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Chapter 1

General introduction




Chapter 1

Antibiotics

Modern healthcare strongly depends on antibiotics. In the past decades the research for
new antibiotics has yielded not only many novel compounds, but also insight in their
mechanisms of action. Different antibiotics affect several essential processes in the
prokaryotic cell. They can interfere with DNA, RNA or protein synthesis, or in the
construction of the cell wall or membrane. One of the first identified and still most
important classes of antibiotics are the p-lactam antibiotics, which interfere with cell
wall synthesis. They account for about 65% of the worldwide antibiotic prescriptions
and their total sales are now estimated to be US$ 15 billion [,

History of p-lactam antibiotics

Although Alexander Fleming already discovered penicillin in 1928 ', it was not until
the second world war that penicillin G (penG) was isolated, characterised and produced
at a large scale. This resulted in improved antibacterial therapy around the world.
Unfortunately, since this wonderdrug killed a lot of different bacteria, it was used
almost unlimited although effects on the natural equilibrium of micro organisms had not
been properly investigated. Further research revealed that the instability of penG
hampers easy administration and some pathogens are not as sensitive to penG.
Moreover, the abundant use has resulted in the occurrence of novel variants of
pathogenic bacteria resistant towards this compound. This has created the need for new
B-lactam antibiotics that are more effective and more stable . The substitution of the
side chain of penG, phenyl acetic acid, with other side chains like D-phenylglycine and
D-p-hydroxyphenylglycine, resulted in the semi-synthetic p-lactam antibiotics
ampicillin and amoxicillin (Figure 1), respectively, which are more stable and can be
orally administered. Substitutions at C2 of the penicillin core resulted in new B-lactam
antibiotics to which resistant bacteria are sensitive.

Another step forward in the quest for new antibiotics was the use of derivatives of
cephalosporin C (CPC, Figure 1). The isolation of CPC from Acremonium chrysogenum
(formerly known as Cephalosporium acremonium) was first described in 1955 .
Although CPC can not be used clinically, since its antibacterial activity is too low in the
body, it was an interesting compound because of its in vitro activity towards gram
negative bacteria. Unfortunately, the production of CPC turned out to be much more
difficult than penG since the formation of this compound in the fungus is not uniform.
A. chrysogenum produces the closely related intermediates deacetylcephalosporin C and
penicillin N in considerable amounts as well ®\. These intermediates hardly display any
antibiotic action, but are difficult to separate from CPC, resulting in low yields of the
desired product.

Since the antibiotic properties of cephalosporins and penicillins were similar in vitro,
the relationship between them was readily studied and the chemical relationship
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Introduction

between their skeletons was discovered. In 1963 Morin et al. described the expansion of
the five membered thiazolidine ring of penicillin G to a six membered dihydrotiazine
ring, resulting in the cephalosporin core 7-aminodesacetoxycephalosporanic acid
(7-ADCA) . This finding was the first step towards the clinically used semi-synthetic
variants of cephalosporins, cephalexin and cefadroxil (Figure 1), which have the same
side chains as ampicillin and amoxicillin respectively.

Natural B-lactam antibiotics
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Figure 1. Some (semi-synthetic) B-lactam antibiotics and their precursors
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Chapter 1

Production of g-lactam antibiotics

The processes for large scale production of B-lactam antibiotics have gone through
several drastic changes over the past 50 years. It is therefore a very nice example of the
insights and achievements in biotechnology over the past decades ™. Up to the 90’s,
the only ‘bio’ component in the production of these B-lactam antibiotics was the
fermentation of P. chrysogenum and A. chrysogenum. All modification were
accomplished by chemical synthesis. The phenyl acetyl side chain was cleaved off and
the remaining 6-aminopenicillanic acid (6-APA) was protected and coupled to the
appropriate side chain. In one variation to obtain cephalosporins, the five membered
ring of penG was first expanded chemically to get phenylacetyl-7-ADCA using
hazardous chemicals at extremely low temperatures, thereby using a lot of energy. In
the early 1960’s penicillin G acylase was found to hydrolyse the side chain from the
B-lactam core. This process was, however, very inefficient and expensive, since the
enzyme was produced at low yields and discarded after each cycle. Consequently, the
chemical routes for production of B-lactam antibiotics were further optimised and used
until the 1990°s. At the same time, research towards biocatalytic routes remained an
active field, not in the least due to the fact that the chemical approach produces a lot of
waste. The production of cephalexin, for example, which has an annual consumption of
about 3000 tons nowadays, generates a waste of 30-40 kg per kg of end product 1!,
Since environmental issues have become more important and the cost for waste disposal
has increased enormously in the last decade, it is worthwhile to look into more
sustainable processes to produce semi-synthetic antibiotics.

The first enzyme to be used in the production of semi-synthetic B-lactam antibiotics was
the penG acylase mentioned above. Yields of this enzyme have been highly improved
thanks to genetic engineering. It was used for both the hydrolysis of the phenyl acetic
side chain from penG and the synthesis of a new aromatic side chain onto 6-APA. Since
the deacylation of penG is an equilibrium process, choosing the right conditions will
direct the enzymatic reaction towards either hydrolysis or synthesis. A lot of research
effort was put into optimising reaction conditions for the enzymatic synthesis of semi-
synthetic antibiotics, but this lies outside the scope of this thesis /. The hydrolytic
process became more efficient by screening different bacterial and fungal strains for the
acylase and using recombinant DNA technologies in order to get a more efficient, stable
and highly produced enzyme. Furthermore, fermentation conditions for the production
of penicillin acylase and reaction conditions for hydrolysis of the substrate were
optimised ™. The immobilisation of the enzyme resulted in the possibility of recycling
the biocatalyst and thereby reducing enzyme costs I, The production of the right stereo-
isomer of the side chain was also optimised. By the use of an enzyme which produces
only the wanted isomer of the side chain and racemisation of the non-used substrate,
conversions of > 95% can be obtained .
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Introduction

Optimising production of cephalosporins has been pursued along two different routes,
since both 7-aminocephalosporanic acid (7-ACA) and 7-ADCA are precursors for semi-
synthetic cephalosporins, like cephalexin, cephaclor, cephuroxim, cephotaxim and
cephixim. First, the production of 7-ACA from CPC produced in A. chrysogenum was
optimised. In order to get 7-ACA, the D-a-amino adipyl side chain has to be hydrolysed
from CPC. Since the chemical hydrolysis of this side chain is very expensive, extensive
screening of organisms around the world was performed in order to find an enzyme
capable of hydrolysing the side chain of CPC. However, this has not resulted in the
identification of an efficient enzyme yet. Although different groups claimed to have
isolated a cephalosporin acylase, the activities of these enzymes towards CPC are at
least a factor 100 slower than towards glutaryl-7-ACA "3 Therefore, a two step
approach is used nowadays. First, a D-amino acid oxidase removes the amino group
from the side chain. A spontaneous conversion of the resulting ketoadipyl-7-ACA into
glutaryl-7-ACA supplies the substrate for the glutaryl acylase. These enzymes are also
immobilised and re-used in subsequent cycles of deacylating CPC 24,

The other route towards semi-synthetic cephalosporins starts from 7-ADCA. The
production of 7-ADCA out of 6-APA by ring expansion was approached. Since
A. chrysogenum and other fungi, like Streptomyces clavuligerus, produce B-lactam
antibiotics with 6-membered rings, the genes for this expansion process were readily
discovered and cloned. Unfortunately, the produced enzymes were not capable to
expand the 5-membered ring of 6-APA, penG or penicillin V in vitro ™. Mutagenesis
and recombination of the expansion genes towards these substrates as well as optimising
process conditions were pursued and slowly led to some successes, which lie outside the
theme of this thesis "), In another approach adipic acid instead of phenyl acetic acid
was fed to the P. chrysogenum strain containing the native gene, resulting in a high
production of adipyl-7-ADCA 8. Cleaving off the adipyl chain results in a cost
effective production of 7-ADCA. Although a true adipyl acylase is not available, the
cephalosporin acylases mentioned above are capable of hydrolysing the adipic side
chain from adipyl-7-ADCA to some extent. In order to make this process economically
feasible, enzymatic reaction conditions were optimised ™.

A similar approach was used in A. chrysogenum. It was found that the organism
produces several different p-lactam compounds because of the double activity of an
expandase/hydrolase enzyme encoded by the cefEF gene. To discard the unwanted
compounds, the normal route for production of CPC was blocked by inactivating the
step from penicillin N to deacetylcephalosporin C, and introducing the cefE gene from
S. clavuligerus. This gene encodes an expandase enzyme without hydrolytic activity,
resulting in a more pure end product, desacetoxycephalosporin C (= amino adipyl-
7-ADCA) 2,
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Chapter 1

p-lactam acylases

All B-lactam acylases mentioned above are part of the family of penicillin amidases (EC
3.5.1.11) and are found in bacteria, yeast and fungi. Several members of this large class
of enzymes are widely used in industry, mainly in the production of 6-APA and the
synthesis of semi-synthetic B-lactam antibiotics, but also in peptide synthesis and the
resolution of racemic mixtures of chiral compounds .

All acylases show structural similarity and they are members of the N-terminal
nucleophile (Ntn) hydrolase family 2. This family consists of enzymes containing
one to four heterodimers. The gene is transcribed into one propeptide which folds and
cleaves itself into the heterodimer. Upon cleavage, the N-terminal amino acid of the
B-subunit is liberated. This amino acid, a Ser, Thr or Cys, is the active site residue that
performs the nucleophilic attack. In cephalosporin and penG acylases the N-terminal
residue is a Ser. The OH-group on the side chain of this Ser attacks the peptide bond
between the B-lactam core and its side chain. The free terminal NH of the same Ser and
a water molecule assist in this nucleophilic attack. The side chain is released and the
B-lactam core is covalently attached to the Ser. An attack of a second water molecule
releases the core and brings the enzyme back to its original state (Figure 2).

B-lactam acylases are divided into several subfamilies. This classification used to be
based on their substrate specificities towards p-lactam antibiotics . In this
classification the enzymes are roughly divided into two classes: the penicillin acylases
and the cephalosporin acylases. Since the natural function of these enzymes is still not
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Figure 2. Catalytic mechanism of glutaryl acylase.

The nucleophilic oxygen of Ser199 donates its proton to its own a-amino group and attacks the
carbon from the peptide bond of the substrate. The tetrahedral intermediate is stabilised in the
oxyanion hole. The core is released upon the donation of the proton of the a-amino group to the
nitrogen of the scissile bond. Then, the hydroxyl group of an incoming water attacks the carbonyl
carbon of the side chain and donates its proton to the a-amino group again. The reaction is complete
upon the donation of this proton to the side chain, to release it from the enzyme.

R = core (B-lactam core or leucine), R’= side chain (glutaryl, adipyl or amino adipyl).
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fully understood, all cloned cephalosporin acylases are nowadays classified into five
classes according to their gene structure, molecular masses and enzyme properties !,
The enzymes in the different classes do exhibit different substrate specificities towards
glutaryl-7-ACA and CPC. The activity towards CPC is rather low, only 0% to 4%
relative to glutaryl-7-ACA hydrolysis. The cephalosporin acylases of class | and 1l
show the highest activity towards CPC %, The enzymes of class I are transcribed into a
precursor protein of 70 kDa, which comprises a signal peptide, an a-subunit of 16 kDa,
a spacer peptide and a p-subunit of 54 kDa (Figure 3). The exact number of amino acids
in the signal and spacer peptides differs per enzyme. The acylases that belong to this
group are isolated from Pseudomonas SY-77 ™ Pseudomonas GK-16 [
Pseudomonas C427 ! Pseudomonas sp. 130 *! and Pseudomonas diminuta KAC-1
(12 and show high similarity to each other (> 90% identity). Despite these similarities
every enzyme was numbered in a different way. Since this thesis deals with the glutaryl
acylase of Pseudomonas SY-77, the numbering of all base pairs and amino acids in it
are according to the numbering of this enzyme 8. Crystal structures of both the mature
and precursor structure from Pseudomonas GK-16 ¥ and P. diminuta KAC-1 03
have been determined. The structures are almost identical except for the spacer peptide
in the precursor structure. These crystal structures revealed that the spacer peptide is
most likely autocatalytically cleaved, which was already proposed in biochemical
studies. The cleavage of the side chain from glutaryl-7-ACA is a typical Ntn-hydrolysis
(Figure 2). During this reaction the amino acids Asn442 and Val268 most likely form
the anion hole to stabilise this reaction . The substrate is positioned towards the active
site serine by hydrophobic residues around the aliphatic side chain, while charged and
hydrophilic residues deeper inside the enzyme interact with the negatively charged head
of the substrate. The B-lactam core is positioned outside of the enzyme and seems to
have very little interaction with the enzyme *2. This explains the observation that the
enzyme can hydrolyse all kinds of substrates with a glutaryl side chain, like glutaryl-
7-ACA and glutaryl-6-APA, but also glutaryl-leucine and glutaryl-serine and esters with
glutaryl side chains 3, This feature makes the glutaryl acylase an ideal candidate to
be optimised for the sustainable production of the world largest market of intermediates
for antibiotics resulting in a totally “green” route by protein engineering.

[ ] [
SS o sp B

Figure 3. A glutaryl acylase gene
ss, signal sequence; o, a-subunit; sp, spacer peptide; B, B-subunit

Protein engineering of biocatalysts

Enzymes are able to catalyse all kinds of chemical reactions. They can perform
conversions in minutes or even seconds which would take hundreds of years without
their interference, which means that they are able to enhance the rate of chemical
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reactions with a factor up to 10* B4, Furthermore, they catalyse reactions which are
difficult to perform by chemical methods, like the enantio- or regioselective hydrolysis
or addition of chiral groups. All of these features are generally displayed at room
temperature under mostly aqueous conditions. Consequently, there is a strong industrial
interest in the replacement of traditional chemical processes with bioconversions. The
research towards the use of biocatalysts is mainly driven by the exploration of
sustainable technologies for the production of chemicals (green routes) and production
of more selective and complex active ingredients in a pharmaceutical and agrobiological
context !, This remains a big challenge, since new biocatalytic processes also have to
compete economically with the well-established chemical processes which are
optimised for years. Although many complicated chemical reactions can be efficiently
performed by biocatalysts, nature demands different properties from enzymes than
industry does. In nature most reactions occur at moderate temperatures in agqueous
media, while an enzyme in an industrial process usually needs to be as stable as possible
in an environment of higher temperatures, high substrate concentrations, sheering forces
and organic solvents. Therefore, most enzymes found in soil and water may display the
desired activity, but are generally not suited for industrial use . Furthermore, for
numerous industrial chemical processes an adequate enzyme can not be readily found in
nature, implying that there is a need for novel biocatalysts. Enzymes with the desired
activity under industrial conditions can be obtained by optimising process conditions
and by protein engineering.

Rational design of new enzyme functions

The most obvious way of generating novel enzyme functions is starting from enzymes
with related properties or a small activity towards the desired substrate P71, The largest
effects in protein engineering are obtained by mutating the key residues for enzyme
activity, which are often present in the active site where they play a role in the actual
enzymatic reaction or may be involved in stabilisation or binding of the substrate.
Changing of these residues may improve the enzyme towards the wanted activity. The
identification of important active site residues has been speeded up by the crystallisation
of numerous enzymes in the past years. The crystal structure of an enzyme usually gives
a clue about the residues that are involved in catalysis, especially when the substrate or
a similar component is co-crystallised. Interactions between substrate and enzyme or
between amino acids in the enzyme itself can be deduced from distances between the
linked atoms. Unfortunately, crystal structures show only one possible state the enzyme
can accept, which may imply that certain dynamic shapes of the enzyme will never be
seen. This makes it difficult to fully comprehend the catalytic process from a single
crystal structure and may lead to ignoring important residues. Nevertheless, the crystal
structure of an enzyme or a close relative thereof is a good start to search for residues
that should be changed in order to modify the activity of an enzyme. Modelling of the
altered protein can help a researcher in choosing the right alternatives. The changes in
the enzyme can be made at the DNA level by site-directed mutagenesis and the resulting
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mutant enzyme can be produced and tested on the desired substrate. A lot of progress
has been made in this field as can be seen in the many research articles and reviews
about this subject. Unfortunately, rational design predictions do not always result in the
desired activities, since the current knowledge about structure-function relation is still
not good enough 8. Crystallisation of mutant enzymes gives the opportunity to
compare the new structure with the original enzyme and in an iterative approach the
model and prediction of important residues can be improved. Progress is also being
made in the field of bio-informatics and the algorithms of computer programs predicting
the structure of a mutant enzyme are still becoming better **#%. It is, however, obvious
that large modifications in enzyme properties can not be achieved by the change of only
one or a few residues. The prediction of implications of drastic changes including
several amino acids for the enzyme structure and activity, however, go far beyond our
present knowledge and computational power.

Directed evolution of proteins

Many enzymes and enzyme classes are still not crystallised yet. This leaves a large
number of enzymes unexplorable by rational design. Fortunately, this gap is filled by a
newer branch of protein engineering: random mutagenesis. Mother nature has given us a
good example how new enzymes with new activities can be evolved from existing ones.
In the last decades, research has been focused on mimicking and accelerating this
process in the laboratory. Since this evolution process is performed at the DNA level it
was first called molecular evolution. But the technique itself is only a means to an end;
the evolution of an enzyme is always directed towards a certain wanted activity by the
researcher. Therefore, it nowadays is called directed evolution. All directed evolution
experiments do have the same general scheme to discover the best mutant enzyme.

Methods of engineering, mutagenesis

In nature, evolution and creation of new functionalities is achieved by mutagenesis,
recombination and survival of the fittest. The constantly continuing process of
mutagenesis is the easiest one to copy in the lab. Mutations can be introduced at specific
places using site-directed or at random mutagenesis throughout the gene. During site-
directed mutagenesis an amino acid can be changed into one or more other amino acids
(site-saturation mutagenesis). The mutagenesis is generally performed using
oligonucleotides with altered bases. Introduction of these oligos is normally PCR based
and is a common tool in DNA manipulation Y. Different variations to this theme have
also been described M>*4. Although most site-directed mutagenesis protocols provide
for the creation of only one mutation, it is not limited to this one amino acid change.
Different methods to mutagenise more than one amino acid in one experiment have
been developed, like QuikChange Multi Site-Directed Mutagenesis “*) and TAMS
technology 1. Although both methods claim to be highly efficient for multiple-site
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mutagenesis, the efficiency of mutagenesis decreases drastically with every additional
mutational site [*°!. Site directed mutagenesis in situ can be achieved by transplacement
of the mutation from template plasmids to phage DNA using cross over events 7.
Random mutagenesis can be performed in vivo or in vitro. Mutagenesis in vivo is
performed by transforming a plasmid containing the gene to be mutagenised to a
mutator E. coli strain. These strains lack DNA repair mechanisms “® or contain a
modified polymerase with lower fidelity “* resulting in the introduction of mutations in
total DNA during growth. The optimal growth time has to be established, since
replicating plasmids for more cycles in the mutator strain will introduce more mutations
in the gene of interest, but also in the chromosome, reducing viability of the bacteria. In
vitro mutagenesis can be divided into two categories. The first strategy is based on
modifications of the PCR reaction and called error-prone PCR (epPCR). Mutations are
introduced by providing non-optimal conditions for a DNA polymerase, which will lead
to more mismatches during extension and thus mutations in the gene of interest. The
frequency of mutations introduced by this epPCR can be controlled by the amount of
Mg?®*, by addition of Mn?*, by using unbalanced or high concentrations of dNTPs, by
the amount of template, by the kind of polymerase and finally by varying the extension
time of the PCR. The effect of these parameters are different on every template and
have to be established for each gene to be mutagenised °!. To circumvent mutational
bias, the original protocol was changed by modifying PCR conditions ®" or using a
mutated polymerase which is supposed to give unbiased mutations ®2. In another in
vitro random mutagenesis approach triphosphate derivatives of nucleoside analogues or
universal bases are used in the PCR. These analogues can pair with different bases,
thereby introducing all mutations possible. Mutation frequencies can be controlled by
the amount and nature of nucleoside analogues and the number of PCR cycles %4,
Besides mutational bias there is also bias present in the coding of amino acids, because
of the degeneracy in the genetic code ). In order to circumvent this bias, methods that
are based on the mutagenesis of codons rather than single amino acids were established,
like MAX % and RID 7. In the latter approach up to five codons can be randomly
deleted and inserted, which is also a well known feature in evolution.

Mutation frequency is an important parameter in directed evolution. More mutations
increase the possibility of finding a totally new activity, but also disrupt the overall
structure of the enzyme. A mutation frequency of 1-3 mutations per gene, or in case of a
large gene per 1000 bps, is commonly regarded as a good rate for finding improvements
of the desired activity of an enzyme. Hypermutation is thought to result in too many
non-functional mutants and is therefore hardly used, although some nice results have
been reported 859,

Methods of engineering, recombination

In nature, more radical changes in evolution originate from recombination. The
crossovers between chromosomes of ones father and mother in the production of eggs
and sperm, and the highly variable parts of antibodies are good examples of this
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process. Almost 10 years ago, Pim Stemmer was the first one to recognise this and use it
for mimicking evolution %Y The technique is called shuffling and is based on the
mixing and subsequent joining of different small DNA fragments in order to form a
complete new gene (Figure 4). In the process of shuffling, both recombination
frequency and homology are important. A high degree of recombination is important to
get all possible combinations of mutations. The homology is needed for the
reconstruction of a full-length gene, which will be translated into a protein that should
be able to fold into a soluble and active enzyme. Since the small DNA fragments prime
each other in order to become a full-length gene, they need to have an overlap of at least
14 bps Y. This implicates that mutations which are closer together have less chance of
being separated.

In order to find the best protein it is important to start from an comprehensive library.
This library can be created by random mutagenesis or by using the diversity already
present in nature. This last method is called family-shuffling 2 and uses similar genes
from the same organism (orthologues) or the same genes from different organisms
(paralogues). Since the best results are obtained with a lot of different parents which
have an average homology > 80%, family shuffling is more appropriate for eukaryotic
gene families, which usually have more members. In prokaryotic genomes appropriate
related genes suited for gene shuffling are often absent. Recently, the exploitation of the
metagenome has largely expanded the available sequence space of prokaryotic enzymes
%31 This involves the use of randomly picked sequences from soil or water and shuffling
the gene of interest with homologous genes with unknown functions.

In the last decade at least 20 different methods were developed to be able to shuffle
genes with lower homology, to improve mutant libraries by negative selection for wild
type sequences or to get a less biased library 4 (Table 1). Most new methods have been
invented to solve drawbacks and failures using the original protocol. Although these
procedures aim to solve one problem, they usually appear to create another one. For
example, it is difficult to start with highly different parent genes and still reach a high
recombination frequency. Methods aiming at higher recombination frequencies start
with more homologues parents, thereby introducing fewer mutations. So they have a
smaller chance to result in enzymes with totally new activities. On the other hand,
methods have been developed to recombine genes without any homology. These
processes result mainly in only one crossover, although some methods do generate
multiple crossovers at fixed places. Another way of obtaining a high recombination
frequency is starting from synthetic oligonucleotides. The advantage of this method is
that any mutant can be constructed and thereby the largest possible sequence space can
be explored. An additional advantage is the possibility to use other codons than the
original ones in order to obtain more homology. Furthermore, the preferred codon usage
for the expression host can be applied in the synthetic oligonucleotides. The largest
disadvantages of synthetic methods are the high costs and the large size of the library,
which quickly exceeds the most elaborate screening and selection methods . Other
conflicting parameters seem to be speed and bias. Recombination methods that aim for
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Figure 4. The basic scheme of shuffling.
The starting pool of mutant DNA can be either a mutated gene or a family of related genes.
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the generation of unbiased libraries all consist of numerous steps in order to achieve
this, resulting in more elaborate procedures, while quick protocols normally result in
more wild type background and a biased library. Most of the mentioned methods
resulted in good libraries of mutants. Therefore, the choice for one or another strategy is
usually led by the size of the protein, the goal of the research, the existence of
homologous proteins, the selection and/or screening capacity and practical issues like
the equipment and expertise in the research group. Although many different protocols
have been described in the last decades, they can be divided into six categories of
underlying ideas which each have their own advantages and disadvantages (Table 1).

Table 1. Different recombination techniques with their main advantages and

disadvantages

Group

Technique

Members [

Shuffling

Full length parent
shuffling

Single cross over

Domain
swapping

In vivo
recombination

Synthetic
shuffling

Recombination of small fragments based on
homology in the sequence between mutations that
stem from all kinds of mutagenesis strategies or
different family members.
Aims for high recombination, but difficult to
separate close mutations.

Recombination of small fragments from different
origin using one or more full length parent strands.
Higher recombination frequency, but more
elaborate.

Recombination of non homologous genes by
ligating front and back of two different genes,
selection of new genes on size.

Recombination possible between low or non-
homologous genes, but only one recombination
point.

Recombination of structural, functional or less
homologous parts of different family members.
More active enzymes in the resulting library, but
only a few recombination points, which are hard to
find.

Recombination using the gap repair system of
yeast or de recE/recT system of E. coli.

High vyield, since no ligation necessary, but
specialised vectors and multiple steps necessary.
Recombination of (un)known mutations in
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Chapter 1

Selection of new enzymatic functions

The success of a directed evolution experiment highly depends on the method that is
used to select the best mutant enzyme. Since most directed evolution experiments
generate a huge mutant library, it is very important to develop an efficient method to
search this library for the desired property. Both selection and screening strategies have
been developed for all kind of enzyme functions. The big challenge in these strategies is
making the improved function quantifiable. Enzymatic assays have to be sufficiently
sensitive and specific to identify positive mutants [°°,

Selection mimics the natural survival of the fittest strategy and is the most efficient
method to find the best mutant, since only mutants of interest will appear.
Unfortunately, this approach is not possible for all enzymatic activities. Selection is
based on the fact that mutants with the desired enzyme function have an advantage over
wild type enzymes. For in vivo selection this means that only enzyme activities with a
growth or survival advantage can be used. Only a few industrially interesting enzymes
are essential for the bacterial cell themselves, so most selection methods are based on
enzymatic activities which produce a product that is essential for growth of the
expression host. The coupling of the desired enzymatic reaction to survival in the
selection step often requires the development of complex, nontrivial and intelligent
assays [°1. Sometimes, this means that the substrates in these selection systems are not
the desired substrates, but analogues thereof. This may result in the selection of
undesired mutants with activity towards the analogue and not towards the wanted
substrate. For example, directed evolution of penG acylase towards a glutaryl acylase
was performed with a glutaryl-leucine substrate as sole leucine source for the leucine
deficient bacteria. Mutants that were selected on this substrate could, however, not
hydrolyse the desired substrate glutaryl-7-ACA ® It is, therefore, very important to
carefully choose the selection substrate, since the first law of directed evolution is: “you
get what you select/screen for” [,

In vitro selection is usually based on the binding of the enzyme to the desired substrate
or a transition state analogue, although strategies in which catalytic properties are used
for selection are also described ™. These methods are mostly based on a physical
linkage between phenotype and genotype. The first established and most used technique
is phage display, which has been successfully used for finding improved enzymes. In
this system the enzyme of interest is fused to a coat protein of a filamentous phage and
thereby displayed on the outside of the phage, where in principle it is able to retain
enzymatic activity. Since the gene encoding the displayed protein is present in the phage
particle, the gene of the mutant enzyme with the desired property is linked to its
phenotype [, Other in vitro selection methods with a physical phenotype-genotype
linkage are cell-surface display, ribosome display, plasmid display and mRNA-protein
fusion ™. Recently, a different approach was described to maintain a linkage between
genotype and phenotype. In vitro compartmentalisation is a method in which
compartments are formed as aqueous droplets in water-in-oil emulsions which contain
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only one gene and a complete transcription/translation machinery 3. These droplets
mimic a bacterial cell by keeping the gene and its product together. The droplets
containing an enzyme with the desired activity can be selected by FACS or, when the
gene is physically bound to the substrate, by breaking the droplets and fishing out the
desired product ["*. The advantages of in vitro over in vivo selection are the larger
sample size of a mutant library and the larger amount of possible enzymatic activities to
be tested. A drawback is that making the right water-in-oil emulsions with only one
gene per droplet is tricky and in vitro translation can be a large problem

Screening for new enzymatic functions

Another way of finding the desired mutant enzyme is by screening. In screening
methods all mutants have to be tested for the desired enzymatic reaction, even those that
might not be active or accurately folded. The advantage is, however, that almost every
enzymatic reaction can be tested, since the activity does not have to be dependent on
growth rate or the formation of essential products. This can be done in a qualitative way
by relatively simple visual screens such as the formation of coloured or fluorescent
products or halos around a colony on a plate. For protein functions such as catalysis of a
specific reaction or substrate specificity this is very difficult or even impossible.
Quantitative methods are more suited to screen for these enzymatic activities, but are
usually more elaborate. This implicates that in a normal time scale only small libraries
can be tested (up to 10°) or high throughput screening (HTS) has to be employed. HTS
demands miniaturisation and automation of enzymatic assays. In the past decade a lot of
research has been focussed on finding better, cheaper, quicker and more accurate HTS
assays ®l. This has made HTS feasible for many laboratories all over the world now,
resulting in a lot of smart enzymatic screening methods.

A screening method is used to find the best enzyme out of a large pool of mutants. The
resulting amount of clones depends on the accuracy of the assay and should be
optimised during the directed evolution experiment. For this optimisation one should
consider the size of the library, the amount of (false) positive and false negative
colonies that can be allowed, the costs of the assay and the possibility of performing a
more accurate assay with the best mutants. Most screening assays are based on
spectrophotometric methods in 96 or 384 wells plates °®. Usually raw cell extracts are
incubated with the substrate or an analogue thereof, which will give a coloured product.
Another possibility is the use of a discontinuous assay in which the product, but not the
substrate, is coloured by another chemical, like fluorescamine *¥!. Yet another screening
method based on coloured products is a spectroscopic colony screening technology.
Colonies are grown on a membrane and transferred to the substrate in the presence of a
colouring agent, resulting in blue spots. A digital camera can follow the colour
formation as a function of time. Throughputs of ~50.000 micro colonies per membrane
have been demonstrated . More HTS methods are developed every day, both for
specific enzymatic reactions and general applications, making screening the method of
choice for many researchers.
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Aims and outline of the thesis

This thesis describes the directed evolution of the cephalosporin acylase from
Pseudomonas SY-77. The objective of this directed evolution experiment was to change
the substrate specificity of the enzyme from hydrolysis of glutaryl-7-ACA towards
hydrolysis of adipyl-7-ADCA or even CPC in order to obtain 7-ADCA and 7-ACA,
which are key intermediates in the production of semi-synthetic p-lactam antibiotics. In
order to become industrially relevant, the hydrolysis activity of the enzyme towards
adipyl-7-ADCA or CPC should at least be the same as the activity towards glutaryl-
7-ACA of the wild type enzyme.

To achieve this goal, we started with the randomisation of the p-subunit by epPCR to
find amino acids important for substrate specificity. For this directed evolution
experiment both a new selection strategy and a robotic screening assay had to be
developed. The positions of the selected mutant residues were examined in the crystal
structure of the highly homologous cephalosporin acylase from P. diminuta KAC-1.
This pointed our attention towards single residues that are important for the substrate
specificity of the enzyme. These amino acids were picked for a site-saturated
mutagenesis approach in order to explore their contribution to substrate specificity. As a
final approach, multiple mutants were constructed using both rational and random
strategies: the best mutant from the a-subunit was combined with several improved
mutants of the B-subunit, a library of two totally randomised residues was created and a
total randomised library of all five important substrate specificity residues was
constructed.

Throughout the thesis both rational and random mutagenesis strategies are used to find
an industrial applicable adipyl- or CPC-acylase. The results presented here, point to the
conclusion that this is the right way to improve biocatalysts.
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Chapter 2

Using directed evolution, we have selected an adipyl acylase enzyme that can be
used for a one-step bioconversion of adipyl-7-aminodesacetoxycephalosporanic
acid (adipyl-7-ADCA) to 7-ADCA, an important compound for the synthesis of
semi-synthetic cephalosporins. The starting point for the directed evolution was
the glutaryl acylase from Pseudomonas SY-77. The gene fragment encoding the
B-subunit was divided into 5 overlapping parts that were mutagenised separately
using error-prone PCR. Mutants were selected in a leucine-deficient host using
adipyl-leucine as the sole leucine source. In total, 24 out of 41 plate-selected
mutants were found to have a significantly improved ratio of adipyl-7-ADCA
versus glutaryl-7-ACA hydrolysis. Several mutations around the substrate-binding
site were isolated especially in two hotspot positions: residue Phe375 and Asn266.
Five mutants were further characterised by determination of their Michaelis-
Menten parameters. Strikingly, mutant SY-77"%" shows a nearly 10-fold
improved catalytic efficiency (K.a/Km) on adipyl-7-ADCA, resulting from a 50 %
increase in kg and a 6-fold decrease in K., without decreasing the catalytic
efficiency on glutaryl-7-ACA. In contrast, the improved adipyl/glutaryl activity
ratio of mutant SY-777"°" mainly is a consequence of a decreased catalytic
efficiency towards glutaryl-7-ACA. These results are discussed in the light of a
structural model of SY-77 glutaryl acylase.

Introduction

Semi-synthetic cephalosporins and penicillins are the most widely used antibiotics. All
clinically important semi-synthetic cephalosporins are made from 7-amino-
cephalosporanic acid (7-ACA) or 7-aminodesacetoxycephalosporanic acid (7-ADCA).
7-ACA is derived from cephalosporin C (aminoadipyl-7-ACA), which is obtained by
fermentation of the fungus Cephalosporium acremonium. Deacylation is performed
either chemically or by a two-step enzymatic process using a D-amino acid oxidase and
a glutaryl acylase. The latter enzyme can be found in several Pseudomonas and
Acinetobacter species [1#2627100103] a5 \ell as in some Gram-positive bacteria [1°41%°],
7-ADCA is produced from penicillin G made by Penicillium chrysogenum involving
several polluting chemical steps followed by enzymatic deacylation by penicillin
acylase "%, A first step towards the introduction of a simplified, more environmentally
friendly production of 7-ADCA was the development of a genetically modified
P. chrysogenum that produces adipyl-7-ADCA 8. For the deacylation of this novel
B-lactam, an adipyl acylase is needed. Since the presently identified acylases show little
or no activity towards adipyl-7-ADCA, it is of interest to investigate whether a glutaryl
acylase can be converted into an adipyl acylase.

In the past few years, directed evolution has been successfully implemented in changing
the substrate specificity of several enzymes 9% resulting in biocatalysts with novel
activities. It has become clear that the success of a directed evolution experiment greatly
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depends on the availability of a good selective substrate, which unfortunately is absent
for most bioconversions "), Artificial substrates that mimic one of the desired catalytic
steps may be used for selection; however, it is not clear to what extent the resulting
mutants will have lost activity on their natural substrate. Here we describe a strategy to
evolve the glutaryl acylase of Pseudomonas SY-77 into an adipyl acylase with an
improved activity toward adipyl-7-ADCA. The glutaryl acylase from Pseudomonas
SY-77 has proven to be particularly suitable for developing an industrial process for
deacylation . The natural action of the enzyme seems to be directed at hydrolysing di-
amino acids with a glutaryl side chain as judged from its high activity on glutaryl-
7-A(D)CA. It appears that the enzyme also has a low activity on adipyl-7-ADCA but no
activity on cephalosporin C !,

Since deacylation of p-lactam compounds cannot be used for a growth selection, we
took advantage of the di-amino hydrolysing capability of the acylase by replacing the
B-lactam moiety with leucine, a compound that can be selected for in a leucine-deficient
Escherichia coli host strain %, In this way, only enzymatic hydrolysis of adipyl-
leucine allows for growth on minimal medium. To obtain the desired acylase variant,
we have constructed five libraries of overlapping gene fragments of the B-subunit of
SY-77 by error-prone PCR (epPCR) and used these libraries separately in the selection
procedure. Transformants that prevailed in growth were further characterised and tested
for their activity on glutaryl-7-ACA and adipyl-7-ADCA. Mutants with an improved
growth capability on the selection substrate also showed an improved activity toward
the B-lactam substrate. Mutations were found to accumulate in the proximity of the
substrate binding pocket. Frequent mutations were identified at positions Asn266 and
Phe375. Crystallographic models have pointed at the role of Phe375 in the
determination of substrate specificity, whereas Asn266 was not mentioned before.
Strikingly, mutation N266H induces an 8-fold improved catalytic efficiency (Ke/Kr) on
adipyl-7-ADCA. The results are discussed on the basis of the three-dimensional
structure of SY-77 glutaryl acylase.

Materials and Methods

Bacterial strains and plasmids and DNA manipulations

The plasmid pMcSY-2 was constructed by the introduction of four silent mutations into
pMcSY-77 (GenBankTM accession number AF458663) 2 resulting in four additional
restriction sites in the gene encoding the SY-77 acylase. The plasmid pMcSY-2 and the leucine-
deficient E. coli DH10B (Invitrogen) were used for the cloning of the libraries and the expression
of the SY-77 acylase. The plasmid pMcSY-YH 28 was used as a positive control for the selection
and screening procedure. This plasmid encodes a mutant acylase, carrying the mutation Y178H in
the a-subunit, which has a three times better catalytic efficiency (ke/Km) than wild type in the
hydrolysis of adipyl-7-ADCA.

Molecular DNA technigues were executed following standard protocols Y. The enzymes used
for DNA manipulations were purchased from New England Biolabs and Invitrogen and applied
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according to the instructions of the manufacturer. Plasmid DNA was isolated using the Qiaprep
Spin Miniprep Kit (Qiagen). DNA was extracted from agarose gels using the QIAquick Gel
Extraction Kit (Qiagen).

Interesting multiple mutants, which were found, were separated in order to pinpoint the mutation
responsible for the improved enzymatic activity. In case a suitable restriction site was available,
this was used to separate the mutations. Otherwise, single mutants were made by site-directed
mutagenesis using PCR. In both cases, the mutated parts of the genes were sequenced on both
strands afterwards.

Construction of the random mutant libraries

For the epPCR, the gene fragment encoding the B-subunit of the SY-77 acylase was divided into
five partly overlapping regions using seven unique sites in the plasmid (Figure 1). Each region
was mutagenised by PCR amplification under error-prone conditions ™. The concentration of
Mg®* and the annealing temperature that gave the highest PCR yield were used. Using these
conditions, a pilot experiment on part | was performed in order to determine the mutation rate and
distribution under different concentrations of Mn?*.

a-subunit B-subunit

Xmal Bglll Ncol Sstll  Nrul Miul Kpnl
| | | | | | |

ss sp

Part| Xmal-Ncol
Part Il Bgll-Sstll
Part Il Ncol-Nrul
Part IV Sstll-Miul
Part V. Nrul-Kpnl

Figure 1. Linear view of the SY-77 acylase gene.

The five parts subjected to epPCR are given below the gene. Unique restriction enzymes used to
clone the epPCR parts back into the gene are given above the gene. ss, signal sequence; sp, spacer
peptide.

The PCRs were performed in aliquots of 25 pl containing 1x PCR buffer (20 mM Tris-HCI, pH
8.4, 50 mM KCI), 2.5 or 5 mM MgCl,, 0.1-0.5 mM MnCl,, 0.2 mM dATP and dGTP, 1 mM
dCTP and dTTP, 1 ng of pMcSY-2, 1.25 U recombinant Tag DNA polymerase (Invitrogen), and
0.3 uM of each primer. The following primers (from 5’ to 3’ including underlined restriction

sites) were used: part |, tcgcatcgcccgggegca and  ctcgaagaccgggecatgga;  part |,
cgccggacttcgagatcta  and  gattggtgacccgeggea;  part 1, ccgetccagegtcecatgge  and

tgtagctggtgaactcgegat; part 1V, ggacgatctgccgegagt and  tcggcetcgcgacacgegtt;  part  V,
gcggegtgggattcgegag and cagagegeccggtaccgaaa.

All PCRs were performed in a Mastercycler® gradient thermocycler (Eppendorf) using the
following program: 3 min at 95°C, 20 cycles of 45 s at 95°C, 30 s at the annealing temperature,
45 s at 72°C, and a final step of 10 min at 72°C. PCR product and wild type vector were subjected
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to a restriction reaction using the suitable enzymes followed by electrophoresis. After the product
of the correct size was excised and purified, ligation was performed overnight at 4°C using T4
DNA polymerase (New England Biolabs). 40 ul of ElectroMAX™ DH10B™ Cells (Invitrogen)
were transformed with 1 ul of each mutant library, following the protocol of the manufacturer. A
0.1-cm cuvette was used in a Bio-Rad Gene Pulser unit, which was set at 1.8 kV, 25 puF, 200
ohms. A small aliquot of the transformation mixture was plated onto LB agar containing 50 pg/ml
chloramphenicol and 0.4% glucose to determine the transformation efficiency. The rest of the
transformation mixture was shock-frozen in liquid nitrogen in 10% glycerol and stored at -80°C.
Of each library, 20 clones were picked randomly for the analysis of the mutational efficiency.

Selection on agar plates

Cells were slowly thawed on ice and washed twice with 0.9% NaCl. They were starved by
incubation in 0.9% NaCl for 2 h at 37°C and plated onto selective minimal medium plates AD-
Leu (M9; 50 ug/ml chloramphenicol, 0.1% glycerol, and as a sole leucine source 0.1 mg/ml
adipyl-leucine; LGSS Transferbureau Nijmegen, The Netherlands). Approximately 5000 viable E.
coli DH10B cells containing the mutant plasmids were spread onto each plate. Of each library, a
total of 10° transformants was plated. Cells were also plated onto control plates: GL-Leu
(0.248 mg/ml glutaryl-leucine.2DCHA; Bachem), MLeu (0.04 mg/ml L-leucine; Sigma), and Min
(no leucine at all). As a “positive” and a “negative” control, E. coli DH10B cells producing SY-
77718 and SY-77 wild type, respectively, were used. Plates were incubated at 30°C for at least
10 days. Every day new appearing colonies were marked. Colonies were selected on the basis of
their date of appearance and size and streaked again on AD-Leu plates to ensure that unique
colonies were obtained. Single colonies from these second plates were used to inoculate an
overnight culture to determine acylase activity and to isolate plasmid DNA for sequence
determination.

Determination of enzyme activity

10 ml of LB containing 50 pg/ml chloramphenicol and 0.1% glycerol was inoculated with 0.1 ml
of an overnight culture and incubated at 30°C for 24 h. Cells were harvested (20 min, 3500 rpm)
and incubated for 45 min in one-fifth volume of BugBuster (Novagen) at 20°C while vigorously
shaking. Cell debris was removed by centrifugation (30 min, 13,000 rpm), and cell free extracts
were stored at -20°C.

Enzyme activities were determined on glutaryl-7-ACA and adipyl-7-ADCA using the
fluorescamine assay *¥ in a 96-well format. All pipetting steps were performed by a Multiprobe
I (Canberra Packard). 8 ul of cell free extract was mixed with 92 pl of 20 mM phosphate buffer,
pH 7.5, and preheated at 37°C. The reaction was started by the addition of 100 ul of substrate in
phosphate buffer, with a final concentration of 2 mM glutaryl-7-ACA or 5 mM adipyl-7-ADCA.
After 60 and 120 min incubation at 37°C, an aliquot of 40 pl of reaction mixture was transferred
to 140 pl of 0.5 M acetate buffer, pH 4.5, after which 20 ul of 1 mg/ml fluorescamine in acetone
was added. After 60 min incubation at room temperature, the Aggy was measured. Reaction
mixtures without substrate or cell free extract were used to correct for absorption of the different
reaction mixture components at 380 nm. Activities are given as the ratio between the hydrolysis
of adipyl-7-ADCA and glutaryl-7-ACA (AD/GL) to account for variations in acylase
concentration in the cell free extracts. The ratios were determined after 60 and 120 min of
incubation. Values were accepted if they were consistent, and the average of these two ratios was
used in further calculations. The mean and the S.D. of the ratio found in at least three independent
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measurements were calculated.

Mutants with an AD/GL ratio of at least 150% of that of the wild type SY-77 acylase were
purified as described below. The kinetic parameters of these mutants were determined by
measuring the initial rate of hydrolysis on a range of substrate concentrations with a fixed amount
of enzyme using the Multiprobe Il for all pipetting steps. 140 pl of 20mM phosphate buffer,
pH 7.5, with substrate (0.06-2 mM glutaryl-7-ACA or 0.2-10 mM adipyl-7-ADCA) was
preheated at 37°C. 40 pl of phosphate buffer containing an appropriate amount of purified
enzyme was added, starting the reaction. After 10 min of incubation at 37°C, 40 ul of 25 M
acetate buffer, pH 4.5, was added to stop the reaction. 20 ul of 1 mg/ml fluorescamine in acetone
was added, and the Azgq Was measured after 60 min incubation at room temperature.

Kinetic parameters were obtained by fitting the experimental data from Eadie-Hofstee plots, and
the mean and S.D. values of at least four independent measurements were calculated. The k. was
calculated using the theoretical molecular mass of the mature enzyme, 75.9 kDa.

Enzyme characterisation

Protein concentrations of the cell free extracts and purified samples were determined using the
DC Protein Assay (Bio-Rad) in a 96-well plate with bovine serum albumin as the reference
protein.

The cell free extracts were analysed by SDS-PAGE M. The 12.5% gel was stained with
Coomassie Brilliant Blue. Identical samples were electroblotted onto a nitrocellulose membrane.
The membrane was incubated with a polyclonal rabbit antibody against Pseudomonas SY-77
glutaryl acylase (Eurogentec S.A.) and subsequently with an alkaline phosphatase-conjugated
goat anti-rabbit antibody. Bands corresponding to Pseudomonas SY-77 glutaryl acylase were
coloured with 5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium.

Mutant and wild type enzyme were purified by three chromatography steps on a Duoflow system
(Bio-Rad) using columns from Amersham Biosciences. E. coli DH10B containing the plasmids
encoding the desired enzymes were grown for 24 h at 30°C in 300 ml of 2*YT medium
supplemented with 50 ug/ml chloramphenicol and 0.1% glycerol. Cell free extract was made by
sonication (10 min, output 4, 50% duty cycle on a Sonifier 250; Branson) and centrifugation
(30 min at 14,000 rpm) and loaded onto a HiTrapQ column. The protein was eluted with a linear
gradient of 0-1 M NacCl in 50 mM Tris-HCI, pH 8.8. After analysis on SDS-PAGE, the fractions
containing the enzyme were loaded onto a HiTrap phenyl-Sepharose HP column. The protein was
eluted with a gradient of 0.7-0 M (NH,),SO,. The pooled fractions containing the enzyme were
desalted on a HiPrep 26/10 desalting column and reloaded onto a HiTrapQ column. After rinsing
with 220 mM NaCl, the protein was eluted with 330 mM NaCl. The pooled fractions were stored
at -20°C. Typical yields were 10 mg of more than 90% pure enzyme per litre of culture.

Results

Constructing the epPCR libraries

The conditions for the construction of the libraries were optimised. The highest PCR
yields were obtained using 2.5 mM Mg®* and an annealing temperature of 60°C for
parts 1, 111, and V and 5 mM Mg?* and 66°C for parts Il and IV. Part | was subsequently
mutagenised in the presence of 0.1-0.5 mM Mn*. A Mn*" concentration of 0.5 mM
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resulted in the desired mutation frequency of 0.7%, corresponding to approximately
three base pair mutations per mutant. Since the relatively high GC content (67%) is
equally distributed throughout the gene, we used 0.5 mM Mn*" to mutagenise all parts.
EpPCR gave a band of the correct size on an agarose gel for all five parts. Although
both vector and insert were isolated from an agarose gel, cloning of the epPCR
fragments into pMcSY-2 resulted in a significant part of contamination of parts Il, 1l1,
and V with wild type sequences. Sequencing of at least 400 base pairs of 20 randomly
picked clones from each bank revealed that all mutations were equally distributed
throughout the gene (Figure 2). The mutational frequency of the different libraries
varied from 0.2% for parts Il and V to 0.7% for part I, resulting in 1-3 base pair
mutations per mutant. The mutational bias was comparable with experiments under
similar error-prone conditions as described before ™! although X — C (X # C)
changes were lower than expected.

Since the transformation efficiency was not uniform for all five parts and plating of an
equal amount of mutants onto each plate was desired, different volumes of the original
transformation mixture were plated. All five libraries appeared to contain at least 10°
transformants, which is enough to harbour every single mutant at least once [,

Part T |[|[llI[]

Part II
Part I11
Part IV |

Part V |
544 1000 1500 2000 2292

Figure 2. Distribution of mutations over the gene.
Of each epPCR part 20 clones were randomly picked and sequenced. Every identified mutated base
is indicated by a line according to its position on the SY-77 gene.

Selection on minimal medium containing adipyl-leucine

Transformation mixtures were plated onto minimal plates in the absence of leucine
(Min) or in the presence of leucine (MLeu), adipyl-leucine (AD-Leu), or glutaryl-
leucine (GL-Leu). On each plate 5000 mutant plasmid-bearing bacteria were plated. As
a reference, E. coli DH10B cells producing SY-77 wild type and SY-77"*"®" were used.
Plates were examined every day, and colonies were marked and closely watched during
the next days. After 3-4 days, small colonies appeared on all plates, the ones on Min and
AD-Leu plates being somewhat smaller than those on MLeu and GL-Leu plates. On the
Min plates, the spots did not grow upon further incubation, whereas colonies on the
MLeu and GL-Leu plates increased in size until the 10th day. On the AD-Leu plates,

31



Chapter 2

colonies of the positive mutant producing SY-77"'"®" increased in size until the 6" day,

whereas the wild type strain colonies grew slowly but steadily until the 10" day.
Colonies of the libraries grew at different rates.

On the 10" day, a range of small and large colonies was present on each plate
containing leucine of any kind. The average size of the colonies on the AD-Leu plates
from E. coli DH10B containing the library parts IV and V or the negative control
pMcSY-2 was smaller than the average size of the colonies from the other mutant
libraries and the bacteria bearing the positive mutant plasmid pMcSY-YH. The size and
day of appearance were used as criteria to select colonies of every epPCR part. These
colonies were again streaked onto AD-Leu plates to isolate single colonies. Colonies of
cells producing SY-77 wild type and SY-77"'"®" were also plated onto this medium.
Most colonies were selected from the plates of parts | and 1. Of the 54 colonies picked,
50 grew on the second AD-Leu plate after five days. Plasmid DNA was isolated from
overnight cultures of the putative mutants from the secondary plate and retransformed to
E. coli DH10B. DNA sequence determination of these plasmids showed that eight
plasmids had the wild type sequence. Furthermore, some mutants proved to have
identical sequences, leaving 29 unique transformants with mutations throughout the
whole gene. However, most mutations occurred in the first 200 amino acids of the
B-subunit, which corresponds to the fact that most mutants were selected from the
libraries of parts | and Il, encoding the first 230 amino acids.

Activity measurements

A 24 hour culture of every mutant was harvested, and cell free extracts were made using
BugBuster. Hydrolysis of both adipyl-7-ADCA and glutaryl-7-ACA were measured in
triplicate in a medium throughput robotic assay. Several precautions were taken in order
to maintain the reliability of the assay. To compensate for differences in acylase
concentration in the cell free extracts, the ratio AD/GL was used to characterise the
mutants. Furthermore, all measurements were done using the same amount of cell free
extract, even those with lower protein concentrations, since BugBuster appeared to
affect the hydrolysis of the adipyl substrate more than the glutaryl substrate. In some
cases, this led to very low Asg, values that did not differ significantly from the blank
values. In all cases, the production of acylase was verified by blotting the cell free
extract (data not shown). Some bacteria proved to produce no acylase at all, whereas
other bacteria produced about three times less acylase, resulting in such a low enzyme
activity that the ratio was not determinable. Amino acid mutations and activities of all
29 different mutants are given in Table 1.

The results from Table 1 strongly suggest that Asn266 is an important residue for
substrate specificity. 22 of the 36 selected and sequenced transformants from parts | and
Il contain a mutation at this position. The two single mutants N266H and N266S have
an AD/GL ratio of 0.19 and 0.14, respectively. Multiple mutants that were found
comprising these mutations show the same ratio, implying that the additional mutations
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Table 1. The AD/GL ratio of the selected mutants.

Mutants of the five epPCR libraries were selected on minimal medium with adipyl-leucine as sole
leucine source. DNA sequences of these selected mutants were determined. Furthermore, cell free
extracts were made using BugBuster (Novagen). The activity of the cell free extracts from all
mutants on adipyl-7-ADCA and glutaryl-7-ACA was determined in a robotic assay using
fluorescamine. The ratio of these values (AD/GL) is used as a measure for the improvement of the
enzyme towards adipyl-7-ADCA. The mean +/- S.D. (n > 3) is given. All selected transformants from
Part \V appeared to have wild type sequence. Multiple mutants were genetically separated and both
DNA sequence and AD/GL ratio were determined.

Part Mutation Activity (AD/GL)

| N266H (2x) 0.19+0.01
N266H (2x) N.D.
N266H, D308N, $320Y 0.19+0.01
N266H, K314R 0.19+0.00
N266H, E317V 0.19+0.01
N266H, S320T 0.19 +0.00
F229L, V237A 0.15+0.01
F229L2 0.15 +0.00
V237A? 0.08 +0.00
N266S (2x) 0.14+0.01
S223P, M271L 0.11 +0.00
M271L2 0.12 +0.00
A246V 0.11+0.01
D193V 0.09 +0.00
Q291L 0.09+0.01
Q291R 0.09+0.01
S223P 0.08 +0.00
G207*, Q218L N.D.
N266H, S201A N.D.
T225S N.D.

] N266H (4x) 0.19+0.01
N266H (1x) N.D.
N266H, S301T 0.19+0.01
N266H, A307E 0.19+0.01
N266H, E399V, T421K 0.19+0.01
M271V, Q291K, T374S 0.16 +0.01
M271V, Q291K? 0.09 +0.00
T3748? 0.12 +0.00
N266S 0.14+0.01
N266S, F258L, T310S, E399D 0.12£0.03
M347L 0.12 +0.00
E420V 0.09+0.01
N226S, F2561, Y426N N.D.

] F375L (3x)* 0.45 +0.02
WA450R 0.09+0.01

v M480L, R527L 0.09 £0.01
S639A 0.09+0.01
V646A 0.08+0.01

pMcSY-77 (WT) 0.09 + 0.00

pMcSY-YH 0.24 +0.00

Notes:

1 N.D. No activity could be detected; analysis by Western blotting indicated that no acylase was
produced.

2 These mutants were made by site directed mutagenesis in order to determine the mutation
responsible for the higher ratio in the double mutant.

3 F375L was found three times resulting from different base pair substitutions: 2x CTC, 1x TTA
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do not affect the substrate specificity.

Although much less frequently found, mutation F375L results in the best AD/GL ratio
found in these epPCR libraries. It has a five times better ratio than the wild type enzyme
and even a two times better ratio than our positive control SY-77Y'78" [8] Other clones
having an improved AD/GL ratio are the single mutants and SY-774%*Y and SY-77M3"-
and the multiple mutants SY-77F229L+V237A, SY-773223P+M271L, and SY_77M271V+Q291K+T374S-
We genetically separated the multiple mutants and measured the AD/GL activity ratio
of the resulting mutants in order to pinpoint the mutation that contributes most to the
altered activity. The results as shown in Table 1 show that the single mutants SY-777°-
and SY-77M#"!" alone give the same activity ratio as their respective double mutants.
This suggests that the second mutations have no effect on the activity of the mutants.
Separating M271V and Q291K from T374S resulted in a lower total ratio than the triple
mutant, indicating a synergistic effect of the mutations. Therefore, the triple mutant was
used to determine key and K.

Characterisation of purified mutants

Mutants with a significantly different enzymatic activity from wild type (i.e. with an
AD/GL ratio higher than 0.12) were purified. The K, and k. values of these mutants
on both adipyl-7-ADCA and glutaryl-7-ACA were determined (Table 2). The ratio of
the key values of the purified enzymes on adipyl-7-ADCA and glutaryl-7-ACA is in
agreement with the AD/GL ratio determined with the cell free extracts. Previously, the
protein concentration was determined with the Bradford assay. However, due to
precipitation phenomena, it was decided to use the DC protein assay with these purified
acylase samples. This resulted in approximately 35% higher protein concentration
values and thus in a decreased k¢ value for SY-77 wild type compared with an earlier
study ! SY-77 wild type preparations purified on different days were found to vary up
to 20% in enzymatic parameters. Even when taking this variation into account, most
mutants show enzymatic properties that are significantly different from SY-77 wild

type.

Table 2. K, and k¢, values of purified enzymes with an AD/GL ratio of > 0.12.

Mutant enzymes with an AD/GL ratio of > 0.12 were purified >90%. The V. and Ky, on adipyl-
7-ADCA and glutaryl-7-ACA were determined by measuring the initial rate of hydrolysis on a range
of substrate concentrations with a fixed amount of enzyme as described earlier . WT, wild type

enzyme.
Adipyl-7-ADCA Glutaryl-7-ACA
Keat (5 Kn(mM) Kear () Kn(mM)

WT 0.46 +0.02 0.96 £ 0.03 43+0.2 0.033 + 0.004
N266H 0.55 +0.02 0.14 £0.02 33+01 0.016 + 0.004
N266S 0.34+0.02 0.42 £0.04 22+0.1 0.094 + 0.008
F375L 0.67 +0.05 0.82£0.04 11+01 0.27 +0.06
F229L 0.47 +0.02 0.52 +0.04 31+01 0.048 + 0.002
M271V + Q291K 0.61 +0.04 07+0.1 35+0.1 0.043 + 0.004
+ T374S
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The ke values on adipyl-7-ADCA of SY-777"" and the triple mutant
SY-77MIIVIQUIKTINS are significantly higher than that of wild type, whereas the
corresponding K, values of SY-77V%%H gy.77N2%68 and SY-7772% are significantly
lower than that of wild type. The catalytic efficiency of all mutants is increased for
adipyl-7-ADCA with an exceptionally high value for SY-77"?%*" With respect to the
activity on glutaryl-7-ACA, none of the mutants shows an improved k., whereas only
mutant SY-77"?%" exhibits a lower K, value than SY-77 wild type. Most interestingly,
this results in a higher catalytic efficiency of mutant SY-77"°®" on both substrates
adipyl-7-ADCA and glutaryl-7-ACA (Figure 3).

Discussion

In this paper, we describe the evolution of a glutaryl acylase towards an adipyl acylase,
in order to arrive at an efficient hydrolysis of adipyl-7-ADCA into 7-ADCA for the
synthesis of semi-synthetic cephalosporins ™2, We performed random mutagenesis on
five overlapping parts of the gene, encoding the B-subunit of the acylase. This resulted
in five mutant libraries of approximately 10° individual clones, which appeared to be
large enough to contain every single mutant at least once ™. Sequencing of 20
randomly picked clones of each part showed that mutation frequencies lie between one
and three base pair substitutions per mutant for all parts. Furthermore, the mutations
were scattered throughout the gene (Figure 2).

The mutant libraries were transformed into the leucine deficient E. coli strain DH10B,
after which the transformants were selected for growth capability on minimal medium
containing adipyl-leucine. Unfortunately, cells that produced no mutated acylase with
activity towards adipyl-leucine appeared to be able to form small colonies, most likely
by using the leucine that was liberated into the medium by lysis of dead, mostly non-
transformed cells. Consequently, the selection for growth on AD-Leu plates was less
clear cut than desired. Nevertheless, we could identify 54 colonies that excelled in early
growth and colony size. 50 colonies out of these were able to grow on a second
selective plate with adipyl-leucine as a sole leucine source. These transformants were
screened for their hydrolysis activity on the substrates glutaryl-7-ACA and adipyl-
7-ADCA. All acylase-producing transformants were active on the p-lactam substrates,
in contrast to earlier reports describing similar selection procedures 'l This
strengthens the hypothesis that the side chain is the most important moiety for substrate
binding, as was already suggested from the crystallographic models of penicillin G
acylase ™4 and cephalosporin acylase %,

Sixteen unique mutants showed a significantly higher AD/GL activity ratio than SY-77
wild type (Table 1). Five mutants with a 50% increased AD/GL ratio were purified.
These mutants have an enhanced catalytic efficiency on adipyl-7-ADCA with respect to
wild type (Figure 3), resulting from a significant improvement of either K, or K
(Table 2).
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Figure 3. Catalytic efficiency of mutated enzymes on adipyl-7-ADCA and glutaryl-
7-ACA.

The catalytic efficiencies of the purified, mutated acylases on adipyl-7-ADCA (A) and glutaryl-
7-ACA (B) were calculated from the data given in Table 2. The vertical axe in A is broken to
illustrate more clearly the differences in catalytic efficiencies for all mutants.
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It thus appears that the selection procedure leads to the isolation of mutants with
changes in both kinetic parameters. This seems logical, bearing in mind that the used
concentration of adipyl-leucine (0.4 mM) was of the same order of magnitude as the K.
All mutations that cause a significant increase in AD/GL ratio are localised in close
vicinity of the substrate binding site (Figure 4A). Two hot spot positions were found to
be mutated with high frequency: Asn266 and Phe375. The latter has been described
before as one of the potentially important residues that determine substrate specificity
and is thought to interact directly with the substrate ®%. Asn266, however, has not yet
been proposed as a target residue for changing substrate specificity and is likely to
interact in an indirect manner with the substrate. Its frequent appearance in our
collection of selected transformants underscores therefore the strength of random in
comparison with structure-based site-directed mutagenesis.

It is striking that mutations in residue Asn266 are found with such high frequency; it
was mutated in two-thirds of the selected and sequenced transformants originating from
the two parts in which they could be found, parts | and Il. This large number was not a
consequence of some sequence bias, as proven by sequence determination of randomly
picked colonies. Based on mutational efficiency, this residue could have been mutated
into several other amino acids (for instance, mutation of one base in the triplet encoding
Asn266 can result in Asp, His, lle, Lys, Ser, Thr, and Tyr). However, apparently only
enzymes comprising either of the two different mutations N266H and N266S could pass
the selection procedure. The importance of residue Asn266 can be explained with the
aid of the reported structures of substrate-bound glutaryl acylase. From these structures,
it is clear that Arg255 is crucial for the binding of substrate in the wild type enzyme
(321151 ' Arg255 is positioned correctly towards the substrate by a hydrogen bond with
residue Asn266 via Tyr351. Replacing Asn266 with His or Ser will alter this network of
hydrogen bonds, resulting in an altered positioning of Arg255 toward the substrate. In
the case of the N266S mutant, this results in an increased catalytic efficiency for adipyl-
7-ADCA and a decreased catalytic efficiency for glutaryl-7-ACA. Mutant SY-77V2%H
has a unique characteristic: its 8-fold improved catalytic efficiency on adipyl-7-ADCA
is accompanied by an improved catalytic efficiency on glutaryl-7-ACA. All other
characterised mutants have a decreased catalytic efficiency on glutaryl-7-ACA. Mutant
SY-77"** may accept more substrates and as such be a preferable template for other
directed evolution studies.

The enzyme bearing mutation F375L resulted in the best AD/GL ratio found using these
epPCR libraries. It was only found in part 111 and not in part 11, which may be due to the
prominent presence of the Asn266 mutants in part Il. SY-77""*" has a 5-fold higher
AD/GL activity ratio compared with the wild type enzyme. This ratio is mainly due to
the decreased k¢ on glutaryl-7-ACA and not so much the increased ke on adipyl-
7-ADCA. This result emphasises the requirement of enzymatic characterisation in order
to be able to identify mutants with the desired properties. The F375L mutation
corresponds to the notion that the bulky Phe375 should be changed into a smaller
residue in order to provide space for the extra carbon 2. The enlarged side chain
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Figure 4. Three-dimensional views on the positions of mutated residues.

A. Three-dimensional view of the mutated residues identified after selection for adipyl activity. The
glutaryl acylase SY-77 was modelled with both adipyl-7-ADCA (black) and glutaryl-7-ACA (grey)
using the crystal model of the complex with glutaryl-7-ACA. The catalytic residue Ser199 is depicted
to illustrate its position relative to the scissile bond of the substrates.

B. Three-dimensional view of five selected residues surrounding the carboxylate group of the side
chain. These residues appear to be important to position the carboxylic head of the substrate by direct
or indirect interactions.

Both figure 4A and 4B were created using the molecular graphics program PyMOL (W.L. DelLano;
available on the World Wide Web at www.pymol.org).

A colour print of this picture can be found on http://www.jbc.org/cgi/content/full/277/44/42121.
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binding pocket increases the degrees of freedom of the bound substrate. This may result
in a better fit of the alternative adipyl side chain but a decreased binding of the original
glutaryl moiety of the substrate.

In the SY-7772%° mutant, the altered residue lies close to the active site residue Tyr231,
which was shown to be crucial for the binding of the side chain of glutaryl-7-ACA 2,
Phe229 lies also in close proximity to the B-lactam nucleus. Replacing this amino acid
with the smaller leucine will alter the configuration of the substrate binding pocket. A
similar effect can be expected for the triple mutation M271V+Q291K+T374S. Met271
lies close to Val268, which has interactions with both the side chain and the nucleus of
glutaryl-7-ACA. In addition, Thr374 is the neighbour of Phe375, which interacts with
the side chain of glutaryl-7-ACA.

In this study, residues Asn266 and Phe375 of the B-subunit were found to be important
targets for changing side chain specificity of glutaryl acylase. In a similar study
concerning the a-subunit, Tyr178 was pointed out as an important residue . Mutation
of each of these three residues resulted in an improved activity toward adipyl-7-ADCA.
Combined with residues Tyr231 and Arg255, which are known to be crucial for the
binding of the side chain of glutaryl-7-ACA B2 these residues form a pocket in
which the carboxylate group of the side chain is embedded (Figure 4B). Residues
Tyrl78, Tyr231, Asn266, and Phe375 seem to form the corners of a square plane, with
the carboxylate group in the centre, which is held in place by the positive charge of
Arg255 above this plane. As described before 4, the rest of the aliphatic side chain is
positioned tightly in the active site by hydrophobic interactions with several residues.
Our results in this and our previous study ! indicate that the accommodation of larger
side chains requires modification in this part of the side chain binding pocket, while
keeping the scissile bond properly positioned toward the catalytic Ser199. Therefore, a
logical step in evolving this enzyme toward a further improved adipyl acylase or even a
cephalosporin C acylase seems to be a combination of mutations of these residues.
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Chapter 3

B-lactam acylases are crucial for the synthesis of semi-synthetic cephalosporins and
penicillins. Unfortunately, however, there are no cephalosporin acylases known
that can efficiently hydrolyse the amino-adipic side chain of this compound. In a
previous directed evolution experiment residue Asn266 of the glutaryl acylase from
Pseudomonas SY-77 was identified as a residue important for substrate specificity.
In order to explore the function of this residue in substrate specificity, we
performed a complete mutational analysis of position 266. Codons for all amino
acids were introduced in the gene and 16 proteins that could be functionally
expressed in Escherichia coli were purified to homogeneity and their catalytic
parameters were determined. The mutant enzymes displayed a broad spectrum of
affinities and activities, pointing towards the flexibility of the enzyme at this
position. Mutants in which Asn266 was changed into Phe, GIn, Trp and Tyr
displayed up to a 2-fold better catalytic efficiency (k/Kn) on adipyl-
7-aminodesacetoxycephalosporanic acid (adipyl-7-ADCA), due to a decreased K.
Only mutants SY-77"%%" and SY-77"%®M showed an improvement of both catalytic
parameters, resulting in a 10- and 15-times higher catalytic efficiency on adipyl-
7-ADCA, respectively. Remarkably, the catalytic activity (Ke) of SY-77"2°M on
adipyl-7-ADCA is as high on glutaryl-7-aminocephalosporanic acid (glutaryl-
7-ACA), and approaches commercially interesting activities. On Cephalosporin C,
mutants SY-77N%%Q Sy-77N® % and SY-77V%M show a modestly improved
hydrolysis. Since these mutants also have a good catalytic efficiency on adipyl-
7-ADCA and still activity towards glutaryl-7-ACA, they can be regarded as
broader substrate acylases. These results demonstrate that a combination of
directed evolution for the identification of important positions and saturation
mutagenesis for finding the optimal amino acid is very effective for finding
improved biocatalysts.

Introduction

The most widely used antibiotics are semi-synthetic cephalosporins and penicillins. Key
intermediates in the synthesis of cephalosporins are 7-aminocephalosporanic acid
(7-ACA) and 7-aminodesacetoxycephalosporanic acid (7-ADCA). 7-ACA is obtained
by removing the side chain from Cephalosporin C (CPC) produced by the fungus
Acremonium chrysogenum in a two step enzymatic process. 7-ADCA is produced from
penicillin G made by Penicillium chrysogenum involving several polluting chemical
steps followed by enzymatic deacylation using penicillin acylase . A first step
towards the introduction of a simplified, more environmentally friendly production of
7-ADCA was the development of a genetically modified P. chrysogenum strain that
produces adipyl-7-ADCA 8. For the enzymatic deacylation of this novel -lactam and
CPC, novel acylases with activity on adipyl and amino-adipyl side chains, respectively,
are needed. As the presently identified acylases show little or no activity towards
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adipyl-7-ADCA and CPC 325192 it s of interest to investigate whether they can be
created from another acylase, e.g. glutaryl acylase. In a former study we used directed
evolution as a tool to identify important residues for the transformation of a glutaryl
acylase into an adipyl acylase ™'¢. Several variants were selected and showed a
considerable improvement of the hydrolysis of adipyl-7-ADCA. Sequencing of these
variants demonstrated that the mutation of Asn266 into His or Ser occurred frequently.
This indicates that position 266 is important for the evolution of the glutaryl acylase into
an adipyl acylase, although this was not predicted from the crystal structure B°3211°1,
Since we used a random mutagenesis strategy introducing on average 1-2 point
mutations per gene in our directed evolution experiment, it was not possible to obtain all
20 amino acids on this position. Furthermore, the amino acid substitutions obtained by
point mutations are usually conservative, while non-conservative mutations often
comprise more potential to change the activity of an enzyme ™7, e.g. from a glutaryl
acylase towards an adipyl acylase or even a CPC acylase. The side chain of residue 266
may influence the enzyme specificity either by a polar interaction with the charged
carboxyl group of the substrate side chain or by a better accommodation of the
hydrophobic part of this side chain. In order to fully explore the importance of this
position for the substrate specificity of the enzyme, we changed the amino acid at
position 266 into all other amino acids by a site-directed mutagenesis approach. The
mutant enzymes were purified and catalytic parameters were determined on glutaryl-
7-ACA, adipyl-7-ADCA and CPC.

Materials and Methods

Bacterial strains and plasmids and DNA manipulations

The plasmid pMcSY-2 M€ and the leucine deficient Escherichia coli DH10B (Invitrogen) were
used for the cloning of the libraries and the expression of the SY-77 acylase.

Molecular DNA techniques were executed following standard protocols ™. The enzymes used
for DNA manipulations were purchased from New England Biolabs and Invitrogen and applied
according to the instructions of the manufacturer. Plasmid DNA was isolated using the Qiaprep
Spin Miniprep Kit (QIAGEN). DNA was extracted from agarose gels using the QlAquick Gel
Extraction Kit (QIAGEN).

Mutants were made using the megaprimer method described by Landt et al. 2. All PCR
reactions were performed in a Mastercycler® gradient thermocycler (Eppendorf) using
recombinant Pfu polymerase (Stratagene). A 5’-universal primer, CGCCGGACTTCGAGATCTA
and a 3’-mutagenic primer, CATGCCGTTGACGGTSNNGGTGATGCCCATCCG, were used in
the first PCR using the following program: 3 min at 95°C, 30 cycles of 45 s at 95°C, 30 s at 48°C,
30 s at 72°C and a final step of 10 min at 72°C. The resulting fragment was purified and used as
the 5’-primer in a second PCR together with a 3’-universal primer GATTGGTGACCCGCGGCA.
In this reaction the following program was used: 3 min at 95°C, 30 cycles of 45 s at 95°C, 1 min
at 53°C, 1 min at 72°C and a final step of 10 min at 72°C. The second PCR product was purified
and cloned into pMcSY-2 using Bglll and Sstll. Resulting plasmids were sequenced in order to
determine the amino acid at position 266. Amino acids, which were not obtained in the random
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primer PCR, were made by using the 3’-mutagenic primer with the specific codon at the NNS
position. The cloned DNA fragment was sequenced on both strands afterwards.

Purification of enzymes

Mutant and wild type enzyme were purified in three chromatography steps on a Duoflow system
(Bio-Rad) using columns from Amersham Biosciences as described before 81 Typically, E. coli
DH10B containing the plasmids encoding the desired enzymes were grown in 2*YT medium (300
ml, 30 hours, 25°C) supplemented with chloramphenicol (50 pg/ml) and glycerol (0.1%). Cell
free extract was made by sonication (10 min, output 4, 40% duty cycle on a Sonifier 250,
Branson) and centrifugation (30 min, 17000 g). The cell free extract was blotted onto a membrane
and stained with polyclonal rabbit antibody against purified SY-77 glutaryl acylase (Eurogentec
S.A.) as described before M€, Mutants that showed a low concentration of acylase were grown
again for up to 70 hours at 17°C-20°C in 2 litre of the same medium. Protein concentrations of
the purified samples were determined using the DC Protein Assay (Bio-Rad) with bovine serum
albumin as the reference protein. The samples were analyzed on a 12.5% SDS-PAGE gel stained
with Coomassie Brilliant Blue M1,

Enzyme characterization

The kinetic parameters of the purified wild type and mutant enzymes on glutaryl-7-ACA and
adipyl-

7-ADCA were tested in an automated fluorescamine assay as described before M€, Hydrolysis of
CPC was determined by the fluorescamine assay, using the highest possible concentration of
substrate with respect to background values. 20 pg of enzyme was added to a reaction mixture of
300 pl containing CPC (10 mM) in phosphate buffer (20 mM, pH 7.5). After 20 and 40 hours
incubation at 37°C, an aliquot of 40 pl reaction mixture was transferred to 140 pl acetate buffer
(0.5 M, pH 4.5), after which 20 pl of fluorescamine in acetone (1 mg/ml) was added. After
incubation at room temperature (60 min) the Asgy was measured. The enzymes, which showed
some hydrolysis in this assay, were used in a more accurate assay. In this assay, 75 pg of enzyme
was used in a 300 pl reaction mixture containing CPC (10 mM) in phosphate buffer (20 mM,
pH 7.5). Samples of 40 pl were taken from this reaction mixture every hour for five hours. In
these samples hydrolysis of CPC was also measured using the automated fluorescamine assay.
Data were analysed by linear regression. The slopes were calculated from two experiments with at
least three different sets of data points. The significance of deviations in CPC hydrolysis activity
was tested by the Student’s t-test.

Modelling of the (mutant) enzymes

In order to get a structural impression of the mutational effects we made an overlay of selected
active site residues in the structural models of the glutaryl acylase proteins containing mutations
N266Q, N266M and N266W. The wild type structure was also refined under the same
circumstances to account for differences in crystal structures and modelled structures. The models
were constructed on the basis of wild type glutaryl acylase(PDB entry 1FM2) using the molecular
graphics and modelling program DS Modeling (Accelrys, San Diego, CA, USA). The structures
were refined using the DS CHARMmM® module by energy minimisation consisting of 150 steps of
steepest descent followed by 5000 iterations of the Adopted Basis-set Newton-Raphson
algorithm.
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Results

Preparation and purification of the mutant enzymes

The megaprimer method was used in to create the 19 different amino acid mutants on
position 266. First, a primer with a randomised codon 266 was used and 96
transformants were sequenced. This resulted in 17 different amino acids at this position
in a single mutagenesis round. The missing three mutants were made by site-directed
mutagenesis using a specific primer. E. coli DH10B cells containing the plasmid
encoding the (mutant) enzyme were grown in 300 ml 2*YT-medium at 25°C. After 30
hours the cells were harvested and sonicated. The soluble fraction was used to purify the
enzyme in a 3-step protocol. Typically, a yield of more than 10 mg enzyme per litre was
reached with a purity of at least 90%.

The enzymes containing mutations N266R, N2661, N266K and N266V were hardly
produced under these conditions. Attempts to obtain these mutant enzymes by growing
them in different experiments at 17°C-20°C for 30-70 hours in a volume up to two litres
failed. At these low temperatures after 70 hours the strains expressing these mutants
reached only half the ODgg Of the strains bearing the wild type gene in 30 hours at
25°C. Furthermore, they still hardly produced any enzyme in the soluble fraction.
Western blots of SDS-PAGE gels with cell lysates of these mutants showed that SY-
77N and SY-77M% were mainly present in the non-soluble fraction, whereas the
enzymes containing mutations N2661 and N266V were hardly produced at all (data not
shown). Consequently, these four mutants were discarded from further analysis.

In order to determine possible interference of the remaining 16 amino acids at this
position with the maturation of the enzymes, 3 pg of purified enzyme was loaded onto
an SDS-PAGE gel and stained with Coomassie Brilliant Blue. From these gels (Figure
1) it is clear that mutation N266A results in an impaired processing of the propeptide,
while mutations N266D and N266E result in a less efficient cleavage of the spacer from
the a-subunit. The other mutations do not seem to affect the processing of the enzyme.
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Figure 1. Effects of mutation of Asn266 on the maturation of glutaryl acylase.
The purified enzymes were boiled for 2 minutes in loading buffer and loaded onto a 12.5% SDS-

PAGE gel. The amino acid at position 266 is depicted above the lane. pp, propeptide; 8, B-subunit;
sp, spacer peptide; o, a-subunit.
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Activity towards adipyl-7-ADCA and glutaryl-7-ACA

The catalytic parameters of the purified mutant and wild type enzymes were determined
on both adipyl-7-ADCA and glutaryl-7-ACA. The activity and affinity constants (K
and Ky,) are listed in Table 1, the catalytic efficiencies (K../Kr) are depicted in Figure 2.
Interestingly, the library of mutants at position 266 exhibits a considerable diversity of
changed catalytic parameters. The most striking mutant is SY-77"?%M_ |ts catalytic
efficiency on adipyl-7-ADCA is 15-fold higher than that of wild type. The K, of this
enzyme is 3.5-times lower and the K.y is 4.5-times higher than wild type parameters.
The large hydrophobic amino acids Tyr, Trp and Phe at position 266 improve adipyl-
7-ADCA hydrolysis by lowering the Ky, Mutation N266H results in an almost 10-fold
improved catalytic efficiency on adipyl-7-ADCA, mostly due to a decreased K. The
amino acid GIn at position 266, which side chain is one C atom longer than the original
side chain of Asn, induces a 2-fold decrease of the K, for adipyl-7-ADCA hydrolysis.
Substitution of Asn266 with the small amino acid Cys improves K, but decreases Keg
on adipyl-7-ADCA resulting in a catalytic efficiency that is similar to wild type. The
other amino acids at position 266 have a decreased k¢, and/or a higher K., on adipyl-
7-ADCA resulting in a lower catalytic efficiency. Changing Asn266 into any other
amino acid in all cases leads to a lower activity towards glutaryl-7-ACA. The extent of
this decrease on kg, and/or K, is distinct for each amino acid.

Table 1. K, and kg values on adipyl-7-ADCA and glutaryl-7-ACA of purified
enzymes.

The mutant enzymes SY-77N%6R  gy-77N%81 gy _77N258K and SY-77"*%V did not produce enough
enzyme to be purified and catalytic parameters could not be determined. The remaining 16 enzymes
were purified >90%. The k¢ and K, on both substrates were determined by measuring the initial
rate of hydrolysis on a range of substrate concentrations with a fixed amount of enzyme as described
earlier ™€, N.D., not detectable.
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AA at adipyl-7-ADCA glutaryl-7-ACA
position 266 ke (s) Km (MM) Keat (57 K (MM)
Asn (WT) 0.41+0.01 12403 4003 0.031 £ 0.002
Ala 0.18 £0.02 22+0.2 1401 0.26 £ 0.08
Asp 0.002 + 0.000 22+09 N.D. N.D.

Cys 0.31+0.03 0.80 +£0.03 20+0.1 0.16 £ 0.03
Glu 0.023 £+ 0.002 13.8+5.1 0.025 £ 0.002 0.29 £ 0.00
Gln 0.46 £ 0.04 0.62 +£0.13 24+0.2 0.12 £0.03
Gly 0.23+0.02 14+03 20+04 0.54 £0.13
His 0.47 £0.01 0.14 £0.01 31+03 0.044 £ 0.008
Leu 0.25+0.02 1.0+£0.2 0.082 £ 0.011 0.43 £0.04
Met 1.9+01 0.33£0.05 1.8+0.1 0.17 £0.02
Phe 0.37+£0.04 06+0.1 09+£0.2 0.10 £ 0.00
Pro 0.061 + 0.005 4412 0.13+£0.01 1.3+03

Ser 0.24 +0.02 0.99 + 0.05 16+0.1 0.075 £ 0.005
Thr 0.15+0.01 57+12 0.49+£0.14 15+05

Trp 0.33+0.01 0.59 + 0.06 13+0.1 0.18 £ 0.04
Tyr 0.33+0.01 0.65 + 0.10 0.61 + 0.06 0.11 £ 0.01




Altering substrate specificity of a cephalosporin acylase

6.0 4 %

150-

40

=

E 30 0

@

£

<

xS
0.5 4
Oommﬂ..ﬁ.ﬁ..mﬁ.

AWITD CEQGUHTILMFUPSTWY
Amino acid at position 266

120 4 f

S 80

E f

o

3

X

§ 20 4

E4
10 4 ﬂm

AWTD CE QGHLMTFUZPSTWY
Amino acid at position 266

Figure 2. Catalytic efficiencies of purified enzymes on adipyl-7-ADCA (A) and
glutaryl-7-ACA (B).

The catalytic parameters were determined by an automated fluorescamine assay performed at
different substrate concentrations. The kinetic parameters were calculated from Eadie-Hofstee plots
and listed in Table 1. The given values are a mean + S.D. of at least three independent measurements.

Conversion of Cephalosporin C

For the determination of activity on CPC, 20 pg of all mutant and wild type enzymes
were incubated at 37°C with 10 mM CPC. The wild type enzyme and the mutants
SY-77N28Q gy 77NH gy _77NM ang SY-77N%W showed hydrolysis after 20 hours.
These activities were too low to be able to determine K, and k. In order to avoid long
incubation times that may lead to enzyme destabilisation, the conversion rate of the
different mutants was calculated from an assay with more enzyme (75 pg). The mean
slope of the conversion of CPC in the first five hours was determined and normalised
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towards wild type (Figure 3). Mutants SY-77"%°? and SY-77"%*" displayed almost a
two times improved conversion of CPC over wild type, whereas SY-77"?*™ has
improved 30%. The conversion rate of SY-77"" is not significantly different from
wild type.

Figure 3. Hydrolysis of 10 mM CPC by a few selected Asn266 mutants in the first

five hours.
The slopes of the hydrolysis curves were calculated for at least six different experiments. Conversion

of CPC by wild type was set at 100%. Values were tested for statistical significant difference by the
Student’s t-test; * = p < 0.01, ** = p < 0.005, *** = p < 0.0005, mutant N266W was not significantly

different.

Discussion

In a previous study using error prone PCR, amino acid Asn266 of the glutaryl acylase of
Pseudomonas SY-77 was pointed out as one of the residues defining substrate
specificity ™. This result was surprising since Asn266 was indicated not to be directly
involved in substrate-binding, but could interact via Tyr351 with Arg255, which
accommodates the carboxylate head of the side chain 2 In order to elucidate the
role of Asn266 in substrate specificity, we have mutated Asn266 into the 19 other
amino acids and expressed them in E. coli. Sixteen of the 20 different enzymes could be
expressed in a soluble form and were purified. These 16 acylases were characterised
with respect to their activity in the maturation process and the hydrolysis of several
substrates. The catalytic properties varied over a broad spectrum (Table 1, Figures 2 and
3) pointing at the active role of position 266 in the enzymatic activities.
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Since the maturation of the enzyme is crucial for its activation ¥, we first examined
the effect of the different mutations on the maturation process. Mutants SY-77"2® and
SY-77N%%%K were only produced as insoluble precursor proteins. Probably, the longer
side chains and positive charge result in a non-proper folding of the enzyme. The
presence of Ile or Val at position 266 causes a low production of the enzyme, in contrast
to other aliphatic residues. It is possible that the branching at the C( interferes with the
folding process. Mutant SY-77"%%* is soluble, but not fully maturated. A significant
fraction of this purified protein is in the propeptide form indicating that the first
intramolecular cleavage step (between the spacer and the B-subunit) is affected (Figure
1). The second step in the maturation process (cleavage of the spacer peptide from the
B-subunit) is supposed to involve a similar catalytic mechanism as the hydrolysis of the
substrate ?**8 Therefore, it would be expected that changes in residues involved in
catalysis also interfere with the processing of the enzyme. However, most of the
purified mutant proteins do not show the non-cleaved form of a-subunit plus spacer
peptide. Obviously, the long period of cell growth and protein purification could give
slower processing mutants enough time to mature. Thus, small changes in maturation
efficiency would not be detected. Only the change of Asn266 into the charged residues
Asp and Glu clearly results in poor cleavage of the spacer peptide from the a-subunit
(Figure 1). It seems that these amino acids do not interfere with the folding of the
enzyme, but are in competition with the carboxylate group of the Glul88 for the
Arg255 1119,
Remarkably, the K, of the enzyme towards adipyl-7-ADCA has improved in half of the
purified mutants, pointing at the flexibility and importance of position 266. Only
mutants SY-77V?%%E SY-77N% and SY-77M*®T have a strongly increased Kp,.
Concerning the catalytic activity, merely two mutants, SY-77"®" and SY-77"%M
show a significantly increased ke The most striking mutant is SY-77"™ which
shows a 4.5 times higher ke and a 3.5 times lower Ky, resulting in a 15-times better
catalytic efficiency (Figure 2). The ke on adipyl-7-ADCA is the same as the ke on
glutaryl-7-ACA of this mutant and approaches enzymatic activities that are
commercially exploited ™. Although the side chain of Met is one methyl group longer
than Asn, it is flexible and unbranched. Modelling of this amino acid at position 266 in
the enzyme suggests that mutation N266M only affects the position of the side chains of
Arg255 and Met266 (Figure 4). It is likely that Met266 can have direct hydrophobic
interactions with adipyl-7-ADCA. In addition, it clearly displaces the side chain of
Arg255, thereby enlarging the substrate binding pocket and creating more space for the
longer adipic side chain.
Five other mutants maintain a similar k., on adipyl-7-ADCA as wild type and show a
1.5 to 2-times decreased K.,. SY-77"?%®H and SY-77V?%*Q hoth have a larger amino acid
at position 266 that is able to form hydrogen bonds. In the original crystal structure, the
longer side chain of mutant amino acid GIn266 would not fit in the same orientation as
Asn. Application of energy minimisation to this mutant enzyme structure bends the Gin
side chain towards Arg255, resulting in a more favourable position for hydrogen
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bonding with either the substrate or Arg255 (Figure 4). Similar to SY-77N%M
SY-77N%%Q appears to displace Arg255, allowing a better accommodation of the adipyl
side chain. The catalytic properties on adipyl-7-ADCA of this mutant are however not
as good as those from SY-77"%™ probably due to the polar character of the Gln side
chain. The large aromatic amino acids in the mutants SY-77V2%F  SY-77N2%6W and
SY-77N%%%Y express similar k., values and bind adipyl-7-ADCA 2-fold better than wild
type. These amino acids are more likely to change the position of the substrate by
hydrophobic interactions. Modelling of the mutant with the largest of these three amino
acids, SY-77"*" revealed that the position of Trp266 nearly overlaps with the original
position of Asn (Figure 4). Incorporation of this large aromatic side chain does however
cause a displacement of the backbone of Arg255 and its closest neighbours away from
the substrate. Mutation N266W thus seems to improve the accommodation of the longer
adipic side chain by an enlargement of the substrate binding pocket and likely also by
increasing the hydrophobic interactions.

None of the mutants show an increased activity or affinity for the preferred substrate
glutaryl-7-ACA. Evolution optimised this amino acid, logically resulting in a decreased
activity upon changing, as is seen in a lot of mutagenesis studies °!. Only mutants
SY-77N* and SY-77M%%5 which were already found in the directed evolution
experiment, do have similar catalytic parameters on the glutaryl substrate as wild type
enzyme indicating that these mutations hardly affect the overall structure of the
substrate-binding pocket of the enzyme. This is not surprising considering the fact that
these amino acids could be created by a single base pair substitution, which usually
leads to conservative mutations and preservation of enzyme activity.

Although the importance of residue 266 became evident from a selection experiment
using the adipyl side chain, we hypothesised that this residue also might influence the
binding of the amino-adipyl side chain of CPC. We found mutants SY-77N?%%
SY-77N%%Q and SY-77"*M to have a small but significant increase in hydrolysis
activity of CPC over wild type (Figure 3). This activity is, however, still two orders of
magnitude lower than the hydrolysis of glutaryl-7-ACA. As a consequence of these low
activities we could not determine whether these improvements stem from effects on
either K, or Keat.

Interestingly, the same mutants SY-77V%? SY-77N% and SY-77MN?%M also have an
improved activity on adipyl-7-ADCA and SY-77"%%" even displays almost the same
activity on glutaryl-7-ACA as wild type. Apparently, these three mutated enzymes have
expanded their substrate range. These results seem to confirm the hypothesis that a CPC
acylase can be made from a glutaryl acylase, but that one amino acid substitution is not
sufficient.

In conclusion, we used saturation mutagenesis to complement a previous directed
evolution approach in which residue Asn266 was identified as a key residue for
substrate specificity. This allowed the analysis of a larger sequence space at this
particular position and finding of more radical changes in enzyme activity. The
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biochemical and structural effects of the different amino acids at position 266 were
analysed and underlined its importance for substrate recognition. This strategy allowed
the isolation of a mutant enzyme with a commercial interesting activity towards adipyl-
7-ADCA, and appears to make the realisation of an industrial applicable CPC acylase
feasible.

Figure 4. Structural impression of the mutational effects.

Overlay of selected active site residues in the structural models of glutaryl acylase proteins
SY-77N%%5Q (green), SY-77"%M (blue), SY-77"%W (red) and refined wild type (yellow). The models
were constructed on the basis of wild type glutaryl acylase (grey; PDB entry 1FM2) using the
molecular graphics and modelling program DS Modeling (Accelrys, San Diego, CA, USA). For
clarity, glutaryl-7-ACA was added (coordinates from PDB entry 1JVZ).
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Residue Phe375 of cephalosporin acylase has been identified as one of the residues
that is involved in substrate specificity. A complete mutational analysis was
performed by substituting Phe375 with the 19 other amino acids and
characterising all purified mutant enzymes. Several mutations cause a substrate
specificity shift from the preferred substrate of the enzyme, glutaryl-7-ACA,
towards the desired substrate, adipyl-7-ADCA. The catalytic efficiency (Kea/Km) Of
mutant SY-777%"°¢ towards adipyl-7-ADCA was increased 6-fold with respect to
the wild type enzyme, due to a strong decrease of K. The kg of mutant
SY-777"H towards adipyl-7-ADCA was increased 2.4-fold. The mutational effects
point at two possible mechanisms by which residue 375 accommodates the long
side chain of adipyl-7-ADCA, either by a widening of a hydrophobic ring-like
structure that positions the aliphatic part of the side chain of the substrate, or by
hydrogen bonding to the carboxylate head of the side chain.

Introduction

Cephalosporin acylase is a crucial enzyme for the development of new enzymatic
pathways leading to the production of semi-synthetic cephalosporins. 7-amino-
cephalosporanic acid (7-ACA) and 7-aminodesacetoxycephalosporanic acid (7-ADCA)
are important intermediates in these pathways. Large quantities of these compounds are
needed, but the traditional production routes are time-consuming, expensive and/or
polluting “°. An alternative route to obtain 7-ADCA or 7-ACA is the one-step
enzymatic deacylation of either adipyl-7-ADCA & or cephalosporin C (CPC) 1%,
However, currently there is no biocatalyst available that is capable of performing this
task cost-efficiently "%, A good starting point for the generation of such an adipyl
acylase or CPC acylase could be Pseudomonas SY-77 glutaryl acylase %! a
cephalosporin acylase that is highly active on a similar compound glutaryl-7-ACA
(Figure 1).

Crystallisation studies of cephalosporin acylase with and without glutaryl-7-ACA or
glutarate showed that Phe375 is part of the substrate binding site of the enzyme 2321151
In an unbiased approach using directed evolution of Pseudomonas SY-77 glutaryl
acylase, mutant SY-777"" was found as one of the mutants that significantly increases
the activity of the enzyme on adipyl-7-ADCA M. However, directed evolution by the
introduction of point mutations in the codon for Phe375 allows for the substitution by
only six residues (Leu, lle, Val, Cys, Tyr and Ser) and consequently explores a limited
part of the sequence space at this position. Additionally, the mutants were selected on an
improved hydrolysis of adipyl-7-ADCA analogues. Consequently, neutral and negative
effects and effects on the hydrolysis of other B-lactam compounds that deepen the
knowledge of the cephalosporin acylase-substrate interaction could not be observed.
Therefore, it was decided to use a saturated mutagenesis approach to analyse the effects
of all possible residues at position 375 on the hydrolysis of three B-lactam compounds.
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Mutant enzymes with all natural amino acids at position 375 were overproduced and
purified to determine their activities in the hydrolysis of glutaryl-7-ACA, adipyl-
7-ADCA and CPC, and autocatalytic processing.

Several mutations were shown to improve the kinetic parameters towards adipyl-
7-ADCA. The highest increase in ke was due to the incorporation of a histidine,
whereas the largest decrease of the K, value was found for mutant SY-77"°C that also
shows the highest increase in catalytic efficiency. The effects of all mutations on the
kinetic parameters are discussed on the basis of the crystal structure of the enzyme, and
allowed to elucidate the possible modes by which residues at position 375 can modify
substrate specificity.

Compound n R1 R2
Glutaryl-7-ACA 1 -H -CH,0COCHjs
Adipyl-7-ADCA 2 -H -CHs

CPC 2 -NH, -CH,OCOCH;
7-ACA - - -CH,0COCHjs
7-ADCA - - -CHs

Figure 1. The production of 7-ACA and 7-ADCA from g-lactam compounds.

Materials and methods

Chemicals

The B-lactam substrates glutaryl-7-ACA, adipyl-7-ADCA and CPC (as sodium salt) were gifts
from DSM, The Netherlands. Fluorescamine was from Sigma, BugBuster from Novagen,
5-bromo-4-chloro-3-indolyl-phosphate and nitro blue tetrazolium were from Duchefa, The
Netherlands.

Mutagenesis of residue Phe375 of Pseudomonas SY-77 glutaryl acylase

Mutagenesis was performed on plasmid pMcSY-2 1 harbouring the gene encoding
Pseudomonas SY-77 glutaryl acylase under control of the tac-promoter. The random primer
5’-atg cag gtg ccg acc nng/c aac atc gtc tac gcc g was used to mutate the codon for Phe375 in a
megaprimer reaction with Pfu DNA polymerase (Stratagene) “Z. The resulting PCR product was
ligated into pMcSY-2 by digestion using the Bglll and Sstll restriction sites. After transformation
into Escherichia coli DH10B, cells were plated on LB-agar plates containing 50 pg/ml
chloramphenicol. Single colonies were picked for DNA sequence determination. Nine different
mutants were obtained using this method, the remaining ten were produced by PCR using the site
directed version of the same primer, in which nng/c was replaced with the codon for the desired
residue.

A test was conducted to confirm that the transformants were still able to produce acylase. 10 ml
2*YT medium ™ supplemented with 50 pg/ml chloramphenicol and 0.1% glycerol was

55



Chapter 4

inoculated with 0.1 ml of an overnight culture, and grown at 30°C for 24 h. Cells were harvested
from 5 ml of this culture and lysed with the non-ionic detergent BugBuster %% The soluble
fraction was spotted on a nitrocellulose membrane, which was subsequently incubated with a
polyclonal rabbit antibody against purified Pseudomonas SY-77 glutaryl acylase (Eurogentec
S.A.) and an alkaline phosphatase-conjugated goat anti-rabbit antibody. The appearance of purple
spots after incubation with 5-bromo-4-chloro-3-indolyl-phosphate and nitro blue tetrazolium
confirmed the presence of acylase enzyme in the sample. Transformants that did not produce
acylase were discarded.

Characterisation of mutant enzymes

Mutant and wild type enzymes were produced in E. coli DH10B in 100 ml cultures and purified
by anion exchange and hydrophobic interaction column chromatography as described earlier M€,
The protein concentration in the purified samples was determined using the DC protein assay
(Bio-Rad) with BSA as the reference protein. Analysis of the samples by SDS-PAGE ™% was
done using a 12.5% gel, which was stained with Coomassie Brilliant Blue.

The kinetic parameters Ky, K, and ke/K,, of mutant and wild type enzyme towards glutaryl-
7-ACA and adipyl-7-ADCA were determined using the automated fluorescamine assay in 96-well
format as described earlier €1, A concentration range of the p-lactam substrates was incubated
with a fixed amount of enzyme in 20 mM phosphate buffer pH 7.5 at 37°C. The reaction was
stopped by the addition of acetate buffer pH 4.5, and the amount of product 7-A(D)CA formed
was determined by incubation with fluorescamine and measuring the absorption at 380 nm. The
kinetic parameters ke and K., were calculated from the rates of reaction at different
concentrations of substrate. Activity towards CPC was determined by the fluorescamine assay at a
high concentration of substrate %%, using approx. 20 pg of purified enzyme and 5 mM CPC in
200 ul of reaction mixture. Aliquots were taken after 24 and 48 h incubation at 37°C and
incubated with fluorescamine to determine whether CPC had been deacylated.

Results

Production and autocatalytic processing of mutant enzymes

All 19 mutant enzymes and wild type could be expressed and purified from E. coli
DH10B at a yield of more than 10 mg/I culture. On SDS-PAGE (Figure 2), all purified
mutants displayed the bands corresponding to the mature o- and B-subunits, with the
exception of mutant SY-777*", which showed only the band corresponding to the
unprocessed propeptide consisting of the a-subunit, spacer peptide and the B-subunit.
Mutants SY-7777! Sy-777"R - gy-777"T and SY-777"Y showed a band
corresponding to the unprocessed propeptide in addition to the a and B-subunits,
indicating that they underwent partial processing. An impaired processing could also
have led to the accumulation of the polypeptide consisting of a-subunit plus spacer
peptide, but no band corresponding to this polypeptide was seen in any of the samples.
Remarkably, the elution profiles of all mutants were similar to that of wild type enzyme
in all column chromatography steps, indicating that the folding of the maturated and the
non-maturated enzymes is very similar, which has also been observed for the S199A
mutant of cephalosporin acylase M1,
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Figure 2. Maturation of wild type and mutant cephalosporin acylases.

Cephalosporin acylase is produced as a propeptide consisting of a signal sequence, a-subunit, spacer
peptide and B-subunit. Impairment of the first maturation step leads to the accumulation of
propeptide. Impairment of the second maturation step would lead to accumulation of a-subunit +
spacer peptide, visible as a band just above the band corresponding to the a-subunit. Samples were
incubated at 100°C for 2 min; each lane contains 3 pg purified protein. The residues in which Phe375
has been mutated are indicated by the one letter code.

Ma = Marker proteins (Bio-Rad); a = a-subunit; p = B-subunit; pp = propeptide.

Hydrolysis of glutaryl-7-ACA

None of the mutations of residue 375 improved the kinetic parameters towards the
preferred substrate of the enzyme, glutaryl-7-ACA (Table 1 and Figure 3). The best
mutation was F375C, which lowered the catalytic efficiency to about 50% of the value
of wild type due to a decrease of ke SY-7772""C was the only mutant that did not
significantly increase the K, towards glutaryl-7-ACA. The other sulphur residue Met
caused a comparable decrease of k. accompanied by an 5-fold increase of K. The
substitution of Phe by Tyr lowered k. only marginally, but it did cause a 2.5-fold
increase of K. A similar effect was caused by the F375S mutation, but the other
hydroxyl residue Thr had a stronger negative effect on the kinetic parameters. With
regard to the aliphatic residues, the smaller residues Gly and Ala caused a less drastic
decline of kinetic parameters than the larger residues Val, Leu and lle. The introduction
of all other residues resulted in a drastic decrease of catalytic efficiency.
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Hydrolysis of adipyl-7-ADCA

All mutants showed unique kinetic parameters on the desired substrate adipyl-7-ADCA.
Five mutants showed an increased catalytic efficiency, three a catalytic efficiency
similar to wild type, and eleven a decreased catalytic efficiency (Table 1 and Figure 3).
The catalytic efficiency towards adipyl-7-ADCA was increased 6-fold by the
introduction of a Cys at position 375, mainly due to a strong reduction of K.,. The other
sulphur-containing residue, Met, increased the catalytic efficiency by a factor of 2 by
slightly increasing k., and decreasing Ky. The hydrophilic residues Asn, GIn and His
all increased k.. The catalytic efficiency was increased more than 2-fold by the
introduction of Asn and His but not of Gln. In contrast to Asn, GIn and His, the
hydrophilic hydroxyl residues Ser and Thr significantly lowered k., and did not affect
Km. The aliphatic residue Leu increased the catalytic efficiency almost 2-fold by
increasing k¢, and decreasing K. The other aliphatic residues Gly, Ala, Val and lle all
decreased k., and only the smallest residues, Gly and Ala, resulted in a lower K.,. The
aromatic residue Tyr did not change the kinetic parameters significantly, whereas Trp
caused a drastic decrease of k. accompanied by an increase of K. Finally, the
introduction of a charged residue, e.g. Arg, Asp, Glu or Lys, lowered the catalytic
efficiency to less than 3% of wild type due to both a strong decrease of ke and a
significant increase of K.

Table 1. Kinetic parameters of wild type and mutant cephalosporin acylases.
The kinetic parameters were calculated from Eadie-Hofstee plots. Values given are mean + S.D. of at
least three independent measurements. N.D., not detectable.

Residue adipyl-7-ADCA glutaryl-7-ACA

Keat (5-1) Kmn (mM) Keat (5-1) K (mM)
Phe (WT)  0.49+0.04 1.0+£0.2 4.0+0.3 0.031 +0.002
Ala 0.20 £0.01 0.51 +0.08 2.35+0.07 0.07 £0.01
Arg 0.018 £ 0.002 10+1 0.21 £0.05 0.6+0.2
Asn 09+0.1 0.83 +£0.09 1.96 £ 0.05 0.18 £0.03
Asp 0.015 + 0.004 11+3 0.010 +0.002 0.22 £ 0.06
Cys 0.55+0.03 0.17 +£0.03 2.308 £ 0.007 0.038 £ 0.008
Glu 0.08 £ 0.02 12+2 0.008 + 0.001 0.2+0.1
GIn 0.68 £ 0.05 21+03 0.80 £ 0.02 0.7+0.2
Gly 0.073 £ 0.004 0.16 + 0.02 2.46 +0.08 0.066 + 0.008
His 1.16 £ 0.08 09+0.2 1.334 + 0.007 0.11 +£0.03
lle 0.097 £ 0.003 2.07 £0.03 0.67 £0.04 0.10 £0.02
Leu 0.67 £0.04 0.7%+0.1 1.10+0.09 0.26 £ 0.07
Lys 0.036 £ 0.001 2.16 +0.07 22+04 0.7+0.2
Met 0.65 £ 0.02 0.65 +0.04 2.02 +0.09 0.17 £0.02
Pro N.D. N.D. N.D. N.D.
Ser 0.11+£0.01 0.99 + 0.09 3.1+0.2 0.07 £0.02
Thr 0.24 +£0.04 09+04 1.8+0.1 0.09 +0.03
Trp 0.026 + 0.001 1.5+0.2 0.47 £0.06 0.8+0.1
Tyr 0.43 +0.05 0.7+0.1 3.64 £0.05 0.08 £0.01
Val 0.090 £ 0.003 1.37 £ 0.07 1.02 £0.08 0.10 £ 0.02
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Figure 3. Catalytic efficiency of wild type and mutant cephalosporin acylases.
The kinetic parameters were calculated from Eadie-Hofstee plots. Values given are mean + S.D. of at

least three independent measurements.

Hydrolysis of CPC
Deacylation of CPC by neither wild type Pseudomonas SY-77 glutaryl acylase nor any
of the mutants could be detected by the fluorescamine assay under the described
conditions, in spite of using over three times more enzyme and a 10-fold longer
incubation period than in any of the assays using adipyl-7-ADCA and glutaryl-7-ACA
(data not shown).
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Discussion

In order to investigate the function of position 375 of cephalosporin acylase all 19
mutants of Phe375 were expressed in E. coli and purified by column chromatography.
Remarkably, all mutants could be produced in high quantities and showed distinctive
kinetic parameters on the desired substrate and preferred substrate of the enzyme,
adipyl-7-ADCA and glutaryl-7-ACA, respectively. This points at the importance of
Phe375 for substrate specificity.

Some mutants did not mature efficiently. The current model for the autocatalytic
processing of cephalosporin acylase comprises an intramolecular cleavage followed by
an intermolecular cleavage. The side chain binding pocket of the active site is thought to
be involved only in the intermolecular cleavage ™#°1 Surprisingly, however,
mutagenesis of position 375, which is part of the side chain binding pocket, does not
affect the intermolecular cleavage but can affect the intramolecular cleavage. No band
corresponding to the polypeptide consisting of a-subunit plus spacer peptide was visible
on SDS-PAGE, but five mutants showed a band corresponding to the precursor
consisting of a-subunit, spacer peptide and the B-subunit (Figure 2). Additionally, the
hydrolysis activity towards glutaryl-7-ACA of the mutants (Table 1) is not related to the
capability to perform autocatalytic processing. Our results thus show that intermolecular
processing and catalytic activity are not strictly linked.

Until now, the recognised preferred substrate of cephalosporin acylase is glutaryl-
7-ACA. It is therefore not surprising that none of the mutations resulted in an
improvement of the kinetic parameters using glutaryl-7-ACA, and most mutations
resulted in a decline of the kinetic parameters. The hydrolysis of B-lactam substrates by
[B-lactam acylases proceeds via the formation of an acyl-enzyme intermediate, which is
subsequently hydrolysed. In the case of E. coli penicillin G acylase, which active site is
very similar to that of cephalosporin acylase %, it has been indicated that the acylation
reaction is the rate-limiting step ™%. Assuming this also to be applicable to
cephalosporin acylase, k. would represent the rate of acylation, and K, the binding of
substrate in the active site. In the crystal structure of the enzyme complexed with
glutaryl-7-ACA the side chain of the substrate is held in place by various interactions in
order to properly position the scissile bond for a nucleophilic attack by Ser199 and form
the acyl-enzyme intermediate 2. The aliphatic part of the side chain protrudes through
a ring-like structure of hydrophobic residues consisting of Leu222, VVal268 and Phe375,
and the carboxylate head of the side chain is positioned in a hydrophilic cavity by
electrostatic interactions with Arg255 and hydrogen bonds with Tyrl78 and Tyr231.
The aromatic ring of Phe375 is positioned alongside the glutaryl side chain (Figure 4).
This may explain why the incorporation of the small hydrophobic residues Gly, Ala and
Cys causes the smallest negative effects on the kinetic parameters towards glutaryl-
7-ACA. The incorporation of some polarity can be overcome, as is demonstrated by the
relatively small effects of the F375Y and F375S mutations, but the incorporation of
residues with larger side chains results in a poor hydrolysis activity, probably due to
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steric hindrance of the side chain.

In order to shift the substrate specificity of the enzyme towards the desired substrate
adipyl-7-ADCA, the longer adipyl side chain must be accommodated by the side chain
binding pocket while the scissile bond is maintained in a favourable position with
respect to Ser199. Two strategies may be used: the hydrophobic ring has to be widened
in order to accommodate a twisted aliphatic chain, or the carboxylate head has to be
pulled further into the side chain binding pocket, which was proposed to be the
mechanism of the improved hydrolysis of adipyl-7-ADCA by mutant SY-77Y178% [28],
The slightly different fit of glutaryl-7-ACA and glutarate in the substrate binding site [*?
and the alkylation of Trp202 by substrate analogues ™! indicate that some flexibility in
the binding of substrates exists, a prerequisite for these two strategies.

Depending on the nature of the residue that substitutes Phe375 either mechanism may
apply. The substitution of Phe375 by the smaller hydrophobic residues Cys, Leu and
Met will expand the hydrophobic ring and generate extra space for the longer side
chain. Apparently, this is a very delicate procedure, since Val and lle have a negative
influence on the Kinetic parameters. The data suggest that a greater expansion of the
ring, e.g. via substituting Phe375 by Gly or Ala, increases the ability of the side chain
binding pocket to accommodate the adipyl side chain, as is indicated by a strong
decrease of Ky, At the same time, the lower K.y values suggest that the positioning of
the scissile bond for hydrolysis is less optimal in these mutants.

As for the second mechanism, the increase of kg upon substituting Phe375 by the
hydrogen-bond donors Asn, GlIn or His indicates that position 375 can also be used to
pull the adipyl side chain further into the side chain binding pocket by means of direct
or indirect hydrogen-bonding to the carboxylate head. Again, the structural alterations
seem to be very delicate, since the potentially hydrogen bonding Ser and Thr have a
negative effect on the kg, and substitution by Tyr, which is basically a phenylalanine
with a hydrogen bonding hydroxyl group, does not alter the kinetic parameters. The
effects of these mutations on the hydrolysis of glutaryl-7-ACA are different and suggest
that the carboxylate head of the glutaryl side chain cannot use hydrogen bonding to
residue 375 to increase binding and hydrolysis. Apparently, the shorter length of the
side chain limits the degrees of freedom and thereby prohibits alternative binding
modes.

The introduction of a charged residue (Arg, Lys, Glu, Asp) or the bulky Trp at position
375 seems to block the passage of the charged carboxylate head of the side chain
through the hydrophobic ring and results in very poor catalytic parameters towards both
adipyl-7-ADCA and glutaryl-7-ACA. Surprisingly, most of these mutations do not
impair the autocatalytic processing of the enzyme, another indication that processing
and catalytic activity are not as closely linked as has been suggested by others.

This study shows that hydrolysis of adipyl-7-ADCA can be increased by improving the
hydrophobic interactions between amino acid 375 and the aliphatic side chain of the
substrate, as well as by hydrogen bonding of residue 375 to the carboxylate head of the
substrate. Furthermore, residue 375 can function as a gatekeeper by blocking passage
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through the hydrophobic ring of the substrate binding site by steric or electrostatic
means. These results demonstrate that residue 375 is a key amino acid in the protein
engineering of cephalosporin acylase. The saturation mutagenesis, in which the effects
of all 20 amino acids at this position were analysed, was essential for the discovery of
the three different modes by which residue 375 can dictate substrate specificity.
Although the catalytic efficiency for adipyl-7-ADCA can be improved 6-fold by
mutagenesis of Phe375, no activity on CPC could be detected. Apparently, the amino
moiety in the side chain of CPC still comprises an insurmountable problem for an
efficient hydrolysis, and additional mutations are required. Mutation F375C decreases
the K, towards adipyl-7-ADCA by a factor six while the K, towards glutaryl-7-ACA
remains identical, indicating that the substrate specificity of this mutant has been
extended rather than shifted. Mutant SY-7773"°° may thus be regarded as the template of
choice for future mutagenesis studies.

Figure 4. Three-dimensional model of the binding of the side chain of glutaryl-
7-ACA by cephalosporin acylase.

Residues Leu222, Val268 and Phe375 (green) form a hydrophobic ring-like structure, through which
the aliphatic part of the side chain of glutaryl-7-ACA (gold) protrudes, placing the carboxylate head
of the side chain in a hydrophilic cavity consisting of Tyr178, Tyr231, GIn248 and Arg255 (cyan).
Ser 199 (magenta) performs the nucleophilic attack on the scissile bond of the substrate. The Van der
Waals radii of the residues forming the hydrophobic ring are shown in dots. Phe375 interacts with C4
of the side chain and pushes the hydrophilic head into the cavity (Figure made with RasTop version
2.0.3, www.geneinfinity.org/rastop/, using the co-ordinates of PDB entry 1JVZ).
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Chapter 5

Cephalosporin acylases are important enzymes in the production of semi-synthetic
B-lactam antibiotics. In the search for improved hydrolysis of cephalosporin C and
adipyl-7-ADCA both rational and random mutagenesis approaches have been
used. It was concluded that five residues in the active site of the enzyme are
important for the binding of the substrate; Tyrl78, Tyr231, Arg255, Asn266 and
Phe375. Single mutants of residues Tyrl78, Asn266 and Phe375 were shown to
result in improved activity towards both adipyl-7-ADCA and cephalosporin C. It
is, however, likely that a combination of mutations may improve this activity even
further. Therefore, we integrated random and rational approaches to change the
substrate specificity of a cephalosporin acylase.

We started with the combination of the best mutant in the a-subunit with known
improved mutants in the B-subunit. Biochemical analysis of the combinants
showed, however, that only one of the mutants, SY-77"8H*F35L " aequired an
increased kg compared to both single parents on adipyl-7-ADCA. All other
combinations resulted in a similar or worsened value for both k¢, and K, resulting
in a similar or lower catalytic efficiency.

In a second experiment, we created a mutant library in which all possible amino
acids at the hot spot positions 266 and 375 were combined. This library was cloned
into a background sequence of wild type acylase and with the best a-subunit
mutation, Y178H, respectively. In order to avoid extensive screening, the libraries
were selected on minimal medium containing adipyl-leucine or amino adipyl-
leucine as sole leucine source. No mutants could be selected from the selective
plates with amino adipyl-leucine. From the adipyl-leucine plates, however, four
different multiple mutants were selected showing a 4-fold improved hydrolysis
ratio of adipyl-7-ADCA over glutaryl-7-ACA. They were purified and catalytic
parameters towards glutaryl-7-ACA, adipyl-7-ADCA and cephalosporin C were
determined. On adipyl-7-ADCA, k. values of the multiple mutants are equal or
lower than those of the single mutants, while K values have improved.
Remarkably, only multiple mutants comprising the N266Q mutation display a
higher additive catalytic efficiency (k../Kn) than the single mutants. Although the
mutants were selected on adipyl-leucine, some of them showed improved
hydrolytic activity of cephalosporin C compared to wild type acylase. Surprisingly,
the single mutant SY-77Y'"®" was found to have the highest cephalosporin
hydrolysis activity. None of the selected combinations of this mutation with
mutations at position 266 and/or 375 results in an increased activity towards
cephalosporin C.

As a last approach, the randomisation of all five important substrate specificity
residues was pursued. In order to prevent a bias towards the original codons, we
randomised the amino acids Tyr178, Tyr231, Arg255 and Asn266 by building this
part of the gene synthetically. We hybridised and ligated degenerate
oligonucleotides containing NNS codons at the positions to be randomised. This
synthetic part was cloned into a pool of vectors containing all amino acids on
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position 375. The ligation and hybridisation of the synthetic gene resulted in a
mutant library that comprises in theory 3*10° different mutants, which covers
statistically 94% of the total possible library. Unfortunately, cloning and
transformation of the total fragment into the randomised pool of vectors did not
yield sufficient transformants. It resulted only in a total of 1.3*10° different
colonies, which represents 0.13% of the possible library of the five totally
randomised residues. Plating of this small portion of the total library on minimal
medium containing amino adipyl-leucine did not result in any active mutants. A
new cloning procedure may, however, result in some multiple mutants with an
improved activity towards amino adipyl-leucine and consequently towards
cephalosporin C.

Introduction

Cephalosporin acylases are important enzymes in the environmentally friendly
production of the key intermediates of semi-synthetic cephalosporins, 7-amino-
desacetoxycephalosporanic acid (7-ADCA) and 7-aminocephalosporanic acid (7-ACA)
(Figure 1). The hydrolytic activity of cephalosporin acylases towards the substrates
adipyl-7-ADCA and cephalosporin C (CPC) is, however, very small and industrially not
exploitable. In former research we used directed evolution strategies in order to pinpoint
important residues of the glutaryl acylase from Pseudomonas SY-77 for substrate
specificity 31, The results of the directed evolution experiments could be rationalised
with the three-dimensional structure of the highly homologous glutaryl acylase from
Pseudomonas diminuta KAC-1 #2. Based on these findings, five residues in the active
site of the enzyme are considered particularly important for the binding of the substrate;
Tyrl78, Tyr231, Arg255, Asn266 and Phe375. Four of these residues were also
mentioned in rational mutagenesis approaches, but Asn266 was never indicated #3215

Compound n R1 R2
Glutaryl-7-ACA 1 -H -CH,OCOCH;
Adipyl-7-ADCA 2 -H -CH3

CPC 2 -NH,  -CH,OCOCH;
7-ACA - - -CH,0OCOCH;
7-ADCA - - -CH3

Figure 1: The production of 7-A(D)CA from -lactam compounds.
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In order to see the influence of the five amino acids on substrate specificity, saturation
mutagenesis of single residues was performed previously. Within the a-subunit of
SY-77 glutaryl acylase, the single mutant SY-77"1"®" was found to have the highest
hydrolysis activity towards adipyl-7-ADCA 8. In more detailed studies, positions
Asn266 and Phe375 were changed into all 19 other amino acids by site-directed
mutagenesis and the activity of the purified mutants was analysed ™% 1t could be
concluded that most amino acids are structurally allowed at either position and that
every mutant has its own substrate specificity profile towards glutaryl-7-ACA, adipyl-
7-ADCA and CPC. Although up to a 15-fold increase of the catalytic efficiency for
hydrolysis of adipyl-7-ADCA was measured, it appeared likely that further
improvement towards this compound and activity towards CPC is possible by additional
mutations or different combinations of mutations. In spite of being part of the substrate
binding site, no mutations were found at positions Tyr231 and Arg255 upon random
mutagenesis of the B-subunit. Probably, single mutations at these positions deteriorate
acylase activity as Tyr231 is conserved in most acylases and the positive charge of
Arg255 is necessary to complement the carboxylic head of the substrate.

The crystal structure of the enzyme reveals a very tight and intricate pattern of
interactions among the active site residues and the substrate. It seems logical that
several mutations are necessary to significantly improve hydrolysis activity to a desired
substrate by creating a new network of interactions with this substrate. Changing only
one of the important amino acids will disturb interactions and can result in lower
activities towards both the preferred substrate glutaryl-7-ACA and the desired substrates
adipyl-7-ADCA and CPC 61221231 'Eyrthermore, the larger side chains of both adipyl-
7-ADCA and CPC may need more space and interactions with different amino acids in
order to be fully accommodated in the active site of the enzyme. Combinations of single
mutations in an enzyme can result in no changes at all or may lead to antagonistic,
(partially) additive or synergistic effects, giving insight in the nature and extent of
interactions between specific amino acids.

We decided to start with the combination of different pairs of mutations and finish with
the total randomisation of all five amino acids mentioned above. Firstly, the best
mutation in the a-subunit was combined with mutations in the B-subunit that were
known to improve the enzymatic activity. These combinations were screened by
biochemical analyses of the purified enzyme. A next step was to randomly combine all
amino acids at the two hot spot positions 266 and 375. In order to avoid extensive
screening, a library, theoretically comprising all 400 possible mutants, was plated onto
selective media containing (amino) adipyl-leucine as sole leucine source. This library
was studied in the context of the wild type a-subunit sequence and combined with the
Y178H mutation in the a-subunit. Finally, we started with the construction of the library
of all five randomised amino acids. Site-saturation mutagenesis is the most
straightforward process to create a total randomised library. Maximal randomness is
particularly important for larger changes in enzyme activity, like the conversion of a
glutaryl acylase into a CPC acylase. Most mutagenesis methods involve a step in which
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a mutagenic oligonucleotide is annealed to the wild type template, which may result in a
bias towards the original codon as we have observed before 1?2, Different modified
mutagenesis methods have been developed in order to prevent this bias 4. The most
successful approaches of preventing bias in directed evolution experiments involve the
predominant use of synthetic oligonucleotides ). Therefore, we decided to randomise
the four amino acids Tyr178, Tyr231, Arg255 and Asn266 completely by assembling it
from synthetic oligonucleotides. In this way the NNS-codons are present on both
strands avoiding bias towards the original codon as was also shown in a degenerate
homoduplex shuffling method *!. Cloning this synthetic part into a pool of vectors
comprising all 20 amino acids at position 375 is likely to yield an unbiased library of
five totally randomised amino acids, which is not too large to be selected by growth
selection. All libraries were plated onto selective media containing adipyl-leucine or
amino adipyl-leucine as sole leucine source in order to find better mutants towards both
adipyl-7-ADCA and CPC, respectively.

Materials and Methods

Bacterial strains, chemicals, plasmids and DNA manipulations

The plasmid pMcSY-2 M and the leucine deficient Escherichia coli DH10B (Invitrogen) were
used for the cloning of the libraries and the expression of the Pseudomonas SY-77 glutaryl
acylase. Molecular DNA techniques were executed following standard protocols Y. The
enzymes used for DNA manipulations were purchased from New England Biolabs and Invitrogen
and applied according to the instructions of the manufacturer. Isolation and purification of DNA
was performed using the QIAprep and QIAquick kits of QIAGEN. The f-lactam substrates
glutaryl-7-ACA, adipyl-7-ADCA and CPC (as sodium salt) were gifts from DSM, The
Netherlands. Amino adipyl-leucine was synthesised by Syncom B.V., The Netherlands.

Construction and testing of the rationally combined mutants

Improved mutants found in the epPCR library of the B-subunit and saturation mutagenesis of
position Phe375 were combined with mutation Y178H in de a-subunit. Initial experiments
showed that normal cloning procedures resulted in a significant fraction of wild type sequence in
the Hindlll-Ncol portion of the gene, probably caused by self-ligation of linearised plasmid that
could not be fully separated by gel electrophoresis. To avoid this, the plasmid containing mutation
Y178H was truncated by elimination of a small Stul fragment located in the 3" moiety of the gene,
encoding part of the B-subunit. The resulting plasmid was named pMcY Htr-Stu. Plating E. coli
DH10B with this plasmid on minimal plates with glutaryl-leucine, adipyl-leucine or amino
adipyl-leucine showed no growth after 14 days of incubation at 30°C. The B-subunits of mutants
SY-77F229L, SY-77N266H, SY-77N2665, SY_77M271V+Q291K+T37451 SY_77F375H and SY_77F375L were
ligated into the truncated plasmid using the appropriate restriction enzymes. Resulting plasmids
were sequenced to confirm the presence of the mutations. The mutants were tested for the
production of soluble enzyme with a polyclonal antibody by spot blotting as described before 122,
Mutant acylases were purified up to 90% and catalytic parameters on glutaryl-7-ACA, adipyl-
7-ADCA and CPC were determined as described before ¢,
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Construction of the double and triple libraries

To create the library in which both position 266 and 375 are totally randomised, 20 plasmids
containing one of the 20 amino acids at position 266 were isolated from E. coli DH10B and
mixed in equimolar amounts ™%, The same was performed for 20 plasmids containing all
different amino acids at position 375 1?2, Fragments containing the 20 F375X mutations were
cloned into the backbone of pMcSY-77M%%% using the restriction enzymes Hindlll and Ncol.
Ligation mixtures were transformed to E. coli DH10B and plated onto LB plates containing 0.4%
glucose and 50 pg/ml chloramphenicol. Ten transformants were picked randomly to determine the
DNA sequence of the plasmids. The rest of the transformants was scraped together for further use.
This library was named the NF-library.

The fragments from the NF-library containing all 400 mutants were ligated into pMcY Htr-Stu
using the restriction enzymes Xmal and Kpnl. This library was called the YNF-library.

Randomisation of 5 residues using synthetic oligonucleotides

In order to get an unbiased library of five totally randomised residues, synthetic oligonucleotides
containing NNS-codons were used (Table 1). The part from the gene between restriction sites
Eco01091 and Ncol was constructed in several steps (Figure 2). The first part, from base 283 until
525, was made by PCR using 0.5 mM of oligonucleotides Al and B1 in the following program:
3 min at 95°C, 30 cycles of 45 s at 95°C, 1 min at 60°C, 1 min at 72°C and a final step of 10 min
at 72°C. The resulting PCR product was purified from a 2% agarose gel. The second part of the
gene from base 486 until 989 was assembled from synthetic oligonucleotides A2 until A11 and
B1 until B10, containing NNS-codons at the codons for amino acids Tyr178, Tyr231, Arg255 and
Asn266.

Since synthetic oligonucleotides do not have a phosphate group at the 5’-end, they cannot be
joined together by ligase and need to be phosphorylated. In order to get the best possible
phosphorylation of the oligonucleotides, they were heated to 100°C for 5 min and immediately
put on ice, hereby losing any secondary structures that might block the end of the oligonucleotide
from being phosphorylated. After cooling down they were phosphorylated using T4
PolyNucleotideKinase (PNK, Roche) according to the protocol of the supplier. Complementary
pairs (e.g. A1l and B1, A2 and B2) were added together and allowed to hybridise by boiling for 5
min in a small water bath, followed by slow ON cooling down in this water bath. Hybridised pairs
were ligated together one pair at a time by incubation for 5 min with Ampligase Thermostable
DNA ligase (Epicentre). The optimum temperature for this enzyme of 45°C is favourable, since
the minimum overhang of 10 bases between the synthetic oligonucleotides has a higher melting
temperature then the normal overhang of two to four bases after restriction. The starting
temperature of the hybridisation of two double stranded pairs was at least 3°C lower than the
melting temperature of each individual pair to prevent the hybridised pairs from melting.

% 7 taaaannns | , oy % % 2|
bps 298 535 694 766 799 971 1126
AA Y178 Y231 R255 N266 F375
Eco0109I Ncol

Figure 2. Graphical outline of the strategy in order to get 5 totally randomised
residues.

=
See text for explanation. i - vector, = ‘normal’ PCR, |:| = synthetic gene.
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Hybridisation and ligation was performed by lowering temperature 1°C per 2 minutes until 10°C
below the hybridising part melting temperature, but not lower than 25°C because of the optimal
temperature of Ampligase. The ligation mixtures were kept on ice during which the ligation was
checked on a 2% agarose gel. Successfully ligated fragments were used in a following cycle of
ligation with Ampligase. After joining all pairs together, the resulting DNA fragments encoding
the four randomised amino acids were amplified by PCR using primers All and B11 in the
following program: 3 min at 95°C, 30 cycles of 45 s at 95°C, 1 min at 65°C, 1 min at 72°C and a
final step of 10 min at 72°C. In order to calculate the diversity of the amplified PCR product,
control PCRs starting from known DNA concentrations were performed. Both parts of the acylase
gene were assembled by PCR using 600 ng DNA of each part per 100 pl PCR mix and 0.5 mM of
each of the primers Al and B11 comprising the restriction sites EcoO1091 and Ncol. The
following PCR program was used: 3 min at 95°C, 30 cycles of 45 s at 95°C, 1 min at 56°C,
1.5 min at 72°C and a final step of 10 min at 72°C. 160 ng DNA of the resulting library of PCR
fragment was ligated into a pool of vectors containing the rest of the acylase gene with codons for
all 20 amino acids at position 375.

Table 1. Synthetic oligonucleotides used for randomising 5 residues.
Primers named A are forward primers, B primers are backward primers. NNS codons are given in
bold, restriction sites are underlined.

Name Length Sequence (5°—3’)

All 29bps TTCCGGCGCCGACGTGGTGGCCCACGCCC

A2 32bps  ACCGCCTGATGAACTTCCTCNNSGTCGCGTCG

A3 94bps CCCGGGCGCACCCTGGGCGAGGGCGACCCGCCGGACCTGGCATCAA
GGATCCAACTCCTGGGCGGTGGCGCCGGGAAAGACGGCGAACGGGA

Ad 43bps  ACGCCCTGCTGCTGCAGAACCCGCACCTGTCCTGGACGACGGA

A5 33bps CTACTTCACCNNSTACGAGGCGCATCTCGTCAC

A6 39bps GCCGGACTTCGAGATCTATGGCGCGACCCAGATCGGCCT

A7 35bps GCCGGTCATCNNSTTCGCCTTCAACCAGCGGATGG

A8 32bps  GCATCACCNNSACCGTCAACGGCATGGTGGGG

A9 88bps GCCACCAACTATCGGCTGACGCTTCAGGACGGCGGCTATCTGTATGAC
GGTCAGGTGCGGCCGTTCGAGCGGCCTCAGGCCTCGTATC

A10 77bps  GCCTGCGTCAGGCGGACGGGACGACGGTCGACAAGCCGTTGGAGATC
CGCTCCAGCGTCCATGGCCCGGTCTTCGAG

B1 39bps ATCAGGCGGTGGGCGTGGGCCACCACGTCGGCGCCGGAA

B2 35bps GGGTGCGCCCGGGCGACGCGACSNNGAGGAAGTTC

B3 62bps CGGCGCCACCGCCCAGGAGTTGGATCCTTGATCGGCCAGGTCCGGCG
GGTCGCCCTCGCCCA

B4 51bps GGACAGGTGCGGGTTCTGCAGCAGCAGGGCGTTCCCGTTCGCCGTCTT
TCC

B5 34bps GCGCCTCGTASNNGGTGAAGTAGTCCGTCGTCCA

B6 41bps CTGGGTCGCGCCATAGATCTCGAAGTCCGGCGTGACGAGAT

B7 33bps GTTGAAGGCGAASNNGATGACCGGCAGGCCGAT

B8 32bps CCGTTGACGGTSNNGGTGATGCCCATCCGCTG

B9 85bps AGGCCGCTCGAACGGCCGCACCTGACCGTCATACAGATAGCCGCCGT
CCTGAAGCGTCAGCCGATAGTTGGTGGCCCCCACCATG

B10 90bps CTCGAAGACCGGGCCATGGACGCTGGAGCGGATCTCCAACGGCTTGT
CGACCGTCGTCCCGTCCGCCTGACGCAGGCGATACGAGGCCTG

Al 30bps GGGGGCCGAATACTGGGGCCCGGATTACG
B11l 20bps  CTCGAAGACCGGGCCATGGA
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After transformation of these mutant plasmids into the leucine-deficient E. coli strain DH10B,
transformants were scraped together from LB plates, containing 0.4% glucose and 50 ug/ml
chloramphenicol, and frozen as -80°C stocks.

Selection, purification and catalytic parameter determination of mutant enzymes

E. coli DH10B containing the different libraries were taken from -80°C stocks, diluted 5 times in
2x YT-medium and grown at 37°C (250 rpm) for 1 hour, starved for 2 hours in 0.9% NaCl (37°C,
250 rpm), plated onto minimal medium containing 0.1 mg/ml adipyl-leucine or amino adipyl-
leucine as sole leucine source and incubated at 30°C. E. coli DH10B expressing wild type SY-77
glutaryl acylase and mutant SY-77Y1"8" were also plated onto the selection plates as a control for
the different libraries. Plasmids of transformants that grew faster than control colonies were
isolated, retransformed to E. coli DH10B and plated onto the same selection medium again.
Single colonies appearing on the second plate were tested for the production of enzyme with a
polyclonal antibody by spot blotting as described before 22, Acylase producing mutants were
used for an initial activity screen with crude cell extracts. Mutants with an improved hydrolysis
ratio of adipyl-7-ADCA over glutaryl-7-ACA were purified to >90% purity by anion exchange
and hydrophobic interaction column chromatography. The kinetic parameters on glutaryl-7-ACA
and adipyl-7-ADCA were determined using different substrate concentrations in a fluorescamine
assay as described before 161,

Results

Combining the best a- and B-subunit mutations

In previous research we obtained mutants in both the a- and B-subunit which had an
improved hydrolysis activity towards adipyl-7-ADCA. Since the multiple mutations of
one of the mutants (SY-77M271V+Q2K+T74S) anneared to be additive ', we constructed
other combinations which could also have additive or even synergistic effects.
Therefore, the best mutation in the a-subunit, Y178H, was combined with six improved
enzymes having mutations in the B-subunit, SY-7772%%% SY-77N#®EH - gy 77N26S
SY-77MITIVHQIIKATIS gy 77737H and SY-777%7. All combinations resulted in soluble
enzymes and were purified (> 90% pure). Activity towards both glutaryl-7-ACA and
adipyl-7-ADCA was measured using the fluorescamine assay. Hydrolysis of glutaryl-
7-ACA was decreased in all mutants compared to their single parents (data not shown).
On adipyl-7-ADCA only mutant SY-77"*8*F37L showed an increased k., compared to
both single parents. All other combinations showed similar or worsened k. and Ky,
values resulting in a similar or lower catalytic efficiency (Table 2). Remarkably, the
high ke value of single mutant SY-777"" is reduced 2.6-fold when combined with
mutation Y178H.

Construction and selection of libraries randomised at positions Asn266 and Phe375

A library was made by combining gene fragments encoding all 20 amino acids at
position 266 with those that encode all 20 amino acids at position 375. Sequence
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Table 2. Catalytic parameters of rationally constructed mutants and their parents on
adipyl-7-ADCA.

The ke and K, on adipyl-7-ADCA were determined by measuring the initial rate of hydrolysis on a
range of substrate concentrations with a fixed amount of enzyme as described earlier. The catalytic

parameters of mutant SY-77""®" are mentioned separately, since it is the parent of these mutants.
Mutation(s) Keat (5 Km (MM)
multiple -Y178H multiple -Y178H
Y178H 0.66+0.05 038+0.02 047+0.05 08=£0.1
Y178H+F229L 0.71+0.05 0.47+0.02* 1.1+0.2 0.52 +£0.04%
Y178H+N266H 0.95+0.04 055+0.02® 0.19+0.07 0.14 +0.02*
Y178H+N266S 0.43+0.06 0.34+0.02*® 09+0.3 0.42 +£0.04%
Y178H+M271V+Q291K+T374S 0.44+0.09 0.61+0.04* 0.8+0.2 0.7+0.1%
Y178H+F375H 0.44+003 116+0.08" 056+0.04 09+02°
Y178H+F375L 1.0+£02  0.67+004° 07+01 07+0.1°

2 Values were taken from ref. [116]
® Values were taken from ref. [122]

analysis of 10 randomly picked clones all revealed different combinations of amino
acids at positions 266 and 375, indicating that the random combination of the two
positions succeeded. After correction for self-ligation, the plasmids that contain the
library randomised at positions Asn266 and Phe375 (NF-library) or this library
combined with mutation Y178H (Y NF-library) was transformed to E. coli DH10B. This
resulted in approximately 2000 and 800 discrete colonies for the NF- and YNF-library,
which statistically includes all 400 possible mutants with a certainty of 99% and 86%,
respectively. The transformants were scraped together and frozen as -80°C stocks.

The frozen stocks of both libraries were thawed, diluted into 2x YT-medium and
revived for one hour at 37°C. The cells were washed and starved in 0.9% NacCl in order
to drain the internal leucine supply. After another washing step, cells were plated onto
minimal medium containing adipyl-leucine or amino adipyl-leucine as a sole leucine
source and incubated at 30°C. As a control for the NF- and YNF-library, respectively,
both E. coli DH10B expressing wild type SY-77 glutaryl acylase and mutant SY-77"*78"
were plated. Plates were inspected daily for eight days until very small colonies started
growing on both negative control plates and selection plates. At the 9" day, 35 of the
largest and earliest spotted clones from both libraries on the adipyl-leucine plates were
streaked onto fresh selection plates and incubated at 30°C (Table 3). At the same day
the YNF-library showed some very small dots on the selective plates containing amino
adipyl-leucine, from which the three largest were selected and streaked onto a fresh
selection plate. The NF-library showed no colonies at all on amino adipyl-leucine
selection plates. When equal amounts of bacteria of the libraries and wild type were
plated with glutaryl-leucine as sole leucine source, a much smaller number of colonies
was observed with the libraries.

Plasmids from selected transformants were retransformed to E. coli DH10B and
production of acylase was tested. Unfortunately, 61% of the transformants did not
produce any acylase as shown by spot blotting using a polyclonal rabbit antibody. Crude
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extracts of the transformants that did show acylase production were tested for activity
towards glutaryl-7-ACA and adipyl-7-ADCA (Table 3). Sequencing of the 15 mutants
that produced acylase revealed that some mutants were selected more than once. The
mutants SY-777178HN20H gng Qy-77YI7BHNZ2M \vere each selected three times and
mutant SY-77NF37L \yas selected twice. Of the 12 different mutants only four
mutant enzymes showed an improved ratio of adipyl-7-ADCA over glutaryl-7-ACA
compared to the wild type enzyme, the other mutants showed hardly any activity at all.
All four active enzymes comprised multiple mutations and had an improved ratio of at
least four times. Three of these mutants were the ones that were selected multiple times.

Table 3. Selection of transformants of the NF- and YNF-library.
AL, adipyl-leucine; AAL, amino adipyl-leucine; A-7-A, adipyl-7-ADCA,; G-7-A, glutaryl-7ACA.

Library and #selected #acylase # different # better # better
selection medium  mutants producers  sequences A-7-A/G-7-A  on CPC
NF on AL 20 8 7 1 0
NF on AAL 0 - - - -
YNF on AL 15 7 3 3 2
YNF on AAL 3 0 - - -

Determining catalytic parameters of mutants found in the NF- and YNF-library

The kinetic parameters k¢, and Ky, of the purified mutant proteins were determined on
glutaryl-7-ACA and adipyl-7-ADCA. Since the hydrolysis of CPC is too low for wild
type SY-77 to determine the catalytic parameters k., and K, the conversion rates of the
mutants were calculated from the linear slope of hydrolysis in the first four hours (Table
4 and Figure 3). In order to be able to conclude whether the combination of single
mutations have additive or even synergistic effects, values from former research of the
respective single mutants were added to the table and figure. As seen before, hydrolysis
activity of the preferred substrate glutaryl-7-ACA decreases upon improvement towards
other substrates. The kg values of the multiple mutants have decreased compared to the
single mutants, whereas the K,, values have increased, resulting in a much lower
catalytic efficiency. On adipyl-7-ADCA, the k¢, values of multiple mutants are equal or
lower than those of the single mutants. The K, values, however, have improved
compared to the associated single mutants. This results in a diverse spectrum of the
catalytic efficiency values (Figure 3). Multiple mutants comprising mutations N266Q
and F375L/M display a higher catalytic efficiency than the single mutants. The
differences are, however, additive and not synergistic. The combination of Y178H with
N266H/M does not lead to significantly different catalytic efficiencies on adipyl-
7-ADCA than those of the single mutants SY-77"?%" or SY-77N?%66M,

Surprisingly, the single mutant SY-77"®" shows the highest cephalosporin hydrolysis
activity. None of the selected combinations of this mutation with mutations at positions
266 and/or 375 results in an increase of activity towards CPC. Adding N266H to
mutation Y178H hardly affects the activity, but the double mutant SY-77Y1781HN266M paq
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a significantly lower hydrolysis activity than the single mutant. Single mutations at
position 375 or combinations with Y178H and/or N266Q do not seem to be beneficial
for the enzyme’s cephalosporin hydrolysis activity.

Table 4. Catalytic parameters of selected mutants and their single parents on adipyl-
7-ADCA and glutaryl-7-ACA.

The ke and K, on adipyl-7-ADCA and glutaryl-7-ACA were determined by measuring the initial
rate of hydrolysis on a range of substrate concentrations with a fixed amount of enzyme as described
earlier. Mutated amino acids are in bold.

Amino Acid at pos. adipyl-7-ADCA glutaryl-7-ACA

178 266 375  Kex (S K (MM) Keat (57) K (MM)
Tyr  GIn  Leu 0.48 £ 0.06 0.17 £0.02 0.75+0.07 0.17£0.03
His His  Phe 0.95+0.04 0.19 £ 0.07 22+0.1 0.08 £ 0.02
His Met Phe 12+0.2 0.17 £0.02 0.89 £ 0.02 0.30 £ 0.05
His GIn  Met 0.72+0.03 0.28 £ 0.06 0.72 £ 0.06 0.62 £ 0.09
Tyr Asn  Phe  0.38+0.02 0.8+0.1 41+0.3 0.042 +0.009
His  Asn  Phe 0.66 + 0.05 0.47 £0.05 25+0.2 0.08 £0.01
Tyr  GIn  Phe'  0.46+0.04 0.62+0.13 24+0.2 0.12+0.03
Tyr  Asn  Leu’ 0.67+0.04 0.7+0.1 1.10 +0.09 0.26 +0.07
Tyr His Phe! 047+0.01 0.14+0.01 3.1+03 0.04 +0.01
Tyr  Met Phe! 19+01 0.33+0.05 1.8+0.1 0.17 +0.02

Tyr  Asn  Met? 0.65+0.02 0.65 £ 0.04 2.02 £0.09 0.17+0.02

L Values were taken from ref. [123]
2 Values were taken from ref. [122]

Construction and selection of the 5 randomised amino acids library

In order to randomise the four amino acids Tyrl78, Tyr231, Arg255 and Asn266
completely, we assembled the part of the gene containing these residues from synthetic
oligonucleotides (Table 1). After phosphorylation, complementary pairs were
hybridised by heating them for five minutes and cooling down very slowly in order to
cover the whole temperature range in which different randomised codons anneal to each
other.

First it was tried to assemble all double stranded primer pairs in one tube, but this did
not result in any band of the right size. Three PCR rounds of 25 cycles each with
primers on the outer ends of the desired product were necessary to get a faint band of
the right size. Calculation of the concentration of this band showed that it could only
have originated from a pool of DNA that was too small to comprise all possible
mutants. Therefore, we decided to connect the different double stranded pairs one at a
time. To obtain the best possible hybridisation and ligation without separating the
previously hybridised strands, a controlled ligation was performed, using the
thermostable Ampligase to ligate the different pairs. Ligation of single and double pairs
normally resulted in bands of the right size (Figure 4A and 4B). The ligation of larger
fragments resulted, however, in very faint bands, which made it difficult to analyse the
success of the experiment. Boosting of the final product with primers at the front and
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Figure 3. Catalytic efficiencies of selected mutants and their single parents on adipyl-
7-ADCA and glutaryl-7-ACA (A) and conversion rates on CPC (B).

Values of earlier described parents were added to the graph in order to compare single and double
mutants. Conversion of cephalosporin by mutant SY-77V26737L \yas not measurable.
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back of the synthetic gene resulted in a band of the right size (Figure 4C). The
concentration of this band was calculated and compared with similar PCR products
from known start concentrations of DNA. This revealed that the PCR had started from
3*10° molecules which is sufficient to cover all possible combinations (32*=1*10°). The
first part of the synthetic gene was produced by a normal PCR and both PCR products
were ligated together by a subsequent PCR step. This resulted in a clear band of the
expected size that was cloned into a pool of vectors comprising all 20 amino acids at
position 375 (Figure 2). Transformation of the ligation mixture resulted in a total of
1.3*10° different colonies, which comprises only 0.13% of the possible library of five
totally randomised residues with 99% certainty. Nonetheless, all transformants were
scraped and frozen at -80°C.

The frozen stock of this library was thawed, starved and plated onto minimal medium
containing amino adipyl-leucine as sole leucine source. After two weeks 27 colonies
were picked, the plasmids were retransformed to E. coli DH10B and plated onto
minimal medium again. After five days single colonies were picked and acylase
production of the 25 remaining colonies was tested. Only eight colonies revealed
acylase production, but none of them showed any activity towards glutaryl-7-ACA,
adipyl-7-ADCA or CPC.

A B. C.

500 500

500

Figure 4. Typical examples of hybridisation of one or two oligonucleotide pairs using
Ampligase (A, B) and the resulting synthetic gene (C).

M, Low Range 100 bps Marker, Fermentas MBI

A. Hybridisation of two single pairs: 1, pair A11-B1 (39 bps); 1-2, hybridised pairs 1 and 2 (74 bps);
2, pair A2-B2 (45 bps).

B. Hybridisation of two double pairs: 5-6, ligated oligos A5-B5 and A6-B6 (83 bps); 5-8, ligated
pairs 5-6 and 7-8 (152 bps); 7-8, ligated oligos A7-B7 and A8-B8 (77 bps).

C. Synthetic gene (SG) after boosting hybridisation of all 10 pairs (504 bps).
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Discussion

Protein engineering of cephalosporin acylases has been pursued for some time in order
to find an industrially relevant activity towards adipyl-7-ADCA or CPC. Rational and
directed evolution approaches have been used by us and other researchers to achieve
this goal [2428115116122123] | this research, we used a combination of both strategies to
explore the sequence space of the substrate binding pocket of the enzyme in depth. This
was performed in several subsequent experiments.

Rational recombination of improved mutants

First, we rationally combined the mutants in the a- and B-subunit with the highest
activity towards adipyl-7-ADCA and determined their catalytic parameters towards
glutaryl-7-ACA and adipyl-7-ADCA. Only mutant SY-77"*8*F5L showed an
increased Kk towards adipyl-7-ADCA when compared to both single parents. As
described before, His178 may attract the carboxyl group of the adipyl-7-ADCA, forcing
the longer adipic side chain to go further inside the active site . The extra space
created by mutation F375L can accommodate also part of the side chain, thereby
positioning the amide bond even closer to the active site Ser199 4. Some other
mutations seem to counteract each other, like Y178H and F375H, which both may
attract the head of the adipic side chain and thereby decrease the hydrolysis activity
towards both glutaryl-7-ACA and adipyl-7-ADCA. So, combinations of improved
single mutants may very well distort the active site. Therefore, a more random approach
of combining mutations at important positions followed by a selection may result in a
better outcome.

Recombination of two site specific random libraries

In former studies it was indicated that amino acids at positions 178, 266 and 375 are
important for substrate specificity %], Single mutations at these positions resulted in
improved hydrolysis activity towards adipyl-7-ADCA and in some cases even towards
CPC %1 From the crystal structure it was clear that these amino acids have a direct or
indirect interaction with the substrate B2 |t therefore seemed likely that
combinations of mutations at these positions can increase hydrolysis activity towards
the larger side chains of adipyl-7-ADCA and CPC even more than their single
mutations. As a first approach in this rationalised random experiment, we decided to
combine the 20 different amino acids at position 266 with all 20 amino acids on position
375, and to study this in the context of a wild type sequence and together with the
Y178H mutation in the a-subunit. These two libraries were plated onto minimal
selective medium containing adipyl-leucine or amino adipyl-leucine as sole leucine
source. In this way, we merged the rational approach of changing specific active site
residues with the selection method of a directed evolution experiment.
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On the minimal medium containing amino adipyl-leucine only a few, very small
colonies appeared that did not produce any acylase as determined by spot blotting.
Apparently, the hydrolysis activity of the mutants was not adequate to liberate sufficient
leucine to allow visible growth. The selection plates containing adipyl-leucine did show
small colonies after eight days of incubation. In total 38 colonies were selected and
checked for acylase activity (Table 3). Unfortunately, more than half of the colonies did
not show any acylase production while amongst the rest only four different mutants
were identified with a better hydrolysis ratio of adipyl-7-ADCA over glutaryl-7-ACA
compared to the wild type cephalosporin acylase. The mutants that were selected all
contained multiple mutations, confirming our hypothesis that multiple mutants do
exhibit improved properties towards the desired substrates. Remarkably, single mutants
SY-77VYH QY 77N%H gy 77N%ES and SY-777"° which were selected in the former
random mutagenesis experiments, could not be identified in this selection. However,
already in previous studies, these mutations could not be isolated in all random
mutagenesis approaches, an observation that was assumed to be related to the relative
large amount of dead colonies on the selection plates, which may form an alternative
leucine source for bacteria that do not show activity towards adipyl-leucine ™% This
part of the selection still needs to be optimised.

The four mutants with an improved hydrolysis ratio of adipyl-7-ADCA over glutaryl-
7-ACA were purified and characterised. These mutants expressed a decreased activity
towards the preferred substrate glutaryl-7-ACA compared to the wild type enzyme. On
adipyl-7-ADCA, the selected mutants show decreased kg values, but improved K,
values compared to the associated single mutants. Apparently, the optimisation of
interactions from residues at the three positions 178, 266 and 375, combined with the
used selection procedure, allows for further improvement of the K., and not the kg
value.

Remarkably, three of the four mutations found on position 266 comprise a more bulky
amino acid than the original Asn. Obviously, the indirect interactions of Asn266 with
the substrate and neighbouring amino acids make the effects of mutations difficult to
predict as observed earlier 2%, Hydrogen bonding and other interactions that for
instance may result in a displacement of Arg255, seem to be more important at this side
of the active site than creating space for the larger (amino) adipyl side chain. It is
noteworthy that in this randomised approach to isolate optimised adipyl-7-ADCA
hydrolysing multiple mutants by combining single mutations at positions 178, 266 and
375, the combination of the best single mutants found in an earlier research (SY-77"1"8"
and SY-77N266M [28123]y reqjlted in an improved double mutant displaying the highest
catalytic efficiency.

The mutants picked from adipyl-leucine plates show a similar or improved conversion
rate of CPC compared to wild type, but they were not found on minimal plates
containing amino adipyl-leucine. Similarly, single mutant SY-77"*"®" was not isolated
from the library, but did show some small colonies when plated as a control on selection
plates with amino adipyl-leucine. This mutant displays an almost three times higher
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in vitro conversion rate of CPC than wild type acylase, which may be the minimum
activity of hydrolysis to allow growth on selective medium containing 0.2 mM amino
adipyl-leucine. It should be realised, however, that the in vitro activity on CPC was
tested at a high substrate concentration (10 mM). Consequently, improved in vitro
hydrolysis activities are likely to represent changes in kg values and not so much Ky,
values, whereas both parameters are related to the capability to grow on selective
medium.

None of the selected multiple mutants had a higher CPC hydrolysis rate than
SY-77"1® Remarkably, the combination with N266M lowers the CPC hydrolysis rate,
in contrast to the positive effect on the hydrolysis activity towards adipyl-7-ADCA
(Figure 3). The selected combinations with mutations at position 375 show a similar
effect. They demonstrate an improved catalytic efficiency towards adipyl-7-ADCA,
whereas they appear to negatively affect CPC hydrolysis activity (Figure 3). For further
improvement of CPC hydrolysis activity, mutation Y178H may have to be combined to
mutations of other (active site) residues than 266 and 375. Alternatively, in a multiple
mutant with high CPC hydrolysis activity, an amino acid other than Tyr or His may be
needed at position 178. In a recently published research on the cephalosporin acylase
from P. diminuta, the most improved mutant of in the second round comprised
mutations Y149K and Q50BM, which would be Y178K and Q248M in SY-77 acylase
(241 This mutant showed a 6-fold improved activity towards CPC compared to the wild
type enzyme, which confirms that other mutations than Y178H may indeed improve
hydrolysis activity towards CPC in multiple mutants.

Random mutagenesis of 5 important substrate specificity residues

We randomised the amino acids Tyr178, Tyr231, Arg255 and Asn266 by building this
part of the gene synthetically by hybridising 10 degenerate forward and 10 degenerate
backward primers separately to form double stranded pairs of synthetic oligonucleotides
between 30 and 100 bps in length. Recombining them in one tube did not result in a
library large enough to comprise all possible mutants, although the overlap between
each double stranded pair was at least 10 bases. To conquer this problem, we attempted
to ligate the double stranded pairs one at a time. The first ligations of single and double
pairs resulted in the expected bands, but the combination of these pieces to obtain larger
fragments was more difficult to achieve. The presence of non-ligated fragments in the
latter ligation mixtures may inhibit the hybridisation of the compatible overhangs, as in
the one-tube experiment. Moreover, the amount of correctly ligated DNA of the right
size becomes less with every step, resulting in even less of the proper product and a
more difficult monitoring of the process. Despite these drawbacks, we were able to
produce a mutant library which comprises in theory 3*10° different mutants. This
amount covers statistically 94% of the total possible library. Sequencing of randomly
picked clones should be performed to confirm this number.

Unfortunately, cloning of the mutagenised gene fragments into the randomised pool of
vectors was not very efficient. Transformation resulted only in a total of 1.3*10°
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different colonies, which represent 0.13% of the possible library of the five totally
randomised residues. Plating of this small portion of the total library on minimal
medium containing amino adipyl-leucine resulted in no active mutants. Although this
can be explained by the small sized library, one may expect a few mutants as shown in a
synthetic recombination approach, in which only 0.01% of the total library was screened
%1 Recloning of the ligation product will most probably give some multiple mutants,
which display an even better hydrolytic activity towards CPC than SY-77"8",

In this research, it has become clear that the combination of rational and random
procedures leads to improved enzymatic activity towards the industrially valuable
substrates adipyl-7-ADCA and CPC. It is, however, important that both the
computational design and the experimental methods are properly evaluated beforehand
and afterwards to gain more knowledge about each step in the process, resulting in a
more general improvement scheme of biocatalysts.
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Chapter 6

Summary

This thesis deals with the directed evolution of a cephalosporin acylase. Acylases play
an important role in the environmentally friendly production of semi-synthetic B-lactam
antibiotics, which are the largest group of antibiotics used world wide. Unfortunately,
resistance towards this important class of antibiotics is still rising, stressing the need for
new variants of these and other antibiotics. Since the specificity of antibiotics is mainly
due to their side chains, semi-synthetic antibiotics with new side chains and thereby new
enzymes to produce these compounds are needed. New enzymes can be made by
mimicking the evolution in the laboratory while directing it towards the desired activity.
This directed evolution technique has resulted in many improved model enzymes in the
last decade and promised to be useful for industrial biocatalysts as well. We decided to
pursue directed evolution on a industrially applicable enzyme, the cephalosporin acylase
of Pseudomonas SY-77. A general introduction on this enzyme and directed evolution
is given in chapter 1 of this thesis.

The SY-77 glutaryl acylase is transcribed as a polypeptide which folds and cleaves itself
into a heterodimer. This cleavage results in the formation of the N-terminal serine of the
B-subunit that is the active site residue performing the nucleophilic attack of the peptide
bond of the substrate. Although a lot of different enzymes belong to the so-called
cephalosporin acylase family, their activity towards cephalosporin C (CPC) is very low
(ke Of < 0.15 s?) in comparison to the preferred p-lactam substrate glutaryl-
7-aminocephalosporanic acid (glutaryl-7-ACA). The key intermediates in the
production of semi-synthetic cephalosporins are 7-ACA and 7-aminodesacetoxy-
cephalosporanic acid (7-ADCA). In the two-step process from CPC to 7-ACA, a
D-amino acid oxidase removes the amino group from the side chain, followed by the
hydrolysis of the glutaryl side chain by a cephalosporin acylase. In a new production
route of 7-ADCA a genetically modified fungus produces adipyl-7-ADCA instead of
CPC. Optimisation of a single step production process of 7-ADCA would require a
cephalosporin acylase that hydrolyses this compound, adipyl-7-ADCA. Both examples
clearly demonstrate that there is need for new cephalosporin acylases which are able to
hydrolyse adipyl-7-ADCA or CPC at a high rate.

Directed evolution is a fairly new area of protein engineering. It follows the path of
Mother Nature to find new and improved enzyme activities. In nature new enzymes and
enzyme activities have evolved by mutation and recombination. In the laboratory,
researchers try to direct enzymes towards new activities by mimicking this process,
followed by selection for the desired activity. In this process two parts are crucial for the
success of an experiment, the quality of the mutant library and the method to search for
the best mutant. The perfect mutant library comprises all possible mutants in an equal
amount. Several research groups have been working towards this goal in the last decade,
resulting in numerous protocols for mutagenesis and recombination, each having their
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own advantages and drawbacks®®>®. The second crucial part of a directed evolution

experiment involves the method of finding the best mutant. This can be done by
selection or screening. Selection is a process in which the desired activity is coupled to a
selectable marker. Since only active enzymes will be sampled, a much larger pool of
mutants can be searched. For activities which cannot be coupled to a selectable marker
screening is the method of choice. In screening procedures all mutants have to be tested
for the desired activity, which decreases the number of searchable mutants. Fortunately,
high throughput screening assays have been established for many different enzymes,
resulting in the possibility of screening larger libraries.

At the time the work for this thesis was started, the first successful examples of directed
evolution were described 1. These examples, however, were mainly dealing with the
exploration of the new techniques. Therefore, model systems were used handling
enzymes with easy detectable activities, like improving antibiotic resistance or
thermostability of an enzyme, or using substrates that are converted into coloured
products. Although these models are very well suited to improve directed evolution
techniques, most of them do not lead to useful biocatalysts. Therefore, the aim of this
thesis is to use directed evolution in order to find variants of the industrially relevant
glutaryl acylase of Pseudomonas SY-77 with improved hydrolysis towards specific
B-lactam compounds.

Chapter 2 describes a random mutagenesis approach aimed at the finding of amino
acids, important for substrate specificity. As the a-subunit of the enzyme was already
mutagenised before, we decided to focus on the B-subunit. This part of the gene consists
of 1566 bps. Mutagenising this stretch of DNA will result in a library too large to select.
Therefore, we divided the gene into five highly overlapping parts of about 550 bps and
mutagenised every part separately by epPCR, adjusting the Mn®* concentration in such a
way that every mutant comprises one or two mutations on average. The mutagenised
parts were cloned back into the rest of the gene and transformed to the leucine
auxotroph Escherichia coli DH10B. The transformants were plated on minimal medium
containing adipyl-leucine as sole leucine source. In this way, only bacteria expressing a
mutant enzyme capable of hydrolysing adipyl-leucine to liberate leucine will be able to
grow. After two weeks several colonies were picked from the selective plates and crude
cell extracts were used to determine the hydrolysis of adipyl-7-ADCA, in order to see if
transformants were not only active towards the selection substrate adipyl-leucine, but
also towards the desired p-lactam compound. Hydrolysis of glutaryl-7-ACA was also
determined and the ratio was calculated to correct for differences in enzyme
concentration in the crude cell extracts. Sequencing of the selected mutants showed that
most of them comprised a mutation at position 266 or 375. Five mutants had an
improved ratio of hydrolysis of adipyl-7-ADCA over glutaryl-7-ACA. These enzymes
were purified and catalytic parameters were determined. Mutant SY-77"?°*" showed an
almost ten times improved catalytic efficiency towards adipyl-7-ADCA, while the
improvement of the ratio of mutation F375L was merely due to a reduction of the
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hydrolytic activity towards glutaryl-7-ACA. The structure of the highly homologous
cephalosporin acylase of Pseudomonas diminuta KAC-1 revealed that both Asn266 and
Phe375 are part of the active site of the enzyme.

In epPCR it is, however, unlikely that two bases within the same codon are mutated.
This implies that on average one amino acid may be changed in seven other amino
acids, being mainly conservative mutations. This means that the method is highly suited
to point out residues that are important for the desired activity, but only a limited part of
the sequence space can be explored. Chapter 3 and 4 describe a complete mutational
analysis of positions 266 and 375, respectively, in order to explore the function of these
residues in substrate specificity in depth. In each case, all 20 mutant proteins were
purified and their catalytic parameters were determined. Most mutant enzymes could be
fully functionally expressed in E. coli and they displayed a broad spectrum of affinities
and activities towards glutaryl-7-ACA, adipyl-7-ADCA and CPC, confirming the
importance of these residues for substrate specificity and pointing towards the flexibility
of the enzyme at these positions. The mutants SY-77"?**™ and SY-77"°C appeared to
show the most improved activity towards adipyl-7-ADCA, while SY-77"?%? showed a
small increase towards cephalosporin C. It should be noted that each of these mutations
could only be achieved by a change of two bases in the respective codons, clearly
demonstrating how this saturation mutagenesis approach complements the epPCR.

Although up to a 15-fold increase of the catalytic efficiency for hydrolysis of adipyl-
7-ADCA was shown in single mutants, it appeared likely that further improvement of
the activity on this substrate and activity towards CPC is possible by creating multiple
mutations. In chapter 5 both rational and random approaches are described to find the
best combination of mutations in the most important substrate specificity residues. In a
rational approach of combining the best mutant in the a-subunit with the most improved
mutants found in the B-subunit, only the combination of mutations Y178H and F375L
showed an improved hydrolysis activity towards adipyl-7-ADCA compared to both
single mutants. Therefore, we approached the combination of two residues in a more
random way. The 20 amino acids at position 266 were combined with all 20 amino
acids at position 375. This library of B-subunit mutants was cloned into a wild type
background and into a plasmid bearing the Y178H mutation in the a-subunit. The
resulting libraries were transformed to a leucine deficient E. coli strain and selected by
growing them on minimal medium with adipyl-leucine or amino adipyl-leucine as sole
leucine source. Unfortunately, none of the three transformants picked from the amino
adipyl selection plates showed enzyme production. Some transformants from the adipyl
selection plates did show enzyme production and were tested for activity towards
glutaryl-7-ACA and adipyl-7-ADCA. Four mutants showed improved activity towards
the desired substrate, so they were purified and catalytic parameters were determined.
Upon sequence analysis it was discovered that the best multiple mutant was a
combination of the best single mutants from earlier research (SY-77"*®" and
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SY-77"*"M) resulting in an additive activity towards adipyl-7-ADCA. With respect to
the acylase activity towards CPC, none of the four selected mutant combinations,
N266Q+F375L, Y178H+N266H, Y178H+N266M and Y178H+N266Q+F375M,
resulted in a higher conversion of this substrate relative to the single mutant SY-77""8",
In the search for an even better acylase we started with the generation of a library in
which all important residues for substrate specificity discovered until now are totally
randomised. Since it was obvious from former research that using oligonucleotides for
saturation mutagenesis may result in a biased library towards the original codon, we
decided to construct the mutated part of the gene synthetically. The four amino acids
Tyrl78, Tyr231, Arg 255 and Asn266 were totally randomised using NNS codons on
both strands. Although the assembly of ten pairs of oligonucleotides is very easy in
theory, the process had to be monitored very closely in order to achieve a library of
3*10° mutants, which statistically comprise 94% of all possible mutants. The cloning of
this library, however, was not very successful resulting in only 0.13% of the total
possible mutant library of all five residues randomised. Plating this small library onto
minimal medium with amino adipyl-leucine as sole leucine source did not result in the
selection of any active mutant. Although it is clear that this experiment has to be
repeated with a complete library, the results will be part of research that goes beyond
this thesis.

General discussion

Directed evolution started as a poor man’s protein engineering tool to improve enzymes
from which no crystal structures were available. Over the last decades, however, several
impressive successes were achieved, turning it into a major protein engineering tool
next to rational design. After years of competing, it is clear now that both methods do
not exclude each other, but have compatible strengths. Therefore, the two methods of
rational design and directed evolution should no longer be used separately, but are to be
combined in order to search a larger sequence space %,

In this thesis both random mutagenesis strategies and more rational methods have been
used to develop cephalosporin acylases with improved activity towards adipyl-7-ADCA
and CPC. As is clear from chapters 2, 3 and 4, the combination of a directed evolution
experiment, comprising of a random mutagenesis strategy followed by selection to find
the residues that are important for substrate specificity, with a more detailed saturation
mutagenesis of the important residues, to deeply explore sequence space, is a good
strategy. However, a reliable and fast screening assay as well as an efficient protein
purification method are equally important to grant success.

Mutants were found with improved catalytic efficiency up to 15 times towards adipyl-
7-ADCA and up to a 3-fold improved hydrolysis rate of CPC. Although this does not
seem to be a very large improvement, the mutant showing the highest activity towards
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adipyl-7-ADCA displays a ke that is only two times lower than the k4 of the wild type
enzyme towards glutaryl-7-ACA. So, this mutant enzyme is almost industrially
applicable. The enzyme is, however, already a very efficient biocatalyst, which means
that an improved activity of five to ten times already is a significant achievement from a
scientific point of view. Furthermore, every activity towards CPC is a big achievement,
since several decades of screening for this activity did not result in any Cephalosporin C
acylase yet 1231,

The constructed library with all five important substrate specificities randomised was
apparently not large enough to permit isolation of even more improved enzymes. It can
be stated beyond doubt that several mutations are needed in order to change substrate
specificity of an enzyme. As an example, in parallel to the research described in this
thesis, Oh et al. generated several mutant libraries of the cephalosporin acylase of
P. diminuta ¥, Guided by the crystal structure, important substrate specificity residue
were mutagenised by site directed mutagenesis one at the time. The best mutant was
used as a backbone for the total randomisation of a second amino acid and the best
mutant out of this library was used for the third round. It was shown that the best single,
double and triple mutant had an improved hydrolysis activity towards CPC of
respectively 1.8, 6 and 7.9 times the wild type activity. This corroborates with the
hypothesis that multiple mutants will improve the activity towards the desired substrate.
The combination of new mutants with the best mutant of a former library may, however,
not always result in an improvement of activity. The rational combination of two
improved mutants in the o- and B-subunit did not result in an improved catalytic
efficiency of the multiple mutant in comparison to the single mutants (chapter 5). The
mutants selected on adipyl-leucine displayed an improved activity towards adipyl-
7-ADCA. However, in none of these multiple mutants the activity towards CPC was
increased compared to single mutant SY-77"*"®". This suggests that starting from a
fixed mutant backbone may result in the entrapment at a local minimum in the enzyme
activity landscape. It is therefore important in protein engineering strategies to keep

some randomness upon combination of mutants 27,

Along with the strategy to construct the library, the selection or screening method is a
very important part of a directed evolution experiment. The selection method used in
this thesis is an elegant method in which the desired enzyme activity is used for the
survival of the expression host, resulting in several improved mutants as described
throughout the thesis. The advantage of the method is that the selective pressure is on
enzyme activity rather than binding of the enzyme to the desired substrate as is
described in many other directed evolution experiments 2. Furthermore, it is a
straightforward and technically simple method, since it is an in vivo selection, and
applicable to numerous peptide cleaving enzymes. Although this method has been used
before to change penicillin acylases into cephalosporin acylases %! it only resulted
in mutants with improved activity towards the selection substrates and not towards the
similar B-lactam compounds. This confirms the first law of directed evolution “you get
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what you select/screen for” %, However, in our case the mutants selected on adipyl-

leucine did show activity towards adipyl-7-ADCA. Perhaps cephalosporin acylases bind
differently to the core of the substrate than penicillin acylases. Alternatively, this
selection strategy may only be applicable for small changes in enzyme activity and the
change from an aromatic penicillin to an aliphatic cephalosporin side chain may be too
big a step.

This last hypothesis may also explain why we did not find any active mutants on the
selection plate containing amino adipyl-leucine. On the other hand, the selection
procedure may also be limiting. For example, the single mutant SY-77"*"®" when
plated separately, showed small colonies on amino adipyl-leucine selection plates
within nine days, but was not selected in the YNF library (chapter 5). Since the
randomness of the library was ensured, this strongly suggests that the selection method
is not appropriate to find mutants that show only three times improved hydrolysis
activity in vitro towards a high concentration of CPC. First of all, the visual
identification of small white colonies on the white amino adipyl-leucine selection plates
is difficult, but can be trained. Furthermore, the concentration of selection substrate and
thereby the leucine concentration in the plate may be limiting. Mutants that are impaired
in the expression of acylase have the advantage of producing less protein. So they need
less substrate and may grow faster and be selected. In order to improve the selection
procedure coloured plates may be used to improve distinguishing a colony from the
plate. Another suggestion for improvement of the assay is using a higher concentration
of selection substrate in order to minimise the selection pressure on the affinity of the
mutants towards the substrate.

The second step in our selection procedure is the ratio of hydrolysis of adipyl-7-ADCA
over that of glutaryl-7-ACA. As shown in chapter 2, an improved ratio may be the result
of an improvement of activity towards adipyl-7-ADCA or of the decreased hydrolysis of
glutaryl-7-ACA. Since the selection procedure is not as unambiguous as we would like
it to be and we want to improve enzymes rather towards B-lactam compounds than
towards the selection substrates, we do need a second screening step. Purifying all of the
selected mutant enzymes is, however, not possible when large libraries are selected,
since this process takes several days and only two mutants can be purified per day.
Using a method to quantify the amount of active enzyme in the crude cell extract would
be a reliable alternative. Unfortunately, all known inhibitors for acylases and peptidases
do not affect cephalosporin acylases, which means that an inhibition reaction can not be
used for the quantification of the amount of active enzyme. Furthermore, the polyclonal
SY-77 antibody, which is used for detection of acylase, appeared to be not suitable for
quantification. The absolute values of the crude cell extracts seem, however, to have a
predictive value for the hydrolysis activity of the purified mutant. So, both ratio and
values should be considered in this second step. Another medium to high throughput
screening method would be the use of BIAcore to detect the amount of enzyme binding
to the substrate coated on a chip. Although this is an elegant and quantitative method it
is a fairly new method and may be difficult to establish.
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Chapter 6

The last step in the characterisation of the mutant enzymes is the determination of the
kinetic parameters by using a range of different substrate concentrations in a
discontinuous assay using fluorescamine. The validation of this strategy and the use of
the appropriate controls resulted in reproducible kinetic parameters for both adipyl-
7-ADCA en glutaryl-7-ACA. However, some aspects should be taken into account.
Since the assay is based on the production of primary amines by cephalosporin acylases,
it is also prone to background fluorescence of other primary amines. Although the
chosen wavelength prevents the detection of primary amines on amino acids (and thus
proteins), the presence of the amine group on the side chain of CPC does interfere. This
results in a much higher background value and leaves very little space to see small
improvements of activity towards the substrate. It is therefore crucial to perform at least
two different experiments in triplicate or more for each mutant. As can be seen in
chapters 3 and 5, this did generate reproducible hydrolysis rates of CPC.

Although the main theme of this thesis is about the mutagenesis of active site residues
and most successful protein engineering strategies aim at these amino acids, there are
papers showing that small modifications of an enzyme outside its active site also result
in improved enzyme activity %, These mutations are usually difficult to explain, but are
mostly thought to stabilise conformational changes in the enzyme, which are the result
of another transition state with the new substrate or of modified hydrophobic and
hydrophilic interactions with the desired solvent. The epPCR of the five parts of the
enzyme only resulted in one improved mutant outside the active site, although this
residue might be important for the binding of the core of the substrate (chapter 2). Since
one mutation, either inside or outside of the active site, might not be enough to improve
enzyme activity and structurally close residues are not always closely together in the
gene, it would be a good idea to shuffle all five epPCR parts in order to get multiple
mutations throughout the whole gene. In this way, mutations that do not improve
activity on their own may be discovered.

Another way of obtaining more diversity in an enzyme is by shuffling it with other
homologous enzymes. Family shuffling of acylases seems not feasible, since they are
mainly homologous in a structural way and not at the amino acid level. Some parts of
the enzyme do have more homology to each other than other parts. This might just be
enough for shuffling. On the other hand, comparing the differences between several
acylases in combination with their substrate specificity might lead to the discovery of
other important substrate specificity residues. This approach needs, however, several
crystal structures or models of the enzymes to be compared and an extensive calculation
capacity. The crystallisation of natural enzymes as well as (multiple) mutants with or
without a co-crystallised substrate can increase our knowledge on structure-function
relationship and should therefore be a main goal for the coming years.

The cephalosporin acylase of Pseudomonas SY-77 appears to be quite amenable to
modification of enzymatic activity. A single mutation improved the hydrolytic activity
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towards adipyl-7-ADCA already 15-fold, which could be easily selected with a
straightforward selection procedure. This may be attributable to the fact that substrate
specificity is mainly associated with the side chain and not with the core of the substrate
resulting in a broad substrate range. Cephalosporin acylase also shows enantioselective
amidase and esterase activity **. As cephalosporin acylases are used in the different
industrial processes to obtain 7-ACA or 7-ADCA, conditions have already been
developed and optimised for its production and quality assurance. Finding another
enzyme activity in a mutant cephalosporin acylase only requires the (re)design of a
(new) selection or screening strategy, giving it a plethora of industrially interesting and
important functions to be explored. This makes the enzyme a perfect adaptable
biocatalyst, not only for the production of semi-synthetic cephalosporins, but also in the
resolution of racemic mixtures and potentially in the synthesis of peptides .

In conclusion, the evolution of a glutaryl acylase into an industrial cephalosporin
acylase is most definitely feasible. The foundation has been laid, the house can be build.

89



90



References




10.

11.

12.

13.

14.

92

Elander, R.P. (2003). Industrial production of beta-lactam antibiotics. Applied
Microbiology and Biotechnology 61, 385-392.

Fleming, A. (1929). On the antibacterial action of cultures of a Penicillium, with special
reference to their use in the isolation of B. influenzae. British Journal of Experimental
Pathology 10, 226-236.

Parmar, A., Kumar, H., Marwaha, S. & Kennedy, J.F. (2000). Advances in enzymatic
transformation of penicillins to 6- aminopenicillanic acid (6-APA). Biotechnology
Advances 18, 289-301.

Newton, G.G. & Abraham, E.P. (1955). Cephalosporin C, a new antibiotic containing
sulphur and D-alpha-aminoadipic acid. Nature 175, 548.

Wegman, M.A., Janssen, M.H.A., van Rantwijk, F. & Sheldon, R.A. (2001). Towards
biocatalytic synthesis of beta-lactam antibiotics. Advanced Synthesis & Catalysis 343,
559-576.

Morin, R.B., Andrews, S.L., Mueller, R.A., Scanlon, W.B., Jackson, B.G. & Lavagnino,
E.R. (1963). Chemistry of Cephalosporin Antibiotics .3. Chemical Correlation of
Penicillin and Cephalosporin Antibiotics. Journal of the American Chemical Society 85,
1896-1897.

Schroen, C.G.P.H., Nierstrasz, V.A., Bosma, R., Kroon, P.J., Tjeerdsma, P.S., deVroom,
E., VanderLaan, J.M., Moody, H.M., Beeftink, H.H., Janssen, A.E.M. & Tramper, J.
(2002). Integrated reactor concepts for the enzymatic kinetic synthesis of cephalexin.
Biotechnology and Bioengineering 80, 144-155.

Alkema, W.B.L., de Vries, E., Floris, R. & Janssen, D.B. (2003). Kinetics of enzyme
acylation and deacylation in the penicillin acylase-catalyzed synthesis of beta-lactam
antibiotics. European Journal of Biochemistry 270, 3675-3683.

van Langen, L.M., Oosthoek, N.H.P., van Rantwijk, F. & Sheldon, R.A. (2003). Penicillin
acylase catalysed synthesis of ampicillin in hydrophilic organic solvents. Advanced
Synthesis & Catalysis 345, 797-801.

Arroyo, M., de la Mata, I, Acebal, C. & Castillon, M.P. (2003). Biotechnological
applications of penicillin acylases: state-of-the-art. Applied Microbiology and
Biotechnology 60, 507-514.

Li, Y., Chen, J., Jiang, W., Mao, X., Zhao, G. & Wang, E. (1999). In vivo post-
translational processing and subunit reconstitution of cephalosporin acylase from
Pseudomonas sp. 130. European Journal of Biochemistry 262, 713-719.

Kim, D.W., Kang, S.M. & Yoon, K.H. (1999). Isolation of novel Pseudomonas diminuta
KAC-1 strain producing glutaryl 7-aminocephalosporanic acid acylase. Journal of
Microbiology 37, 200-205.

Shibuya, Y., Matsumoto, K. & Fujii, T. (1981). Isolation and properties of
7B-(4-carboxybutanamido)cephalosporanic acid acylase-producing bacteria.
Agricultural and Biological Chemistry 45, 1561-1567.

Monti, D., Carrea, G., Riva, S., Baldaro, E. & Frare, G. (2000). Characterization of an
industrial biocatalyst: immobilized glutaryl-7- ACA acylase. Biotechnology and
Bioengineering 70, 239-244.



References

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Cantwell, C.A., Beckmann, R.J., Dotzlaf, J.E., Fisher, D.L., Skatrud, P.L., Yeh, W.K. &
Queener, S.W. (1990). Cloning and expression of a hybrid Streptomyces clavuligerus
CefE gene in Penicillium chrysogenum. Current Genetics 17, 213-221.

Adrio, J.L. & Demain, A.L. (2002). Improvements in the formation of cephalosporins
from penicillin G and other penicillins by bioconversion. Organic Process Research and
Development6, 427-433.

Wei, C.L., Yang, Y.B., Wang, W.C., Liu, W.C,, Hsu, JS. & Tsai, Y.C. (2003).
Engineering Streptomyces clavuligerus deacetoxycephalosporin C synthase for optimal
ring expansion activity toward penicillin G. Applied and Environmental Microbiology
69, 2306-2312.

Crawford, L., Stepan, A.M., McAda, P.C., Rambosek, J.A., Conder, M.J., Vinci, V.A. &
Reeves, C.D. (1995). Production of cephalosporin intermediates by feeding adipic acid
to recombinant Penicillium chrysogenum strains expressing ring expansion activity.
Biotechnology (N.Y.) 13, 58-62.

Schroen, C.G.P.H., Nierstrasz, V.A., Bosma, R., Dijkstra, Z.J., VandeSandt, E.J.A.X.,
Beeftink, H.H. & Tramper, J. (2002). Process design for enzymatic adipyl-7-ADCA
hydrolysis. Biotechnology Progress 18, 745-751.

Velasco, J., Adrio, J.L., Moreno, M.A., Diez, B., Soler, G. & Barredo, J.L. (2000).
Environmentally safe production of 7- aminodeacetoxycephalosporanic acid (7-ADCA)
using recombinant strains of Acremonium chrysogenum. Nature Biotechnology 18,
857-861.

Brannigan, J.A., Dodson, G., Duggleby, H.J., Moody, P.C., Smith, J.L., Tomchick, D.R.
& Murzin, A.G. (1995). A protein catalytic framework with an N-terminal nucleophile
is capable of self-activation. Nature 378, 416-419.

Oinonen, C. & Rouvinen, J. (2000). Structural comparison of Ntn-hydrolases. Protein
Science 9, 2329-2337.

Deshpande, B.S., Ambedkar, S.S., Sudhakaran, V.K. & Shewale, J.G. (1994). Molecular
biology of beta-lactam acylases. World Journal of Microbiology and Biotechnology 10,
129-138.

Oh, B., Kim, M., Yoon, J., Chung, K., Shin, Y., Lee, D. & Kim, Y. (2003). Deacylation
activity of cephalosporin acylase to cephalosporin C is improved by changing the side-
chain conformations of active-site residues. Biochemical and Biophysical Research
Communications 310, 19-27.

Ichikawa, S., Shibuya, Y., Matsumoto, K., Fujii, T., Komatsu, K. & Kodaira, R. (1981).
Purification and properties of 7p-(4-carboxybutanamido) cephalosporanic acid acylase
produced by mutants derived from Pseudomonas. Agricultural and Biological
Chemistry 45, 2231-2236.

Ishii, Y., Saito, Y., Fujimura, T., Isogai, T., Kojo, H., Yamashita, M., Niwa, M. &
Kohsaka, M. (1994). A Novel 7-beta-(4-carboxybutanamido)-cephalosporanic acid
acylase isolated from Pseudomonas strain C427 and its high-level production in
Escherichia coli. Journal of Fermentation and Bioengineering 77, 591-597.

Li, Y., Jiang, W, Yang, Y., Zhao, G. & Wang, E. (1998). Overproduction and purification
of glutaryl 7-amino cephalosporanic acid acylase. Protein Expression and Purification
12, 233-238.

93



28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

94

Sio, C.F., Riemens, A.M., van der Laan, J.M., Verhaert, R.M. & Quax, W.J. (2002).
Directed evolution of a glutaryl acylase into an adipyl acylase. European Journal of
Biochemistry 269, 4495-4504.

Kim, JK,, Yang, I.S., Rhee, S., Dauter, Z., Lee, Y.S., Park, S.S. & Kim, K.H. (2003).
Crystal structures of glutaryl 7-aminocephalosporanic acid acylase: insight into
autoproteolytic activation. Biochemistry 42, 4084-4093.

Kim, Y., Yoon, K., Khang, Y., Turley, S. & Hol, W.G. (2000). The 2.0 A crystal structure
of cephalosporin acylase. Structure. Folding and Design 8, 1059-1068.

Kim, Y., Kim, S., Thomas, E.N. & Hol, W.G. (2001). Precursor structure of cephalosporin
acylase: insights into auto- proteolytic activation in a new N-terminal hydrolase family.
Journal of Biological Chemistry 277, 2823-2829.

Kim, Y. & Hol, W.G. (2001). Structure of cephalosporin acylase in complex with glutaryl-
7-aminocephalosporanic acid and glutarate: insight into the basis of its substrate
specificity. Chemistry & Biology 8, 1253-1264.

Raimondi, S., Monti, D., Pagnoni, U.M. & Riva, S. (2003). Glutaryl acylases: One-
reaction enzymes or versatile enantioselective biocatalysts? Advanced Synthesis &
Catalysis 345, 783-789.

Dalby, P.A. (2003). Optimising enzyme function by directed evolution. Current Opinion
in Structural Biology 13, 500-505.

Schoemaker, H.E., Mink, D. & Wubbolts, M.G. (2003). Dispelling the myths -
Biocatalysis in industrial synthesis. Science 299, 1694-1697.

Marrs, B., Delagrave, S. & Murphy, D. (1999). Novel approaches for discovering
industrial enzymes. Current Opinion in Microbiology. 2, 241-245.

Cedrone, F., Menez, A. & Quemeneur, E. (2000). Tailoring new enzyme functions by
rational redesign. Current Opinion in Structural Biology 10, 405-410.

Hult, K. & Berglund, P. (2003). Engineered enzymes for improved organic synthesis.
Current Opinion in Biotechnology 14, 395-400.

Voigt, C.A., Mayo, S.L., Arnold, F.H. & Wang, Z.G. (2001). Computationally focusing
the directed evolution of proteins. Journal of Cellular Biochemistry. Supplement 37,
58-63.

Kono, H. & Saven, J.G. (2001). Statistical theory for protein combinatorial libraries.
Packing interactions, backbone flexibility, and the sequence variability of a main-chain
structure. Journal of Molecular Biology 306, 607-628.

Sambrook, J., Fritsch, E.F. & Maniatis, T. (1989). Molecular cloning: a laboratory
manual, 2 edn. Cold Spring Harbor Laboratory Press, New York.

Landt, O., Grunert, H.P. & Hahn, U. (1990). A general method for rapid site-directed
mutagenesis using the polymerase chain reaction. Gene 96, 125-128.

O'Donohue, M.J. & Kneale, G.G. (1996). A method for introducing site-specific mutations
using oligonucleotide primers and its application to site-saturation mutagenesis.
Molecular Biotechnology 6, 179-189.

Gray, K.A., Richardson, T.H., Kretz, K., Short, J.M., Bartnek, F., Knowles, R., Kan, L.,
Swanson, P.E. & Robertson, D.E. (2001). Rapid evolution of reversible denaturation
and elevated melting temperature in a microbial haloalkane dehalogenase. Advanced
Synthesis & Catalysis 343, 607-617.



References

45.

46.

47,

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Hogrefe, H.H., Cline, J., Youngblood, G.L. & Allen, R.M. (2002). Creating randomized
amino acid libraries with the QuikChange (R) Multi Site-Directed Mutagenesis Kit.
Biotechniques 33, 1158-1165.

Young, L. & Dong, Q.H. (2003). TAMS technology for simple and efficient in vitro site-
directed mutagenesis and mutant screening. Nucleic Acids Research 31, el1.

Unger, M.\W., Liu, S.Y. & Rancourt, D.E. (1999). Transplacement mutagenesis: a novel in
situ mutagenesis system using phage-plasmid recombination. Nucleic Acids Research
27,1480-1484.

Greener, A., Callahan, M. & Jerpseth, B. (1997). An efficient random mutagenesis
technique using an E. coli mutator strain. Molecular Biotechnology 7, 189-195.

Camps, M., Naukkarinen, J., Johnson, B.P. & Loeb, L.A. (2003). Targeted gene evolution
in Escherichia coli using a highly error-prone DNA polymerase I. Proceedings of the
National Academy of Sciences of the United States of America 100, 9727-9732.

Leung, D.W., Chen, E. & Goeddel, D.V. (1989). A method for random mutagenesis of a
defined DNA segment using a modified polymerase chain reaction. Technique-A
Journal of Methods in Cell and Molecular Biology 1, 11-15.

Cadwell, R.C. & Joyce, G.F. (1992). Randomization of genes by PCR mutagenesis. PCR
Methods and Applications 2, 28-33.

Barlow, M. & Hall, B.G. (2002). Predicting evolutionary potential: In vitro evolution
accurately reproduces natural evolution of the TEM beta-lactamase. Genetics 160,
823-832.

Zaccolo, M., Williams, D.M., Brown, D.M. & Gherardi, E. (1996). An approach to
random mutagenesis of DNA using mixtures of triphosphate derivatives of nucleoside
analogues. Journal of Molecular Biology 255, 589-603.

Wong, T.S., Tee, K.L., Hauer, B. & Schwaneberg, U. (2004). Sequence saturation
mutagenesis (SeSaM): a novel method for directed evolution. Nucleic Acids Research
32, e26.

Neylon, C. (2004). Chemical and biochemical strategies for the randomization of protein
encoding DNA sequences: library construction methods for directed evolution. Nucleic
Acids Research 32, 1448-1459.

Hughes, M.D., Nagel, D.A., Santos, A.F., Sutherland, AJ. & Hine, A.V. (2003).
Removing the redundancy from randomised gene libraries. Journal of Molecular
Biology 331, 973-979.

Murakami, H., Hohsaka, T. & Sisido, M. (2002). Random insertion and deletion of
arbitrary number of bases for codon-based random mutation of DNAs. Nature
Biotechnology. 20, 76-81.

Martinez, M.A., Pezo, V., Marliere, P. & WainHobson, S. (1996). Exploring the
functional robustness of an enzyme by in vitro evolution. EMBO Journal 15,
1203-1210.

Zaccolo, M. & Gherardi, E. (1999). The effect of high-frequency random mutagenesis on
in vitro protein evolution: a study on TEM-1 beta-lactamase. Journal of Molecular
Biology 285, 775-783.

Stemmer, W.P. (1994). Rapid evolution of a protein in vitro by DNA shuffling. Nature
370, 389-391.

95



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

96

Stemmer, W.P. (1994). DNA shuffling by random fragmentation and reassembly: in vitro
recombination for molecular evolution. Proceedings of the National Academy of
Sciences of the United States of America 91, 10747-10751.

Crameri, A., Raillard, S.A., Bermudez, E. & Stemmer, W.P. (1998). DNA shuffling of a
family of genes from diverse species accelerates directed evolution. Nature 391, 288-
291

Lorenz, P., Liebeton, K., Niehaus, F. & Eck, J. (2002). Screening for novel enzymes for
biocatalytic processes: accessing the metagenome as a resource of novel functional
sequence space. Current Opinion in Biotechnology 13, 572-577.

Kurtzman, A.L., Govindarajan, S., Vahle, K., Jones, J.T., Heinrichs, V. & Patten, P.A.
(2001). Advances in directed protein evolution by recursive genetic recombination:
applications to therapeutic proteins. Current Opinion in Biotechnology 12, 361-370.

Ostermeier, M. (2003). Synthetic gene libraries: in search of the optimal diversity. Trends
in Biotechnology 21, 244-247.

Zhao, H. & Arnold, F.H. (1997). Combinatorial protein design: strategies for screening
protein libraries. Current Opinion in Structural Biology 7, 480-485.

Taylor, S.V., Kast, P. & Hilvert, D. (2001). Investigating and engineering enzymes by
genetic selection. Angewandte Chemie-International Edition 40, 3311-3335.

Forney, LJ. & Wong, D.C. (1989). Alteration of the catalytic efficiency of penicillin
amidase from Escherichia coli. Applied Environmental Microbiology 55, 2556-2560.

You, L. & Arnold, F.H. (1996). Directed evolution of subtilisin E in Bacillus subtilis to
enhance total activity in aqueous dimethylformamide. Protein Engineering 9, 77-83.

Pelletier, J. & Sidhu, S. (2001). Mapping protein-protein interactions with combinatorial
biology methods. Current Opinion in Biotechnology 12, 340-347.

Fernandez-Gacio, A., Uguen, M. & Fastrez, J. (2003). Phage display as a tool for the
directed evolution of enzymes. Trends in Biotechnology 21, 408-414.

Lin, H.N. & Cornish, V.W. (2002). Screening and selection methods for large-scale
analysis of protein function. Angewandte Chemie-International Edition 41, 4403-4425.

Tawfik, D.S. & Griffiths, A.D. (1998). Man-made cell-like compartments for molecular
evolution. Nature Biotechnology 16, 652-656.

Griffiths, A.D. & Tawfik, D.S. (2000). Man-made enzymes--from design to in vitro
compartmentalisation. Current Opinion in Biotechnology 11, 338-353.

Kikuchi, M., Ohnishi, K. & Harayama, S. (1999). Novel family shuffling methods for the
in vitro evolution of enzymes. Gene 236, 159-167.

Kikuchi, M., Ohnishi, K. & Harayama, S. (2000). An effective family shuffling method
using single-stranded DNA. Gene 243, 133-137.

Lorimer, I.A. & Pastan, 1. (1995). Random recombination of antibody single chain Fv
sequences after fragmentation with DNasel in the presence of Mn®*. Nucleic Acids
Research 23, 3067-3068.

Miyazaki, K. (2002). Random DNA fragmentation with endonuclease V: application to
DNA shuffling. Nucleic Acids Research 30, e139.



References

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

Shao, Z., Zhao, H., Giver, L. & Arnold, F.H. (1998). Random-priming in vitro
recombination: an effective tool for directed evolution. Nucleic Acids Research 26,
681-683.

Lee, S.H., Ryu, E.J., Kang, M.J., Wang, E.S., Piao, Z., Choi, Y.J., Jung, K.H., Jeon, J.Y .J.
& Shin, Y.C. (2003). A new approach to directed gene evolution by recombined
extension on truncated templates (RETT). Journal of Molecular Catalysis B-Enzymatic
26, 119-129.

Lutz, S., Ostermeier, M., Moore, G.L., Maranas, C.D. & Benkovic, S.J. (2001). Creating
multiple-crossover DNA libraries independent of sequence identity. Proceedings of the
National Academy of Sciences of the United States of America 98, 11248-11253.

Zhao, H., Giver, L., Shao, Z., Affholter, J.A. & Arnold, F.H. (1998). Molecular evolution
by staggered extension process (StEP) in vitro recombination. Nature Biotechnology 16,
258-261.

Coco, W.M., Levinson, W.E., Crist, M.J., Hektor, H.J., Darzins, A., Pienkos, P.T.,
Squires, C.H. & Monticello, D.J. (2001). DNA shuffling method for generating highly
recombined genes and evolved enzymes. Nature Biotechnology 19, 354-359.

Ostermeier, M., Shim, J.H. & Benkovic, S.J. (1999). A combinatorial approach to hybrid
enzymes independent of DNA homology. Nature Biotechnology 17, 1205-1209.

Lutz, S., Ostermeier, M. & Benkovic, S.J. (2001). Rapid generation of incremental
truncation libraries for protein engineering using alpha-phosphothioate nucleotides.
Nucleic Acids Research 29, E16.

Sieber, V., Martinez, C.A. & Arnold, F.H. (2001). Libraries of hybrid proteins from
distantly related sequences. Nature Biotechnology 19, 456-460.

Kolkman, J.A. & Stemmer, W.P. (2001). Directed evolution of proteins by exon shuffling.
Nature Biotechnology 19, 423-428.

Gibbs, M.D., Nevalainen, K.M.H. & Bergquist, P.L. (2001). Degenerate oligonucleotide
gene shuffling (DOGS): a method for enhancing the frequency of recombination with
family shuffling. Gene 271, 13-20.

Hiraga, K. & Arnold, F.H. (2003). General method for sequence-independent site-directed
chimeragenesis. Journal of Molecular Biology 330, 287-296.

Kitamura, K., Kinoshita, Y., Narasaki, S., Nemoto, N., Husimi, Y. & Nishigaki, K.
(2002). Construction of block-shuffled libraries of DNA for evolutionary protein
engineering: Y-ligation-based block shuffling. Protein Engineering 15, 843-853.

O'Maille, P.E., Bakhtina, M. & Tsai, M.D. (2002). Structure-based combinatorial protein
engineering (SCOPE). Journal of Molecular Biology 321, 677-691.

Abecassis, V., Pompon, D. & Truan, G. (2000). High efficiency family shuffling based on
multi-step PCR and in vivo DNA recombination in yeast: statistical and functional
analysis of a combinatorial library between human cytochrome P450 1Al and 1A2.
Nucleic Acids Research 28, e88.

Zhang, Y.M., Buchholz, F., Muyrers, J.P.P. & Stewart, A.F. (1998). A new logic for DNA
engineering using recombination in Escherichia coli. Nature Genetics 20, 123-128.

Stemmer, W.P., Crameri, A., Ha, K.D., Brennan, T.M. & Heyneker, H.L. (1995). Single-
step assembly of a gene and entire plasmid from large numbers of
oligodeoxyribonucleotides. Gene 164, 49-53.

97



95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

98

Coco, W.M., Encell, L.P., Levinson, W.E., Crist, M.J., Loomis, A.K., Licato, L.L.,
Arensdorf, J.J., Sica, N., Pienkos, P.T. & Monticello, D.J. (2002). Growth factor
engineering by degenerate homoduplex gene family recombination. Nature
Biotechnology 20, 1246-1250.

Ness, J.E., Kim, S., Gottman, A., Pak, R., Krebber, A., Borchert, T.V., Govindarajan, S.,
Mundorff, E.C. & Minshull, J. (2002). Synthetic shuffling expands functional protein
diversity by allowing amino acids to recombine independently. Nature Biotechnology
20, 1251-1255.

Zha, D., Eipper, A. & Reetz, M.T. (2003). Assembly of designed oligonucleotides as an
efficient method for gene recombination: a new tool in directed evolution.
ChemBioChem. 4, 34-39.

Delagrave, S. & Murphy, D.J. (2003). In vitro evolution of proteins for drug development.
Assay and Drug Development Technologies 1, 187-198.

Reyes, F., Martinez, M.J. & Soliveri, J. (1989). Determination of cephalosporin-C
amidohydrolase activity with fluorescamine. The Journal of Pharmacy and
Pharmacology 41, 136-137.

Aramori, |., Fukagawa, M., Tsumura, M., lwami, M., Isogai, T., Ono, H., Ishitani, Y.,
Kojo, H., Kohsaka, M., Ueda, Y. & Imanaka, H. (1991). Cloning and nucleotide
sequencing of new glutaryl 7-ACA and cephalosporin C acylase genes from
Pseudomonas strains. Journal of Fermentation and Bioengineering 72, 232-243.

Ishiye, M. & Niwa, M. (1992). Nucleotide sequence and expression in Escherichia coli of
the cephalosporin acylase gene of a Pseudomonas strain. Biochimica et Biophysica Acta
1132, 233-239.

Matsuda, A., Matsuyama, K., Yamamoto, K., Ichikawa, S. & Komatsu, K. (1987).
Cloning and characterization of the genes for two distinct cephalosporin acylases from a
Pseudomonas strain. Journal of Bacteriology 169, 5815-5820.

Armisen, P., Mateo, C., Cortes, E., Barredo, J.L., Salto, F., Diez, B., Rodes, L., Garcia,
J.L., Fernandez-Lafuente, R. & Guisan, J.M. (1999). Selective adsorption of poly-His
tagged glutaryl acylase on tailor-made metal chelate supports. Journal of
Chromatography A 848, 61-70.

Aramori, |., Fukagawa, M., Tsumura, M., lwami, M., Ono, H., Kojo, H., Kohsaka, M.,
Ueda, Y. & Imanaka, H. (1991). Cloning and nucleotide sequencing of a novel 7 beta-
(4- carboxybutanamido)cephalosporanic acid acylase gene of Bacillus laterosporus and
its expression in Escherichia coli and Bacillus subtilis. Journal of Bacteriology 173,
7848-7855.

Zhang, QJ. & Xu, W.X. (1993). Morphological, physiological and enzymatic
characteristics of cephalosporin acylase-producing Arthrobacter strain 45-8A. Archives
of Microbiology 159, 392-395.

Bruggink, A., Roos, E.C. & de Vroom, E. (1998). Penicillin acylase in the industrial
production of beta-lactam antibiotics. Organic Process Research and Development 2,
128-133.

Arnold, F.H., Wintrode, P.L., Miyazaki, K. & Gershenson, A. (2001). How enzymes
adapt: lessons from directed evolution. Trends in Biochemical Science 26, 100-106.

Zhao, H., Chockalingam, K. & Chen, Z. (2002). Directed evolution of enzymes and
pathways for industrial biocatalysis. Current Opinion in Biotechnology 13, 104-110.



References

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Garcia, J.L. & Buesa, J.M. (1986). An improved method to clone penicillin acylase genes:
Cloning and expression in Escherichia coli of penicillin G acylase from Kluyvera
citrophila. Journal of Biotechnology 3, 187-195.

Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227, 680-685.

Cadwell, R.C. & Joyce, G.F. (1994). Mutagenic PCR. PCR Methods and Applications 3,
$136-S140.

Schroen, C.G., VandeWiel, S., Kroon, P.J., deVroom, E., Janssen, A.E. & Tramper, J.
(2000). Equilibrium position, kinetics, and reactor concepts for the adipyl-7- ADCA-
hydrolysis process. Biotechnology and Bioengineering 70, 654-661.

Forney, L.J., Wong, D.C. & Ferber, D.M. (1989). Selection of amidases with novel
substrate specificities from penicillin amidase of Escherichia coli. Applied
Environmental Microbiology 55, 2550-2555.

McDonough, M.A., Klei, HE. & Kelly, J.A. (1999). Crystal structure of penicillin G
acylase from the Brol mutant strain of Providencia rettgeri. Protein Science 8,
1971-1981.

Fritz-Wolf, K., Koller, K.P., Lange, G., Liesum, A., Sauber, K., Schreuder, H., Aretz, W.
& Kabsch, W. (2002). Structure-based prediction of modifications in glutarylamidase to
allow single-step enzymatic production of 7-aminocephalosporanic acid from
cephalosporin C. Protein Science 11, 92-103.

Otten, L.G,, Sio, C.F., Vrielink, J., Cool, R.H. & Quax, W.J. (2002). Altering the substrate
specificity of cephalosporin acylase by directed evolution of the beta-subunit. Journal of
Biological Chemistry 277, 42121-42127.

Miyazaki, K. & Arnold, F.H. (1999). Exploring nonnatural evolutionary pathways by
saturation mutagenesis: rapid improvement of protein function. Journal of Molecular
Evolution 49, 716-720.

Kim, Y., Kim, S., Earnest, T.N. & Hol, W.G. (2002). Precursor structure of cephalosporin
acylase. Insights into autoproteolytic activation in a new N-terminal hydrolase family.
Journal of Biological Chemistry 277, 2823-2829.

Kim, S. & Kim, Y. (2001). Active site residues of cephalosporin acylase are critical not
only for enzymatic catalysis but also for post-translational modification. Journal of
Biological Chemistry 276, 48376-48381.

Alkema, W.B.L., Floris, R. & Janssen, D.B. (1999). The use of chromogenic reference
substrates for the kinetic analysis of penicillin acylases. Anaytical Biochemistry 275,
47-53.

Huang, X., Zeng, R., Ding, X.M., Mao, X., Ding, Y., Rao, Z.H., Xie, Y., Jiang, W.H. &
Zhao, G.P. (2002). Affinity alkylation of the Trp-b4 residue of the beta-subunit of the
glutaryl 7-aminocephalosporanic acid acylase of Pseudomonas sp 130. Journal of
Biological Chemistry 277, 10256-10264.

Sio, C.F., Otten, L.G., Cool, R.H. & Quax, W.J. (2003). Analysis of a substrate specificity
switch residue of cephalosporin acylase. Biochemical and Biophysical Research
Communications 312, 755-760.

Otten, L.G., Sio, C.F., van der Sloot, A.M., Cool, R.H. & Quax, W.J. (2004). Mutational
analysis of a key residue in the substrate specificity of a cephalosporin acylase.
ChemBioChem 5, in press.

99



124.

125.

126.

127.

128.

100

Airaksinen, A. & Hovi, T. (1998). Modified base compositions at degenerate positions of
a mutagenic oligonucleotide enhance randomness in site-saturation mutagenesis.
Nucleic Acids Research 26, 576-581.

Armold, F.H. & Volkov, A.A. (1999). Directed evolution of biocatalysts. Current Opinion
in Chemical Biology 3, 54-59.

Bolon, D.N., Voigt, C.A. & Mayo, S.L. (2002). De novo design of biocatalysts. Current
Opinion in Chemical Biology 6, 125-129.

Reetz, M.T. & Jaeger, K.E. (2000). Enantioselective enzymes for organic synthesis
created by directed evolution. Chemistry 6, 407-412.

Roa, A., Garcia, J.L., Salto, F. & Cortes, E. (1994). Changing the substrate specificity of
penicillin G acylase from Kluyvera citrophila through selective pressure. Biochemical
Journal 303, 869-875.



Nederlandse
samenvatting

De gerichte evolutie van een
cefalosporine acylase




Nederlandse samenvatting

Bijna iedereen heeft wel eens een antibioticumkuur gehad om een infectie te bestrijden.
Antibiotica worden voornamelijk door schimmels gemaakt en zijn het
verdedigingsmechanisme van deze schimmels tegen bacterién. De hedendaagse
antibiotica zijn meestal varianten van natuurlijke isolaten, ook wel semi-synthetische
antibiotica genoemd. Er zijn twee redenen om natuurlijke antibiotica te veranderen. Ten
eerste is door veelvuldig en verkeerd gebruik van antibiotica resistentie opgetreden
tegen de natuurlijke isolaten. Zo is de MRSA bacterie (Methicilline resistente
Staphylococcus aureus), die regelmatig in ziekenhuizen de kop opsteekt, alleen nog
maar gevoelig voor één bekend antibioticum. Daarnaast zijn de natuurlijke antibiotica
niet zo stabiel en is het spectrum van bacterién die ze kunnen doden beperkt.

Op basis van de chemische structuur zijn verschillende soorten antibiotica te
onderscheiden en de antibiotica die op penicilline G lijken, worden de B-lactam
antibiotica genoemd (Figuur 1). Penicilline G bestaat uit een kern van een 5-ring plus
een 4-ring, een B-lactam groep, met daaraan gekoppeld een zijketen. Een ander, in
Nederland minder bekend, B-lactam antibioticum is cefalosporine (Figuur 1). Deze
verbinding heeft een 6-ring in plaats van een 5-ring in de kern, waardoor het
antibioticum in staat is andere bacterién te doden dan penicillines. De natuurlijke
zijketen van het antibioticum cefalosporine C is niet een aromatische ring, zoals bij
penicilline G, maar een lange alifatische keten van zes C-atomen met een carboxyl
groep en een amino-groep ook wel aminoadipyl genaamd. Veranderingen in de
zijketens veranderen de stabiliteit en werking van B-lactam antibiotica. Zo heeft de
zijketen van ampicilline in vergelijking tot penicilline G slechts één extra hydroxyl
groep, maar dit antibioticum kan daardoor wel oraal geven worden, terwijl penicilline G
direct door het maagzuur wordt afgebroken. Het vervangen van de zijketen van
B-lactam antibiotica wordt al jaren industrieel toegepast door eerst de bestaande zijketen
bij de peptide binding af te knippen (deacyleren) en er een nieuwe zijketen op dezelfde
plek aan te zetten (acyleren). Dit proces wordt tegenwoordig door enzymen gedaan,
omdat enzymen heel specifiek bepaalde chemische reacties kunnen katalyseren. Het
enzym, dat gebruikt wordt bij het maken van penicilline-achtige antibiotica, wordt
penicilline acylase genoemd. Dit enzym heeft een voorkeur voor aromatische zijketens
en kan daarom niet de alifatische zijketen van cefalosporines afknippen. Voor deze
antibiotica zijn cefalosporine acylases nodig. Helaas zijn er in de natuur nog steeds geen
cefalosporine acylases gevonden die de zijketen van cefalosporine C accepteren.
Daarom wordt de zijketen van cefalosporine C in twee stappen afgeknipt. In de eerste
stap wordt de zijketen één C atoom en één aminogroep korter gemaakt en in de tweede
stap wordt de resterende (glutaryl)zijketen door het enzym glutaryl acylase afgesplitst.
Dit enzym kan een alifatische zijketen van vijf C-atomen heel goed afsplitsen, zoals de
zijketen van glutaryl-7-ACA (Figuur 1) en ook een zijketen met zes C-atomen, zoals
adipyl-7-ADCA, wordt langzaam door dit enzym afgesplitst. De aminoadipyl-zijketen
van cefalosporine C wordt echter niet door dit enzym herkend en dus ook bijna niet
afgeknipt (Figuur 1). Enigszins verwarrend is de naamgeving. Hoewel het enzym
nauwelijks activiteit op cefalosporine C vertoont, wordt dit enzym toch tot de familie
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der cefalosporine acylases gerekend.

Semi-synthetische cefalosporines kunnen ook uit penicillines worden gemaakt door de
5-ring te vergroten naar een 6-ring en daarna de zijketen eraf te knippen met penicilline
acylase. Deze methode is een chemisch ingewikkeld proces dat veel energie kost en
waarbij erg veel (chemisch) afval ontstaat. Aangezien dit erg slecht voor het milieu is en
afvalverwerking steeds duurder wordt, is men al jaren op zoek naar nieuwe manieren
om semi-synthetische cefalosporines te maken. Een stap in de goede richting was de
ontdekking van een enzym dat de 5-ring van penicilline om kan zetten in een 6-ring.
Helaas bleek dit enzym niet te werken als de penicilline zijketen aan de ring zat. Wel
bleek het enzym te werken als je de schimmel in plaats van de aromatische zijketen een
alifatische zijketen met zes C-atomen gaf. Dit heeft geleid tot een genetische
gemodificeerde schimmel, die adipyl-7-ADCA in plaats van penicilline G produceert.
De zijketen van deze stof kan door een cefalosporine acylase langzaam worden
afgeknipt. Door de reactie omstandigheden te veranderen kan de reactie versneld
worden, waardoor het proces economisch haalbaar wordt. De snelheid is echter nog
steeds niet te vergelijken met het penicilline acylase en daarom werd het onderzoek
opgestart, dat in dit proefschrift is beschreven. Het doel was om een bestaand
cefalosporine acylase zodanig te veranderen dat het de zijketen van adipyl-7-ADCA en
misschien zelfs die van cefalosporine C even efficiént kan afknippen als het originele
enzym de zijketen van glutaryl-7-ACA kan hydrolyseren. VVoor dit onderzoek werd het
glutaryl acylase van de bacterie Pseudomonas SY-77 gekozen om mee te beginnen. Het
gen, dat voor dit enzym codeert, kan in de veelgebruikte gastheer Escherichia coli
genetisch worden veranderd, waarna de mutante enzymen door deze bacterie worden
geproduceerd.

Er zijn verschillende manieren om enzymen te veranderen. Wij hebben ervoor gekozen
om de tactiek van Moeder Natuur af te kijken. Tijdens de evolutie zijn steeds nieuwe
enzymen en enzymen met nieuwe activiteiten ontstaan, doordat er continu kleine
mutaties en recombinaties optraden. Veel mutaties kunnen een enzym zodanig
veranderen dat het een andere activiteit krijgt. Recombinatie is het opnieuw
rangschikken van DNA en treedt vooral op bij de productie van ei- en zaadcellen,
waarbij de chromosomen van vader en moeder uit elkaar getrokken worden. Soms zijn
deze chromosomen zo verstrengeld dat breuken optreden en genen van vader en moeder
worden uitgewisseld. Daarnaast zorgen veranderende omstandigheden in de natuur
ervoor dat er steeds nieuwe enzymen nodig zijn, waardoor je een survival-of-the-fittest
krijgt.

In het lab kan de evolutie versneld nagebootst worden door genen van enzymen te
mutageniseren en te recombineren en daarna de gewenste activiteit van één van de
mutanten te selecteren. Omdat de onderzoeker het proces heel gericht een bepaalde kant
op stuurt, wordt deze methode wel gerichte evolutie genoemd (in het engels directed
evolution). In dit proces zijn twee dingen cruciaal, de manier waarop de mutanten
gemaakt worden en de methode waarmee het beste enzym uit de groep geselecteerd
wordt. Een verzameling van zoveel mogelijk verschillende mutanten wordt een
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mutantenbank genoemd. Om de perfecte mutantenbank te maken, moet je met genoeg
diversiteit beginnen. Deze diversiteit kun je bereiken door het DNA te mutageniseren of
door combinaties van natuurlijke varianten te gebruiken. Er zijn vele wegen die naar
Rome leiden, en zo zijn er ook veel verschillende technieken ontwikkeld om goede
mutantenbanken te maken. ledere techniek heeft zijn eigen voor- en nadelen en het
hangt van meerdere factoren af welke methode het meest geschikt is voor het doel dat je
met een bepaald onderzoek wilt bereiken.

Het tweede belangrijke deel van het gerichte evolutieproces is het vinden van de beste
mutant. Dit kan op twee manieren, door middel van selectie of screening. In een
selectiemethode wordt ervoor gezorgd dat de gewenste enzymactiviteit de overleving
van de bacterie bevordert. Dit lijkt dus het meest op de selectie zoals die in de natuur
plaatsvindt. Het voordeel van deze methode is dat alleen de beste mutanten overleven,
terwijl bacterién die enzymen produceren die helemaal niet meer actief zijn, dood gaan.
Helaas kan niet voor iedere enzymactiviteit een selectiemethode ontwikkeld worden.
Dan is een screeningsmethode het alternatief. In een screening worden alle mutanten
individueel getest op de gewenste activiteit. Het nadeel is dus dat je ook alle slechtere
en inactieve mutanten moet testen Door het inzetten van robots kunnen steeds meer
screeningsactiviteiten snel worden uitgevoerd. Dit wordt High Throughput Screening
genoemd.

Het bovenstaande is een samenvatting van hoofdstuk 1, waarin een algemene inleiding
wordt gegeven over het enzym en de technieken, die tot nu toe zijn ontwikkeld om
gerichte evolutie uit te voeren. Bij de start van dit onderzoek waren al verschillende
gerichte evolutie experimenten beschreven en uitgevoerd op modelsystemen met
makkelijk meetbare enzymactiviteiten. Dit is noodzakelijk om een nieuwe techniek te
ontwikkelen, maar levert vaak geen praktisch bruikbaar enzym op. Daarom is besloten
om de waarde van deze technieken te testen met een industrieel relevant enzym, dat
meteen toegepast kan worden in de productie van semi-synthetische antibiotica. Dit
betekende echter wel dat er een goede selectie methode opgezet moest worden en een
manier om de activiteit van de nieuwe enzymen te meten.

Natuurlijke antibiotica
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Figuur 1. Structuren van veelvoorkomende antibiotica en hun voorlopers.
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vervolg Figuur 1
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In hoofdstuk 2 wordt een mutagenese methode ontwikkeld om mutanten van het SY-77
glutaryl acylase te maken. Het acylase bestaat uit twee delen (subunits), een kleine a- en
een grotere B-subunit. De a-subunit was al eerder gemutageniseerd, daarom hebben we
ons op de B-subunit gericht. Uit praktische overwegingen hebben we dit deel van het
gen in vijf overlappende delen opgesplitst en elk apart gemutageniseerd. Hiervoor is de
random mutagenese strategie error-prone PCR (polymerase kettingreactie) gebruikt.
Met deze methode kopieer je DNA in een reageerbuis met behulp van een DNA-
polymerase. Door tijdens de reactie een aantal omstandigheden niet optimaal te houden,
gaat het polymerase fouten maken. Wij hebben de reactie zodanig verstoord dat er
gemiddeld 1-2 fouten per deel werden ingebouwd. Hierdoor ontstaat een mutantenbank
met allemaal varianten van het enzym. De varianten in de vijf mutantenbanken zijn
vervolgens geselecteerd op hun activiteit om een adipyl-zijketen af te splitsen. Hiertoe
zijn de enzymen geproduceerd in E. coli DH10B, een bacterie die zelf geen leucine kan
maken. Leucine is een aminozuur dat in bijna alle eiwitten voorkomt en is dus
noodzakelijk voor de groei van de bacterie. Door nu de bacterién te laten groeien op een
medium met leucine gekoppeld aan de adipyl-zijketen, zullen alleen bacterién die deze
zijketen kunnen afsplitsen, en daarmee leucine vrijmaken, kunnen groeien. We hebben
de snelst groeiende kolonies opgepikt en verder geanalyseerd. Daarbij is gekeken of de
mutante enzymen in staat waren om het gewenste substraat adipyl-7-ADCA en het
oorspronkelijke substraat glutaryl-7-ACA te hydrolyseren. De ratio van deze twee
activiteiten werd gebruikt als maat voor de verandering van de enzymactiviteit. De
DNA-sequentie, en daarmee de aminozuurvolgorde van de mutanten, werd bepaald en
het bleek dat de meest voorkomende mutanten een ander aminozuur hadden op positie
266 of 375. Vijf mutanten hadden een verbeterde adipyl-7-ADCA/glutaryl-7-ACA
hydrolyse ratio en deze enzymen werden opgezuiverd uit de bacterie om de
enzymatische parameters preciezer te bepalen. Het bleek dat het enzym SY-77N2%H
waarin het aminozuur asparagine (N) op positie 266 vervangen is door een histidine (H),
het substraat adipyl-7-ADCA bijna 10 keer beter kan hydrolyseren dan het originele
SY-77 acylase. De mutant SY-7773"" (fenylalanine op positie 375 naar een leucing), die
de beste adipyl/glutaryl ratio had, bleek niet te zijn verbeterd in het afsplitsen van de
zijketen van adipyl-7-ADCA, maar verslechterd in de hydrolyse van glutaryl-7-ACA.
Het is dus erg belangrijk om de precieze parameters van het gezuiverde enzym te
bepalen en niet alleen naar de ratio van activiteit op het ‘oude’ en ‘nieuwe’ substraat te
kijken.

Door de aard van de error prone-PCR techniek kan er slechts een gering aantal DNA-
mutaties en daarmee ook slechts een deel van alle mogelijke aminozuren ingebouwd
worden. Omdat uit de resultaten leek dat posities 266 en 375 belangrijk zijn voor de
substraatspecificiteit van het enzym, is ervoor gekozen om deze posities volledig te
randomiseren met behulp van de zogenaamde site-saturation mutagenesetechniek. Dit
wordt in hoofdstuk 3 en 4 beschreven. Alle mogelijke varianten zijn opgegroeid om het
enzym te zuiveren. Het bleek dat slechts vier mutanten, die een aminozuurverandering
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in positie 266 hadden, niet gemaakt konden worden. Van de overige mutanten werd de
activiteit voor de hydrolyse van glutaryl-7-ACA, adipyl-7-ADCA en cefalosporine C
bepaald. Elke mutant bleek zijn eigen profiel te hebben ten opzichte van deze drie
substraten. Dit bevestigt dat de aminozuren op deze twee posities erg belangrijk zijn
voor de substraatspecificiteit van het enzym. Bijna alle mutanten zijn verslechterd in de
hydrolyse van glutaryl-7-ACA. Dit is logisch, omdat het originele enzym dit substraat
heel goed afbreekt. De mutanten die adipyl-7-ADCA het beste kunnen hydrolyseren zijn
SY-77N?%*M (asparagine naar methionine) en SY-7773"> (fenylalanine naar cysteine). De
mutant SY-77V%Q (asparagine naar glutamine) bleek cefalosporine C drie keer beter
om te zetten dan het originele enzym. Dit is een veelbelovend resultaat, ook al is dit
altijd nog een factor 100 lager dan de hydrolyse-activiteit ten opzichte van glutaryl-
7-ACA. Al deze aminozuurveranderingen kunnen alleen maar ontstaan door twee of
zelfs drie DNA-mutaties en hebben dus een zeer kleine kans aanwezig te zijn in een
error-prone PCR mutantenbank. Hieruit blijkt dus dat de gevolgde strategie een goede
manier is om een gericht evolutie experiment te doen: eerst zoek je de posities in een
enzym die belangrijk zijn voor substraatspecificiteit en daarna verander je de
aminozuren op die posities in alle 19 andere aminozuren om te bepalen welk aminozuur
op die plek tot de hoogste gewenste activiteit leidt.

Ondanks het feit dat er al behoorlijke verbeteringen van de adipyl-7-ADCA hydrolyse-
activiteit was gevonden, is deze activiteit nog steeds niet zo goed als de activiteit van
het originele enzym ten opzichte van glutaryl-7-ACA. Het leek ons daarom interessant
om te proberen deze activiteit nog verder te verbeteren door meervoudige mutanten te
maken. In hoofdstuk 5 worden dan ook zowel rationele als random mutagenese
strategieén beschreven om de beste meervoudige mutant te vinden. Eerst werd de beste
mutatie in de a-subunit, histidine in plaats van tyrosine op positie 178 (Y178H),
gecombineerd met een aantal van de beste mutaties in de B-subunit. Hieruit bleek dat de
combinatie van mutatie Y178H met F375L (fenylalanine naar leucine) een betere
hydrolyse-activiteit ten opzichte van de enkele mutanten gaf, terwijl de andere
combinaties niet tot een verbetering voerden. Hieruit blijkt dat effecten van mutaties
niet altijd additioneel zijn, oftewel één plus één is niet altijd twee.

Omdat combinaties van mutaties niet altijd een voorspelbaar resultaat opleveren,
werden de belangrijke posities op een willekeurige manier gecombineerd. Alle
mogelijke 20 aminozuren op positie 266 (uit hoofdstuk 3) werden gecombineerd met
alle mogelijke aminozuren op positie 375 (uit hoofdstuk 4). Daarnaast werd deze
mutantenbank ook nog gecombineerd met mutatie Y178H in de a-subunit. Omdat deze
banken uit 20 x 20 = 400 verschillende combinaties bestaan, hebben we de beste
mutanten eruit gepikt door de bacterién te selecteren met de selectiemethode beschreven
in hoofdstuk 2. Er werden twee soorten platen gebruikt, één met adipyl-leucine en één
met aminoadipyl-leucine. Helaas groeiden er bijna geen kolonies op de platen met
aminoadipyl-leucine en leidde deze selectie niet tot nieuwe mutanten. Van de kolonies
die van de adipyl-leucine platen waren opgepikt bleken er maar vier verschillende
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mutanten te zijn die een verbeterde ratio van adipyl-7-ADCA/glutaryl-7-ACA hydrolyse
te hebben. Deze mutanten werden gezuiverd en de enzymatische parameters werden
bepaald. De mutant met de hoogste adipyl-7-ADCA hydrolyse activiteit,
SY-77Y1BHN2M hleek een combinatie te zijn van de beste enkelvoudige mutanten uit
de a- en B-subunit en had dus ook rationeel gemaakt kunnen worden. Cefalosporine C
bleek beter omgezet te worden door de enkele mutant SY-77"®" dan door elk van de
vier geselecteerde mutanten. Dit is niet geheel onverwacht, omdat deze mutanten op
adipyl-leucine waren geselecteerd en niet op aminoadipyl-leucine.

Als laatste poging om een verbeterd acylase te maken, werden de vijf belangrijke
aminozuren voor substraatspecificiteit totaal gerandomiseerd en gecombineerd. Hiertoe
werd het stukje gen waarin de aminozuren Tyrl78, Tyr231, Arg255 en Asn266
(tyrosine, arginine en asparagine) aanwezig zijn gemaakt met behulp van synthetische
stukjes DNA, oligonucleotiden genoemd. De basen die voor deze aminozuren coderen
werden gerandomiseerd, zodat codons voor elk aminozuur gevormd kunnen worden.
Alle benodigde oligonucleotiden werden aan elkaar geplakt en het zo ontstane
genfragment werd vermenigvuldigd met behulp van PCR. Alhoewel dit in theorie heel
makkelijk lijkt, was er wel wat optimalisatie nodig om een mutantenbank van 3*10°
mutanten te krijgen, die alle mogelijke combinaties bevat. Het synthetische stuk DNA
werd teruggeplaatst in een bank van het SY-77 gen waarin op positie 375 alle 20
aminozuren aanwezig waren (uit hoofdstuk 4). Helaas was deze laatste stap niet erg
succesvol, waardoor slechts 0.13% van de totaal mogelijke grootte voor de
mutantenbank werd verkregen. Hopend op wat geluk (andere onderzoekers hebben al
eens verbeterde mutanten gevonden met een bank die slechts 0.01% van de totaal
mogelijke populatie omvatte), werd de bank toch op selectieve platen met aminoadipyl-
leucine geselecteerd. Helaas leverde dit geen verbeterde mutanten op. Het experiment,
en vooral de laatste stap, zal dan ook geoptimaliseerd moeten worden, maar dit kon niet
meer in dit proefschrift worden beschreven.
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Eigenlijk was één van mijn stellingen ‘promoveren doe je niet alleen’, maar ja, dat is
geen stelling, want daar is niks tegenin te brengen. Dit boekje had hier nu niet gelegen
als ik het allemaal alleen had moeten doen.

Ten eerste had het boekje hier letterlijk niet gelegen als de beoordelingscommissie het
niet zo snel gelezen had. Lubbert, Hidde en Jan-Metske, bedankt voor het snelle lezen
en het weinige commentaar dat jullie hadden.

Ik had niet kunnen promoveren als ik niet was gaan studeren. Mijn ouders hebben me
gestimuleerd om biologie te gaan studeren en later ook om helemaal naar de andere kant
van het land te gaan voor de baan die ik leuk vond. Gelukkig kwam ik voor mijn
promotie weer terug naar Groningen, maar nu zit ik zelfs aan de andere kant van de
Noordzee. Ondanks dat jullie vaak niks begrepen wat ik nou allemaal deed op het werk,
bleven jullie vragen hoe het nu met de ‘studie’ en het boekje ging. Ook de broers en
zussen (van de warme en koude kant) wil ik bedanken voor hun interesse in mijn
voortgang. Straks hebben jullie een echte doctor als zus en tante.

De volgende om te bedanken is Theo. Ondanks dat je me graag wilde houden in Geleen,
heb je me toch gestimuleerd om een AiO-plaats te zoeken en ik ben blij dat ik (samen
met Sietske) naar Groningen kon gaan voor een promotie-onderzoek in het verlengde
van mijn werk bij DSM. Je kon de vinger aan de pols houden door plaats te nemen in
onze gebruikerscommissie, waardoor we elkaar nog 2 keer per jaar zagen. De
vergaderingen met deze commissie waren altijd vruchtbaar en ik wil Jan-Metske en
Richard dan ook bedanken voor de tips en discussies.

Mijn promotor wil ik bedanken omdat hij mij de kans heeft gegeven in zijn nieuwe
groep te promoveren op een onderwerp dat ik heel erg leuk vond. Wim, ik heb niet
alleen geleerd wat onderzoek plannen en uitvoeren inhoudt, maar ook gezien wat er
allemaal komt kijken bij het runnen van een groep en dat communicatie heel erg
belangrijk is. Ook wil ik Raymond hier bedanken die er in het begin van mijn promotie
nog even was met veel (acylase) kennis om mij op gang te helpen. Daarnaast was
Niesko er natuurlijk met zijn rustige uitstraling en goede ideeén over hoe de 3 lijnen in
onze groep samen zouden moeten smelten.

Ik wil de groep (ex)AiO’s graag apart noemen. We zijn met acht mensen vlak achter
elkaar begonnen met promoveren en hebben allerlei problemen samen het hoofd
geboden. Ons grote aantal was zowel een voordeel als een nadeel. 1k ben blij dat ik met
zoveel gelijkgestemden heb samengewerkt, want we hebben natuurlijk ook veel mét en
om elkaar gelachen. Albert, Ronald, Melloney, Helga, Charles, Geeske, Almer, Mattijs,
Elfahmi, Ykelien, Joanna, Johanna en Lidia, bedankt, en blijf elkaar helpen en steunen!
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Dan zijn er natuurlijk nog meer (ex)collega’s: Janita (en Janneke en Astrid: waar moet
ik zijn voor ..?), Rein (ik heb nu echt een labtop), Freeke (zijn er nog koekjes?), Ronald
vM en Henco (geweldig gitaarduo), Mark (ook al een gitaarspeler en nu ook een
‘gevaar’ op de weg), Monique (poweryoga en CROSSen), Dolf (eiwitman), Frens (dan
maar leraar), Michiel (even wennen, maar dan heb je ook wat), Mags (jawel, ik red het
wel in Engeland), Peter (nee, ik kom niet uit Hoogeveen), Jean-Yves (Snappy doet weer
raar), Sieb (nog een promotieliedje?) en Jan Maarten (we hebben géén incidenten
gehad!). En last but not least wil ik Robbert bedanken. Ik dacht dat ik na 3 jaar wel een
zelfstandig onderzoeker was, maar jij hebt mijn zelfvertrouwen in mijn eigen kunnen en
kennis behoorlijk opgekrikt de afgelopen tijd. Daarnaast zag jij gelukkig vaak wél de
positieve dingen in die slechte resultaten, maar was je toch kritisch. Ook thuis was je er
altijd als ik je nodig had (meestal heb ik zulke lange telefoongesprekken alleen met
Dirk). Je hebt mij de weg gewezen om een kritisch onderzoeker te worden, ik hoop dat
ik dat pad kan blijven volgen. Jij bent mijn grote voorbeeld, bedankt.

Alle studenten die in de afgelopen 4,5 jaar bij FB hebben rondgelopen wil ik bedanken
voor de gezelligheid op en buiten het lab. Alle mensen die mee hebben gewerkt aan ons
project in de FaBioTech cursus, door middel van een capita of een bijvak wil ik
bedanken, waarbij ik natuurlijk mijn/onze bijvakkers in het bijzonder wil noemen.
Muriel, Marjolein, Femke, Kris en Yke, bedankt voor de sociale en wetenschappelijke
bijdragen die jullie hebben geleverd.

Als ik aan FB denk denk ik niet alleen aan mensen maar ook aan andere zaken zoals de
PhF (geweldige labuitjes en saaie borrels, maar ook bowlen, een paashaas, en chinees
met Sint Maarten), taart en champagne (bij elke gelegenheid), de PhFilm (rare teksten
van Charles in de aankondigingsmailtjes), de tegenstellingen en overeenkomsten tussen
Farmaceuten en Biologen, eten op het ziekenhuis, het kippenhok (nu verplaatst naar
958), ballonnen en slingers, het M-lab (934), de week- en dagthema’s, promotie files
bijhouden en een promotie voorbereiden. Oftewel, er zijn gewoon teveel leuke dingen
gebeurd om op te noemen (en er moet natuurlijk ook wat overblijven voor al die
promotiecabaretten die nog moeten komen). Het moge duidelijk zijn: ik heb het
ontzettend naar mijn zin gehad bij FB.

Werken gaat veel beter als je daarnaast kunt ontspannen. Dit is goed gelukt tijdens het
musiceren en de kroegbezoekjes daarna met Harmonie’67 (nog steeds de leukste
harmonie van de Stad met de meeste stellen?). Bij K&V kon ik als ‘oude’ vrouw nog
echt turnen in een heel gezellig clubje, dit zal ik wel nergens anders weer vinden. Ook
meer incidentele dingen zorgden voor ontspanning: fietsen met Mattijs en Ronald D.,
spelletjesavonden met onze oude kamer, sporten met Monique, jaarlijkse biologen
samenkomst (nu wat minder door verhuizingen en kinderen) en Catannen met Mark,
Mattijs en Ykelien (en Almer en Michiel). Ik ben blij dat ik nu zoveel slaapadresjes in
Groningen heb, want er gaat natuurlijk niks boven Groningen.
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Ik wil hier Charles nog een keer noemen. Ondanks dat we elkaar niet kenden en
behoorlijk verschillend zijn, hebben we toch bijna 5 jaar heel lekker samengewerkt. Ik
denk dat wij het levende voorbeeld zijn van hoe de symbiose tussen Farmaceuten en
Biologen zou moeten zijn. We moeten misschien maar een cursus duo-presenteren
opzetten. Ik ben blij dat je mijn paranimf bent!

I also would like to thank some people in the UK, starting with Florian. Although | was
already paid by you, you sent me home to work on my thesis. Thanks for the patience
and trust, | will start working on NRPSs now. Furthermore, | want to thank all the other
members of the FH-group who made me feel at home so quickly. From now on, I will
join in every social activity, from Thursday night Jazz sessions to seeing rugby games
and from skiing trips to Formal Hall diners.

En dan de belangrijkste persoon in mijn leven, Dirk. We zouden maar 3 jaar uit elkaar
wonen, dat werden er eerst vier en nu wonen we zelfs nog verder uit elkaar. Maar
gelukkig was je er wel altijd voor mij met een luisterend oor (via telefoon of internet),
vooral in deze laatste stress periode. Jij bent het rustpunt in mijn leven, een welkome
afwisseling als ik weer eens overactief rondren. En dat samenwonen gaat vast nog wel
eens lukken. We kunnen nu eindelijk beginnen met ‘sightseeing’ in Cambridge.

Linda ©
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AA amino acid
7-ACA 7-aminocephalosporanic acid

7-ADCA
ADO
6-APA
bps
CLERY
CPC

DHR
DNA
DOGS
dNTP
epPCR

ET recombination
HTS
ITCHY
MAX

NF

PenG

PCR
RACHITT
RE

RETT
RID

RPR
SCOPE
SCRATCHY
SHIPREC
SISDC

Sp

SS

sSDNA
StEP
THIO-ITCHY
YLBS
YNF

7aminodesacetoxycephalosporanic acid

assembly of designed oligonucleotides
6-aminopenicillanic acid

base pairs

combinatorial libraries enhanced by recombination in yeast
Cephalosporin C

degenerate homoduplex gene family recombination
deoxyribonucleic acid

degenerate oligonucleotide gene shuffling
2’-deoxyribonucleotide triphosphate

error-prone PCR

recombination using reck and recT

high throughput screening

incremental truncation for the creation of hybrid enzymes
maximum efficiency randomisation

mutant library of N266X combined with F375X
Penicillin G

polymerase chain reaction

random chimeragenesis on transient templates

restriction enzyme

recombined extension on truncated templates

random insertion/deletion

random-priming in vitro recombination

structure-based combinatorial protein engineering
shuffling combined with ITCHY
sequence-homology-independent protein recombination
sequence-independent site-directed chimeragenesis.
spacer peptide

signal sequence

single stranded DNA

staggered extension process

ITCHY with a-phosphothioate deoxynucleotide triphosphates
Y-ligation-based block shuffling

mutant library of Y178H combined with N266X and F375X
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