E. coli cells containing the
YSBLIC3C-vector as the vector encodes a gene for kanamycin resistance (KanR). Resistance
against this antibiotic is based on the gene product of KanR, an enzyme that modifies
kanamycin and therefore reduces its affinity to ribosomes.* 200 pL of the cell culture were
plated on LB-agar plates containing 35 pg mL™ kanamycin and incubated overnight at 37°C.

The plates were stored in the fridge at 4°C until further use.

Amplification, purification and analysis of the YSBLIC3C-constructs

For amplification of YSBLIC3C-constructs in E. coli 5 mL overnight cell cultures were
prepared. One single colony of recombinant E. coli Stellar cells was picked from the agar plate
and used to inoculate the LB medium (containing kanamycin 30 pg mL™?). The cultures were
incubated at 37°C, 180 rpm overnight. The next day the E. coli cells were harvested by
centrifugation at 4500 rpm at 4°C for 20 min. The plasmid DNA was isolated from the
recombinant E. coli cells using a Quiagen Miniprep Kit according to the supplier’s protocol.
After purification the plasmid DNA was eluted in 50 uL water. The DNA concentration of the

purified DNA construct was measured at 280 nm.

In order to analyse if the gene of interest was inserted into the YSBLIC3C-vector a test
restriction digest was performed. The YSBLIC3C-vector was hydrolysed using the restriction
enzymes Ndel and Ncol. The restriction site for Ndel is upstream (3’) of the inserted gene
whereas the restriction site for Ncol is located downstream (5°) of the inserted gene. Possible
restriction sites inside the gene sequence were checked with the program Serial Cloner 2.6.1.
For the enzymatic restriction 7 pL YSBLIC3C-construct, 1 pL cutsmart buffer (NEB), 1 pL
Ncol and 1 pL Ndel were pipetted into an reaction tube and incubated for 1 h at 37°C. After

the incubation the samples were dyed with 1.7 pL sample dye. The complete volume of the
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samples was loaded on an agarose gel and a gel electrophorese was carried out at 110 V for

50 min.

2.2.2 Gel electrophoresis

Agarose gel electrophoresis

DNA fragments were analysed on an agarose gel. An agarose gel (1%) was prepared in
triethanolamine (Tris-acetate-EDTA) buffer. The agarose was dissolved by heating the
solution in a microwave. Safer Stain (Invitrogen) was added to the solution to allow
visualisation of the DNA by UV or blue light. DNA samples were stained with sample dye
(NEB) in a ratio of 1/6. 5 L of 1 kb DNA ladder (NEB) were loaded on the gel. The dyed
samples were loaded onto the gel. The electrophoresis chamber was connected to a power

source and the gel electrophoresis was performed at 110 V for 30-55 min.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Protein production and the purity of purified enzymes was analysed by SDS PAGE. Proteins
were separated according to their size through a 12 % Bis-Tris SDS gel. The gels were
prepared with resolving gel buffer (1,5 M Tris, 0.4 % SDS, pH 8.8) and stacking gel buffer
(0.5 M Tris, 0.4 % SDS, PH 6.8) using a gel casting kit (Biorad). The protein sample was
masked with an overall negative charge by SDS in the sample buffer and denatured by heating
at 95°C. The gel electrophoresis was carried out for 45 min at 200 V in a gel tank (Biorad)
using SDS running buffer (Tris-Glycine buffer, 5 % SDS).

Western blot

In order to identify the target protein of a sample run on a SDS gel, a western blot was prepared.
This technique allows binding of his-tagged proteins with specific antibodies, transferring
them onto a membrane to visualise them. A sheet of nitrocellulose membrane (Whatman) was

soaked in methanol for about 2 min and afterwards soaked in transfer buffer for 10 min.
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Table 8: Buffers used for western blotting.

Buffer Concentration Component
Transfer buffer 25 mM Tris

192 mM Glycine

20 % viv Methanol
10 x TBST-CI 100 mM TrispH 7.5

1M NaCl

1% viv Tween 20

Eight sheets of Whatman 3MM membranes were also soaked in transfer buffer. The SDS gel
was washed with water and then with transfer buffer. Starting from the anode 4x Whatman
paper, 1x cellulose membrane, SDS gel, 4x Whatman paper were placed into the western blot
machine. Transfer of the proteins onto the nitrocellulose membrane was carried out at 25 V
(500 mA) for 50 min. After running the transfer the membrane was rinsed with 5 mL TBST
buffer (containing 5 % milk and 0.06 % v/v his-antibody). The marker was visualised and
marked on the membrane by staining the membrane with Ponceau Red solution (Sigma) for 5
min. After removing the staining solution the membrane was washed in milk solution for a
few minutes. The membrane was then transferred into the blocking solution (5 % milk in TBST
buffer) and incubated under shaking for 1 h. The blocking solution was rinsed of with TBST
buffer and the membrane was incubated with the primary antibody for 1h. After washing steps
with TBST the membrane was incubated with the secondary antibody for 30 min. Protein

bands were visualised using SigmaFast stain.

2.2.3  Site directed mutagenesis of ACLRs

Mutations were introduced into the DNA sequence of ACLRs using the site directed
Quikchange method. With this method primers containing the desired change in the DNA
sequence are used for a PCR, using the vector-gene construct as template DNA. The plasmid
is amplified by PCR incorporating the primers with the mutation into the new construct. A
round of amplification of the whole plasmid results in a new plasmid with staggered nicks.
The newly amplified DNA then contains the mutation of interest and can be separated from
the template DNA by performing a Dpnl digestion of the methylated template DNA. The new

plasmid is transformed into E. coli cells where the nicks are repaired (Figure 32).
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Figure 32: Scheme of site directed mutagenesis using the Quikchange method.

Within this work site directed mutagenesis (SDM) method using Hotstart Pfu Turbo DNA

polymerase (Agilent) was carried out. Primers were designed using the online tool primerX

and supplied from Eurofins Genomics. The sequences of all primers used for this work are

listed in Table 9.

Table 9: Primers used for site directed mutagenesis.

Mutation

Forward primer (5’ -> 3’)

Reverse primer (5’ -> 3°)

RfACLR-Y137F

RfACLR-K241A

RfACLR-D210A

RFACLR-W49A

RfACLR-M293L

RFACLR-Y386T

OaACLR-A51W

OaACLR-L21V

OaACLR-L80T

OaACLR-D210A

GCATTTATTGGTGCATTT
CATGGTTGTACCGTTG
GGTCTGGTTGACGTTGAA
GTAGTGT
CCGATTCAGAGTGCTGGT
GGCCTGATTG
ATTGATCTGAGCGGTGCA
GCAGGTGCAGCCAG
AGCGCATTTGCCTTGCAG
ACCCTGC
CTGGGTCTGGTGCTGACC
TATGTTGGTATGAATG
ATTCTGGATCTGAGCGGT
AGCTGGGGTCCGGCAGC
ACTGGGTTAT
CAGAAATTGGTCGTGTGC
GTTTTAGTCCGC
GCAGGCGCAAGCCTGAC
CCTGTATCCGAATGAAG
ACCGATTCTGAGTGCGGG
TGGTCTGGTTG

CAACGGTACAACCATGAAATGCA
CCAATAAATGC
TTAGTCCGGTGGTCGTGAGACTT
AGCCA
TTAGTCCGGTGGTCGTGAGACTT
AGCCA
TGGGTCCGACCGACGTGGACGAC
GTGGCGAGT
CGTCCCAGACGTTCCGTTTACGC
GA
TAAGTATGGTTGTATCCAGTCGT
GGTCTGGGTCA
ATAACCCAGTGCTGCCGGACCCC
AGCTACCGCTCAGATCCAGAAT

GCGGACTAAAACGCACACGACC
AATTTCTG
CTTCATTCGGATACAGGGTCAGG
CTTGCGCCTGC
TGTTGGTCTGGTGGGCGTGAGTC
TTAGCC
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A PCR was set up using the corresponding primers, the components of the PCR and the
program that was run are listed in Table 10 and Table 11. Annealing temperatures were chosen
5°C below the according melting temperature of the primers. In case of poor yields from the

PCR a Touchdown PCR with gradient of decreasing annealing temperatures was run.%2

Table 10: PCR reaction components employed for site directed mutagenesis.

Component Stock concentration Volume (uL)
Plasmid DNA template 100 ng pLt 1
Primerrwo 20 pmol 1
Primerrev 20 pmol pL? 1
dNTPs 2 mM (each nucleotide) 5
Pfu Turbo DNA polymerase 10 x 5

buffer

Pfu Turbo DNA polymerase 1.0U pL? 1

Filled up with H20 to 50 pL

Table 11: Program used for PCR for site directed mutagenesis. Steps 2-4 were repeated 35 cycles. The
annealing temperature was adjusted according to the melting temperature of the primers.

Step Temperature (°C) Time (s)
1. Initial denature 95 300
2. Denature 95 60
3. Annealing 5°C below melting temperature 60
of primers
4. Extension 72 600
5. Final extension 72 300

After the PCR, Dpnl (2 U) was added to the reaction mixture to hydrolyse the template DNA.
Dpnl specifically hydrolyses methylated DNA, which is methylated by E. coli deoxyadenosine
methylase in the living organism. Therefore DNA generated in vitro is not methylated and is
not hydrolysed by Dpnl. The reaction mixture was incubated at 37°C for 45 h. A
transformation of competent E. coli Stellar cells with a heat shock was carried out as described
before (Chapter 2.2.1). The plasmid DNA was amplified and purified as described before
(Chapter 2.2.1). The purified plasmid DNA was analysed by a test restriction using Ncol (1
pL), Ndel (1 pL), 4 pL of the purified plasmid, 1 pL cut smart buffer, in a total volume of 10
pL. The mixture was incubated for 1 h at 37°C and after incubation analysed on an agarose
gel (Chapter 2.2.2). The desired mutation was verified by Sanger sequencing performed by
GATC Biotech.
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2.2.4 Generation of site-saturation libraries with inverse PCR

Site-saturation libraries of OaACLR were generated in position 51 (OaACLR-Sat-A51) or
L293 (OaACLR-Sat-L.293). To obtain a library of mutants with any of the 20 amino acid as
replacement in a specific position, degenerate primers were used for amplification of the target
gene. The primers NNK were selected, where N (nucleotide) stands for any of the four
nucleotides (ACTG), and K (keto) is either Guanine (G) or Thymine (T). The combination
NNK can result in 32 different codons and encodes for all 20 amino acids. The generation of
site-saturation mutations is more challenging than single mutations, and success strongly
depends on the DNA yield from PCR, therefore inverse PCR was chosen as cloning method.
Primers for inverse PCR were designed such that the PCR product is linear and contains the
desired mutation (Table 12). Due to the linearity of the PCR product the amplification yield is
exponential. The linear PCR product is then phosphorylated by a kinase and re-circularised
using a T4 ligase'*® (Figure 33).

Denaturation of Primer annealing
template DNA and extension Exponential amplification

Digest

Phosphorylation of template DNA

Mutation

Template DNA strand

New synthesised DNA strand
Primer with mismatched bases

*
A

Figure 33: Scheme of site directed mutagenesis using inverse PCR.

As prediction of one specific melting temperature of primers with degenerate codons is not
possible, PCRs were run as touchdown program. The touchdown method allows testing many
different annealing temperatures in a single PCR reaction. For this the annealing temperature
is reduced in every cycle over a certain range. The DNA is amplified at the optimal annealing
temperature. In the second phase a standard PCR with the lowest annealing temperature of the

selected range is run to further amplify the DNA. 1%
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Table 12: Primers used for generation of site-saturation of OaACLR in position 51 or 293.

Mutation Forward primer (5’ -> 3°) Reverse primer (5’ -> 3%)

OaACLR- Sat-A51 TGAGCGGTAGCNNKGGTC  GATCCAGAATGCTACGACCACC
CGGCAGCA TT

OaACLR-Sat-L.293 CCGGCATTTGTTNNKCAGA TGCATGATCCATCACCCACTGC
CCACCG

The PCR reaction was carried out as touchdown program, starting from 80°C decreasing to
65°C by -1°C per cycle (for 15 cycles).

Table 13: Components used for inverse PCR to generate site-saturation mutations in OaACLR.

Volume (uL) Component Stock concentration
1 Plasmid 60 ng pL?
0.75 Forward primer 20 pmol pL?
0.75 Reverse primer 20 pmol pL?
5 dNPTs 2mM
5 Reaction buffer 10 x
3 MgSO4 25 mM
15 DMSO
1 KOD Hot Start 1UmL?
Filled up to 50 H20

Table 14: Touch down PCR program. Denature to extension steps were repeated with 15 cycles.

Step Temperature (°C) Time ()
Phase 1
Initial denature 95 180
Denature 95 30
Annealing 80 — 1 per cycle 45
Extension 72 60
Final extension 72 300
Phase 2
Denature 95 30
Annealing 65 45
Extension 72 60
Final Extension 72 300

The PCR product was gel purified and 1.5 pL Dpnl was added to 50 pL of the purified DNA
and incubated for 1.5 h at 37°C. Ligation of the PCR product was performed at room

temperature as listed in Table 15.
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Table 15: Components for the phosphorylation and ligation of the PCR product.

Volume (pL) Component
10 H-O
purified DNA
NEB buffer 4
10x T4 ligase buffer
PNK T4 kinase
T4 ligase

[ CI TN

E. coli Stellar cells (50 pL) were transformed with 3.5 pL of the mixture containing the ligation
product. Plasmids were isolated from the pool of all obtained colonies by dissolving all
colonies on the plate in a small amount of water. The cells were centrifuged and used for
plasmid isolation. The purified plasmid was analysed by Sanger sequencing performed by
GATC. The quality of the library was evaluated by estimating the percentage of the according
base in the relevant positions by the peak height in the sequencing chromatogram. Additionally
the quality was controlled by sequencing 15% of the library, which corresponds to 14 mutants.
After confirmation of the library quality, competent E. coli BL21 (DE3) cells were

transformed with the library plasmid.

2.2.5 Cell cultivation and heterologous protein expression

Large scale cultivations of E. coli for overexpression of the target gene were carried out in
lysogenic broth (LB) medium (Table 16). When the cells reached the exponential growth phase
(0.6-0.8 ODewo nm) isopropyl B-D-1-thiogalactopyranoside (IPTG) was added at a final
concentration of 1 mM to induce the overexpression of the target gene through the T7
expression system. Expression of the mutant libraries was carried out in terrific broth (TB)
medium containing glucose and lactose (Table 17). This allows for the autoinduction of the
expression of the target gene without adding an inducing agent. Glucose is a preferred carbon
source and metabolised first, once it is completely consumed, the metabolism changes to the
uptake of lactose. The presence of lactose in the cell induces then the overexpression of the

target gene through the control of the lac operon.

Table 16: Components for 1 L LB autoinduction medium.

Amount (g) Component
10 Tryptone

5 Yeast extract
10 NaCl

15 Tris/Tris HCI
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Table 17: Components for 1 L TB autoinduction medium.

Amount (g) Component
12 Tryptone

24 Yeast extract
0.5 Glucose

2.0 a- lactose
231 KH2PO4
12.33 KoHPO4

Preparation of glycerol stocks of recombinant E. coli cells

Chemically competent E. coli BL21 (DE3) cells were transformed with the previously
prepared YSBLIC3C-vector containing the respective gene of interest (AoACLR, RfACLR or
0OaACLR). The transformation was carried out according to the procedure described before
(Chapter 2.2.1). 1 pL of the respective YSBLIC3C-gene construct (YSBLIC3C-AoCLR,
YSBLIC3C-RfACLR or YSBLIC3C-OaACLR) was used for the transformation of 25 pL of
competent cells. A single colony of the transformants was picked from the agar plate and used
to inoculate 5 mL LB medium (containing 30 pg mL* kanamycin). These cultures were
incubated at 37°C, 180 rpm overnight. The next day glycerol stocks were prepared by adding
300 pL sterile glycerol to 700 pL of the cell culture. The glycerol stocks were stored at -80°C.

Test expressions

Overexpression of the target protein was carried out at different temperatures and with
different IPTG concentrations. Overnight cultures were prepared by inoculating 5 mL LB
medium (containing 30 ug mL* kanamycin) with one single colony of the recombinant E. coli
BL21 (DE3). The next day 15 mL cultures (LB medium containing 30 pug mL™* kanamycin)
were inoculated with 150 pL of the overnight cultures. For each enzyme 3x 15 mL cultures
were inoculated, one culture for induction with 1 mM IPTG, 0.1 mM IPTG and 0 mM IPTG
as control. These main cultures were incubated at 37°C until 0.6-0.8 ODgoo nm Was reached.
The overexpression was induced with 1 mM IPTG or 0.1 mM IPTG. Then each of the 15 mL
cultures was split into 3x 5 mL cultures (in 50 mL falcons) for incubation at 37°C, 27°C or
16°C. The cultures were incubated at the respective temperature at 180 rpm. 24 h after
induction 1 mL of each culture was transferred into a reaction tube. The cells were harvested
by centrifugation at 13000 rpm for 10 min. The cells were resuspended in 500 pL water and
disrupted by sonication (30 s, 30 s pause, 3 cycles). The samples were again centrifuged at
13000 rpm for 10 min. The supernatant was transferred into a new reaction tube and the pellet
was dissolved in 1 mL water or solubilisation buffer. Overexpression was analysed on a SDS

gel as described in Chapter 2.2.2.
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Buffer screening for optimisation of protein solubility

When the tested conditions for expression did not yield any soluble protein, screening for an
appropriate buffer to solubilise the expressed protein was carried out according to Kohlstaedt
an co-workers.'® A 1 L culture of the recombinant E. coli BL21 (DE3) cells was induced with
0.1 mM IPTG (at 0.61 OD g00 nm) and incubated at 37°C overnight. The cells were harvested
by centrifugation and resuspended in 30 mL Tris (100 mM NaCl, 1 mM EDTA, pH 8.5) and
aliquoted into 30 reaction tubes. The cells were centrifuged and the pellet was resuspended in
1 mL of the 30 buffers of the buffer screen (Appendix 10.3). The cells were sonicated (30 s,
30 s pause, 3 cycles) and the soluble fractions were analysed by SDS-PAGE.

Protein expression at litre scale

Starter cultures were prepared for the inoculation of a main culture for overexpression of the
gene of interest. 1 L of the respective glycerol stock of E. coli BL21 (DE3)-YSBLIC3C-
ACLR or a single colony from an agar plate was used to inoculate 10 mL LB medium
(containing 30 pg mL kanamycin). The cultures were incubated at 37°C, 180 rpm overnight.
The overnight cultures of recombinant E. coli BL21 (DE3) were used to inoculate 2 L LB
medium (aliquoted to 2x 1 L LB medium in baffled 2 L shaker flasks). The medium was
inoculated in a ratio of 1:1000. The cultures were incubated for approximately 3 h at 37°C,
180-200 rpm until an ODgoonm Of 0.6-0.8 was reached. The overexpression of the target gene
was induced with a final concentration of 1 mM IPTG. The cultures were then incubated at
16°C, 180 rpm. Samples were taken at different time points and the ODeo nm Was measured.
24 h after induction the cells were harvested by centrifugation at 4000 rpm, 20 min, 4°C, the
cell pellet was stored at -20°C.

Expression of saturation mutagenesis libraries

In a 96 deep-well block 96x 700 puL LB medium (containing 30 pg mL* kanamycin) were
inoculated with different single colonies of recombinant E. coli BL21 (DE3) obtained after
transformation with the saturation mutagenesis library plasmids (Chapter 2.2.4). After
incubation at 37°C, 400 rpm for 18 h, 300 pL sterile glycerol was added to each well. The

deep-well block was sealed, vortexed and then stored at -80°C.

For overexpression of the library, overnight cultures were prepared in a 96 deep-well block by
inoculating 500 pL LB medium (containing 30 pg mL? kanamycin) with 1 uL of the
recombinant E. coli BL21 (DE3) glycerol stock. The plate was incubated at 350 rpm at 37°C

overnight. 96x 1 mL of TB autoinduction medium in 96 deep-well blocks were inoculated
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with 10 uL per well of the respective overnight culture. The blocks were incubated at 400 rpm,
37°C. After incubation for 24 h the cells were pelleted by centrifugation at 4000 rpm, 4°C for

20 min. The supernatant was discarded and the cell pellets were stored at -20°C.

2.2.6  Chromatographic enzyme purification

Overexpressed enzymes were purified according to a standard protocol employing
immobilised metal affinity chromatography (IMAC) followed by size exclusion
chromatography (SEC). For IMAC purification of the target protein 5-20 g recombinant E.
coli cells were weighed into a 50 mL reaction tube. The cells were resuspended in Tris buffer
(50 mM, 300 mM NacCl, pH 7.5). The cells were disrupted by sonication for 8 cycles of 30 s
sonication, following 45 s pause. Afterwards cell debris were centrifuged at 20000 rpm at 4°C
for 40 min. The supernatant (crude cell extract) was loaded on a previously equilibrated (50
mM Tris, 300 mM NaCl, pH 7.5) nickle column (5 mL, HisTrap™ FF crude, GE) using a
peristaltic pump with flowrate 2-3 mL min™. After loading the crude cell extract the column
was connected to an Akta purification system. All purification buffers contained Tris buffer
(50 mM, 300 mM NacCl, pH 7.5) and were filtered and degassed before use. For purification

of the his-tagged target protein the program listed in Table 18 was run.

Table 18: Program for IMAC purification of his-tagged proteins.

Step Imidazole Volume Flow rate
concentration (mM) (mL) (mL min')
1. Initial wash 20 35 25
2. Wash 50 5 25
3. Elution 50-500 25 25
4 Final elution 500 35 2.5

The eluate obtained from step 3 was collected in 5 mL fractions. Fractions containing protein
were analysed on a SDS gel. The presence of protein in the eluted fractions was determined
by UV measurement at 280 nm during the purification. Fractions containing the target protein
in appropriate purity were pooled and concentrated using 50 mL centricons (30000 MWM cut-
off) to a final volume of 1-2 mL. The concentrated protein was loaded on a previously
equilibrated (50 mM Tris, 300 mM NaCl, pH 7.5) S75, S200 column (GE) or a desalting
column (5 mL HiTrap , GE). Size exclusion chromatography (SEC) was performed with an
Akta purification system using an isocratic gradient of Tris buffer (50 mM, 300 mM NacCl, pH
7.5). Protein was eluted at a flowrate of 0.8-1 mL min-* for one column volume (CV). Fractions
containing protein were analysed by SDS-PAGE. Fractions with appropriate purity of the
target protein were pooled and the protein concentration was determined at 280 nm. The

enzyme was directly used for crystallisation trials or stored at 4°C for later application in

53



Materials and Methods

racemisation reactions. In case enzyme was stored at -20°C, 10 % w/v glycerol was added as

stabiliser in the buffer used for storage.

Analytical size exclusion of RFACLR and OaACLR

8.82 g of wet cells mass of E. coli Rosetta-OaACLR were resuspended in approximately 45
mL Tris buffer (50 mM, pH 7.5). The cells were disrupted by sonication (30s, 45s, 8 cycles).
Cell debris were centrifuged at 10000 rpm for 40 min. The target protein was purified by
IMAC with the standard program described above. Fractions containing the target protein were
collected from IMAC purification. The pooled fractions were concentrated to approximately
500 pL and loaded through a 1 mL loop onto a Superdex 200 GL 10/300 SEC column
(previously equilibrated with Tris, 50 mM, 300 mM NaCl, pH 7.5). The purification was run
at a flowrate of 1.7 mL min on an Akta pure system.

2.2.7 Crystallisation

Protein crystallisation was performed using the vapour diffusion method. For this
crystallisation technique a reservoir of crystallisation solution is used in a closed container to
create a saturated atmosphere. The crystallisation solution contains precipitants, salts and
buffer salts to adjust to a specific pH value. As the protein solution is mixed with the
crystallisation solution the protein drop has a lower concentration than the crystallisation
solution in the reservoir. The protein drop is placed within the closed container, either as sitting
drop or as hanging drop. The difference in concentration leads to diffusion of water from the
protein drop into the atmosphere and eventually into the crystallisation solution. Due to the
water diffusion out of the protein drop, the concentration increases over time until an
equilibrium between protein drop and the reservoir is reached. During the adjustment of the
equilibrium the concentration for supersaturation in the protein drop, where crystal formation

can occur, is also reached.

Sitting drop Hanging drop

—> Diffusion of water R :P_ ¢ e
68 Precipitant e

P | Proteindrop

A" Saturated atmosphere

Figure 34: Scheme of different methods for vapour diffusion protein crystallisation.
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Initial crystal screening in sitting drops

Initial crystallisation trails were carried out with commercially available crystallisation screens
in 96 well plates for the preparation of sitting drops. Freshly purified AOACLR, RfACLR or
OaACLR was concentrated to approximately 10 mg mLt in an approximately volume of 100
puL. The commercially available crystal screens Index, Pact and CSS Il and | were used for
crystallisation trials. The theoretical isoelectric point of the enzymes was calculated from their
amino acid sequence using the program Expasy Protparam. The theoretical isoelectric point of
AOACLR, RfACLR and OaACLR was calculated between pH 5.7-5.8, buffers with a pH near
this isoelectric point were selected to add to the crystal screens CSS I and 1l. Tris-HCI pH 6.0
and BisTris pH 5.5 were added to a final concentration of 0.1 M to the CSS screen mother
liquor. 54, respectively 60 pL of mother liquor were pipetted into the reservoir of a MRC plate
(96 wells). 150 nL mother liquor and 150 nL enzyme were pipetted together into a sitting drop
using the mosquito robot (Figure 35). The wells of the MRC plate were sealed air tight and
stored at 18°C. Formation of crystals was followed over several weeks.

Tris pH 6.0 BisTrispH 5.5

p
54 plL screen
6 uL buffer

8 \w 150 nL enzyme
I~ 150 nL mother liquor

—~
A

|—

Figure 35: Scheme of MRC plate set up with CSS I and 11 crystallisation screen

Scale up and optimisation of crystals

After obtaining crystals from the initial screening, optimisation of the crystallisation
conditions was carried out. The condition giving crystals was used for crystallisation by the
hanging drop method using a 24 well plate and bigger protein drops (2-3 pL) to slow down
crystal growth. The concentration of salt and PEG was varied around the screen condition to
identify the optimal condition (Figure 36). Where necessary the impact of the additives

(glycerol, ethylene glycol, 1,4 butanediol) on the crystal growth was investigated.
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Figure 36: Scheme of concentration varation in a 24 well crystallsation tray.

The enzyme solution was prepared by concentrating it to approximately 100 pL with a
concentration of 2-10 mg mL™. 1 pL of mother liquor was pipetted on a siliconised cover slip
(18 x 18 mm). 1-2 pL of enzyme solution was added into 1 pL of the mother liquor drop and
mixed by gently pipetting up and down. The cover slip was put upside down onto the greased
edges to close the well air tight.

Crystallisation of enzyme-ligand complexes

For standard co-crystallisation with ligands 10 pL of L-ACL, L-PheNH>, L-Phe or L-PheOMe
(20-80 mM final concentration) were added to 90 pL enzyme solution (2-10 mg mL?) and
incubated on ice for 30-60 min. The enzyme solution was then used to prepare hanging drops

in 24 well plates as described before.

To optimise ligand binding to the enzyme co-crystallisation with mother liquor containing the
ligand (40 mM L-PheNH, or 100 mM L-PheOMe) was carried out. Enzyme (approximately 3
mg mL?1) was used for crystallisation in 96 MRC plates using the previously mentioned
crystallisation screens. The ligand stock solution was dispensed into the mother liquor wells

of the MRC plates using a respective program on the Mosquito.

Crystal micro-seeding

Crystal seed stocks were prepared using the Seed Bead™ kit according to the supplier’s
recommendations (Hampton Research). 50 uL of the respective crystallisation solution were
pipetted into the reaction tube containing a seed bead. Crystals obtained in sitting or hanging
drops were transferred into to the seed bead reaction tube. The mixture was then vortexed for
3 minutes. This solution was used as seed stock to set up crystallisation trials. For
crystallisation in 24 well plates a 1:1 ratio of fresh protein and seed stock was used to set up

hanging drops. For 48 well plates 500 nL protein were aliquoted, then 70 nL of the seed stock
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were added to the protein drop, then 430 nL of the mother liquor were copied to each of the

protein drops using the Mosquito robot.

Crystal freezing and data collection

Crystals were either frozen directly from the crystallisation drop or transferred into a cryo
protectant solution before freezing in liquid nitrogen. If cryo protectant solution was used, it
was prepared with the condition of the mother liquor containing glycerol (10% v/v), 1 mM
PLP and an appropriate concentration of the ligand. Diffraction of the crystals was tested in
house on a Rigaku Micromax-007HF fitted with Osmic multilayer optics and a Marresearch
MAR345 imaging plate detector. When the resolution was considered as sufficient (< 3 A) the

complete dataset was collected from the synchrotron.

Solving the structure and molecular replacement

Full datasets were collected on beamlines 102 or 104 at the Diamond Light Source, Didcot,
Oxfordshire, UK. Data were processed and integrated using XDS and scaled using SCALA
within the Xia2 processing system. The number of molecules in the asymmetric unit was
calculated with the Matthews Coefficient. The coefficient relates the crystal volume per
asymmetric unit to the molecular weight of the protein. The statistical analysis of this relation
of over more than 100 x-ray structures gave a coefficient to estimate the volume of solvent
contained in the asymmetric unit and therefore allows prediction of the number of proteins per

unit 1%

X-ray structures were solved by molecular replacement which is based on solving the phase
problem by using phase information of a homologous X-ray structure that has already been
solved. The homologous model structure is fitted into the experimental electron density and
the model sequence is aligned with the new sequence. The new structure is calculated by a
three-dimensional rotational search and translational search according to the fitted known
structure. Differences such as deviations in sequence, flexibility (B factors) or exposure of the
residues are taken in account for the calculations.*®” Within this work molecular replacements
were carried out with MOLREP*® using the structure of AOACLR (PDB code 2ZUK) or
RfACLR (solved in this work) as molecular replacement model. The structure was refined
using iterative cycles of the programs COOT!%® and REFMACS5.1% REFMAC implements a
maximum likelihood function to calculate intensities from the experimental reflections in
order to generate the electron density map (omit map, F,).}® A theoretical map (Fc) is

calculated according to the input structure and compared to F,. A difference map (Fo-F¢) is
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generated to improve fitting of the atomic structure into the electron density and determine the
quality of the fitting. COOT was used to manually refine positions of the atom structure
according to the new calculated electron density obtained as output from REFMAC. After
building of the protein backbone and side chains, residual density of the omit map in the active

site was modelled as PLP or substrate.

2.2.8 HPLC based activity assay

For determination of the enzyme activity, the racemisation of L-enantiomer to D- and L-
enantiomer was measured by chiral HPLC. The enantiomers were separated using a chiral
Crownpak (+) column (Daicel) on a Shimadzu Prominence HPLC system. Under acidic
conditions enantiomers of compounds containing an ammonium ion near the chiral centre can
be separated by the column material, crown ether (Figure 37). Hence, amino acids or
compounds containing an amino group in proximity to the chiral centre can be separated

according to their enantiomeric conformation.?

Figure 37: Crown ether used for chromatographic separation of amine enantiomers.

Standard reactions were carried out at 1-2 mL or 100-200 pL total reaction volume in KPi
buffer (100 mM) at 30°C, 500 rpm. 200 pL, respectively 20 pL samples were taken at
continuous time points, quenched with 2 N HCIO4 and diluted in water (1:4 ratio). The samples
were analysed by chiral HPLC using a Crownpak (+) column with an isocratic gradient (60
mM HCIO4, 10 % MeOH) at a flowrate of 1 mL min™’. Peaks of the separated compounds were
detected at 190 nm. Peak areas of the separated enantiomers were determined and the ratio of
enantiomers was calculated as relative peak areas or the concentration was calculated
according to a standard curve. Formation of the opposite enantiomer was plotted against the
reaction time. The slope of the graph was used to calculate specific activities (U mg?), defined
as conversion of 1 pumol substrate per min per mg of enzyme. The protein concentration was
measured by UV or Bicinchoninic acid (BCA) method (Chapter 2.2.11).
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Influence of storage condition on the enzyme activity

Inactivation of the enzyme by snap freezing was observed during the course of this work.
Therefore different conditions were tested to find optimal storage conditions. After
purification of RTACLR the enzyme was stored at different conditions as listed in Table 19.
Aliquots of an enzyme solution (1.4 pL) with the same protein concentration (1.2 mg mL™?)
were prepared, 20 % (v/v) Tris buffer (50 mM, pH 7.5) or glycerol was added. After 24 h
storage the enzyme solutions were quickly thawed and used for a racemisation activity assay
using L-PheNH, as substrate. Specific activities (U mg™) were calculated from the conversion

of substrate per minute, related to the applied amount of enzyme.

Table 19: Conditions tested for storage of purified RFACLR after purification.

Protein concentration Additive Storage condition
After storage (mg mL™1)
0.96 600 pL Tris (50 mM, pH 7.5) Stored at 4°C
0.81 600 pL glycerol Stored at -20°C
1.17 600 pL Tris (50 mM, pH 7.5) Snap frozen, stored at -20°C
0.84 600 pL glycerol Snap frozen, stored at -20°C

Determination of kinetic parameters

Kinetic parameters were determined for the conversion of L-PheOMe by OaACLR variants.
For this purpose the specific activity of OaACLR was measured at eight different L-PheOMe
concentrations (1-60 mM) using the HPLC assay. The activities were plotted against the
concentration and a graph was fitted according to the respective kinetic model (Michaelis-
Menten or substrate inhibition). The kinetic parameters Ky and Vmax were derived from the

fitted graphs. Kcarwas calculated from Vmax and the enzyme molarity.

2.2.9 Photometric activity assay

A coupled enzyme activity assay was developed for the detection of PheOMe racemisation for
the photometric measurement of enzymatic racemisation activity. The assay was adapted
according to a colorimetric assay for the detection of N-acetyl amino acid racemase activity.'”
In the previously developed assay the production of the L-enantiomer was coupled to the
deacetylation and amino acid oxidation, which was then coupled to the oxidation of o-
dianisidine. The colour of the produced o-dianisidine can be detected photometrically at a

wavelength of 436 nm.
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For detection of PheOMe racemisation activity the production of L-PheOMe from D-PheOMe
was coupled to the H,O coupled oxidation of o-dianisidine catalysed by peroxidase from

horseradish in one pot as illustrated in Figure 38.
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Figure 38: Scheme of the coupled enzyme assay for the detection of AAER activity.

Reactions were carried out in a total volume of 200 pL (100 mM KPi buffer, pH 5.8) in 96
well plates. The enzyme was applied as cell lysate from E. coli BL21 (DE3) containing
overexpressed ACLR (or an empty vector as control). b-PheOMe (5 mM) was used as
substrate for the ACLR catalysed racemisation reaction. The produced L-PheOMe was
hydrolysed to the corresponding amino acid by the L-selective alcalase from Bacillus
Lichenifroms (0.26 U mL™). L-phenylalanine was then oxidised by L-amino acid oxidase (L-
AAO) from Crotalus atrox (60 mU mL™?). The oxidation of the amino acid was detected by
coupling the production of H,O,, side product of the reaction. It is used as co-substrate by
horseradish peroxidase (28 U mL?) to oxidise o-dianisidine (0.2 mg mL™). The concentration
of oxidised o-dianisidine was detected by absorption at 436 nm, which can be correlated to the

concentration of produced D-PheOMe.

Table 20: Volumes and concentrations of the assay components for colorimetric detection of PheOMe
racemisation.

Assay component Volume (uL) Final concentration
Alcalase 10 0.26 UmL™
L-AAO 10 60 mU mL!
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HRP 0.6 28 U mL?
KPi buffer (pH 5.8) 9.4 50 mM
D-PheOMe 30 5mM
¢-dianisidine 40 0.2 mg mL!
cell lysate 100

The assay was used in 96 well plates to detect PheOMe racemisation of saturation mutants of
OaACLR (Chapter 2.2.5). E. coli BL21 (DE3) cells containing the overexpressed saturation
mutant libraries (Chapter 2.2.5) were resuspended in 500 uL KPi buffer (100 mM, pH 7.0)
and disrupted by sonication for 3 min (1 s on, 1 s off) with a 24 probe sonicator. The cell debris
were centrifuged at 4000 rpm, 4°C for 20 min. A master mix of all components except o-
dianisidine and cell lysate was prepared and aliquoted as 60 pL per well. Enzymes were
prepared in KPi buffer (100 mM, pH 7.0), D-PheOMe was prepared in KPi buffer (100 mM,
pH 5.8). 40 pL o-dianisidine were added to each well and the reaction was started by adding
the 100 pL cell lysate to the wells. Reactions were run with cell lysate from E. coli BL21
(DE3)-YSBLIC3C-0OaACLR as positive control and E. coli BL21 (DE3) harbouring an empty
YSBLIC3C vector as negative control. After incubation at 30°C for 1 h, absorbance at 436 nm
was measured in a plate reader (EPOCH). The concentration of the oxidised o-dianisidine was
calculated from the Lambert-Beer law using e= 8700 for oxidised o-dianisidine at 436 nm.
The path length was calculated as 0.62 cm from the radius (0.32 cm) and volume (200 pL) in
the wells. To calculate specific activities, the produced amount of D-PheOMe was related to

the protein concentration in the reactions, which was measured with the BCA method.

2.2.10 Development of the photometric activity assay

Alcalase catalysed hydrolysis of L-PheOMe

The efficiency of the alcalase reaction was tested using the enzyme at different concentrations
(2.6 and 0.26 U mL1). The alcalase catalysed hydrolysis of PheOMe was carried out at 30°C
for 2 h, in a total reaction volume of 1 mL (50 mM KPi buffer , pH 7.0). The conversion of D-
or L-PheOMe (10 mM) to phenylalanine was analysed by Thin Layer Chromatography (TLC)
using aluminium oxide silica plates and a butanol/ammonium acetate mixture (7:3) as mobile

phase.

Testing different concentrations of HRP and L-AAO

The previously established colorimetric assay was transferred to a 96-well plate format at 200
pL scale. The assay was tested with L-Phe (10 mM) to confirm efficiency of the signal output.
L-AAO and HRP, were used at different concentrations to identify optimal concentrations of

both enzymes to give a detectable signal within a suitable time range. Reactions were carried

61



Materials and Methods

out in a total reaction volume of 200 pL (50 mM KPi buffer, pH 7.0, 0.2 mg mL™ o-dianisidine)
using 10 mM L-Phe as substrate. Six different concentrations of L-AAO (0-2 U mL™?),
respectively HRP (0-47.3 U mL™) were tested. When the enzyme concentration was not
varied, reactions contained 47.3 U mL™ HRP or 2 U mL* L-AAQ. 100 mg of recombinant E.
coli BL21 (DE3) harbouring an empty YSBLIC3C vector were resuspended in 1 mL Tris
buffer (100 mM, pH 7.5). A 1:10 dilution was prepared to disrupt the cells by sonication (3
cycles of 30 s on, 30 s pause). Cell debris were centrifuged at 13000 rpm for 10 min, resulting
in clear supernatant used as cell lysate. The cell lysate was added to the reaction mixture to
start the reaction. The reaction was incubated at 30°C and the formation of oxidised o-

dianisidine was followed at different time points.

Testing different PheOMe concentrations

The assay was tested with different L-PheOMe concentrations (0-91 mM) to find the optimal
substrate concentration. To prevent hydrolysis of L-PheOMe the assay was performed at pH
5.8 (50 mM KPi buffer). Assay conditions were as listed in Table 20 and cell lysate from E.
coli cells harbouring an empty YSBLIC3C vector or containing overexpressed OaACLR was

produced as described before.

Testing different cell lysate dilutions

The assay was carried out under standard conditions (Chapter 2.2.9) with different cell lysate
dilutions to evaluate the optimum to overcome the background reaction. Cell lysate was
prepared from E. coli BL21 (DE3) harbouring an empty YSBLIC3C vector or E. coli Rosetta-
YSBLIC3C-OaACLR by weighing in 100 mg cells and resuspension in 1 mL Tris buffer (50
mM, pH 7.5). The cells were sonicated as described before and the resulting cell lysate was
diluted to different ratios with buffer. The assay was tested with the different dilutions of cell
lysate. Reactions were started by adding the cell lysate to the standard reaction mixture, the

absorption of oxidised o-dianisidine was measured at 450 nm after 3.5 h.

2.2.11 Determination of protein concentration

Protein concentrations were estimated by UV method for crystallisation trails or after protein
purification. The absorbance of aromatic amino acids in the protein was measured at 280 nm
in a spectrophotometer (Eppendorf BioPhotometer plus). The enzyme concentration was

calculated according to the Lambert-Beer law using a path length of 1 cm.
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The BCA method was used for determination of the protein concentration from protein used
for kinetic measurements or from cell lysates. The assay is based on the biuret reaction, in
which Cu*?is reduced to Cu*! by peptide bonds under alkaline conditions. Cu** forms a purple
complex with BCA, which can be measured photometrically and related to the protein
concentration.?* The assay was carried out using the Pierce™ assay kit according to the
supplier’s recommendations (Thermo Scientific). For every measurement a standard curve of
different BSA (bovine serum albumin) concentrations was prepared in the range of 0-2 mg
mLL. The protein concentration of the measured samples was calculated according to the slope
of the standard curve.
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3 Enzyme production and activity

3.1

Introduction

As outlined in Chapter 1.4 of the introduction, the subject of this work is to evaluate the

potential of ACLRs for the application in a DKR from amino acid esters to amides. The ACLR

from Achromobacter obae (AOACLR) has been proven to be an effective biocatalyst for the

DKR of amino acid derivatives.'®® ¥ In preliminary work a data bank search (blast search)

was performed to find homologous enzymes of AOACLR. As result the homologous enzymes
from Rhizobum freirei (RFACLR) and Ochrobactrum anthropi (OaACLR) were identified as
putative ACLRs (Figure 39).
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Figure 39: Protein sequence alignment of OaACLR (Q06K28), RFACLR (N6UXY4) and AcACLR (Q7M181)
calculated with the protein sequence alignment tool Clustal Omega.

The bioinformatic analysis of the protein sequences showed that RFACLR and AoACLR are
close homologues with 85 % sequence identity. Additionally, OaACLR was selected because
it is a more distant homologue (53% sequence identity with AOACLR) and therefore increases
the sequence space that is investigated.

The aim of the work described in this section was to produce the three homologous ACLRs
by heterologous expression in recombinant E. coli. For this purpose the synthetic genes of
AOACLR, RfACLR, and OaACLR were synthesised (Gentech, Invitrogen), amplified and
cloned into an expression vector. E. coli cells with the T7 overexpression system were
transformed with the recombinant vector in order to synthesise the respective ACLR. Optimal
conditions for overexpression were investigated and once found the enzyme was
overexpressed under these conditions. Following, the target enzyme was isolated and purified
from the E. coli cells.

3.2 Material and Methods

Gene cloning, expression and protein purification were carried out as described in Materials
and Methods, Chapter 2.2.1, 2.2.5 and 2.2.6.

3.3 Results and discussion
3.3.1 C(loning of the target genes

DNA sequences encoding the respective genes for AGACLR, RfACLR or OaACLR and
respective primer oligonucleotides were designed for ligation independent cloning and
supplied by Eurofins genomics. After DNA amplification and cloning into the expression
vector pET-YSBLIC3C a test restriction of the purified DNA constructs was performed using
the restriction enzymes Ndel and Ncol to analyse the insertion of the target gene into the
expression vector. Expected lengths of DNA fragments for the constructs were predicted with
the program SerialCloner as 5400 bp (pET-YSBLIC3C-vector backbone), in case of the
AOACLR gene 690 and 629 bp, for the RFACLR gene 690, 443, 178 bp and for the OaACLR
gene 1320 bp.
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Figure 40: Agarose gel electrophoresis of the test restriction of YSBLIC3C-A0ACLR, YSBLIC3C-RfACLR,
YSBLIC3C-OaACLR.

The agarose gel shown in Figure 40 reflects the expected length of the DNA fragments after
the enzymatic double digest. All DNA constructs show bands of approximately 5400 bp,
which represents the pET-YSBLIC3C-vector backbone. In each case bands occur of the
expected length of the (hydrolysed) target gene, indicating that the genes were inserted into
the pET-YSBLIC3C-vector. The correct DNA sequence of the inserted genes was verified by
Sanger sequencing performed by GATC Biotech.

3.3.2 Heterologous gene expression in E. coli

Chemically competent E. coli BL21 (DE3) cells were transformed with the respective pET-
YSBLIC3C-gene construct resulting in recombinant E. coli BL21 (DE3) harbouring plasmids
encoding for AOACLR, RfACLR or OaACLR. Overexpression of the target gene was tested
in 10 mL cultures at different temperatures (16, 27, 37°C) and two different IPTG
concentrations (0.1 mM, 1 mM). Overexpression of the target gene was compared and
confirmed with a negative control without expression induction (0 mM IPTG). After cell
disruption by sonication insoluble and soluble protein fractions were separated and analysed
by SDS-PAGE.

Figure 41: SDS-PAGE of overexpression of AOACLR, RFACLR and OaACLR in E. coli BL21 (DE3) at 16°C,
induction with 1 mM IPTG. I: insoluble protein; S: soluble protein.
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The SDS gel in Figure 41 illustrates the overexpression of each of the tested target genes in
recombinant E. coli BL21 (DE3) cells at optimal conditions. Sufficient yields of soluble
protein were obtained after cultivation at 16°C and induction with 1 mM IPTG. Bands of
approximately 45 kDa occurred for each of the overexpressed enzymes (size of AOACLR
45.67 kDa, RfACLR 45.64 kDa, OaACLR 46.81 kDa). The solubility of the produced enzymes
varies, especially in the case of overexpressed OaACLR most of the enzyme aggregated in
inclusion bodies. OaACLR was hardly expressed as soluble protein at any of the tested
conditions. A0OACLR was best expressed as soluble protein at 37 and 16°C, induced with 1
mM. RfACLR expression gave best yields of soluble protein under the same conditions.

As the tested conditions confirmed low expression of soluble OaACLR in E. coli BL21 (DE3)
test expressions were repeated with E. coli Rosetta (DE3)-OaACLR cells. This E. coli BL21
(DE3) derivatives strain is known to improve protein expression by using codons that are
rarely used in E. coli bacteria. The expression of OaACLR was tested at 16°C and 27°C
(induction with 0.1 mM IPTG) and protein production was monitored during the cultivation
(20 and 40 h) by SDS PAGE (Figure 42).

16°C 20 h 40 h 27°C 20 h 40h

7ka  OgACLR  Ctrl  OaACLR  Ctrl 97kba  OEACLR Ctrl OGACLR  Ctrl
66 kDa 66 kDa

45 kDa 45 kDa

Figure 42: SDS-PAGE of test-expressions of OaACLR in E. coli Rosetta (DE3) cells. Recombinant cells were
incubated at 16 and 27°C, overexpression was induced with 0.1 mM IPTG. A control (ctrl) was run for each
condition with recombinant cells without induction of the overexpression. I: insoluble fraction, S: soluble
fraction, M: Marker.

Highest yields of soluble OaACLR were obtained at 16°C after incubation time of 20 h.
Despite the fact that slightly higher yields of soluble OaACLR were produced at 27°C, all
further cultivations were performed at 16°C, as the ratio of soluble/insoluble protein was found
to be higher at this temperature. Highest yields of soluble OaACLR were obtained after
incubation for 20 h, longer incubation (40 h) only yielded increase in insoluble protein but not

more production of soluble OaACLR.
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3.3.3 Scale up of heterologous expression in recombinant E. coli

Based on the previous results recombinant E. coli cells transformed with the respective vector
were cultivated at the optimal condition (16°C, 1 mM IPTG) at 2 L scale to obtain sufficient

amounts of cells for enzyme purification.
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Figure 43: Growth curve of recombinant E. coli cells cultivated at 16°C, 180 rpm, 27-30 h. Start ODgoo nm
was 0.01 of incubation (37°C), after induction the temperature was reduced to 16°C. Overexpression was
induced at 0.4-0.8 ODsoonm 3-4.25 h after starting incubation.

The bacterial growth was followed by measuring the ODswo nm at continuous time points
(Figure 43). The growth curves represent the typical progression of bacterial growth with the
exponential phase followed by a stationary phase. After stopping the cultivation ODeyo nm Of
2.6 (AOACLR), 4.4 (RfACLR) 3.0 (OaACLR) were measured. Cultivation under given
conditions gave wet cell yields of 3.8 g L™ for AoACLR, 4.7 g L™ of RFACLR and 4.5 g L™ of
OaACLR.

3.3.4 Chromatographic protein purification

E. coli cells from cultivation at the optimal conditions were harvested and disrupted to obtain
a crude cell extract. The target protein was purified from the crude cell extract by IMAC by
elution with an imidazole concentration of 90-200 mM as shown for the purification of
RfACLR (Figure 44). Presence of the target protein in the collected fractions and purity of the
protein was controlled by SDS PAGE (Figure 45).
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Figure 44: Chromatogram of IMAC purification of RFACLR. After two washing steps with imidazole (20
and 50 mM) a linear gradient was run to an imidazole concentration of 500 mM. The blue highlighted box
indicates the fractions that were collected for the second purification step.

Figure 45: SDS-PAGE of fractions obtained from IMAC of RFACLR. 10 pL of each fraction were dyed with
10 pL SDS-sample dye and loaded on a SDS-gel. RE: crude cell extract; FT: Flow through, both were loaded
in a 1:10 dilution.

During the wash steps with low imidazole concentrations (20 and 50 mM) most of the
unspecific bound proteins were eluted from the column. Both, the chromatogram and the SDS-
PAGE show that fractions 4-8 contained high concentrations of the target enzyme, whereas
only in fraction 6-8 the enzyme was of high purity. The SDS-PAGE analysis of the fractions
shows partly purified RFACLR. If the protein was subjected to crystallisation trials, SEC
purification was carried out to further improve the purity of the enzyme. In this case fractions
6-8 were pooled and purified by SEC (Figure 46).
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Figure 46: Chromatogram of SEC purification of RFACLR. Proteins were eluted with an isocratic gradient
according to their size. Presence of protein in the collected fractions was followed by absorbance at 280 nm.

31 kDa
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Figure 47: Purity of fractions (F) obtained after SEC purification Left: AoACLR, middle: RFACLR, right:
0OaACLR. IMAC: partly purified enzyme after IMAC purification.

The SDS-PAGE after SEC purification shows that the partially purified enzyme obtained from
IMAC was purified to homogeneity by SEC (Figure 46). Yields for the purification procedure
were calculated from the total amount of purified enzyme correlated to the mass of cells used
for the purification. A summary of the purification yields for all three ACLRs is listed in Table
21.

Table 21: Summary of chromatographic purifications of AOACLR, RfACLR and OaACLR. Total yields

were calculated form the total amount of protein determined after SEC in correlation to the amount of wet
cells or cell culture used for the purification.

Purification step Unit AoACLR RfACLR 0OaACLR
Culture L 2 4 4
Wet cell g 12.3 4.8 17.8

IMAC Protein concentration mg ml? n.d. 0.4 0.5
Volume mL n.d. 25.0 25.0

Total amount of protein mg n.d. 10.0 11.6

SEC Protein concentration mg ml? 3.6 0.4 0.4
Volume mL 10.0 10.0 6.0

Total amount of protein mg 30.6 4.4 2.6

Total yield mg g 2.9 0.9 0.2
mg L+ 15.3 2.2 0.8
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The production of the enzymes yielded 2.9 mg AcACLR 0.9 mg RfACLR and 0.2 mg
OaACLR purified enzyme per g wet cells. Lowest yield of purified enzyme was obtained for
OaACLR, although cell cultivation gave good yield of wet cells. This is in accordance with
the poor expression of soluble OaACLR investigated in the test expression before (Chapter
3.3.2). During the two-step purification loss in the amount of enzyme was observed after SEC
purification. 44% of RfACLR and only 23% of OaACLR obtained after IMAC could be
recovered after SEC purification. This is due to further purification of the target protein but
also due to precipitation of the enzyme, which was observed during concentration of the target
protein before SEC.

3.3.5 Influence of storage condition on the enzyme activity

Significant loss of enzyme activity was observed between experiments for measuring the
racemisation activity. The loss of activity through storage at 4°C was first observed for
OaACLR. After 1 d storage at 4°C OaACLR showed activity of 9.7 U mg™ towards L-PheNH.
After further storage for 5 d less than 1 U mg™ activity was retained. Also, activity seemed to
be almost completely lost after snap freezing the protein, after which the specific activity was
less than 1 U mg*. For RFACLR a loss in activity of 67 % was determined after storage at 4°C
for 6 d (38.5 U mg* after 1.d, 12.8 U mg* after 6 d storage).

For a more detailed investigation different conditions were tested to find optimal conditions
for storage of purified ACLRs. The decrease of activity towards L-PheNH, was determined
with purified RFACLR as described in Chapter 2.2.8.1. The enzyme solution was stored at 4
or -20°C, with glycerol or in buffer solution. Relative activities were calculated after 24 h
storage (Table 22).

Table 22: Relative activities of RFACLR obtained after storage under different conditions.

Additive Storage condition Relative activity
[%]

20% (v/v) Tris buffer Stored at 4°C 63.1

20% (v/v) Glycerol Stored at -20°C 100.0

20% (v/v) Tris buffer Snap frozen, stored at -20°C 34.8

20% (v/v) Glycerol Snap frozen, stored at -20°C 63.7

Under the tested conditions, storage with 20% (v/v) glycerol at -20°C was determined as the

optimal storage condition, as this gave highest activity after 24 h storage duration. Snap
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freezing in liquid nitrogen negatively affected the enzyme activity. Snap frozen enzyme lost
36.3% activity compared to enzyme just frozen to -20°C. Snap freezing the enzyme without
glycerol resulted in a drastic decrease in activity to only 34.6%. Storage at 4°C and snap
freezing with glycerol gave similar relative activities of 63.1, respectively 63.7%. The high
loss of >40% during 24 h storage at 4°C points out that the duration of storage needs to be
considered when comparing activities determined in this work. Stability tests of enzyme stored
at -20°C with glycerol should be carried out to find optimal conditions to retain enzyme
activity.

3.3.6 Determination of quaternary organisation of OaACLR by analytical SEC
The higher order structure of OaACLR was estimated by running an analytical SEC (

Figure 48). In this chromatographic technique proteins are separated according to their
molecular size on a gel matrix with defined pore size. The elution time can then be compared
to standards and the molecular weight of the protein can be estimated. As the molecular size
of OaACLR was calculated as 49.13 kDa by calculations from the sequence, this can be used
to estimate the quaternary structure of the analysed protein.
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Figure 48: Chromatogram of analytical size exclusion of OaACLR. Graph for OaACLR is shown in purple,
the graph for protein standards run on the same gel filtration column is shown on blue.

The analytical SEC confirms that OaACLR in solution is between 45-150 kDa compared to
standards from Aldolase (150 kDa) eluting at 12 mL and conalbumin (45 kDa) at eluting at 15

mL. This suggests that OaACLR is organised as dimers in solution. Furthermore no significant
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aggregation during the purification process could be determined for OaACLR. The
chromatogram shows minor impurities (8-10 mL) with proteins of the size (640 kDa), which
also were determined in the SDS-PAGE of the IMAC purification of OaACLR.

3.4 Conclusion

Three homologues ACLRs have been successfully produced by cloning, recombinant
expression in E. coli and chromatographic protein purification methods. Optimal conditions
for the expression in recombinant E. coli BL21 (DE3) cells were evaluated. A cultivation
temperature of 16°C and induction with 1 mM IPTG were found to give highest amounts of
soluble protein for AOACLR and RfACLR. In the case of OaACLR low yields of soluble
protein could be overcome by choosing a different overexpression strain (E. coli Rosetta) and
a lower induction with 0.1 mM IPTG. For each of the ACLRs highly pure enzyme was
obtained after two chromatographic purification steps in moderate to good yields. with
A0ACLR yielded highest amounts of purified enzyme (15.3 mg L), as this enzyme is also
expressed in higher levels of soluble protein. On the other hand about 20-fold lower yields
were obtained from the lower expressed OaACLR. The molecular weight and quaternary
organisation of OaACLR was analysed by an analytical SEC with the result that the enzyme
is of a size between 75-150 kDa and hence organised as dimers in solution. All three enzymes

will be characterised in detail with focus on their racemisation activity.
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4 Characterisation of the racemisation activity of ACLRs

4.1 Introduction

After successful cloning, expression and purification of AOACLR, RFACLR and OaACLR, the
enzymes were characterised in respect to their potential for the use in a DKR towards amino
acid amides. The racemases were tested with different amino acid derivatives which are of
interest for the application in the production of pharmaceutically relevant building blocks or
APIs. As activity towards ACL and phenylalanine amide was demonstrated for AOACLR,!8
these substrates were tested with RfACLR, OaACLR and repeated with A0ACLR.
Phenylalanine methylester was selected as model substrate to investigate amino acid ester
racemisation activity of the ACLRs. Other substrates, relevant for a DKR with potential for
industrial application, were tested with ACLRs. Additional factors, like substrate inhibition or

activity in organic solvents, were tested to evaluate the applicability of these enzymes.

4.2 Materials and methods

Enzyme activity towards different substrates was determined using the HPLC based assay
described in Chapter 2.2.8.

4.3 Results and discussion
4.3.1 Activity towards a-amino-g-caprolactam

The racemisation activity towards a-amino-g-caprolactam (ACL) was tested with AGACLR,
RfACLR and OaACLR. Reactions were run and the formation of D-ACL was analysed by
chiral HPLC (see Appendix 10.6 for HPLC chromatograms for the separation of ACL
enantiomers). In control reactions insignificant racemisation of L-ACL by PLP (1 pM) was
observed (4.1 % conversion after 48 h), however all enzymatic racemisations were carried out
without supplementing PLP to the reaction solution. The concentration of produced D-ACL
and depleted L-ACL was calculated according to a calibration graph measured from different
ACL concentrations of standard solution in the range of 1.25-30 mM (Figure 49). As HPLC
samples of reactions were diluted in a ratio of 1:4, all standard solutions also were diluted in
this ratio (Figure 50).
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Figure 49: Calibration graph for b-ACL and L-ACL in the range of 1.25-8 mM.
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Figure 50: Enzymatic racemisation of L-ACL (50 mM) in a total reaction volume of 2.5 mL (100 mM KPi,
pH 7.0, 30°C). 0.55 mg mL* AcACLR, 0.75 mg mL* RfACLR or 0.81 mg mL* OaACLR were used for the
racemisation reaction.

The A0ACLR catalysed racemisation was complete after 5 min with an enantiomeric excess
(ee) of 0.8%. RFACLR also racemised L-ACL very fast, the reaction was almost complete with
production of 46 % D-ACL after 2 min. However, even after longer reaction time the ee of the
RfACLR catalysed reaction did not decrease 4.4% ee. OaACLR showed slow substrate
racemisation with completion of the reaction after 30 min (53% D-ACL). In the case of
OaACLR the tosample contained already an unusual high amount of the D-enantiomer (15%),
which might be due to contamination with enzyme of the reaction mixture before starting the
reaction. The results confirm that each of the tested enzymes has racemisation activity towards
L-ACL which is considered as natural substrate for ACLRs. Racemisation activity could be
determined for both, RFACLR and OaACLR, although in the case of OaACLR the reaction
was slower catalysed than by the other two ACLRs.
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4.3.2 Activity towards phenylalanine amide

After confirming racemisation activity towards the natural substrate ACL, phenylalanine
amide (PheNH:) was tested as substrate for AOACLR, RFACLR and OaACLR. Phenylalanine
amide was selected as model substrate for testing amino acid amide racemisation activity, due
to its similarity with phenylalanine methylester, for which amino acid ester racemisation
activity shall be evolved. The concentration of product and depleted substrate was calculated
according to a calibration graph obtained from different PheNH- concentrations in the range
of 0-4 mM (Figure 51).
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Figure 51: Calibration graph for determination of the concentration D- or L-PheNHz in HPLC samples
analysed by chiral HPLC.
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Figure 52: Racemisation of L-PheNH: catalysed by AocACLR (orange), RFACLR (turquois) or OaACLR
(purple). L-PheNHz (10 mM) was racemised by purified AOACLR (~0.921 mg), RfACLR (~1.56 mg) or
0OaACLR (~4.55 mg) in a total reaction volume of 2.5 mL (100 mM KPi, pH 7.0). Reactions were carried out
at 30°C for 48 h, samples were analysed by chiral HPLC.

76



Characterisation of the racemisation activity of ACLRs

Testing the racemisation reaction verified that each of the enzymes is active on L-PheNH,
(Figure 52). Different from control reactions with L-ACL and PLP, L-PheNH2 was significantly
racemised by PLP (1 uM), after 25 min, approximately 20 % D-PheNH; was racemised from
10 mM L-PheNH2. However, the tested enzymatic reactions (enzyme concentrations 8-40 M)

were significantly faster, after 25 min each reaction reached more than 40 % conversion.

From the slope of the graphs in the area from 0-3 h starting velocities for the reaction (UM
min) were calculated. Considering the enzyme concentration in the reaction mixture, specific
activities (U mg™) could be calculated for the enzymes. 1 Unit (U) was defined as the amount
of enzyme that is required to convert 1 umol substrate within 1 min. Highest activity was
observed with RFACLR (20.4 U/mg), followed by A0ACLR (11.9 U/mg) and OaACLR (5.2
U/mg). AGACLR was stored at -20°C before use, whereas RFACLR and OaACLR were stored
at 4°C after purification (1 d). This could have affected the enzyme activity and the actual
activity of AOACLR towards L-PheNH, might be higher. Many different factors of the storage,
like duration, temperature, buffers or enzyme concentration, can affect enzyme stability and
therefore lead to a decrease of the activity. As investigations in Chapter 3.3.5 showed, storage
conditions had a great effect on the enzyme activity of RFACLR.

4.3.3 Activity towards phenylalanine methyl ester

Engineering of amino acid ester racemisation is the main objective of this work and
phenylalanine methylester (PheOMe) was designated as model substrate for this purpose. A
minimal starting activity is necessary in order to evolve novel activities in enzymes. All three
ACLRs were tested for the racemisation of PheOMe to evaluate their potential as starting point

for the evolution of amino acid ester racemisation.

To preclude that PheOMe racemisation activity is lost during the purification process or
storage of the enzyme, the racemisation reaction was carried out with freshly prepared cell
lysate from recombinant E. coli cells expressing the respective genes (A0ACLR, RfACLR or
0OaACLR) or containing an empty YSBLIC3C-vector as control (Table 23). The cell lysate
was used for reactions under standard condition with 5 mM L-PheOMe, samples were taken
after 24 h and formation of D-PheOMe was measured according to a calibration graph (Figure
53).
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Figure 53: Calibration graph for the determination of b- or L-PheOMe by chiral HPLC.

Table 23: Racemisation of PheOMe with cell lysate containing ACLRs. Total peak area (mAU*min) obtained
from racemisation reactions with cell lysate from recombinant E. coli (0.1 g mL™?) expressing AcACLR,
RfACLR or OaACLR. Listed total peak areas were determined from samples taken after 24 h reaction with
5 mM L-PheOMe in total reaction volume of 2.5 mL (KPi, 100 mM, pH 7.0) at 30°C.

Enzyme D-Phe D-PheOMe L-Phe L-PheOMe
AOACLR 0.00 0.00 147.55 23.79
RfACLR 0.00 0.00 118.97 43.13
OaACLR 17.64 16.08 105.32 23.71
Control 0.00 0.00 159.77 27.73

AOACLR and RfACLR catalysed reactions gave no D-product (D-Phe or D-PheOMe), likewise
in the control reaction. Racemisation activity was observed with OaACLR, as both D-products,
D-Phe and D-PheOMe, were detected in OaACLR-cell lysate catalysed reaction. Noteworthy
is the hydrolysis of PheOMe to the phenylalanine (Phe) which was also observed in the control
reaction with cell lysate of E. coli cells containing an empty YSBLIC3C-vector. It is to
investigate if the hydrolysis is catalysed by a component of the cell lysate or if it occurs
chemically (Chapter 4.3.5).

4.3.3.1 Confirmation of OaACLR activity towards L-PheOMe

In the first instance activity of OaACLR and RfACLR towards L-Phe was tested as this was
produced in the reactions with cell lysate and L-PheOMe. No transformation of L-Phe was
observed when using purified RFACLR or OaACLR in the reactions (Figure 54).
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Figure 54: Chromatogram of sample from reaction with OaACLR and 10 mM L-Phe (retention time 9.2 min)
after 6 h reaction time.

This result rules out that L-Phe is racemised or otherwise converted by OaACLR or RfACLR.
This means that detected D-Phe in the reaction samples is the hydrolysis product of D-PheOMe
and not a racemisation product of L-Phe. Phe and PheOMe showed similar signal response
when run at the HPLC under same conditions. L-Phe (10 mM) resulted in an average of
403£125 mAU*min peak area, L-PheOMe (10 mM) gave an average 441+108 mAU*min peak
area under same HPLC conditions. Consequently, peak areas of D-products (PheOMe and
Phe), respectively L-products (PheOMe and Phe) can be combined to estimate how much D-
PheOMe was produced before it hydrolysed to D-Phe.

In the next step, purified ACLRs were used for the racemisation reaction of L-PheOMe. Not
surprisingly RFACLR and AOACLR did not show activity towards PheOMe. Formation of >2%
D-product was measured after a reaction of 24 h for both enzymes, but similar rates were

observed with control reactions and inactivated enzyme (Figure 55).
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Figure 55: Formation of p-Phe from the racemisation of L-PheOMe with ACLRs. b-PheOMe could not be
detected due to hydrolysis; therefore b-Phe was measured. The reaction was carried out with 10 mM L-
PheOMe in a total reaction volume of 2.5 mL (100 mM KPi buffer) at 30°C for 24 h. The control reaction
(Ctrl) was run under same conditions but without enzyme.
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Due to the hydrolysis of b-PheOMe during the reaction only D-Phe could be determined as
racemisation product. Unexpectedly, a highest conversion of L-PheOMe to the D-product was
observed with heat deactivated RFACLR. The heating process (90°C for 2h) might have led to
release of PLP in the solution or exposure of non-catalytic lysine residues by denaturation.
These factors could give an explanation for higher racemisation rates with deactivated enzyme
than with untreated enzyme. The conversion of L-PheOMe obtained with deactivated RFACLR
is significantly higher than with untreated RfACLR. This result clearly shows that the
conversion of L-PheOMe detected for untreated RTACLR is not catalysed in the active site, but
may be referred to non-specific racemisation. The lack of activity towards PheOMe of
AOACLR and RfACLR might be due to inhibition by phenylalanine or due to a narrower
substrate spectrum of these enzymes.

The reaction was then performed with purified OaACLR at pH 7.0 and pH 5.8 to investigate
the effect of the pH on hydrolysis of the substrate (also see Chapter 4.3.5) and the enzyme
activity (Figure 56-59). The pH of 5.8 was selected as a condition where the substrate is
relatively stable?®? and where activity of the homologous AoACLR was reported as sufficient
(approximate 20-40% residual activity for ACL racemisation).t’
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Figure 56: Racemisation of L-PheOMe catalysed by OaACLR. The activity of freshly purified OaACLR (0.5
mg) was tested with 5 mM L-PheOMe in a total reaction volume of 2.0 mL (100 mM KPi, pH 7.0). The
reaction was carried out for 78 h at 30°C, the reaction components were analysed by chiral HPLC.
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Figure 57: Racemisation of L-PheOMe catalysed by OaACLR. Data from Figure 56 are summarized as D-
product (D-PheOMe and D-Phe) and L-product (L-PheOMe and L-Phe).
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Figure 58: Racemisation of L-PheOMe catalysed by OaACLR. The activity of freshly purified OaACLR (1.1
mg) was tested with 5 mM L-PheOMe in a total reaction volume of 2.0 mL (100 mM KPi, pH 5.8). The
reaction was carried out for 78 h at 30°C, the reaction components were analysed by chiral HPLC.
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Figure 59: Racemisation of L-PheOMe catalysed by OaACLR. Data from Figure 58 are summarized as D-
product (D-PheOMe and D-Phe) and L-product (L-PheOMe and L-Phe).

The results shown in Figure 56 to Figure 59 confirm that OaACLR catalyses the racemisation

of L-PheOMe to D/L-PheOMe. Activities of 15.3 + 0.7 U mg? (pH 7.), respectively 1.7 + 0.5

81



Characterisation of the racemisation activity of ACLRs

U mg? (pH 5.8) were calculated for the racemisation reaction of L-PheOMe catalysed by
OaACLR.

Hydrolysis of the substrate and product was reduced by using pH 5.8 instead of pH 7.0, as D-
PheOMe but no D-Phe could be detected. After 24h reaction time 43.9% L-Phe were obtained
in the reaction at pH 7.0 and only 27.0% L-Phe in the reaction at pH 5.8. The reaction at pH
7.0 suggests enzyme inhibition by the hydrolysis products, as formation of the D-product
converged to an ee of 22%. This effect was not observed in the reaction at pH 5.8, where less

phenylalanine accumulated during the reaction.

In the control reaction (without enzyme) only hydrolysis of L-PheOMe to L-Phe, but no
racemisation of L-PheOMe to the D-enantiomer was observed. This confirms that the
hydrolysis is chemically catalysed and that there is no significant racemisation background
reaction. Applying purified OaACLR for the reaction verifies that the previously observed
racemisation of PheOMe of the cell lysate was specific activity of OaACLR.

4.3.4 Substrate screen for ACLR racemisation

After confirming the activity of OaACLR towards phenylalanine methylester the racemisation
of two different amino acid esters and the corresponding amides was tested. These substrates
were selected in collaboration with GSK as they are relevant for a DKR towards an API of
interest for the pharmaceutical industry. The amide or ester substrates can be enzymatically
converted to a biologically active D-amide product. In the DKR the racemate of the substrates
can be used as the amide formation is selectively catalysed (Figure 60). The application of a
racemase for this DKR is of high interest because it allows to selectively racemise the substrate

during the reaction.
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Figure 60: Reaction scheme for a DKR of a racemic ester and an amine donor to the p-amide product. The
D-ester is enzymatically converted to the D-amide product. Simultaneously, the remaining L-enantiomer is
racemised by a racemase.
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The racemisation of both enantiomers of two amino acid esters (AAE) and the corresponding
amino acid amides (AAA) was tested with purified OaACLR (Table 24).
Table 24: Substrate screen of OaACLR for the racemisation of amino acid amides and esters. Reaction

condition: 5 mM substrate in KPi buffer (100 mM, pH 6.5) in a total reaction volume of 0.1 mL. Enantiomeric
excess (ee) was calculated only from the p/L-ratio of the substrates, not the hydrolysis products.

Substrate Relative peak area (%) ee (%) Reaction
time (h)
D-amino L-amino D-substrate L-substrate
acid acid
L-PheNH: 0.0 0.0 41,5 58.5 7 1
L-AAA-1 0.0 0.0 49.4 50.6 1.3 24
D-AAA-1 0.0 0.0 39.8 60.2 20.3 24
L-AAA-2 0.0 0.0 40.1 59.9 19.7 24
D-AAA-2 0.0 0.0 56.7 43.3 13.4 24
L-AAE-1 0.0 41.5 0.0 58.5 100 24
D-AAE-1 32.1 44.5 23.4 0.0 -100 24
L-AAE-2 12.3 64.6 8.3 14.9 28.6 24
D-AAE-2 64.2 11.8 16.3 8.7 35.7 24

0OaACLR showed high activity to all tested amides and AAE-2, but low activity towards AAE-
1. Determination of activity towards the tested esters was difficult, as hydrolysis to the
corresponding amino acid was observed during the course of the reaction. The chemical
hydrolysis of AAE-1 was found to be much faster than for AAE-2 which might explain why
the bulkier substrate AAE-2 is converted by OaACLR but AAE-1 only with very low activity.

This result indicates the potential of OaACLR as racemisation catalyst in a DKR to yield the
desired amide product. However, the chemical hydrolysis of the substrate is detrimental for
this reaction and might lead to reduced activity of the enzyme. The hydrolysis and its effects

on the enzyme were investigated in detail in the following section.

4.3.5 Investigation of substrate hydrolysis

As mentioned above, the hydrolysis of L-PheOMe to L-Phe was observed during racemisation
reactions (>40% hydrolysis after 24 h). From negative control reactions without enzyme it was
concluded that the ester hydrolysis is chemical and not caused by catalytic activity of the
enzyme. Studies on the effect of the pH on the hydrolysis of L-PheOMe were published
before.?°2 Maximal stability of L-PheOMe was determined at pH 2.90 with lowest reaction
rates for the demethylation, at pH 7.49 the reaction rate was > 300 times higher, indicating fast
hydrolysis of the ester at a natural pH value. Within this work the hydrolysis of PheOMe was
investigated at pH 7.0 and 5.8 as outlined in the previous chapter (Chapter 4.3.3.1).
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High background hydrolysis to the corresponding amino acid was also found for the substrates
AAE-1 and AAE-2 and complicated the determination of enzymatic racemisation (Chapter
4.3.4). As no literature values could be found for these substrates, the influence of the pH on
the hydrolysis was investigated. Reactions at different pH values with and without enzyme
were carried out and the production of the hydrolysis product was quantified by HPLC (Figure
61).
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Figure 61: Influence of the pH on hydrolysis of L-AAE-2. The production of the hydrolysis product, L-amino
acid-2, was followed during the reaction in KPi buffer (100 mM) at 30°C. Enzymatic reaction was carried
out with OaACLR. The control reaction (ctrl) was carried out under same conditions but without enzyme.

The comparison of the hydrolysis in reactions with and without enzyme illustrates that the
hydrolysis is not enzyme catalysed. Slightly lower production of the hydrolysis product was
measured when enzyme is present in the reaction, probably because the enzyme binds the
substrate for the racemisation reaction. This is important for further reaction optimisation and
conditions for the reduction of the chemical hydrolysis need to be investigated. Lower reaction
rates were determined with reaction buffer at lower pH values, hence these pH values have a
stabilising effect on AAE-2.

In preliminary tests ammonia solution was found to be stabilising for the substrate. Thus, the
effect of buffer salt in solution was investigated. The effect of different buffers on the
hydrolysis of L-AAE-2 was investigated. The influence of the presence KPi buffer and Tris

buffer was also evaluated in ammonia solution.
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Table 25: Influence of reaction buffer on the chemical hydrolysis of L-AAE-2. Values of relative L-amino
acid-2 production were measured after 4 h reaction time. Hydrolysis of L-AAE-2 (5 mM) in ammonia
solution (pH 6.6) containing no buffer salt, 25 mM KPi or 25 mM Tris was determined after 4 h.

KPi (pH 6.5) Tris (pH 6.5) NH:OH (pH 6.6)

Relative amount of
hydrolysis product (%) 20.8 25.9 10.4

Both, KPi and Tris buffer increase the reaction rate of the hydrolysis in ammonia solution
(20.8-25.9% hydrolysis). The hydrolysis rate in ammonia solution was the lowest under the
tested conditions, giving 10 % hydrolysis product after 4 h. Therefore this buffer should be
used in reactions testing the enzymatic racemisation of AAE-2. As ammonia solution (pH 6.6)
was found as a condition in which the hydrolysis of L-AAE-2 was reasonable slow, activity of
0OaACLR was tested in this reaction buffer. The production of D-AAE-2 from L-AAE-2
catalysed with different OaACLR concentrations was determined after 24 h reaction time.
Racemisation without catalyst was followed as negative control, as positive control the
racemisation using PLP was monitored (Figure 62).
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Figure 62: Summary of racemisation of L-AAE-2 in ammonia solution. Shown is the relative peak area of D-
AAE-2 determined after 24 h reaction time with different concentrations of enzyme or PLP. The control
reaction did not contain any catalyst.

Increasing the enzyme concentration resulted in an increase in conversion of L-AAE-2 to D-
AAE-2, confirming that OaACLR is active in ammonia solution and catalysing the
racemisation of AAE-2. The enzymatic reaction required a lower concentration of catalyst,
with 50 pM enzyme a conversion of ~20% was obtained, whereat a similar conversion (15%)
was achieved with 200 uM PLP. This result illustrates that OaACLR retains enzymatic activity
in ammonia solution and is a more effective catalyst that PLP.
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4.3.6 Inhibition of ACLRs by amino acids

The hydrolysis of phenylalanine methylester at neutral pH is competitive with the enzymatic
catalysed racemisation. In racemisation reactions staring from L-PheOMe, production of D-
phenylalanine can be either explained with hydrolysis of D-PheOMe to the amino acid or
racemisation activity of the enzyme on L-phenylalanine obtained from the hydrolysis reaction.
The latter can be excluded as L-phenylalanine was described as inhibitor of AOACLR"® 181
and no conversion could be measured with either RFACLR or OaACLR (Chapter 4.3.3.1). One
possible reason for low yields of D-product in the reactions with amino acid esters might be
enzyme inhibition due to the presence of the inhibitor amino acids. In the following, the
inhibitory effect of the hydrolysis product of AAE-2 was evaluated for OaACLR (Figure 63).
For this purpose OaACLR was incubated with amino acid-2 (final concentrations from 1-20
mM) for 1 h. The activity of OaACLR was assayed after the incubation under standard
conditions with L-ACL.
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Figure 63: Influence of concentration of the hydrolysis product (D-amino acid-2) of D-AAE-2 on
racemisation activity of OaACLR. The enzyme was pre-incubated with different concentrations of amino
acid-2. The activity was assayed for the racemisation of 50 mM L-ACL in 100 pL KPi buffer (100 mM, pH
6.5).

The result illustrates the inhibition of the racemisation activity of OaACLR in the presence of
amino acid-2. With higher concentrations of amino acid-2, less D-ACL was produced in the
assay reaction. This outcome stresses the importance to reduce the substrate hydrolysis in the
reaction. The substrate hydrolysis not only reduces the concentration of available substrate of

interest, but also the enzyme activity during the reaction.
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4.3.7  Stability and activity in organic solvent

Organic solvents were considered as alternative to ammonia solution as reaction medium. This
would counter the substrate hydrolysis, enhance product work up and avoid enzymatic side
reactions in case a lipase is used for the amide formation reaction. MTBE was selected as
organic solvent for initial trials due to its easy handling and previously reported stability of
PLP-dependent transaminases.?”® The tolerance of OaACLR to MTBE was tested by
incubating the enzyme in the solvent with different buffer content (2-67 % Tris buffer, pH 7.5)
following the activity determination in the standard assay in aqueous buffer (Figure 64).
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Figure 64: Relative activities of OaACLR after incubation in MTBE (20 min at 30°C). 100 % is related to
the activity of enzyme incubated in Tris buffer (0 % MTBE) instead of organic solvent. The activity was
tested with 50 mM L-ACL in a total volume of 2.0 mL (100 mM KPi, pH 7.0) at 30°C.

After incubation in MTBE retaining or even improvement of the OaACLR activity was
observed. Within the broad range of solvent/buffer ratios of 33-80% no significant impact on
the racemisation activity of OaACLR towards ACL was detected. Unexpectedly, the activity
was increased to 145% relative activity in case of very low amounts of buffer (2%) in the
reaction system. The result of this experiment proposes that the enzyme activity is either not

affected by organic solvent or can be recovered by incubation in aqueous buffer.

In the next step the racemisation activity of the enzyme was tested in MTBE containing 2%
Tris buffer. OaACLR (dissolved in 50 pL Tris buffer, pH 7.5) was applied in a total reaction
volume of 2 mL MTBE to racemise L-phenylalanine amide and the formation of the opposite
enantiomer was monitored by HPLC (Figure 65).
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Figure 65: Racemisation reaction of L-PheNH:z (10 mM) catalysed by OaACLR in MTBE (containing 2%
Tris buffer, pH 7.5) at 30°C.

The initial reaction rate of OaACLR with the substrate L-PheNH, was calculated as 11.3 + 2.6
U/mg in MTBE which is 146% of the activity in aqueous buffer. This is in accordance with
the increase of 145% activity after incubation the enzyme in the same solvent/buffer system
(Figure 64).

Table 26: Comparison of initial activities and conversions (after 6 h reaction time) of OaACLR in aqueous
buffer and organic solvent (containing 2% Tris buffer, pH 7.5).

Substrate Aqueous system Organic system
Specific activity ~ Conversion Specific activity Conversion

L-PheNH; 52+16 Umg* 26.8 % 11.3+2.6 Umg? 31.5%

L-PheOMe 15.3+0.7 Umg?! 38.2% n.d. 20.6 %

The OaACLR catalysed racemisation of L-PheNH; normally was finished after 48 h in an
aqueous reaction system (Chapter 4.3.2). In organic solvent substrate conversion reached a
plateau after 6 h and conversion converged to approximately 30%. This suggests that the
enzyme was inhibited during the reaction. Inhibition could be due to the organic solvent
reaching the enzyme surface and stripping the hydration shell from the enzyme’s surface.
Otherwise, the sample taking might have had an impact on the enzyme, as for each time point
200 pL of the total reaction mixture (2 mL) was removed. This could have an effect on the
composition of the solvent/buffer ratio, resulting in critical amounts of aqueous buffer. Due to
problems with sample recovery and therefore detection of L-PheOMe in the samples initial
rates could not be calculated, however the conversion after 6 h was measured as 20.6% which
is slightly lower than 38% conversion obtained in aqueous buffer. All together the results of
stability and activity studies of OaACLR in MTBE implicate that the enzyme performance is
not affected in organic solvent and similar conversion rates of racemisation can be retained in
MTBE.
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4.4 Conclusion

Three ACLRs have been tested with regards to the racemisation of different amino acid
derivatives as summarised in Table 27. The racemisation of amino acid esters is of particular
interest as a starting point for evolution of an amino acid ester racemase. All tested enzymes
demonstrated activity towards ACL and phenylalanine amide.

Table 27: Summary of initial activities measured for ACLRs for the racemisation of different amino acid
derivatives.

Specific activity toward Substrate (U mg™)
Enzyme L-ACL L-phenylalanine amide | L-phenylalanine ester
AOACLR 30117 £ 972 11.9+£5.2 0
RfACLR 26469 + 5425 20.4+0.8 0
OaACLR 2337 £ 291 52+16 153+0.7

Interestingly, only OaACLR showed activity towards phenylalanine methylester. Further
focus was put on the characterisation of the racemisation reaction of OaACLR with different
substrates. OaACLR was also active on other amino acids amides and esters. Hydrolysis of all
tested esters was observed which results in the accumulation of the corresponding amino acid
in the reaction mixture. The influence of the hydrolysis product was found to inhibit the
racemisation activity of OaACLR. The nature of the hydrolysis was further investigated and
alternative reaction systems were established to reduce the accumulation of amino acid in the
reaction mixture. OaACLR was active in alternative reaction systems, ammonia solution or
organic solvent, which aided to reduce the ester hydrolysis. In summary, OaACLR has been
identified as an amino acid ester racemase with potential for industrial application. Even
though the activity towards phenylalanine methylester is comparatively low, it provides a

promising starting point for engineering higher activities towards this substrate.
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5 Structural analysis of RfACLR

5.1 Introduction

First investigations on ACLRs were carried out in the early 1980s. Among these was a
labelling experiment on the exchange of the Ca-proton with the solvent.’® The single base
mechanism was proposed based on the high rate of internal return of the same proton at the
Ca position after racemisation. The deprotonation and reprotonation of the substrate-PLP
complex was proposed to be mediated by a single active site base in swinging door model
which was found for a PLP-dependent amino acid racemase.

So far the only structure of an ACLR was solved for the enzyme from Achromobacter obae in
2009.184 From this study a two base reaction mechanism was suggested, with Y137 acting as
one residue of the catalytic acid/base pair. D210 was suggested as substrate recognising
residue and the interaction of D238 with the PLP pyridine rind suggests a reaction via a
quinonoid intermediate.’® Drawing detailed conclusions from the AoACLR structure is
hampered by the inhibitor-complex with poor ligand density (Figure 66). The proposed
reaction mechanism lacks experimental proof for intermediates and catalytic residues. The
attempt to further investigate the mechanism of ACLRs was made in a mutational evaluation
which suggested D210 and the PLP binding K267 as catalytic acid/base pair and identified

other conserved residues like D238 or K241.18

Figure 66: Active site of AOACLR complexed with e-caprolactam solved at 2.4 A. The structure was solved
by Okazaki et al. and deposited a PDB as 2ZUK.® Electron density of the 2Fo-Fc map is shown
corresponding to a level of 1c.
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The purpose of the work outlined in this chapter was to investigate the reaction mechanism of
ACLRs by capturing reaction intermediates in activity reduced mutants. In the first instance
crystallisation trials with the wildtype (wt) enzymes were carried out to identify residues
important for racemisation activity. The putative catalytic residues were replaced to reduce
activity of the enzyme and the mutants were subjected to crystallisation trials with the aim to

depict reaction intermediates in the enzyme structure.

5.2 Materials and Methods

ACLRs were produced as outlined in Chapter 2.2.5 and 2.2.6 and purified to high purity
(Chapter 3.3.4). Crystallisation trials were carried out according to the procedure described in
Chapter 2.2.7. RFACLR mutants were prepared as described in Chapter 2.2.3 and the activity
of the mutants was determined with the standard HPLC assay (Chapter 2.2.8).

5.3 Results and discussion

5.3.1 Initial crystallisation trails

Purified AOACLR, RFACLR and OaACLR were used in a concentration of approximately 10
mg mL for initial crystallisation screening. To obtain an enzyme-ligand-complex ACL stock
solution (final concentration 20 mM) was added to concentrated enzyme and incubated on ice
for 30 min. The commercial crystal screens Index, Pact and CSS were used for screening
crystallisation conditions in 96-well plates. The conditions giving crystals are summarised in
Table 28.

Table 28: Conditions for crystallisation of ACLRs.

Enzyme Crystallisation condition ~ Composition

A0ACLR Index G12 0.2 mM MgCl,
0.1 mM HEPES (pH 7.0)
25 % wiv PEG 3350
RfACLR IndexG12 0.2 mM MgCl,
0.1 mM HEPES (pH 7.0)
25 % wiv PEG 3350
Index G3 0.2 M Lithium sulfate monohydrate
0.1 M Bis-Tris (pH 6.5)
25% w/v PEG 3350

Pact B3 0.1 M MIB
25 % w/v PEG 1500
OaACLR Pact E12 0.2 M Sodium malonate dibasic monohydrate
20 % w/v PEG 3350
Pact F2 0.2 M NaBr

0.1M Bis-Tris propane (pH 6.5)
20 % wiv PEG 3350
Index E12 0.05 M MgCl;
0.1 m HEPES (pH 7.0)
30 % w/v PEG MME 550

91



Structural analysis of RFACLR

From the three tested ACLRs best crystals were obtained for RFACLR. Several conditions

were found as successful crystallisation conditions.

Figure 67: RFACLR crystals obtained in crystal screening in MRC plates. A) and B) Index G3, C) Pact B3.

The conditions Index G12 and G3 were scaled up in 24 well plates and the concentrations were
slightly varied (Chapter 2.2.7). The original conditions of Index G12 were identified as best
condition for crystal formation. Similar crystals formed in hanging drops (2uL) as on smaller
scale (300 nL). RfACLR crystallised in fast growing crystal clusters in usually less than two
days (Figure 68 A-B). After a longer incubation time additional single square plates or cubes

were formed (Figure 68 C). Most crystals had a slightly yellow colour suggesting that PLP

was retained in the protein during the crystallisation process.

Figure 68: Pictures of RFACLR crystals in hanging drops with crystallisation conditions from Index G12 (0.2
mM MgCl2 0.1 mM HEPES, pH 7.0, 25 % w/v PEG 3350). Approximately 10 mg mL! purified RFACLR was
co-crystallised with L-ACL.

5.3.2 Structure of RfACLR

RfACLR crystals were harvested, flash cooled in liquid nitrogen and the diffraction data was
collected as described in Chapter 2.2.7. The structure of native RFACLR was solved with a
resolution of 1.7 A, the data collection details are listed in Appendix 10.4. The structure was
solved using the AOACLR structure (PDB entry 2ZUK'*) as molecular replacement model.
The quaternary structure of RFACLR represents a homodimer with two active sites per dimer
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as depicted in Figure 69. The active site is located in the interface of the two dimers. Due to
its high sequence similarity, the overall structure of RFACLR is very similar to AOACLR and

therefore also represents a fold type | of the PLP-dependent racemases.

Figure 69: Quaternary structure of RFACLR. The homodimer is formed of two identical subunit A (cyan)
and subunit B (blue). PLP indicates the location of the active site, which is in the interface of both subunits.

Figure 70: PLP-binding residues in the active site of RFACLR. Residues in blue belong to subunit A, gold
residue are of subunit B.

Interactions for PLP binding were closely investigated as illustrated in Figure 70. In the active
site PLP is covalently bond to the amine group of K267 building an internal aldimine. The
position of PLP is stabilised by stacking interaction between Y139 and V249, a salt bridge
between D238 and the pyridine nitrogen. During the catalysis, this salt bridge can destabilise
the carbanion after formation of the external aldimine. The protonation of the pyridine nitrogen
suggests that the reaction proceeds via the quinonoid intermediate (Introduction 1.1.2.2). The
phosphate backbone of PLP is stabilised by hydrogen bonds to S113, T295 (from the other
subunit) and two conserved water molecules. The binding of PLP seems to be conserved
within ACLRs as the same residues were described for AOACLR** and OaACLR within this
work (Chapter 6.3.1).
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5.3.2.1 RfACLR in complex with ACL

The three-dimensional structure of a RFACLR-ACL complex was solved from crystals grown
in clusters (Figure 68b). The structure was solved and refined using the previously solved
structure of native RFACLR as replacement model.

Figure 71: RFACLR complexed with L-ACL (ball and stick model). Residues shown are in the distance >5 A
from ACL. Electron density of the Fo-Fc map at a level of 1 ¢ before adding of the ligand into the structure
is shown in blue wire representation.

The high resolution structure (1.5 A) of RFACLR complexed with ACL shows the active site.
The ligand density of the substrate allowed modelling of both enantiomers into the map with
50% occupancy, however, here the L-enantiomer of ACL is represented. Residues with a
distance of 5 A to the chiral centre of the substrate are represented in Figure 71. The substrate
stacked between the aromatic residues Y137 and W49 and binding is further stabilised by
interactions with several hydrophobic residues like W436, L19, L78 and M293. The structure
also reveals amino acid residues that might interact with the substrate. Y137, T295, K241 and
D210 are in distance >5 A to the chiral centre of ACL and therefore could take part in the
catalysis. As described above T295 is involved in PLP binding, which makes it unlikely be
involved in the reaction mechanism. Putative acid/base catalytic residues for the racemisation
reaction are D210 (3.9 A), K241 (4.7 A) and Y137 (5.1 A) with close distance of to the chiral
centre of ACL.

5.3.2.2 RfACLR modelled with phenylalanine in the active site

Aiming towards the evolution of a more active amino acid ester racemase it was of interest to

solve a structure of the enzyme complexed with a similar compound. As discussed in detail in
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the previous chapter (Chapter 4.3.3) RFACLR was not active towards the model substrate
phenylalanine methylester. Therefore emphasis was put on growing crystals with
phenylalanine amide as RfACLR activity was confirmed for this substrate (Chapter 4.3.2).
Crystals obtained from co-crystallisation of RFACLR with L-phenylalanine amide (20 mM)
diffracted at 1.2 A and the three-dimensional structure was determined from the collected data
using the native RFACLR structure as molecular replacement model (Figure 72). Electron
density for the ligand was not detected, therefore the ligand was modelled into the active site
during the refinement process.

Figure 72: View in active site of RFACLR modelled with L-Phenylalanine amide (ball and stick model in
green). Shown residues are in the vicinity (> 5 A) to the substrate. Ligand density (blue wire) is shown after
modelling and refining the ligand in the structure corresponding to Fo-Fc at 0.9 o.

The view of the active site of RFACLR fitted with PheNH, depicts amino acid side chains close
to the substrate that might interact with the substrate. Due to the lack of electron density for
the ligand, PheNH, was modelled into the active site. Nonetheless, the conformation of
PheNH: can be compared to ACL in the active site and confirms findings from the RFACLR-
ACL structure. Y137, K241, K267 and D210 are residues that are located in the vicinity of the
chiral centre of the substrate and therefore might be possible catalytic residues. The residues
D210, K241 and E396 are near to the amide group (> 3.2 A), so they might be involved in
amide recognition. D210 and E396 are connected through a salt bridge, the distances of D210
to the amide group nitrogen (3.2 A) and E396 to the amide group oxygen (2.8 A) are close
enough to for hydrogen bonds. D210 and K241 have been suggested as amide recognising
residues or catalytic residues in AOACLR before. #1834 D210 and K241 are promising targets

for mutational analysis in order to investigate their function in the enzyme catalysis.

The view of phenylalanine amide bound to the substrate binding pocket provides information
on the low activity towards this substrate. The spherical conformation of phenylalanine amide

reveals that it occupies most of the space in the binding pocket, leaving less space for
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conformational changes during the catalysis (Figure 73 and Figure 74). Directed evolution
experiments showed that mutations resulting in a bigger substrate binding pocket increased
activity of the mutant AOACLR-L19V-L78T towards phenylalanine amide significantly.'®
The present structure gives explanation for this as the double mutation L19V/L78T results in

opening the substrate binding site where the phenyl ring of the substrate is located.

Figure 73: Substrate binding site of RFACLR modelled with L-Phenylalanine amide and PLP (green cylinder
representation). The surface of the residues near to the substrate (> 5 A) are represented according to their
electrical charge (red: negative, blue: positive, white: uncharged).

Figure 74: Spatial occupation of the binding site of RFACLR modelled with phenylalanine amide. The surface
of the residues near to the substrate (> 5 A) are represented according to their electrical charge (red:
negative, blue: positive, white: uncharged). PLP is represented as ball and stick model. L-Phenylalanine is
shown as sphere model. Residues assigned with * belong to subunit B.

As the enzyme is inactive towards phenylalanine methylester and therefore has no or only low
affinity towards the substrate, a crystal structure of RFACLR complexed with PheOMe could
not be obtained. Nonetheless, from the insight given from the RFACLR-PheNH, complex
conclusions can be drawn for the conformation of PheOMe in the active site. The space in the
active site is fully occupied by PheNH,, suggesting that the active site would not provide
enough space for the methyl group of PheOMe. Besides recognition of the ester group, steric

hindrance might also be a reason for the inactivity of RFACLR towards PheOMe. Expanding
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the substrate binding pocket for the methyl group of PheOMe might facilitate substrate access
to the active site and therefore increase the enzyme activity towards it. Possible targets for
mutations to obtain a larger pocket in that area are V338 and W436, whereas W436 should be
retained as it closes the substrate binding site during catalysis. The double mutation of
L19V/L78T might also increase activity towards PheOMe.

5.3.2.3 Substrate binding of RfACLR

This section summarises observations made for the substrate binding in the active site of
RfACLR. Visualising the surface of RFACLR enabled to locate the entrance to the active site.
Two tunnels to the active site were found. In both structures, with and without enzyme, the
entrance of one tunnel is blocked by the opposite subunit. Hence only one of the two channels
leading to the active site allows the substrate to enter the active from the solution (Figure 75

a). The active site is divided into two binding pockets, a hydrophobic pocket where the PLP

pyridine ring is located and the PLP C4 is bound to K267 and a more hydrophilic pocket where
the substrate is bound (Figure 75 b).

Figure 75: Substrate binding of RFACLR a) Surface model of RFACLR subunit A showing the entrance to
the active site. b) Zoom into the substrate and PLP binding site of RFACLR. The surface of the residues is
illustrated according to their hydrophobicity: hydrophobic (yellow), hydrophilic (blue).

Comparing the structure of native RFACLR and the structure complexed with ligand (ACL or
phenylalanine amide) shows a flexible C-terminal loop in the structure from D421-W436, the
last C-terminal residue (Figure 76).
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Figure 76: Conformational change of the C-terminal end initiated by substrate binding. Right:
Superimposed model of native RFACLR (light cyan) and RFACLR-ACL complex (cyan). Left: Closing of the
entrance to the active site by W436. Subunit A is represented in cyan, subunit B in gold.

The conformation of the C-terminal loop could only be identified in structures complexed with
substrate, meaning that without substrate this loop is in a flexible conformation. When
substrate is bound to the active site, the C-terminal loop undergoes a conformational change,
so that the entrance to the active site is closed by W436. The observation of this conformational
change caused by substrate binding is in accordance with previous results from structural
studies on AOACLR. &

5.3.2.4 Substrate recognition

When the substrate is bound to the active site several interaction of the substrate with active
site residues were observed. The functional groups of the substrate interact with the active site
residues K241 and D210 as depicted in Figure 77.
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Figure 77: Substrate recognising residues of the substrate binding site of RFACLR.

K241 interacts with the amino group of the substrate and D210 interacts with the amide oxygen
on the opposite site. K241 forms a salt bridge with E396 which might stabilise the position of
K241. As glutamate is a residue of high flexibility, during catalysis it might also alter its
position to interact with D210. D210 stabilises the positioning of the substrate by a hydrogen
bond with the amide imine, but also interacts with the amide oxygen. Hence, D210 is likely to
be the residue to recognise the amide functionality of the substrate. K241 is a possible residue
for the amino group recognition. In combination K241 and D210 are putative residues for the
recognition of amino acid amides. Interactions of both these residues with E396 during the
catalysis might help to position the residue in the correct conformation. With 3.1 A from the
PLP C4 to the amino group of ACL is close enough for the attack of the Schiff base between
K267 and PLP. This attack would initialise the catalysis by forming a new Schiff base between
the C4 of PLP and the substrate amino group.

5.3.3 Mutational analysis of the reaction mechanism of RfACLR

The structure of wt RFACLR revealed amino acid residues that might interact with the substrate
during the catalysis. Y137, D210, K241 and K267 were identified as putative acid/base
catalytic residues for the racemisation reaction. To investigate the reaction mechanism and
identify amino acid residues that are catalysing the racemisation, RFACLR mutants with
alanine or phenylalanine replacing these residues were generated. These mutants were

analysed in terms of their racemisation activity and structural differences.
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5.3.3.1 Expression of RfACLR-Y137F

RfACLR-Y137 would not be expressed as soluble protein under standard conditions (in E. coli
BL21 (DE3, 16°C, 1 mM IPTG). Test expressions performed in E. coli BL21 (DE3) did not
identify a suitable overexpression condition. Test expression were repeated in a different
strain, E. coli Rosetta, at 16, 27, 37°C with 0.1 or 1 mM IPTG (Figure 78).

0mM 0.1 mM OomM 0.1 mM 1mM OmM 01mM 1 mM

66 kDa

45 kDa

Figure 78: SDS gels of test expression of RFACLR-Y137F in E. coli Rosetta cells.

Highest amounts of soluble protein were expressed at 16°C with 1 mM IPTG induction. The
identity of the protein expressed at these conditions with a molecular weight of approximately
45 kDa was verified by western blotting against the his-tag of RFACLR.

Figure 79: Western blot of RFACLR-Y137A from soluble and insoluble fractions after overexpression of
RfACLR in E. coli Rosetta cells at 16°C.

The western blot shows that overexpression of RFACLR-Y137F was poor and yielded in very
small amounts of produced protein. Most of the small amounts of expressed RFACLR-Y137
was synthesised as insoluble protein and minor amounts of soluble protein were detected by
the western blot. Nonetheless, a purification of RFACLR-Y137F from a large scale cultivation
(4L, 1mM IPTG, 16°C, 24 h) of recombinant E. coli Rosetta cells (17.6 g) was performed
(Figure 80 and Figure 81).
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Figure 80: Chromatogram of IMAC purification of RFACLR-Y137F expressed in recombinant E. coli
Rosetta cells.

FTpre FT20 FTso F2 F3 F4 F5 F6 F7

Figure 81: SDS gel of fractions obtained from IMAC of RFACLR-Y137F. RE, FTpre (wash from loading cell
lysate), FT20 (20mM wash) FTso (50 mM wash) were diluted 1:10.

The chromatogram and the SDS-PAGE analysis show that RFACLR-Y137F did not bind the
IMAC column and could not be purified from the cell lysate. In the 20 mM imidazole wash a
big band of 45 kDa was observed on the SDS gel. This might correlate to incorrectly folded
RfACLR-Y137F. The purification did not yield any purified RFACLR-Y137F indicating that
the soluble protein expressed in E. coli-Rosetta cells was folded incorrectly. Even though the
expression of RfACLR-Y137F was not successful, this result provides the valuable
information that Y137 is crucial for correct folding of the enzyme. This might be because it is
crucial for defining the substrate binding site or for the catalytic activity of the enzyme.

5.3.3.2 Characterisation of RfACLR-K241 and RfACLR-D210

RfACLR-D210A and RFACLR-K241A were expressed as soluble protein and purified from
recombinant E. coli cells under same conditions as wt RfACLR (Chapter 2.2.6). The
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racemisation activity of the mutants RFACLR-K241A, and RFACLR-D210 was tested with D-

or L-ACL and compared to the activity obtained with the wt enzyme as listed in Table 29.

Table 29: Activities for the racemisation of 50 mM ACL with different RFACLR variants. The reaction was
carried out in a total reaction volume of 1 mL (100 mM KPi, pH 7.0) at 30°C for 30 min. Production of the
opposite enantiomer was determined by chiral HPLC and related to the amount of enzyme used in the
reaction to calculate specific activities.

RfACLR RfACLR-K241A RFACLR-D210A

Specific activity (Umg?)  D-ACL 144413  1246.8 +42.2 6.4+21
+ 3346
L-ACL 229665  2371.0 +148.1 24+25
Relative activity (%) D-ACL 629 5.4 0.03
L-ACL  100.0 103 0.01

RfACLR and RFACLR-K241A show slightly higher activity towards the L-enantiomer of ACL
than D-ACL which is in accordance with previous results for AOACLR.!8 RfACLR-K241 is
reduced in its racemisation activity by a factor of 10 compared to wt activity. Racemisation
activity of RFACLR-D210A is almost abolished and six orders of magnitudes smaller than the
wt activity. This mutant seems to be more active towards the D-enantiomer of ACL. However,
as the activity of RFACLR-D210A is so low it is difficult to make a reliable statement about
preference of an enantiomer from these results. Altogether, the very low activity of RFACLR-
D201A is less than 0.03 % wt activity. The detected racemisation might be background activity
or might be a result of catalysis through unspecific residues. High standard deviations with the
same order of magnitude as the average value indicate a non-specific activity. To get a general
overview of the activity spectrum of the variants, activity was determined for ACL, PheOMe
and PheNH; with RFACLR-K241A and RFACLR-D210A as summarised in Table 30.

Table 30: Specific activities of RFACLR variants towards amino acid derivatives. The reaction was carried
out in a total reaction volume of 2 mL (100 mM KPi, pH 7.0) at 30°C. 50 mM L-ACL, 10 mM L-PheOMe or
L-PheNH: were used in the reaction. Production of the opposite enantiomer was determined by chiral HPLC
and related to the amount of enzyme used in the reaction to calculate specific activities.

Substrate Specific activity (U mg ?)
wt RFACLR RFACLR-K241A RFACLR-D210A
L-ACL 31733 £ 4620 678.6 £16.3 2.0+£0.06
L-PheNH: 10.8+3.1 0.0 0.0
L-PheOMe 0.0 0.0 0.0

Both mutants are drastically reduced in their activity to ACL, RFACLR-K241A with 2.1%
relative activity and RFACLR-D210A with 0.006% relative activity. Racemisation of L-
PHeNH: or L-PheOMe could not be detected with either of the RFACLR variants.
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In summary, both RFACLR variants were reduced in their activity, whereas this effect is very
drastic for RFACLR-D210A. Both variants do not convert the more challenging substrates,
phenylalanine amide and phenylalanine methylester. Both RFACLR mutants show residual
activity towards ACL, but in case of the very low activity of RFACLR-D210A it is questionable
if this is catalytic or unspecific activity. K241 and D210 seem to be crucial for the full function
of the enzyme. Especially D210 seems to be a crucial residue as its replacement with alanine
resulted in more than 10000 fold reduction in racemisation activity.

5.3.3.3 Structural analysis of RfACLR mutants

The structure of RfACLR-K241A shows the external aldimine

After evaluating activity of RTACLR-K241A, it was subjected to crystallisation trials as
described in Chapter 2.2.7. RFACLR-K241A crystallised in the same condition as the wt
enzyme. Diffraction data was collected from crystals grown from RfACLR-K241A co-
crystallised with L-ACL. The structure of the mutant RFACLR-K241A was solved to a

resolution of 1.9 A by using wt RFACLR as molecular replacement model.

Figure 82: Active site of RFCALR-K241A mutant complexed with b-ACL showing the external aldimine
formed by PLP and ACL. Ligands are illustrated in the ball and stick model. Electron density (blue wire)
corresponds to the Fo-Fc map at a level of 1 6 before adding of the ligand into the structure.

The external aldimine, PLP bound to the substrate, is present in the active site of the activity
reduced RFACLR-K241A (Figure 82). Both, PLP and the substrate move towards each other
to enable formation of the imine bond to form the external aldimine. Clear electron density
around the imine bond confirms the formation of the imine between C4 of PLP and the ACL
amine. The imine bond is in perpendicular position to the n-system of the PLP pyridine ring
and therefore in the correct conformation for cleavage. The structure of RFACLR-K241A
shows residues in distance to the chiral centre of ACL, which are Y137 (4.5 A), D210 (2.8 A)
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and K267 (4.2 A). This strongly suggests that K267, which is the PLP binding residue for the
internal aldimine, is the catalytic residue for deprotonation at the substrate chiral centre. After
releasing PLP and formation of the external aldimine K267 becomes a possible catalytic
residue, as it is in proximity to the chiral centre (<4.2 A). Reprotonation could be mediated by
D210 or Y137 as these residues are located on the re-face of the substrate. K267 and D210
might serve as catalytic acid/base pair during the racemisation. These residues are close
enough to interact with the chiral centre. Additionally, these two residues are in a good position
to de-/re-protonate Ca of the substrate from the re-/si-face. K241 was described to be involved
in substrate recognition of ACLRs before.!® Interaction of K241 with the amide group was
suggested for previous RFACLR structures (Chapter 5.3.2.4), lacking substrate recognition
might give an explanation for the reduced activity of the RFACLR-K241A mutant.

The structure of RfACLR-D210A shows the geminal diamine

Crystallisation trials were also performed with RFACLR-D210A and L-ACL. After adding the
substrate to the enzyme solution a change in colour from the usual yellow to a pink colour was
observed. The change in colour was measured by UV spectrophotometry for enzyme solution
with and without added substrate. Crystals obtained from RFACLR-D201A with ACL were
also pink (Figure 83).
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Figure 83: a) Change of the UV spectrum of RFACLR-D210A without substrate (black line) and RFACLR
with 10 mM L-ACL (red line). Yellow arrow indicates characteristic Amax for the external aldimine, pink
arrow indicates characteristic Amax for the quinonoid. b) Protein crystals grown from RFACLR-D210A with
ACL.

The change in colour suggests that when adding ACL to the enzyme solution the quinonoid is
partially formed and present in the solution.’® The UV spectrum for RFACLR-D210A
incubated with substrate showed a characteristic peak at 510 nm which corresponds to the
absorption maximum (Amax) for the quinonoid.® 2** The fact that this can be measured in the
UV spectrum indicates that the reaction rate of this mutant is drastically reduced. The structure
of RFACLR-D210A was solved and refined to a resolution of 1.5 A (Figure 84).
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Figure 84: Structure of the active site of RFACLR-D210A complexed with D-ACL. This structure shows the
geminal diamine, a chiral intermediate formed by PLP, ACL and K267. Ligands are illustrated in the ball
and stick model. Electron density (blue wire) corresponds to the Fo-Fc map at a level of 1 ¢ before adding of
the ligand into the structure.

The ligand density in the active site of RFACLR-D210A represents the state of the geminal
aldimine. The geminal aldimine is an intermediate of the replacement reaction at the chiral
centre, in which PLP is bound to the PLP binding residue K267 and the substrate exocyclic
amine at the same time. This state can be captured after proton replacement at the chiral
carbon, but before the substrate release. This would explain the D-configuration of ACL in the
RfACLR-D210A structure, although it was co-crystallised with L-ACL. During the
crystallisation process racemisation of L-ACL was catalysed and due to the very slow reaction
rate of the RFACLR-D210A mutant it was possible to capture the reaction intermediate before

the substrate release.

Reaction specificity of RfACLR

As described in Chapter 1.1.2 of the introduction, PLP dependent enzymes provide a specific
scaffold to position the substrate in relation to PLP in the active site. Catalysis occurs at the
bond of the substrate that is perpendicular positioned to PLP. This bond is destabilised by the
n system of the PLP pyridine ring and can therefore be broken. In the case of PLP catalysed
racemisation of ACL the perpendicular alignment of the Schiff base and the PLP pyridine ring
would result in a reduced pKa of the Ca which can then be deprotonated. In RFACLR ACL is
highly specifically bond in the active site in an aromatic cage formed of three aromatic residues
(Figure 85).
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Figure 85: Aromatic cage in RFACLR for specific substrate binding, a) wt RFACLR complexed with ACL,
b) RFACLR-K241A complexed with ACL.

The specific substrate binding is mediated by the aromatic residues W49, Y137 and W436.
ACL is stacked between W49 and Y137. As discussed above, the role of the C-terminal residue
W436 is the closing the entrance of the active site. Furthermore, W436 completes the aromatic
cage in the closed conformation. PLP acts as an aromatic opponent of W436 on the other side
of the substrate. The three aromatic residues together with PLP act as four aromatic entities
that allow very specific binding and positioning of the substrate. During catalysis a
conformational change of ACL was observed, where ACL is no longer parallel but
perpendicular orientated to W49 and Y137. The Schiff base of the external aldimine should
be perpendicularly orientated to PLP to allow deprotonation at the Ca. The movement of ACL
that was observed from the different crystal structures suggest that the Schiff base
approximates to a perpendicular alignment to PLP.

Figure 86: Angle between Schiff base and Ca-bond of ACL in the external aldimine with view onto the
methyl group of the PLP pyridine ring. The dashed line through Ca indicates the angle that is 90° to the PLP
pyridine ring.
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5.3.3.4 Reaction mechanism derived from structural analysis

Evaluation of RFACLR-K241A and RFACLR-D210A gave insight into the role of the active
site residues in the reaction mechanism. The PLP binding lysine, K267, was identified as one
catalytic residue of the acid/base pair. Y137 was found to be essential for the production of
soluble enzyme and also a possible catalytic residue in the de/reprotonation. However, tyrosine
has a pka of 10.1 similar to the pKa of 10.9 of lysine. D210 is a more likely candidate for the
reprotonation of the chiral centre, due to its perfect position opposite to K267 and an acidic
pka of 3.7. Therefore these two residues are suited to act as acid/base pair in the catalysis. D210
might also be involved in amide recognition, possibly in combination with K241. Listing the
distances of the respective residues to the chiral centre of ACL in the solved structures
emphasises the role of D210 (2.8 A to chiral centre) and K267 (3.6 A to chiral centre) in the

reaction mechanism (Table 31).

Table 31: Distances of residues relevant for catalysis to the substrate chiral centre.

Distance of residue to wt RFACLR RfACLR-K241A RfACLR-D210A
chiral centre Internal aldimine External aldimine Geminal diamine
Y137 5.6 A 45A 48 A

D210 46 A 28 A /

K241 42 A / 52 A

K267 39A 42 A 36 A
Relative activity (%0) 100 10.3 0.01

Comparing the structures solved for the different RFACLR variants complexed with ACL
illustrates the rotation of the substrate during the catalysis and movement of involved residues

in the active site (Figure 87).

'5210

RfACLR RfACLR-D210A RfACLR-K241A

Figure 87: View in the active site of RFACLR variants complexed with ACL.
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In order to form the external aldimine (RFACLR-K421A structure) ACL rotates about 90 ° to
form a Schiff base to PLP. Through the formation of the imine bond of PLP and ACL, the
binding of K267 and PLP is released. This results in the amine group of K267 pointing away
from the substrate that is present as external aldimine with PLP. Looking at the geminal
diamine (RfACLR-D210A), K267 is now again pointing towards PLP, forming a bond
between PLP, ACL and K267. Before the substrate is released, it again rotates slightly (about
45°) in order to build the geminal aldimine with PLP and K267. The results from the structural
analysis permitted to propose a reaction mechanism, in which the quinonoid and the geminal

diamine serve as intermediates (Figure 88).
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Figure 88: Putative reaction mechanism of RFACLR based on intermediates obtained from structural
analysis. I) Attack of the internal aldimine, 11) Formation of the geminal aldimine by PLP, 111) and VI) ACL
and K267, I111) Deprotonation of the chiral carbon by K267, 1V) Formation of the achiral quinonoid, V)
Reprotonation to the opposite enantiomer by D210, VI) Formation of the geminal aldimine and substrate
release. Figure was adapted according to Frese et al. 2%

The internal aldimine is attacked by the exocyclic amine of ACL (I). This results in the
formation of the geminal diamine, a chiral intermediate, in which PLP is bound to both, L-
ACL and K267 (Il). After deprotonation of the chiral carbon of L-ACL by K267 acting as
catalytic base residue (lIlIl), an achiral intermediate, the quinonoid, is obtained (IV).
Reprotonation by the catalytic acid residue D210A results in the D-configuration of the

substrate (V) and the geminal diamine, is formed (V1) before the release of the substrate.
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5.4 Conclusion

Analysis of crystal structures obtained from RfACLR complexed with substrate revealed
amino acid residues that are involved in the reaction mechanism. Y137, D210, K241 and K267
were identified as residues that might be involved either as catalytic residue or in amide
recognition. These findings are in accordance with previous structural and in silico studies on
other ACLRs,84 186

Evaluation of enzyme-substrate complexes gave insight into the substrate binding. A
hydrophilic substrate binding pocket and a hydrophobic cofactor binding pocket are located in
the active site. Also, the entrance to the active site and a closing mechanism were found by
comparison of native and complexed RfACLR structures. The analysis of the structure of the
RfACLR modelled with PheNH: elucidated a steric hindrance of the substrate in the substrate
binding site. This result is in accordance with studies in which AACLR was engineered and
optimised for PheNH, racemisation activity by expanding the substrate binding site.8

The structural analysis of the RFACLR mutants, RFACLR-K214A and RfACLR-D210A, shed
light into the reaction mechanism of ACLRs. The mutated enzymes revealed structures of
reaction intermediates that were formed during the catalysed racemisation reaction. A reaction
mechanism was proposed based on the structures from the different reaction intermediates.
Proposed was a two base reaction mechanism in which D210 and K267 are the catalytic
residues. These residues act as proton donor/acceptor at the re- and si-face of the substrate
chiral centre. The racemisation is catalysed via the achiral quinonoid intermediate and the
chiral geminal diamine, from which the structure was solved in the RFACLR-D210A mutant
complexed with ACL.
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6 Comparison of OaACLR and RfACLR

6.1 Introduction

After the detailed structural investigation of RFACLR focus was put on the structure of
OaACLR. Differences between these two ACLRs are of special interest because only
OaACLR displayed activity towards L-phenylalanine methylester. The structure of OaACLR
was evaluated and compared to RFACLR. Mutational analysis of differing substrate binding
residues of the two enzymes was carried out to get insight into the background of the different
substrate scopes. A rational design approach was used to introduce PheOMe racemisation

activity in RFACLR by using OaACLR active site residues as template.

6.2 Materials and Methods

Crystallisation techniques were performed as described in Chapter 2.2.7. Mutations were
introduced by site directed mutagenesis as outlined in Chapter 2.2.3. Genes were
overexpressed and enzymes purified according to Chapter 2.2.5 and 2.2.6. Activities for the

racemisation reaction were measured according to the standard HPLC assay (Chapter 2.2.8).

6.3 Results and discussion

6.3.1 Structure of OaACLR

Three successful conditions were found in initial crystallisation screenings to grow OaACLR
crystals (Chapter 5.3.1). Index E12, Pact E12 and Pact F2 gave conditions for the formation
of small crystals in 96 well screening plates. Each condition was used to scale the
crystallisation up to 2 pL in hanging drops. The condition Pact E12 (0.2 M Na malonate, 20
% PEG 3350) gave best crystals from OaACLR at a protein centration of 1-2 mg mL™,

Figure 89: Pictures of OaACLR crystals obtained in condition PACT E12 (0.2 M Na malonate, 20 % PEG
3350).

Crystals were tested for diffraction and diffraction data were collected for the best crystal
(Figure 89a). The structure of native OaACLR was solved at 2.0 A using RFACLR as
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molecular replacement model. Even though OaACLR shares only 52% sequence homology
with RfACLR, the overall structure is very similar and both enzymes represent a structural
organisation of the PLP-enzyme type fold I. Different from RfACLR the quaternary structure
of crystalline OaACLR is a homotetramer, formed of four identical subunits from which two

build a dimer with the active site at their interface (Figure 90).
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Figure 90: a) Quaternary structure of OaACLR. Each two subunits form a dimer of which two build a
homotetramer. Purple: subunit A and C, orange: subunit B and D. b) Binding of PLP in the active site of
OaACLR. PLP is represented in green cylinder model, purple residues belong to subunit A, residues
illustrated in coral are of subunit B.

The cofactor PLP is covalently bound to the amine group of K267 building an internal aldimine
via a Schiff base in the active site. The position of PLP is stabilised by the same interactions
as described for RFACLR (Chapter 5.3.2). Residues interacting with the PLP pyridine ring are
Y139, V249 and D238. Hydrogen bonds with S113, T295 and water molecules position the
phosphate backbone in the binding site. The residues of PLP binding seem to be highly
conserved in ACLRs as the same residues where identified in AOACLR,** RfACLR and
OaACLR. This PLP binding motifs is partly conserved in other PLP-dependent enzymes. The
residues V239, T297, D238 and K268 were also found to bind PLP in an aminomutase and a
polyketide synthase with the exception of threonine in position 118 instead of serine.?®
However, a serine with the function to stabilise the PLP phosphate backbone is not unusual in

PLP-dependent enzymes and was found a peptide synthetase and a decarboxylase.?®

6.3.2 Comparison of RfACLR and OaACLR

The racemisation activity of OaACLR and RfACLR have been characterised in detail in
Chapter 3. It was found that both enzymes have different activity profiles (Table 32). RFACLR
is 3.9 times more active towards PheNH; than OaACLR, but only OaACLR showed activity
towards PheOMe.
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Table 32: Comparison of activities of OaACLR and RfACLR.

Substrate Specific activity (U mg™)

OaACLR RfACLR
L-ACL 2337 + 291 26469 £ 5425
L-PheNH: 52+16 20.4+0.8
L-PheOMe 15.3+0.7 0

Solving the structure of both enzymes and comparing them gives a closer insight into the
different performance of these similar enzymes (Figure 91). Focusing on the active site gives
some explanation for the lower activity of OaACLR towards ACL and PheNH.. Tryptophan
in position 49 in RTACLR is replaced by an alanine residue in the equivalent position (A51) in
OaACLR. This could affect binding of smaller substrates as the interacting residue for
aromatic stacking is not present. In the RFACLR structure the substrate is located between
Y137 and W49, whereas for OaACLR the substrate would be located between Y139 and A51.
However, the presence of the alanine instead of tryptophan might result in a bigger substrate
binding pocket, which permits bulkier substrates, like PheOMe, to be converted by OaACLR.
To verify this hypothesis a structure of an OaACLR-substrate complex would be beneficial.
Additionally, mutational analysis might identify the function of W49/A51 in binding of the

substrate of both enzymes.

Figure 91: Comparison of structures of RFACLR and OaACLR. A) Overlay of quaternary structure b)
Overlay of active site structure. Blue: RFACLR, purple: OaACLR

6.3.2.1 Investigation of the role of W49 and M293 by mutational analysis

The active site residues of RFACLR and OaACLR only differ in position 49/51, where a
tryptophan (RfACLR) is changed to an alanine in OaACLR and in position 293, where the
RfACLR methionine is replaced by a leucine in OaACLR. The mutants OaACLR-A51W and
RfACLR-W49A were generated, overexpressed and purified to evaluate the influence of the
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residue 49/51 on the activity towards PheOMe. The alanine in this position (A51) in OaACLR
might give more space for binding bulky substrates like PheOMe. On the other hand,
tryptophan in position 49 in RFACLR might help increase substrate affinity by stronger and
more specific binding through n-electron stacking. The activity of the different RFACLR and
OaACLR variants was tested with ACL, PheNH; and PheOMe.

Table 33: Comparison of activities measured with RFACLR and OaACLR variants.

Substrate Specific activity (U mg™)
OaACLR-A51W RFACLR-W49A
L-ACL 79.5+0.3 596.2
L-PheNH: 0 0
L-PheOMe 0 0

Changing alanine in position 51 to tryptophan in OaACLR resulted in 29 times reduced
activity of the enzyme towards L-ACL and activity towards the tested phenylalanine
derivatives was completely abolished. Replacing the tryptophan by alanine in position 49 of
RfACLR did not result in increased activity towards bulkier substrates like PheOMe. This
mutation gave an enzyme that was reduced in its activity (2.3 % residual activity), and even
the activity towards L-PheNH2was lost by this mutation.

In the next step the double mutation W49A and M293L was introduced into RFACLR in order
to introduce the same active site residues in RFACLR as in OaACLR. The overexpression of
RfACLR-W49A-M293L did not yield soluble protein and the enzyme could not be purified
from crude cell extract from E. coli cells harbouring only insoluble RFACLR-W49A-M293L.
In order to improve the yield of soluble protein, test expressions and solubility screening with
different buffers were carried out as described by Kohlstaedt and co-workers.!*> The soluble

and insoluble fractions were analysed by SDS-PAGE (Figure 92).
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Figure 92: SDS-PAGE of solubility screening of RFACLR-W49A-M293L. Lanes with samples with the
highest content of soluble protein are shown here. Numbers at the bottom designate the buffer that was used
for solubilisation.
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The 30 different tested buffers are listed in the Appendix (10.3). Results from screening the
different solubilisation buffers suggested that the enzyme is most soluble in the buffers 6, 10,
12 and 25. Buffer 25 (50 mM Tris, 100 mM, sodium glutamate, 10 mM DTT, pH 8.0) was
selected as solubilisation buffer for a IMAC purification of RfACLR-W49A-M293L

overexpressed at 4 L scale in recombinant E. coli BL21 (Figure 93 and Figure 94).
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Figure 93: Chromatogram of IMAC purification of RFCALR-W49A-M293L.
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Figure 94: SDS PAGE gel of different fractions obtained after IMAC purification of RFACLR-W49A-
M293L.

The total yield of 6 mg partly purified RFACLR-W49A-M293L was isolated from 8.5 g E. coli
cells resulting in a yield of 0.7 mg g*. Due to the low yield of enzyme RFACLR-W49A-M293L
was not further purified by SEC, but the buffer was exchanged (50 mM Tris, 300 mM NacCl,
pH 7.5) to remove imidazole from the solution. RFACLR-W49A-M293L (3 mg mL™*) was used
for co-crystallisation trials with 20 mM L-ACL in hanging drops is a 24 well plate.
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Figure 95: Broom stick crystals obtained from RFACLR-W49A-M293L in Index G12 (0.2 mM MgClz, 0.1
mM HEPES pH 7.0, 25 % w/v PEG 3350).

The same crystallisation condition was used for crystallisation of the double mutant as used
for wt RFACLR (Index G12). Crystals exclusively formed broom stick morphology (Figure
95). The racemisation activity of purified RFACLR-W49A-M293L was tested for L-ACL, L-
PheNH: and L-PheOMe to further characterise this RFACLR variant. RFACLR-W49A-M293L
did not show racemisation activity towards any of the tested substrates; even no residual
racemisation activity could be detected for L-ACL. Even though protein was purified after
optimisation of the solubility, the enzyme might still be misfolded and therefore inactive. The
low yield of purified enzyme and lack of its typical yellow colour (indicating the lack of PLP
binding) and the unusual crystal shape support this hypothesis.

6.3.2.2 Impact of the aromatic residues W49 and Y386

A constellation of aromatic residues that interact by n-system interactions was found in and
around the active site of RFACLR. The interaction of these residues of this so called aromatic
cage with the substrate was in discussed in the previous chapter. When comparing RFACLR
and OaACLR it becomes noticeable that not only the aromatic residue in position 51 is
replaced by a non-aromatic residue, but also the complete series of aromatic residues is not
present in OaACLR (Figure 96). This might result to lower substrate binding affinity due to
less binding interactions. This also might lead to lower substrate specificity and a more relaxed
substrate spectrum of the enzyme, because substrates could bind more flexibly in this less
restricted substrate binding pocket. The influence of the aromatic residues W49 and Y386 in
RfACLR was investigated by replacing them with the corresponding OaACLR residue and
testing the activity of the RFACLR mutant.
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Figure 96: Comparison of RFACLR (blue) and OaACLR (purple) vicinity of the active site. The RFACLR
active site is formed by a series of aromatic residues.

RfACLR-W49A-Y386T was expressed in E. coli and purified by IMAC purification. During
the concentration of the enzyme in centricons yellow flow through was observed. The protein
concentration of the flow through was measured as 0.4 mg mL™ suggesting that not protein
but unbound PLP was washed out into the flow through giving the yellow colour. Storing the
enzyme after purification overnight at 4°C resulted in significant precipitation of the enzyme.
Hence, IMAC purification was repeated and the purified enzyme was directly used for
crystallisation trials and activity determination. Hanging drops for the crystallisation of
RFACLR-W49A-Y386T (3 mg mL™) were prepared in a 24 well tray with the condition Index
G12. Even after long incubation time (>3 months) no crystallisation was observed. The
racemisation activity of RFACLR-W49A-Y386T was determined by HPLC with the standard
substrates ACL, PheNH> and PheOMe.

Table 34: Activity of RFACLR variants towards ACL, PheNH2 and PheOMe.

Substrate Specific activity (U mg?)
RfACLR-W49A RfACLR-W49A-Y386T
L-ACL 596.2 622.3 U/mg
L-PheNH: 0 0
L-PheOMe 0 0

The RFACLR mutant is reduced in its activity towards L-ACL, activity towards L-PheNH2 and
L-PheOMe was completely abolished. This result is very similar to the substrate scope of the
single mutant RFACLR-WA49A. Even though the enzyme was purified at higher yields (3.3 mg
g!) observations during the purification process, such as the release of PLP from the enzyme,
suggest that the double mutation affected the folding and stability of RFACLR-W49A-Y386T.
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In summary, reciprocal mutagenesis of the active site of RFACLR was performed to gain
OaACLR activity, PheOMe racemisation, in RFACLR. Several mutants of RFACLR that
replaced residues with OaACLR residues were tested for the racemisation activity towards
PheOMe. Unfortunately, the evaluation of theses mutants could not give explanation for the
different substrate spectrum of the enzymes. All of the tested variants were reduced in activity
towards the natural substrate, in the case of RFACLR-W49A-M293L no residual activity was
measured at all. Activity towards PheNH> and PheOMe was completely abolished in each of
the tested mutants. The influence of the second shell residue Y386 in RFACLR was tested, but
this again gave an activity reduced mutant.

6.3.3 Structure of OaACLR crystallised in presence of L-PheOMe

Previous crystallisation trials failed to give crystals of OaACLR in the presence of substrate
(ACL, PheNH; or PheOMe). Therefore previously obtained native OaACLR crystals were
used for crystal seeding experiments. The crystal seeding method was successful and resulted
in crystal growth in presence of 20 mM L-PheOMe at various crystallisation conditions. The
structure of OaACLR in presence of L-PheOMe was solved from these crystals. The solved
structure was very similar to the structure of native OaACLR but ligand density for L-PheOMe
could not be identified. However, some changes in the structure were observed. Different
conformations of Y139 were found in the different subunits and the density map for Y139

allowed fitting the residue in alternative conformations (Figure 97).

Y139

267

Wes1

Figure 97: Overlay of Y139 of OaACLR subunits A-D. The subunits are depicted as cylinder model in
different colours, PLP is illustrated in green as stick and ball model.

This is remarkable considering that the conformation of Y137 in all solved RfACLR structures
was found to be highly conserved. This is also represented in the B-factors of the tyrosine in
position 137 or 139 in RFACLR and OaACLR (Table 35).
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Table 35: Comparison of B-factors of tyrosine 137/ 139 of RFACLR and OaACLR. In the case of two or four
subunits, B-factors for all respective tyrosine are listed.

B-factor Native RFACLR RfACLR-ACL OaACLR
Y137/139 28 10, 11 36, 37, 39, 55
Overall side chain 22 17 32
Overall main chain 17 14 22

The flexibility of Y137 in the active site of RFACLR is with a B-factor of 28 significantly
lower than Y139 of OaACLR which has a maximal B-factor of 55. The conformation of Y137
in RFACLR seems to be further stabilised when substrate is bound to the active site. The
RfACLR substrate binding pocket is framed by Y137, W49 and W436 building an aromatic
cage. The position of W49 is stabilised by further aromatic stacking with Y386. Comparing
this to the substrate binding of OaACLR reveals the lack of an aromatic cage for substrate
binding in the OaACLR (Figure 98).

14 N
(\( Y137/139/

Figure 98: View in substrate binding site of OaACLR (purple). RFACLR substrate binding site residues are
superimposed and shown in blue.

The lack of substrate binding trough aromatic residues might result in weaker and less specific
substrate binding. This would provide an explanation for the lower activity of OaACLR
towards ACL, the natural substrate of ACLRs. With a different substrate scope and only 53%
sequence similarity the ACLR from Ochrobactrum anthropi clearly differs from RFACLR and
AOACLR. ACL racemisation might be a result of the substrate promiscuity of this enzyme
which was classed as amino acid amide racemase in the Unitprot data base. The substrate
promiscuity of OaACLR is permitted by its flexible substrate binding pocket which enhances
the binding of bulky substrates due to less steric hindrance. Additionally, the new observed
conformation of Y139 pointing away from the substrate binding site results in even more space

for substrate binding in the active site.
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6.4 Conclusion

The structure of OaACLR was solved at 2.0 A and showed high overall similarity to the
RfACLR structure. Both enzymes are interesting targets for a detailed comparison as they are
similar in their structure but have different substrate scopes. The enzymes were compared by
reciprocal mutagenesis with the aim to introduce the PheOMe racemisation activity of
OaACLR into RfACLR. Residues of RFACLR of the substrate binding site were replaced by
OaACLR and their effect on the racemisation activity was measured (Table 36). The
racemisation activity towards PheOMe and PheNH; was abolished in all of the generated
mutants. Racemisation activity towards the natural substrate ACL was decreased 30-40 fold.
Besides the reduction in activity other effects such as reduced stability (RFACLR-W49-
Y386T) or incorrect folding (RFACLR-M293L) were observed especially for double mutants.
This stresses the complexity of structural interactions between residues that impact the correct
function of the enzyme. Only two residues differ in the active site of OaACLR and RfACLR.
However, the negative results of the reciprocal mutagenesis emphasise that with only 53%
sequence similarity not only active site residues but also other structural aspects, such as
second shell residues, conformational changes and flexible regions contribute to the full
function of the enzyme.

Table 36: Summary of mutational evaluation of active site residues of RFACLR and OaACLR with respect
to the racemisation activity.

Enzyme Specific activity (U mg™)

L-ACL L-PheNH: L-PheOMe
OaACLR 2337 £ 291 52+1.6 153+0.7
RfACLR 26469 + 5425 204+0.8 0
OaACLR-A51W 795+£0.3 0 0
RfACLR-W49A 596.2 0 0
RfACLR-W49A- 0 0 0
M293L
RfACLR-W49A-Y386T 622.3 0 0

The analysis of the structure solved for OaACLR crystallised in the presence of L-PheOMe
gave new details on the acceptance of PheOMe as substrate by OaACLR. The tyrosine in the
position 139 that is directly involved in substrate binding was found in different
conformational states. In one conformation it is pointing away from the substrate binding site
and creates a larger binding site as with Y139 in the usual conformation. The flexibility of this
residue was noticed for the first time in OaACLR and was not found in RFACLR or AcACLR.
Even though no ligand density was obtained for this OaACLR structure, the conformational

change of Y139 might be induced by the presence of PheOMe and might be one reason for the
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expanded substrate acceptance of OaACLR. The general lack of aromatic residues, that form
an aromatic cage for specific substrate binding in RFACLR, might give an explanation for the
different substrate spectrum of OaACLR.
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7 Photometric assay for the detection of AAER activity

7.1 Introduction

The information gained from the investigation into the reaction mechanism of ACLRs can be
used for the structure-guided evolution of improved amino acid ester racemases. After a
rational design approach proved to be unsuccessful (Chapter 6) a semi-rational approach was
pursed. In the semi-rational engineering method small, selected mutant libraries of the enzyme
of interest are generated and screened for improved activity. For this purpose it is necessary to
develop a high throughput assay for the photometric detection of amino acid ester racemisation

activity.

A photometric assay for the detection of N-acetyl amino acid racemase activity was recently
developed by Campopiano and co-workers.”® For the photometric detection of the reaction
the racemisation of a N-acetyl amino acid was coupled to the deacetylation and following
oxidation of the amino acid. The oxidation of the amino acid can be detected by coupling it to
a H.O, mediated oxidation of o-dianisidine. The red colour of oxidized o-dianisidine can then
be detected at 436 nm. Within this work a photometric activity assay for the detection of

PheOMe racemisation activity was developed in a similar way.

Four enzymatic reactions are coupled in the assay for detection of amino acid ester
racemisation activity (Figure 99). The first reaction, the reaction to be detected, is the
racemisation of D-PheOMe. Only when D-PheOMe is racemised to L-PheOMe further course
of the cascade is possible, as all following reactions are catalysed by L-selective enzymes. The
next step requires the hydrolysis of the ester to the corresponding amino acid. The
endoproteinase of the serine type and the major component of subtilisin has been reported to
be an enantioselective L-phenylalanine methyl ester hydrolase.?®® This L-selective hydrolase,
the alcalase from Bacillus licheniformis, is hence used in the second reaction to hydrolyse L-

PheOMe to L-phenylalanine.

The hydrolysis of PheOMe has been investigated within this work (Chapter 4). As D-PheoMe
is used as substrate the hydrolysis would result in D-Phenylalanine which is not converted by

the L-selective amino acid oxidase (L-AAOQ) in the next step of the cascade.

The third reaction is the detection reaction, coupled of two enzymatic reactions. First, L-
phenylalanine is oxidised to phenylpyruvate by L-AAO from Crotalus atrox. Flavin adenine
dinucleotide (FAD) present in the cell lysate is used as electron acceptor during this reaction

and reduced to FADH.. The cofactor is recycled by the oxidation of O, to H»O; also catalysed
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by L-AAO. The production of H,O, can be detected by horse radish peroxidase (HRP)
catalysed oxidation of o-dianisidine. Despite its reduced form, oxidized o-dianisidine has a

maximum in absorbance at 436 nm.

1. Reaction
amino acid ester O
racemase
07
NH,
L-alcalase 2. Reaction
)
OH
NH,
O, 3. Reaction

L-amino acid FAD FADH,
oxidase

H,0,

O
OH R,
©/\é\)‘\ HRP r\o-dlamsmlne

oxidized o-dianisidine

Figure 99: Reaction scheme of the enzyme cascade for detection of PheOMe racemisation activity.

7.2 Materials and methods

The photometric activity assay to measure amino acid ester racemisation activity was

developed and used to screen mutant libraries as outlined in Chapter 2.2.9.

7.3 Results and discussion
7.3.1 Development of a photometric assay for amino acid ester racemisation

For preliminary tests of the different assay conditions similar as described by Campopiano et
al.1™® were used in a total reaction volume of 1 mL. Progression of the absorbance at 436 nm
was followed at subsequent time points. Reactions were carried out in plastic cuvettes and
incubated at 30°C. Different components of the assay were tested in their functionality and for

optimisation of the assay.
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7.3.1.1 Preliminary test of the different assay reactions

Alcalase catalysed hydrolysis of phenylalanine methylester

To verify the suitability of alcalase for the second reaction of the assay cascade, the activity
and selectivity of the enzyme was tested under assay conditions. The alcalase catalysed
hydrolysis of D- or L-PheOMe was analysed by TLC (Figure 100). The reaction was carried
out in Tris buffer (50 mM, pH 7.5) at 30°C for 2 h (Chapter 2.2.10) with 10 mM substrate and
0.26 mU L* alcalase (Reaction 4-5).

| |

PheOMe & :

Phe J

Figure 100: TLC of alcalase catalysed reaction. 1: .-PheOMe standard (3 mg ml), 2: .-Phenylalanine standard
(1 mg/ml?), 3: Alcalase in Tris buffer (50 mM, pH 7.5), 4: Reaction with D-PheOMe, 5: Reaction with .-PheOMe,
6: Reaction with p/.-PheOMe. 10 mM PheOMe were used for reactions, 2.6 mU L-alcalase (reaction 4-5),
respectively 0.26 U mL! L-alcalase (reaction 6) were applied.

The result of the TLC verifies that alcalase catalyses the hydrolysis of L-PheOMe. A
preference of alcalase to the L-enantiomer was observed (Reaction 5) as L-PheOMe is almost
completely converted to phenylalanine, whereas a larger amount of PheOMe remained
unconverted in the reaction with b-PheOMe (Reaction 4). The production of phenylalanine
detected for the reaction with D-PheOMe can be explained with the chemical hydrolysis of the
ester (Chapter 4.3.3). Nonetheless, alcalase was identified as an effective hydrolase for the
hydrolysis of L-PheOMe which can be applied to catalyse the second reaction in the assay

enzyme cascade.

Testing of the detection reaction of L-AAO and HRP

The detection reaction was tested by using L-phenylalanine, L-AAO, HRP and o-dianisidine
in a 1 mL reaction. The formation of oxidized o-dianisidine could clearly be detected by eye
through the change in colour from yellow to red. The colour formation also gave a strong
signal at 436 nm. After 20 min incubation time an absorbance of 1.04 mAU was measured,
whereas for the reaction with same components but without phenylalanine only 0.33 mAU

was detected.
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After confirming that a signal can be measured with the detection reaction (L-AAO, HRP and
o-dianisidine) the reaction was carried out with D- or L-PheOMe but without racemisation
catalyst (Figure 101). Cell lysate from E. coli cells with empty YSBLIC3C-vector (ctrl cell

lysate) was used in the reactions.
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Figure 101: Photometric detection PheOMe racemisation (10 mM). Assay cascade (alcalase, L-AAO, HRP)
with oxidised o-dianisidine giving a response at 436 nm. The reaction was run with ctrl lysate and the
increase of absorbance was followed at 30°C for 2 h.

The positive control, containing L-PheOMe, control cell lysate, alcalase, L-AAO, HRP and o-
dianisidine confirmed the correct function of the enzyme cascade. The selected enzymes can
be used in combination to detect the presence of L-PheOMe. Therefore, the production of L-
PheOMe in a racemisation reaction can be measured by coupling this reaction to the signal

reaction of the cascade.

Also the negative reaction (D-PheOMe, control cell lysate, alcalase, L-AAO and HRP and o-
dianisidine) gave the expected result. The signal produced by the oxidation of o-dianisidine is
1.5 fold lower than for the positive control. Even though the positive signal in the positive
control is much stronger, there is still a rather high increase of absorbance in the negative
control. The increase in absorbance might come from unselective hydrolysis of D-PheOMe
through alcalase or an E. coli hydrolase. Produced D-phenylalanine could then be racemised
by an broad spectrum amino acid racemase from E. coli.**" The formation of L-phenylalanine

would result in the progression of the cascade and detection of o-oxidised dianisidine.

A high background reaction was detected in the blank reaction where buffer was used instead
of PheOMe (control cell lysate, alcalase, L-AAO, HRP and o-dianisidine). Cell lysate from E.

coli without any overexpressed enzyme was used for this reaction. Many metabolic enzymes
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convert FAD/FADH; as cofactor. As long as FADH. s produced in background reactions HRP
can use the cofactor together with O, to oxidise o-dianisidine. This background reaction has

to be taken into account when calculating the concentration of oxidised o-dianisidine.

With these preliminary tests a colorimetric, easy and rapid method was found to test amino
acid ester racemase activity. Nevertheless, more detailed investigations of the influence of the
assay component concentrations and reaction times are necessary to develop this assay for

amino acid ester racemase activity screenings.

7.3.1.2 Optimisation of the assay for the application in 96 well plates

Different L.-AAO and HRP concentrations

The previously established colorimetric assay was transferred to 96-well plate format. At first
the assay was tested with L-phenylalanine (10 mM) to test optimal enzyme concentrations for
the detection reaction. The enzymes in of the detection reaction, L-AAO) (0-2 U mL™?) and
HRP (0-47.3 U mL™?) were used in different concentrations to identify optimal concentrations

of both enzymes to give a response in an appropriate time frame.

0.0-2.0 U/mL L-AAO
47 U/mL  HRP
10 mM L-Phe
0.2 mg/mL o-dianisidine
50mM  Kpi, pH 75

2.0U/mL -AAO

0-47 U-mL HRP
10 mM  L-Phe

0.2 mg/mL o-dianisidine
50mM  Kpi, pH 75

Figure 102: Colour formation in detection reaction of the photometric assay for AAER detection. Different
concentrations of AAO and HRP were tested to find the concentrations for optimal colour formation.

Colour formation occurred immediately after adding all components (reaction was started with
addition of o-dianisidine at to). The increase in colour formation was followed for 60 min after
which saturation in colour formation was observed. It is necessary that the detection reaction
gives an immediately signal after the hydrolysis of L-PheOMe to L-phenylalanine to ensure
the signal formation is not limited by the activity of the reporting enzymes. However, for
practical and cost reasons the enzyme concentration should not largely exceed the sufficient
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concentrations. Optimal increase in absorbance was detected with the combination of 60 mU
mL* L-AAO and 28 U mL* HRP.

Testing different PheOMe concentrations

The assay was tested with different L-PheOMe or D-PheOMe concentrations to evaluate the
optimal substrate concentration. To prevent ester hydrolysis the assay was performed at pH
5.8. Both, ctrl cell lysate and OaACLR cell lysate were tested with different PheOMe
concentrations (0-91 mM). The colour formation was measured after 19 h incubation time
(Figure 103).
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Figure 103: Colour formation with the photometric assay at different PheOMe concentrations after
incubation at 30°C for 19 h. The assay was carried out in 200 pL of 50 mM KPi buffer (pH 5.8) (containing
0.06 U mL*AAO, 28 U mL1HRP, 0.26 U mL alcalase, 0.02 mg mL"* o-dianisidine, cell lysate) 0-90 mM L-
or bD-PheOMe were used as substrate.

Using L-PheOMe with either control cell lysate or cell lysate containing OaACLR gave a high
response in absorbance. This confirms that the complete assay with all three reactions is
suitable to detect L-PheOMe. The maximum in absorbance was reached with 10 mM substrate,
however at this and higher substrate concentrations precipitation was observed in the reaction
wells. When using PheOMe concentrations >10 mM in the standard HPLC assay precipitation
was not observed, therefor this observation might be caused by the conditions in the
photometric assay. The photometric assay contains many different components, two
substrates, four enzymes and cell lysate. The concentration of components in solution is very

high in the assay, which facilities substrate precipitation at high concentrations.

Using D-PheOMe in the reactions with OaACLR resulted in a lower colour formation. From

these results it is not clear if the OaACLR catalysed reaction is distinguishable from the
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background reaction. So far optimal concentrations of the enzymes L-AAO, HRP and the
substrates L-PheOMe and o-dianisidine were found. Hence, optimal conditions were found for
all assay components except for the concentration of OaACLR. To finalise the assay
optimisation and to clarify if it can be used for the detection of the racemisation of D-PheOMe,
it was then tested with different OaACLR concentration.

Testing the assay with different cell lysate concentrations

The efficiency of the assay to measure the production of D-PheOMe from ACLR catalysed
racemisation was tested by using cell lysate from E. coli cells overexpressing OaACLR. This
reaction was compared to the background reaction by using control cell lysate under same
reaction conditions. The assay was carried out with different cell lysate concentrations to find
an appropriate concentration to overcome the background reaction.
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Figure 104: Optimisation of cell lysate concentration for the photometric assay. Absorption of oxidised o-
dianisidine was measured after 3.5 h reaction time. 5 mM D-PheOMe was used in 50 mM KPi buffer (pH
5.8) with 0.06 U mL? L-AAO, 28 U mL! HRP, 0.26 U mL? alcalase and 0.02 mg mL* o-dianisidine.
Different dilutions of cell lysate (from E. coli Rosetta-OaACLR) were used and blanks from control cell
lysates (from E. coli BL21- empty YSBLIC3C vector) with corresponding concentrations were subtracted.

Testing the assay with D-PheOMe and cell lysate containing OaACLR confirmed the ability
of the assay to detect the racemisation reaction. Nonetheless, the margin of the detected
racemisation reaction and the background is narrow due to the high background and the slowly
catalysed racemisation. To overcome the background reaction a higher cell lysate
concentration needs to be applied, a 1:3 dilution of the cell lysate (100 mg cells mL™) gave a
sufficient conversion to detect formation of L-PheOMe under the tested conditions. After
subtracting the background reaction absorbance >0.2 was measured with these higher

concentrations of OaACLR cell lysate.
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The amount of OaACLR can be calculated to 0.006 mg OaACLR in the assay when using the
respective 1:3 dilution from the cell lysate assuming that 0.2 mg OaACLR are expressed in 1
g cells (Chapter 3.3.4). For the mutant library screening cell lysate from E. coli cells cultivated
in 2 mL TB will be used for the assay. According to the results from Chapter 3, 0.8 mg
OaACLR is expressed in 1 L cell culture in LB medium. This correlates to 0.0016 mg ina 2
mL culture. From the present results this amount would not be enough to overcome the
background reactions. However, the expression yields can not be directly compared as the
cultivation conditions are not comparable. For the assay, the cells are cultivated in a different
container, other medium, at higher shaking rate and temperature. The expression of OaACLR
in the 2 mL culture in TB medium can be expected to be higher than under the conditions used
before (Chapter 2.2.5).

With all conditions optimised the assay was carried out in repeats with wt OaACLR enzyme.
For the 16 measured repeats the average absorbance was 0.239 with a deviation of 0.056,
which corresponds to a percentage deviation of 23.4 %.

7.4 Conclusion

Preliminary tests confirmed the principal applicability of the assay to detect L-PheOMe with
the enzyme cascade of alcalase, L-AAO and HRP. Optimal concentrations of these three
enzymes and the substrate PheOMe were identified through optimisation of the assay at 200
pL scale. Different concentrations of OaACLR containing cell lysate were used in the
detection of the racemisation of D-PheOMe under optimised conditions as summarised in
Table 37. Despite the high background reaction it was possible to detect D-PheOMe

racemisation with the photometric assay.

Table 37: Optimal assay conditions identified for the detection of AAER activity.

Assay component Volume (uL) Final concentration
Alcalase 10 0.26 UmL™*
L-AAO 10 60 mU mL™!
HRP 0.6 28 U mL?

KPi buffer (pH 5.8) 94 50 mM
D-PheOMe 30 5mM
¢-dianisidine 40 0.2 mg mL?
cell lysate 100

The successful development of a functional assay for the photometric detection of PheOMe
racemisation allows the high throughput screening of mutant libraries for improved AAE

racemases.
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8 Engineering of improved AAER activity

8.1 Introduction

The racemisation activity of two homologous ACLRs has been studied in detail in the previous
chapters. OaACLR was shown to be active towards the model substrate phenylalanine
methylester whereas RFACLR was not active towards this substrate. A detailed reaction
mechanism was derived from structures of different reaction intermediates observed in
RfACLR (Chapter 5). This revealed residues that are necessary for the catalysis, D210 and

K267 as catalytic residues and K241 for substrate recognition.

The structural comparison of OaACLR and RfACLR showed differences in their substrate
binding site. Additional to the differences in two active site residues, a structural and
conformational deviation of the both enzymes was also observed. Of most interest are the two
residues A51 and L293 in the OaACLR substrate binding site as they vary from the
corresponding W49 and M239 in RfACLR. Site directed mutagenesis of these residues in
RfACLR did not gain activity towards PheOMe. However, these two residues remain of
interest for improving or introducing amino acid ester racemisation activity in ACLRs. As
PheOMe racemisation activity was demonstrated for OaACLR emphasis was put on
improving this already existing amino acid ester (AAE) racemisation activity. Instead of
generating single mutations by rational design, saturation mutation libraries of the two residues

were generated and screened for improved amino acid ester racemisation.

8.2 Materials and methods

The photometric activity assay to screen for amino acid ester racemisation activity was used
under standard conditions as described in Chapter 2.2.9. Saturation mutation libraries were
generated in position 51 and 293 as outlined in Chapter 2.2.4. Enzymes were produced and
purified according to Chapter 2.2.5 and 2.2.6. Kinetic parameters for the AAE racemisation

reaction were measured with the standard HPLC assay (Chapter 2.2.8).

8.3 Results and discussion
8.3.1 Generation of saturation mutagenesis libraries

Site directed saturation mutations were introduced in position 51 (Sat-51) and 293 (Sat-293)
of the amino acid sequence of OaACLR. Degenerate NNK primers were used for inverse PCR

as described in Chapter 2.2.4. For inverse PCR the forward primer contained the mutation to
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be incorporated in the plasmid DNA (Table 38). Using NNK primers theoretically results in
32 codons for 20 amino acids. Covering the library three-fold and at 95% was described as
sufficient to find improved variants?®” which correspond to 96 mutants used for the screening
for improved activity.

Table 38: Primers for the generation of a saturation mutagenesis library. NNK stands for the degenerate
condon used to introduce saturation mutations.

Position of mutation Forward primer (5’ -> 3°)
OaACLR- A51 TGAGCGGTAGCNNKGGTCCGGCAGCA
OaACLR- L293 CCGGCATTTGTTNNKCAGACCACCG

Approximately 100-300 colonies grew after transforming E. coli Stellar cells with the product
of the inverse PCR procedure. The whole of the colonies were combined in water and the
plasmids were isolated to be analysed by sequencing. The presence of the different bases was
analysed by the sequencing chromatogram. As described by Reetz et al. the peak height can
be related to the relative concentration of the respective base.?%® The different concentrations

of the bases in each position are summarised in Figure 105.

151 (G) 152 (C) 153 (A)
8% 14 1%
mA
27%
G 46 18 73%
T . %
Position 51
879 (C) 880 (T) 881 (G)
8% 15% 1% 1%
mC 6%
mA N
7%
G 51%
mT

Position 293, library 1
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879 (C) 880 (T) 881 (G)
19%  mc 18% 8% 1%
1% mA
"G 21%
mT

18%

Position 293, library 2

Figure 105: Distribution of the four bases in the target positions for saturation mutagenesis.

Position 51 in the OaACLR amino acid sequence encodes an alanine residue which
corresponds to the codon GCA in the DNA sequence (position 151-153). For position L293
this corresponds to the codon CTG in the position 879-881 in the DNA sequence. The
saturation library obtained for the position A51 shows good distribution of the bases in each
position. The theoretical distribution (25% N, 25% N, 50% K) is practically not achievable
with PCR-based mutation techniques due to biases through the use of polymerases and primer
sequences.?® Comparing the saturation libraries 1 and 2 of OaACLR-L293 library 1 showed
a better degeneracy of the bases. In library 2 only 1% adenine in position 879 an only 8%
thymine in position 881 are present which decreases the quality of this library. Thus, library 1
was selected to further use for the screening for AAER activity.

After picking clones and cultivating the libraries in E. coli cells (Chapter 2.2.5), samples were
taken and sequenced to analyse the distribution of amino acids in the saturation mutagenesis
libraries (Figure 106). 15% of each library was sequenced which corresponds to 14 OaACLR-
mutants for each library.

Sat-51 Sat-293

Insert

0,
Insert 2

29%

Figure 106: Quality of saturation mutant libraries. The percentage distribution of amino acids (single letter
code) is shown in the respective position of the saturation mutagenesis library of OaACLR. Insert: primer
insertion.
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Full coverage of the amino acids (each of the 20 amino acid is present) for the sample size of
14 corresponds to 70% of all amino acids. The OaACLR-51 saturation library only covered
36% of possible amino acids according to the sample size. Furthermore, 29% of the samples
of this library contained a primer insertion which led to a shift in the reading frame. These
factors point out the low quality and low coverage of the Sat-51 saturation library. Despite
several trials to obtain other Sat-51 libraries, the tested library was the only library that could
be obtained from inverse PCR with the used primers. Therefore, this library was used for
screening for improved AAER activity.

0OaACLR-293 saturation library covered 40% of the possible amino acids which is 62%
coverage at the respective sample size. Primer insertions only occurred in one of the tested
mutants. Compared to the Sat-51 library, Sat-293 is of higher quality and was used for AAER

screening.

8.3.2 Cultivation and screening of OaACLR saturation mutant libraries

The growth of E. coli BL21 (DE3)-wtOaACLR in 96 deep well plates was monitored at
different shaking speeds. TB autoinduction medium was used for cultivation at 37°C for 24 h
by shaking at 250, 400, 800 and 1000 rpm. The distribution of the ODsgo nm OVer the 96 wells

was measured (Figure 107).
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Figure 107: Growth of E. coli BL21-OaACLR in 96 deep well plates in TB autoinduction medium at different
rpm. Growth at 800 rpm from E. coli BL21-OaACLR-Sat-A51

Shaking at 250 rpm did not give sufficient mixture of the cell culture resulting in low cell
growth due the sedimentation of cells at the well bottom. Cultivation at 400 rpm gave the best
results for evenly distributed cell growth. At this shaking speed the distribution of growth in

the different wells was smallest and an ODgoo nm >20 was reached. Shaking at 1000 rpm gave
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uneven distribution over the 96 wells and lower cell growth especially in wells in the middle
of the plate. To reach optimal growth of E. coli BL21 expressing OaACLR saturation libraries

400 rpm can be used for the cultivation of the saturation mutagenesis libraries.

E. coli cells harbouring OaACLR-Sat-51 and OaACLR-Sat-293 were incubated at 37°C for
24 h in 96 deep-well blocks to test the cultivation of the saturation libraries. Overexpression
of the OaACLR variants was induced by lactose present in the autoinduction medium and the
ODsoo nm Was measured after 24 h of incubation time (Figure 108).
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Figure 108: Cell growth of E. coli BL21 (DE3) cell overexpressing OaACLR mutants after 24 h incubation
in 1 mL autoinduction medium at 37°C at 400 rpm.

E. coli cells overexpressing saturation mutants of OaACLR reached a higher ODgo nm after 24
h incubation time. Noticeable is the high deviation (+20 ODswo nm) that was measured for the
saturation libraries. The low deviation of £1.6 ODsoonm for E. coli cells expressing wt OaACLR
can be explained with the equal impact of the enzyme expression on the cells. The cells
expressing different variants of OaACLR are differently affected by the overexpression which
can result in different effects on the cell growth. The synthesis level varies for each mutant

and differently influences the biosynthesis of other proteins of the host cell.

After overexpressing the saturation libraries in E. coli, cell lysate from these cells was prepared
and used in the screening assay as described in Chapter 2.2.9. The protein concentration of the
cell lysate was detected with the BCA method and used to calculated activities for each mutant
of the library (Figure 109).
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Figure 109: Screening for activity-improved OaACLR mutants. Activities measured for each mutant of the
libraries OaACLR-Sat-293 and OaACLR-Sat-51. The mutant number 0 depicted in purple shows the activity
measured with wt OaACLR. Green indicated points represent reproducible positive hits. Points shown in
amber were non-reproducible false positive hits.

The result of screening the two libraries demonstrates that most of the measured mutants
showed lower activity than the wt enzyme (shown in purple). In the OaACLR-Sat-293 library
most mutants show an activity between 1-1.5 U mg™. The average activity of the tested
mutants of this library was 1.3 + 0.4 U mg™. For the OaACLR-Sat-51 library similar result
were observed with an average in activity of 1.5+ 0.5 U mg™. The measurements were carried
out in duplicates and the three best hits (shown in green) were selected for further analysis as
discussed below. Unreproducible high activities can be explained by impurities in the assay

from cell debris that were accidently transferred into the assay solution.
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8.3.3 Purification and activity of positive hits from AAER screening

The best hits from the AAER screening of the OaACLR-Sat51 library were sequenced and
identified as OaACLR-A51L, OaACLR-A51V and OaACLR-A51E. For the saturation
mutagenesis library in position 293 following mutation were sequenced: OaACLR-L293F,
0aACLR-L293T and OaACLR-L293C. All six OaACLR mutants were purified by IMAC
(Figure 110) and stored at -20°C (with 20% v/v glycerol) until further activity characterisation.

Figure 110: Purified OaACLR variants after IMAC purification. 1: cell extract, 2: purified enzyme.

Table 39: Purification yield and activity of best hits from AAER screening.

Position Library  Mutation Activity in Purification Purification

No. screening assay yield yield

U mg* (mg g) (mg L)

wt OaACLR 0.96 +0.12 0.86 3
OaACLR-A51 E12 L 1.21 0.35 1

C8 \% 1.24 0.10 0.3

E10 E 3.29 0.22 0.9
OaACLR-L293 E10 F 2.54 0.49 1.8

B3 T 2.49 2.2 6

A2 C 1.84 1.7 5

The purification of OaACLR-L293F and OaACLR -A51E was repeated and gave yields of
0.49 mg g%, respectively 0.22 mg g* purified enzyme. The purified OaACLR mutants were used
for the activity determination towards ACL and PheOMe. As the standard HPLC assay allows
more accurate activity measurements it was used with purified enzymes to determine
conversions for L-ACL or specific activities for L-PheOMe (Figure 111 and Figure 112).
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Production of D-ACL(%)

Figure 111: Conversion of L-ACL (50 mM) to b-ACL catalysed by different OaACLR mutants after 15 min
incubation time. The reactions were carried out under standard conditions with enzyme amounts between
0.03-0.27 mg.
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Figure 112: Relative activity of OaACLR mutants towards L-PheOMe (10 mM). Reactions were carried out
under standard conditions with 0.06-0.22 mg enzyme. Specific activities were calculated from the production
of D-PheOMe over time and the amount of enzyme used in the reaction.

All three tested mutants in the position A51 resulted in reduced activity towards ACL and
PheOMe compared to wt OaACLR. The role of the residue in this position has been
investigated in Chapter 6.3.2.1. Changing the residue in the position A51 to a tryptophan
unexpectedly resulted in reduced activity rather than better substrate binding and improved
activity. As discussed in the previous chapter this residue has a crucial role in substrate binding
in OaACLR. Furthermore, the residue in this position is conserved throughout ACLRs as
either alanine or tryptophan.®® Therefore it is not surprising that randomly changing the

residue in position 51 did not give an improved OaACLR variant. Substitutions to hydrophobic
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side chains in OaACLR-A51V and OaACLR-A51L resulted in drastically reduced activity. It
is remarkable that from these both mutations the exchange to leucine abolishes activity
towards PheOMe but shows higher activity towards ACL. The bigger side chain, leucine,
might improve binding of the smaller substrate ACL but sterically hinder the binding of
PheOMe in the active site. Interestingly, the bulky and negatively charged residue glutamic
acid was least detrimental for activity towards both substrates. Glutamic acid is a flexible
residue and therefore might adapt its conformation for substrate binding.

Especially in the case of the saturation library in position 51 the quality of the library could
have limited the identification of improved mutants. The coverage of 36% of the 20 amino
acids in the sat-51 library is rather low for a saturation mutant library. All three selected best
hits represented a mutant found when sampling the quality of the library. Altogether, this
suggests that some mutations were not present in the library and therefore were not included
in the screening. Additionally, the nature of the screen is somewhat limiting in finding
improved mutants. Due the high background reaction in the cell lysate, the screening selects
two factors: Firstly, improved AAER activity over the background reaction and secondly
improved expression yield of OaACLR which also leads to overcoming the background.
However, for following evolution rounds the background reaction would become less relevant

once an improved mutant was found.

The mutations L293F and L293T lead to activity reduced OaACLR mutants, and OaACLR-
L293F showed lower activity to both tested substrates. With 222% activity of the wt enzyme
0OaACLR-L293C proved to be the only activity improved variant among the tested OaACLR
mutants. This mutant was then characterised and compared to the wt OaACLR as described

in the next section.

8.3.4 Comparison of OaACLR-L293C and wt OaACLR

8.3.4.1 Activity and kinetic parameters of OaACLR and OaACLR-L293C

The improved OaACLR-L293C mutant was further characterised in its racemisation activity.
At first the conversion of L-PheOMe of OaACLR-L293C and wt OaACLR was compared
implementing the HPLC assay (Figure 113).
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Figure 113: Conversion of L-PheOMe (10 mM) catalysed by purified OaACLR (0.082 mg) and
0OaACLRL293C (0.220 mg). Reactions were carried out under standard conditions in a total reaction volume
of 100 pL (100 mM KPi, pH 7.0) at 30°C for 24 h.

PheOMe was racemised much faster by OaACLR-L293C than by the wt enzyme. The
racemisation was complete after 2 h (49.7 % D-PheOMe) when using OaACLR-L293C for the
reaction. In contrast, the racemisation was complete after 24 h using the wt enzyme. The
specific activity of OaACLR-L293C (28.3 U mg) was calculated as 2.4 fold higher than for
the wt enzyme (11.9 mg?). This result is in accordance with the result obtained from the assay
screening in which OaACLR-L293C (1.8 U mg™) showed 1.8 fold activity of the wt enzyme
(1.0 U mg?) in cell lysate. The faster conversion of PheOMe can be explained by a general
higher activity of the new OaACLR variant and different inhibitory constants of the two
enzymes (Table 40). However, the two enzymes were used at different concentrations for the
racemisation. OaACLR-L293C was used in a 3.7 fold higher concentration which might be a
reason for its higher activity even though specific activities were calculated. To judge the
difference of the racemisation of the both enzymes, kinetic parameters for the racemisation of
L-PheOMe were determined (Figure 114 and Figure 115) and summarised in Table 40. The
activities for OaACLR and OaACLR-L293C were determined at different L-PheOMe
concentrations and plotted according to Michaelis-Menten and substrate inhibition equations
(Equation 1).

a) Michaelis-Menten equation

y = Vinax * X y: velocity
Kin + x x: substrate concentration
Vmax: Maximal velocity

b) Substrate inhibition equation K..: Michaelis-Menten constant

Vmax * X

y = Ki= Inhibitory constant

Km+x*1+Ki

Equation 1: Non-linear regression for curve fittings from kinetic measurements. a) Michaelis-Menten
equation; b) Equation for kinetics with substrate inhibition.
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Figure 114: Non-linear regression of activities measured for OaACLR with different concentrations of L-
PheOMe. Enzyme concentration in the reactions was between 0.022-0.028 mg. a) Fitting according to the

Michaelis-Menten equation; b) Fitting with the substrate inhibition model.
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Figure 115: Non-linear regression of activities measured for OaACLR-L293C with different concentrations
of L-PheOMe. Enzyme concentration in the reactions was between 0.022-0.028 mg. a) Fitting according to
the Michaelis-Menten equation; b) Fitting with the substrate inhibition model.

Table 40: Summary of kinetic parameters determined for OaACLR variants towards L-PheOMe. Kn and
Vmax Were obtained from non-linear fitting according to the Michaelis-Menten equation. Kcat and Ki were
obtained from non-linear fitting according to the substrate inhibition model.

Km Vmax Kcat Kcat/ Km

(mM) (U mg™) (s (MM s)
OaACLR 2.8 6.4 0.020 0.007
0OaACLR-L293C 5.6 22.2 0.145 0.026
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The kinetic parameters clearly verify the improved activity of OaACLR-L293C. The catalytic
efficiency (Kca/Km) is increased 3.7 fold for OaACLR-L239C comparing to the wt enzyme.
Maximal activity for the improved variant was measured as 22.2 U mg™ at a concentration of
40 mM substrate. Contrary, Vmax for OaACLR is 6.2 U mg™ at 20 mM substrate concentration
and is 3.4 fold lower than OaACLR-L293C velocity. Substrate inhibition occurred at lower
concentrations (>20 mM) and drastically affects OaACLR with a K;of 0.35 mM. Inhibition
of OaACLR-L293C was less severe (K;12.8 mM) and started at higher concentrations (>40
mM). A loss in activity of 67 % was observed in the wt enzyme in the range from 20 to 60
mM substrate concentration. For OaACLR-L293C substrate inhibition started at 40 mM L-
PheOMe and activity decreased only 14 % in the range from 40 to 60 mM substrate
concentration. Fittings with substrate inhibition gave inconsistent results, particularly for Kn
and Vmax (Appendix 10.5). Especially the modelling of the OaACLR curve for substrate
inhibition gave a low R2value (0.94) implying that the wrong model was used. The observed
inhibition might not be substrate inhibition but a competitive inhibition through the hydrolysis
product of PheOMe. However, the substrate inhibition model gave the best fit as modelling to

a competitive or non-competitive inhibition did not give any fits for both curves.

8.3.4.2 Substrate scope of 0aACLR and OaACLR-L293C

The activity towards other amino acid derivatives was tested to evaluate the impact of the
mutation L293C on the substrate scope of OaACLR (Table 41

Table 41: Conversions of different substrates with OaACLR and OaACLR-L293C after 1 h reaction time
under standard HPLC assay conditions.

Substrate Conversion (%)
OaACLR 0OaACLR-L293C

D-phenylglycine methylester 1.2 1.6
L-phenylglycine methylester 1.1 1.6
D-phenylalanine methylester 4.2 15.3
L-phenylalanine methylester 2.0 20.2
L-phenylalanine 0.0 0.0
L-phenylalanine amide 13 17.4

Comparing the conversions of different substrates with the two OaACLR variants showed that
the mutation L293C resulted in an overall improved variant of OaACLR. Noticeable is that
for all tested phenylalanine derivatives conversion was improved (3-13 times). The conversion

of phenylglycine methylester was only slightly improved by the factor 1.5 with OaACLR-
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L293C. The improved activity of OaACLR-L293C did not yield activity towards
phenylalanine hence the overall substrate scope was not changed. As conversions and not
specific activities were measured detailed comparisons of preference for D- or L- enantiomers
are difficult. As a trend, similar conversions were measured for both enantiomers suggesting

that both enzymes are not enantioselective.

8.3.4.3 Discussion of the basis of the improved activity of 0aACLR-L293C

Summarising the results of the characterisation of OaACLR-L293C shows that this enzyme is
improved in different characteristics. The expression level of OaACLR-L293C is enhanced
resulting in a two-fold higher purification yield compared to the wt enzyme. The purification
yield of OaACLR-L293C (5.0 mg L) is now even higher than the yield obtained for RFACLR
(2.2 mg LY.

The determination of kinetic parameters revealed that Ky, values are in the same range (2.8 and
5.6 mM) indicating similar binding affinity of the enzymes towards PheOMe. However, V max
and Kz are significantly improved, demonstrating the higher turnover number of OaACLR-
L293C. The Kkinetic parameters verify a higher reactivity of the enzyme which suggests that
the cysteine in position 293 might act as a more reactive catalytic acid/base residue in the
catalysis. The double mutant OaACLR-D210A-L293C was generated to investigate the
impact of the replacement of leucine with cysteine in the position 293 on the catalysis. As
discussed in Chapter 5 aspartate in position 210 was identified as catalytic residue of RFACLR
and replacement with alanine resulted in inactive enzyme. Activities of OaACLR-D210A and
OaACLR-D210A-L293C were determined with ACL to test if the mutation L293C can rescue

the racemisation activity of the enzyme (Figure 116).
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Figure 116: a) Chromatogram of conversion of L-ACL by OaACLR-D210A after 24 h b) Chromatogram of
conversion of L-ACL by OaACLR-D210A-L293C after 24 h. Reactions were carried out under standard
reaction conditions for the HPLC assay.

The measurement after 24 h reaction time showed a conversion of only 0.5% for both,
OaACLR-D210A and OaACLR-D210A-L293C. This confirms the inactivity of both variants
with the mutation D210A. The conversion of OaACLR-D210A variants is comparable to the
low conversion of 4.4 % obtained with RFACLR-D210A after 24 h reaction time. This result
confirms the catalytic role of D210 in ACLRs. Furthermore, the results clarify that cysteine in
position 293 is not directly involved in the catalysis as activity could not be rescued by this

mutation.

The previous structural analysis demonstrated that the residue in position 293 reaches from
one subunit into the active site of the other subunit. The residue in position 293 is likely to be
involved in the dimerization and the change of leucine to cysteine might enhance the dimer
formation of the subunits. The sulphur of the cysteine could have a role in the dimer formation
interactions, which also might give explanation for the increased expression level of
0OaACLR-L293C. Interestingly, the structurally similar residue threonine caused the opposite
effect, it reduced expression and activity of OaACLR-L293T.

The case of an enhanced dimer formation of OaACLR-L293C might also yield improved
stability. Increase of storage stability was not observed, OaACLR-L293C showed 88%
compared to 92% residual activity of OaACLR after 5 weeks of storage with glycerol at -
20°C. However, this condition was found as optimal storage condition (Chapter 3.3.5) and
under other conditions, such as higher temperatures or in organic solvents, the stability might

be different for the both enzyme variants.
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8.4 Conclusion

Saturation mutagenesis libraries were cloned, expressed and screened using a high-throughput
assay which was developed before (Chapter 7). Screening the mutant library of position 51
did not identify an improved mutant which might be due to the poor quality of the library or
high background reactions in the screening assay. Nevertheless, characterisation of the activity
of three different OaACLR mutations in the position 51 enabled the discussion of the role of
the residue in this position. Screening a mutant library in position 293 resulted in identification
of the improved variant OaACLR-L293C. This mutant was characterised in comparison to the
wt enzyme and showed 3.4-fold improved activity towards phenylalanine methylester and an
overall higher activity towards similar substrates. The new introduced cysteine in position 293
does not act as catalytic residue as demonstrated in a rescue experiment of the inactive double
mutant OaACLR-D210A-L293C. The role of cysteine in the enhancement in activity might
be facilitating dimerization of the subunits, however, this hypothesis needs to be proven by

further experiments.
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9 Conclusions and future work

The three main objectives of this work were firstly to clone, express and purify homologous
ACLRs in order to characterise ACLRs with focus in their racemisation activity, in particular
towards amino acid esters. The second objective was to investigate the reaction mechanism of
ACLRs by combining structural and mutational analysis. The third objective was to use the
obtained structural information for structure-guided engineering of amino acid ester

racemisation activity in ACLRs.

The three homologous ACLRs, namely AOACLR, RfACLR and OaACLR, were selected to
be investigated in detail within this work. These ACLRs were successfully cloned into an
expression vector and optimal conditions for the heterologous overexpressed in E. coli cells
were identified. The racemases were successfully purified by a two-step chromatography
method using Ni-affinity purification and size exclusion chromatography. The enzymes were
purified to high purity, however, yields were moderate with maximal 15.3 mg L.

The activity of the purified enzymes was tested towards the L-enantiomers of ACL,
phenylalanine amide and phenylalanine methylester. All three racemases show high activity
towards the natural substrate ACL, but OaACLR was about 10-fold reduced in activity
towards ACL. RfACLR was tested with both enantiomers of ACL and did not demonstrate a
preference for one enantiomer confirming results published for AOACLR.1"° All three enzymes
racemised phenylalanine amide, again, OaACLR activity was an order of magnitude lower
than the activities determined for AOACLR and RFACLR. Interestingly, out of the three tested
ACLRs, OaACLR was the only enzyme that was active towards phenylalanine methylester.

This activity is of particular interest for the evolution of amino acid ester racemisation activity.

The investigation of the basis of the difference in the substrate scope of OaACLR and RFACLR
is of interest to gain information for the engineering of amino acid ester racemisation activity.
The structure of RFACLR complexed with ACL revealed putative catalytic residues which
were later confirmed as D210 and K267. The importance for the catalysis of aspartate in
position 210 was established by mutational analysis of the alanine replacement mutant
RfACLR-D210A and OaACLR-D210A. Evidence for the formation of different mechanism
intermediates was obtained in activity-reduced RFACLR variants. The structure of the internal
aldimine was captured in the mutant RFACLR-K241A. The structure of RFACLR-D210A
revealed the presence of the geminal diamine intermediate. Furthermore, the formation of the

achiral quinonoid intermediate was spectrophotometrically measured in the same mutant. A
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reaction mechanism via the formation of a geminal diamine and quinonoid was proposed based

on the observed intermediates.

The structure of native OaACLR was solved and compared to RFACLR. Differences in the
sequence and the conformation of active site were observed which help to explain the different
substrate spectrum of the two racemases. An aromatic cage is formed in RFACLR for highly
specific binding of the natural substrate ACL. Despite the specific binding site in RFACLR,
the structure of OaACLR revealed a more spacious and flexible active site. The tyrosine in
position 139 was found to be flexible in OaACLR whereas the conformation of the
corresponding tyrosine in RFACLR was conserved in all obtained structures. Differences in
the residues in position 51 (alanine or tryptophan) and 293 (leucine or methionine) were
highlighted in the superposed structures of OaACLR and RfACLR. To investigate the
influence of the different residue reciprocal mutagenesis of the RfACLR active site to
OaACLR was carried out. Additionally, the second shell residue in position 386 was
investigated as this residue might have a potential role in w-electron stacking with active site
residues. The reciprocal mutagenesis experiments did not gain further insight as all generated
mutants were drastically reduced in activity. Nevertheless, this stresses the importance and
complexity of molecular interactions of active and non-active site residues for the full function

of enzymatic catalysis.

For the semi-rational engineering of AAER activity the positions 51 and 293 were selected as
targets for saturation mutagenesis to improve the amino acid ester racemisation activity in
OaACLR. A photometric assay for the detection of N-acetyl amino acid racemisation was
adapted and optimised for the detection AAER activity towards the substrate phenylalanine
methylester. This assay was used for the screening of two saturation libraries of OaACLR in
position 51 or 293. The screening of 192 mutants identified one improved OaACLR mutant
with the replacement of L293 with cysteine. This mutant was further characterised and
compared the wt enzyme showing a 3.4-fold improved reaction rate for phenylalanine
methylester. OaACLR-L293C is not only improved in activity towards phenylalanine
methylester, but also for phenylalanine amide or phenylglycine methylester. The
determination of kinetic parameters suggests that substrate binding is similar for both enzymes
but the reaction rate and catalytic efficiency is higher for OaACLR-L293C. The cysteine in
position 293 does not have a catalytic role in the racemisation reaction as the double mutant
0OaACLR-D210A-L293C was inactive. The cysteine in position 293 is more likely to be

involved in interactions between both subunits and might enhance the dimer formation.

To gain further insight into intermolecular interactions in OaACLR and the substrate binding

future work could focus on obtaining a structure of the OaACLR in complex with a substrate,
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especially with phenylalanine methylester. Furthermore, a more detailed characterisation of
0OaACLR-L293C and comparison to the wt enzyme is of interest to elucidate the basis of the
improvement of AAER activity. With the hypothesis of enhanced dimerization of this mutant,
investigations into the stability of the enzyme might give evidence for this theory. The gained
information can be used for further rounds of structure-guided engineering to gain higher
AAER activities. Other residues in the active site, such as L21, L80 or V388 could be targeted

for saturation mutagenesis to improve racemisation of amino acid esters.

Having identified the catalytic residues, the investigation of the substrate recognition is also
of interest. For the successful application of an AAE racemase in DKR towards an enantiopure
amide product, it is of importance that the product is not racemised by the racemisation
catalyst. Once higher AAER activity is established, residues for the amide recognition could

be targeted to reduce the conversion of amino acid amides.
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10.1 Publication of this work

Frese, A., Sutton, P. W., Turkenburg, J. P., & Grogan, G. (2017). Snapshots of the Catalytic
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X-ray Crystallography. ACS Catalysis, 7(2), 1045-1048.
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10.3 Gene sequences and corresponding amino acid sequences

1. Uniprot Q7M181: Alpha-amino-epsilon-caprolactam racemase (AACE) from

Achromobacter obae

>Q7M181
MTKALYDRDGAAIGNLQKLRFFPLAISGGRGARLIEENGRELIDLSGAWGAASLGYGHPAIVAAVSAAAANPAGAT
TILSASNAPAVTLAERLLASFPGEGTHKIWFGHSGSDANEAAYRAIVKATGRSGVIAFAGAYHGCTVGSMAFSGHSV
QADAAKADGLILLPYPDPYRPYRNDPTGDAILTLLTEKLAAVPAGSIGAAFIEPIQSDGGLIVPPDGFLRKFADIC
RAHGILVVCDEVKVGLARSGRLHCFEHEGFVPDILVLGKGLGGGLPLSAVIAPAEILDCASAFAMQTLHGNPISAA
AGLAVLETIDRDDLPAMAERKGRLLRDGLSELAKRHPLIGDIRGRGLACGMELVCDRQSREPARAETAKLIYRAYQ
LGLVVYYVGMNGNVLEFTPPLTITETDIHKALDLLDRAFSELSAVSNEEIAQFAGW

Synthetic Gene:

ATGACCAAAGCACTGTATGATCGTGATGGTGCAGCAATTGGTAATCTGCAGAAACTGCGTTTTTTTCCGCTGGCAA
TTAGCGGTGGTCGTGGTGCACGTCTGATTGAAGAAAATGGTCGTGAACTGATTGATCTGAGCGGTGCATGGGGTGC
AGCCAGCCTGGGTTATGGTCATCCGGCAATTGTTGCAGCAGTTAGCGCAGCAGCAGCAAATCCGGCAGGCGCAACC
ATTCTGAGCGCAAGCAATGCACCGGCAGTTACCCTGGCAGAACGTCTGCTGGCAAGCTTTCCGGGTGAAGGCACCC
ATAAAATCTGGTTTGGTCATAGCGGTAGTGATGCAAATGAAGCAGCATATCGTGCAATTGTTAAAGCAACCGGTCG
TAGCGGTGTTATTGCATTTGCGGGTGCATATCATGGTTGTACCGTTGGTAGCATGGCCTTTAGCGGTCATAGTGTT
CAGGCAGATGCAGCAAAAGCAGATGGTCTGATTCTGCTGCCGTATCCGGATCCGTATCGTCCTTATCGTAATGATC
CGACCGGTGATGCAATTCTGACCCTGCTGACCGAAAAACTGGCAGCAGTTCCGGCAGGTAGCATTGGTGCAGCCTT
TATTGAACCGATTCAGAGTGATGGTGGCCTGATTGTTCCGCCTGATGGTTTTCTGCGTAAATTTGCAGATATTTGT
CGTGCCCATGGTATTCTGGTTGTTTGTGATGAAGTTAAAGTTGGTCTGGCACGTAGCGGTCGTCTGCATTGTTTTG
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AACATGAAGGTTTTGTTCCGGATATTCTGGTGCTGGGTAAAGGTCTGGGTGGTGGTCTGCCGCTGAGCGCAGTTAT
TGCTCCGGCAGAAATTCTGGATTGTGCAAGCGCATTTGCCATGCAGACCCTGCATGGTAATCCGATTAGTGCAGCA
GCCGGTCTGGCAGTTCTGGAAACCATTGATCGTGACGATCTGCCTGCAATGGCCGAACGTAAAGGTCGCCTGCTGC
GTGATGGTCTGTCAGAACTGGCAAAACGTCATCCGCTGATTGGTGATATTCGTGGTCGCGGTCTGGCCTGTGGTAT
GGAACTGGTTTGTGATCGTCAGAGCCGTGAACCGGCACGTGCAGAAACCGCAAAACTGATTTATCGTGCCTATCAG
CTGGGTCTGGTTGTGTATTATGTTGGTATGAATGGTAACGTGCTGGAATTTACCCCTCCGCTGACCATTACCGAAA
CCGATATTCATAAAGCACTGGATCTGCTGGATCGTGCATTTAGCGAACTGAGTGCAGTTAGCAATGAAGAAATTGC
ACAGTTTGCAGGCTGGTAA

2. Uniprot N6UXY4: Putative PLP-dependent transaminase from Rhizobium freirei

>N6UXY4
MAGNLYGRDGAAIGSLQKLRFFPLAVAGGQGARLVEEDGRELIDLSGAWGAASLGYGHPAITEAVSRAAANPAGAS
ILSASNAPAVALAERLTASFPGRGTHKVWFGHSGSDANEAAYRAITRATGRTGVIAFIGAYHGCTVGSMAFSGHSV
QADAAKADGLILLPYPDPYRPYQDDPTGDAVLALLKERLAAVPAGSIAAAFIEPIQSDGGLIVPPDGFLRKEFADIC
RAHGISVVCDEVKVGLARSGRLHCFEHEGFVPDILVLGKGLGGGLPLSAVIAPAEILDCASAFAMQTLHGNPVCAA
AGLAVLETIEAENLTTAAERKGKLLREGLARLAERHELIGDIRGRGLACGVELVRNRQSREPARAETAKLIYRAYE
LGLVLYYVGMNGNVLEMTPPLTMTEDEVRHAVNLLDQAFTELSTVSDTLVSQFAGW

Synthetic Gene:
ATGGCAGGTAATCTGTATGGTCGTGATGGTGCAGCAATTGGTAGCCTGCAGAAACTGCGTTTTTTTCCGCTGGCAG
TTGCCGGTGGTCAGGGTGCACGTCTGGTTGAAGAAGATGGTCGCGAACTGATTGATCTGAGCGGTGCATGGGGTGC
AGCCAGCCTGGGTTATGGTCATCCGGCAATTATTGAAGCAGTTAGCCGTGCAGCAGCAAATCCGGCAGGCGCAAGC
ATTCTGAGCGCAAGCAATGCACCGGCAGTTGCACTGGCAGAACGTCTGACCGCAAGCTTTCCGGGTCGTGGCACCC
ATAAAGTTTGGTTTGGTCATAGCGGTAGTGATGCAAATGAAGCAGCATATCGTGCAATTACCCGTGCAACCGGTCG
TACCGGTGTTATTGCATTTATTGGTGCATATCATGGTTGTACCGTTGGTAGCATGGCATTTAGCGGTCATAGTGTT
CAGGCAGATGCAGCAAAAGCAGATGGTCTGATTCTGCTGCCGTATCCGGATCCGTATCGTCCGTATCAGGATGATC
CGACCGGTGATGCAGTTCTGGCACTGCTGAAAGAACGCCTGGCAGCAGTTCCGGCAGGTAGCATTGCAGCAGCCTT
TATTGAACCGATTCAGAGTGATGGTGGCCTGATTGTTCCGCCTGATGGTTTTCTGCGTAAATTTGCAGATATTTGT
CGTGCCCATGGTATTAGCGTTGTTTGTGATGAAGTTAAAGTTGGTCTGGCACGTAGCGGTCGTCTGCATTGTTTTG
AACATGAAGGTTTTGTTCCGGATATTCTGGTTCTGGGTAAAGGTCTGGGTGGTGGTCTGCCGCTGAGCGCAGTTAT
TGCTCCGGCAGAAATTCTGGATTGTGCAAGCGCATTTGCCATGCAGACCCTGCATGGTAATCCGGTTTGTGCAGCC
GCAGGTCTGGCCGTTCTGGAAACCATTGAAGCCGAAAATCTGACCACAGCAGCAGAACGTAAAGGTAAACTGCTGC
GTGAAGGCCTGGCACGCCTGGCCGAACGTCATGAACTGATCGGTGATATTCGTGGTCGTGGTCTGGCCTGTGGTGT
TGAACTGGTTCGTAATCGTCAGAGCCGTGAACCGGCACGTGCAGAAACCGCAAAACTGATTTATCGTGCATATGAA
CTGGGTCTGGTGCTGTATTATGTTGGTATGAATGGTAATGTGCTGGAAATGACCCCTCCGCTGACCATGACCGAAG
ATGAAGTTCGTCATGCAGTTAATCTGCTGGATCAGGCATTTACCGAACTGAGCACCGTTAGCGATACCCTGGTTAG
cC

3. Uniprot Q06K28: Putative amino acid amide racemase from Ochrobactrum anthropi

>Q06K28
MOTPLSLRERDARVIAEIGRLRFSPLSLIGGKGNRLIEEGGRSILDLSGSAGPAALGYGHPAIVEAVEKSVRDMAG
ASLLLYPNEAAVSLAEDLLRITPGNGERRVWEGHSGSDANDCAVRVLTAATKRSRIISFIGSYHGNLTGSMGISGH
TAMTHTLPRPGVLLLPYPDPFRPRFSAEAVLELLDYHFATSCPPEQVAAVFIEPILSDGGLVVPPPAFLEALQDRC
RKHGILVVVDEVKVGLGRTGLMHCFQHEGLEPDMVVEFGKGLGGGLPLSAVVGPQWVMDHAPAFVLQTTAGNPVATA
AGRAVLNTIERQGLAQRSERVGGIFADRLRRLSDKHSIIGDVRGRGLAIGVDLVSDRGSREPAPVTTTAKIIYRGY
QLGAAFTYVGLNANVLEFMPPLTLTEPEIDEAADIVDQAIGDVLDGKVADSDVAHFMMW

Synthetic Gene:

ATGCAGACACCGCTGAGCCTGCGTGAACGTGATGCACGTGTTATTGCAGAAATTGGTCGTCTGCGTTTTAGTCCGC
TGAGTCTGATTGGTGGTAAAGGTAATCGTCTGATTGAAGAAGGTGGTCGTAGCATTCTGGATCTGAGCGGTAGCGC
AGGTCCGGCAGCACTGGGTTATGGTCATCCGGCAATTGTTGAAGCAGTTGAAAAAAGCGTTCGTGATATGGCAGGC
GCAAGCCTGCTGCTGTATCCGAATGAAGCAGCAGTTAGCCTGGCAGAAGATCTGCTGCGTATTACACCGGGTAATG
GTGAACGTCGTGTTTGGTTTGGTCATAGCGGTAGTGATGCAAATGATTGTGCAGTTCGTGTTCTGACCGCAGCAAC
CAAACGTAGCCGTATTATTAGCTTTATTGGTAGCTATCATGGTAATCTGACCGGTAGTATGGGTATTAGCGGTCAT
ACCGCCATGACCCATACCCTGCCTCGTCCGGGTGTTCTGCTGCTGCCTTATCCGGATCCGTTTCGTCCGCGTTTTT
CAGCAGAAGCAGTGCTGGAACTGCTGGATTATCATTTTGCAACCAGCTGTCCGCCTGAACAGGTTGCAGCAGTTTT
TATTGAACCGATTCTGAGTGATGGTGGTCTGGTTGTTCCGCCTCCGGCATTTCTGGAAGCACTGCAGGATCGTTGT
CGTAAACATGGTATTCTGGTTGTGGTTGATGAAGTTAAAGTTGGTCTGGGTCGTACCGGTCTGATGCATTGTTTTC
AGCATGAGGGTCTGGAACCGGATATGGTTGTTTTTGGTAAAGGCCTGGGTGGTGGCCTGCCGCTGAGCGCAGTTGT
TGGTCCGCAGTGGGTGATGGATCATGCACCGGCATTTGTTCTGCAGACCACCGCAGGTAATCCGGTTGCCACCGCA
GCAGGTCGTGCAGTTCTGAATACCATTGAACGTCAGGGTCTGGCACAGCGTAGCGAACGTGTTGGTGGTATTTTTG
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CAGATCGCCTGCGTCGTCTGAGCGATAAACATAGCATTATTGGTGATGTTCGTGGTCGTGGTCTGGCAATTGGTGT
TGATCTGGTTAGCGATCGTGGTAGCCGTGAACCGGCACCGGTTACCACCACCGCAAAAATCATTTATCGTGGTTAT
CAGCTGGGTGCAGCATTTACCTATGTTGGTCTGAATGCAAATGTGCTGGAATTTATGCCTCCGCTGACCCTGACCG
AACCGGAAATTGATGAAGCCGCAGATATTGTTGATCAGGCAATCGGTGATGTACTGGATGGTAAAGTTGCAGATAG
TGATGTTGCCCATTTTATGATGTGGTAA

10.4 Buffers for solubility screen

Table 42: Buffers used for solubility screen of RFACLR-W49A-M293L.

100 mM HEPES, 1 M MgSOa, pH 7.0 1
100 mM HEPES, 100 mM sodium glutamate, 5 mM DTT, pH 7.0 2
100 mM HEPES, 100 mM KCl, pH 7.0 3
100 mM HEPES, 50 mM LiCl, 0.1 % CHAPS, pH 7.0 4
100 mM HEPES, 50 mM LiCl, 0.1 % deoxycholate, pH 7.0 5
100 mM HEPES, 50 mM (NH4),S04, 10 % glycerol, pH 7.0 6
100 mM K;HPO4/KH2PO4, 2.5 mM ZnCl,, pH 4.3 7
100 mM K,HPO4/KH,PO4, 50 mM (NH4),S04, 0.05 % dextran sulfate, pH 6.0 8
100 mM K;HPO4/KH,PO4, 50 mM (NH4),S04, 1 % Triton X-10, pH 6.0 9
250 mM K;HPO4/KH,PO4, 0.1 % CHAPS, pH 6.0 10
100 mM potassium acetate, 50 mM NaCl, 0.05 % dextran sulfate, 0.1 % 11
CHAPS, pH 5.5

100 mM sodium acetate, 1 M MgSQ,, pH 5.5 12
100 mM sodium acetate, 100 mM glutamine, 10 mM DTT, pH 5.5 13
100 mM sodium acetate, 100 mM KCl, 0.1 % n-octyl-B-D-glucoside, pH 5.5 14
100 mM sodium acetate, 50 mM LiCl, 5 mM CaAc, pH 5.5 15
100 mM triethanolamine, 100 mM KCl, 0.05 % dextran sulfate, pH 8.5 16
100 mM triethanolamine, 100 mM KCI, 10 mM DTT, pH 8.5 17

100 mM triethanolamine, 100 mM sodium glutamate, 0.02 % n-octyl-B-D- 18
glucoside, 10% glycerol, pH 8.5

100 mM triethanolamine, 50 mM (NH4);S04, 10 mM MgSQ,, pH 8.5 13
100 mM triethanolamine, 50 mM LiCl, 5 mM EDTA, pH 8.5 20
100 mM Tris, 1 M (NHa); SO4, 10 mM DTT, pH 8.2 21
100 mM Tris, 10 % glycerol, pH 7.6 22
100 mM Tris, 100 mM KCl, 0.1 % deoxycholate, 25 % glycerol, pH 7.6 23
100 mM Tris, 100 mM KCI, 2 mM EDTA, 1 % Triton X-100, pH 8.2 24
100 mM Tris, 100 mM sodium glutamate, 10 mM DTT, pH 8.5 25
100 mM Tris, 2 M NaCl, 0.1 % n-octyl-B-D-glucoside, pH 7.6 26
100 mM Tris, 50 mM NaCl, 10 % 'PrOH, pH 8.2 27
100 mM Tris, 50 mM NaCl, 100 mM urea, pH 8.2 28
100 mM Tris, 50 mM NaCl, 5 mM CaAc, pH 7.6 29
100 mM Tris, 50 mM LiCl, pH 7.6 30
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10.5 Data collection details for ACLR crystals

Table 43: Data collection and refinement statistics.

Appendix

RfACLR-PheNH;

Native OaACLR Native RFACLR Complex RfACLR RfACLR-K241 RfACLR-D210A
Ligand No ligand No ligand PheNH, L/D'AC.L |_nternal ACIT ge_mmal oy gx'gernal
aldimine diamine aldimine
Data collection statistics
Beamline i04 i02 i04 i04 i04-1 i02
Wavelength A 0.97949 0.97949 0.97949 0.97949 0.92819 0.97949
Space group P2:1 C2, C2, C2, C2, C2,
a=64.6 a= 87.6; b=76.5: a=81.6 a= 87.7; b=T7.7; a= 86.2; b=79.1; a= 86.1
b=135.0 = b=76.8 = - b=775
. _ c=58.6, _ c=57.6, ¢=59.0, _
Unit cell (A) c=88.6 o c=58.7 o o c=58.5
e o=y=90.0, e a=y=90.0, o=y=90.0, _
o=y=90.0, B=113.1 o=y=90.0, B=112.7 B=112.8 o=y=90.0,
B =90.3 ' B=113.5 ' ' B=113.7
. 64.0-2.00 55.5-1.40 45.79-1.50 (1.53- 55.27-1.93 (1.99-
Resolution A (2.06-2.00) 55.47-1.56 (1.77-1.56) (1.45-1.40) 45.03-1.51 (1.54-1.51) 1.50) 1.86)
. . 105379 49972 66102
Unique reflections (8554) (3696) (6871) 55609 (2734) 57829 (2836) 29415 (2171)
Completeness (%) 98.5 (98.6) 98.9 (99.8) 98.1 (86.9) 99.6 (99.8) 99.2 (99.8) 99.3 (99.7)
Multiplicity 4.2 (4.3) 4.0 (4.1) 3.9(2.6) 4.1 (4.2) 4.1 (4.2) 4.0 (4.0)
Rmerge 0.11 (0.72) 0.06 (0.70) 0.07 (0.18) 0.03 (0.06) 0.03 (0.22) 0.22 (0.88)
Rpim 0.09 (0.53) 0.05 (0.60) 0.06 (0.14) 0.02 (0.05) 0.02 (0.18) 0.18 (0.74)
o (1)? 7.6 (2.1) 12.0(1.8) 21.0 (5.0 33.9 (17.6) 26.1 (5.9) 4.9 (1.3)
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Refinement statistics

Reryst (%) 19.5 15.0 19.1 16.2 14.0 19.6
Riree (%) 23.0 185 23.1 19.5 16.7 25.0
Root mean square bond 0.014 0.02 0.024 0.03 0.03 0.02
lengths (A)

Root mean square bond 155 2.12 2.23 2.4 25 2.0

angles (degree)

Average B main chain (A% 28 17 12 13 14 13
Average B side chain (A2 32 22 15 16 17 16
Average B water (A?) 32 32 25 26 26 16
Average B ligand (A2 - - 31 18 21 17

154




Appendix

10.6 Separation of substrate enantiomers by chiral HPLC
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Figure 117: Separation of a mixture of b/L.-ACL by chiral HPLC.
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Figure 118: Separation of a mixture of b/L-PheNH2 by chiral HPLC.
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Figure 119: Separation of a mixture of b/L-PheOMe by chiral HPLC.

10.7 Kinetic parameters of OaACLR-L293C and OaACLR

Table 44: Kinetic parameters obtained from curves with non-linear fitting according to the Michaelis-
Menten equation.

Km Vmax Ki

(mM) (LM*s) (mM)

OaACLR 2.8 0.05 n.d.
OaACLR-L293C 5.6 0.34 n.d.

Table 45: Kinetic parameters obtained from curves with non-linear fitting according to the substrate
inhibition equation.

Km Vmax Ki
(mM) (UMs) (mM)
OaACLR 464.7 35 0.38
0OaACLR-L293C 60.8 1.7 12.9
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Abbreviations

3D
AAO
API
AAE
°C
C(C)E
BCA
BSA
BSAAR
bp

cm

Ccv

ee
DOPA
FAD
FT

GABA
HRP

IPTG

K

L

LIC

LB medium
pL

min

MeOH

Abbreviations

Three-dimensional

Amino acid oxidase

Active pharmaceutical ingredient
Amino acid ester

Degree Celsius

Crude cell extract

Bicinchoninic acid

Bovine serum albumin

Broad spectrum amino acid racemase
Base pair

Centimetre

Column volume

Extinction coefficient
Enantiomeric excess
L-3,4-dihydroxyphenylalanie
Flavin adenine dinucleotide
Flow through

Guanine

y-aminobutyric acid

Horse radish peroxidase
Isopropyl B-D-1-thiogalactopyranoside
Keto

Litre

Ligation independent cloning
Lysogeny broth

Microlitre

Minutes

Methanol
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mM
mL

MWM

NAAR
NAMN
n.d.

nm

oD
PAGE
PEG
PMP
Rpm
SDS
Sp
Subsp
T

TA
TLC
TB medium
U

wiv

Abbreviations

millimolar

Millilitre

Molecular weight marker
Nucleotide

N-Acetyl amino acid racemase
Nicotinic acid mononucleotide
not determined

Nanometres

Optical density
Polyacrylamide gel electrophoresis
Polyethylene glycol
Pyridoxamine 5° phosphate
Rounds per minute

Sodium dodecyl sulfate
Species

Subspecies

Thymine

Transaminase

Thin layer chromatography
Terrific broth

Units

weight per volume
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