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Introduction



Chapter 1

During the last decade, a large number of enzymes has been used in biocatalytic processes by
pharmaceutical and agrochemical companies. Key aspects in biocatalysis are selectivity and
chirality, which are necessary to obtain a high yield of a specific product. As enzymes are
generally enantio- and or regioselective, they are potentially good catalysts. Furthermore, they
can catalyze reactions in a mild environment, and as such are a ‘“green” alternative to
chemical reactions. The enzymatic synthesis of agro- or pharma compounds, also known as
white biotechnology, has to compete with established chemical processes. Therefore,
enzymes or biocatalytic processes often need to be optimized before biotechnological

application can be realized.

1.1 Classification of aldolases

In the production of fine chemicals, carbon-carbon bond formation is among the key steps.
Aldolases are one of the few classes of enzymes that can catalyze this carbon-carbon bond
formation. Generally aldolases have evolved to catalyze the reversible condensation of a
ketone (or aldehyde) donor and an aldehyde acceptor (Fig. 1). Some aldolases are involved in
degradation of metabolites (sugar degradation), whereas others are used in synthesis of a
carbon backbone (amino acid synthesis). Two classes of aldolase enzymes can be
distinguished based on their mechanisms. In class I aldolases, a Schiff-base intermediate is
formed between a strictly conserved lysine and the donor-substrate. The activated enamine
attacks the acceptor aldehyde, resulting in an enzyme-bound product that is released by
hydrolysis (Dean et al. 2007, Fullerton et al. 2006). Class II aldolases have a metal cofactor
(usually Zn*") that acts as a Lewis acid in activating the bound donor substrate (Fig. 2) (Dean
et al. 2007, Hall et al. 2002). Both classes of aldolases are rather specific for the donor
substrate, but can accept different acceptor substrates. This flexibility offers potential for
application purposes, as unnatural aldehydes can replace the natural ones during condensation
reactions. Another important aspect is that during aldol condensation up to two new chiral
carbon atoms can be formed (Fig. 1). In combination with the stereospecificity of enzymes,

this should lead to the production of pure sterecoisomers (Williams et al. 2006).
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Figure 2. Examples of the two different aldolase mechanisms. A) Class |, demonstrated for KDPG
aldolase (Fullerton et al. 2006). B) Class I, demonstrated for fructose and tagatose 1,6-bisphosphate
aldolase (Hall et al. 2002).



Chapter 1

Most aldolases are classified as carbon-carbon lyases, subgroup aldehyde lyases (E.C.
4.1.2.x), whereas some are present in the class of transferases (E.C. 2.1.x/2.5.x). The aldolases
that have been investigated for use in the above mentioned synthesis reactions, can be divided
into four main groups based on the nature of their donor substrate and include
dihydroxyacetone phosphate (DHAP)-, acetaldehyde-, glycine-, and (phosphoenol)-pyruvate
(PEP)-dependent aldolases (Bolt et al. 2008).

DHAP-dependent aldolases

Two different DHAP-dependent aldolases (fructose 1,6-bisphosphate aldolase (FBPA) (EC
4.1.2.13) and tagatose 1,6-bisphosphate aldolase (TBPA) (EC 4.1.2.40), respectively) catalyze
the reversible asymmetric aldol addition of DHAP to D-glyceraldehyde 3-phosphate (D-GAP),
leading to the different stereoisomers fructose 1,6-bisphosphate (FBP) and tagatose 1,6-
bisphosphate (TBP) (Fig. 3). FBPA activity has been measured in species of all domains of
life (eukarya, bacteria and archaea). Both class I and class II FBPAs have been characterized,
e.g. some microbial FBPAs such as the class II FBPA from Mycobacterium tuberculosis
(Ramsaywak et al. 2004), two archaeal class I FBPAs (Siebers et al. 2001) and the class I and
class I FBPA in Synechocystis species (Nakahara et al. 2003). TBPA has been found as class
IT aldolases in bacteria, for example in Escherichia coli (Hall et al. 2002) and in several other
enteric bacteria (Brinkkotter et al. 2002). To date, FBPA has been the most extensively
studied (Samland and Sprenger 2006) and is commercially available from different resources
(rabbit, spinach, E. coli, Staphylococcus carnosus). Rabbit muscle FBPA (RAMA) has been
used in the stereoselective synthesis of monosaccharides and sugar analogs with (3S,4R)
configuration (Azéma et al. 2000).

Two other DHAP-dependent aldolases (fuculose 1-phosphate aldolase (EC 4.1.2.17)
and rhamnulose 1-phosphate aldolase (EC 4.1.2.19)) share L-lactaldehyde as acceptor
aldehyde and also have different stereochemistry, leading to fuculose 1-phosphate and
rhamnulose 1-phosphate (Fig. 3). The E. coli fuculose 1-phosphate aldolase has been used in
a multi-enzyme system to catalyze carbon-carbon bond formation (Sanchez-Moreno et al.
2004).
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Figure 3. Reactions of four different DHAP-dependent aldolases

2-Deoxyribose-5-phosphate aldolase

In vivo 2-deoxyribose-5-phosphate aldolase (DERA, EC 4.1.2.4) catalyzes the reversible aldol
reaction of acetaldehyde and D-glyceraldehyde 3-phosphate to form 2-deoxyribose-5-
phosphate (Machajewski and Wong 2000) in the pentose phosphate pathway. DERA is a class
I aldolase and has, with acetaldehyde as the donor, an interesting feature. The products from
the DERA-catalyzed reaction are also aldehydes and are capable of becoming acceptor
substrates for a second aldol condensation. Such sequential aldol reactions were first observed
for DERA itself (Liu et al. 2004). The E. coli DERA has been subjected to directed evolution
studies for enzymatic synthesis of a chiral precursor for statin drugs used for reducing

cholesterol levels (Jennewein et al. 2006).

Glycine-dependent aldolases

The glycine-dependent aldolases have pyridoxal-5-phosphate as a cofactor and catalyze the
reversible aldol reaction of glycine with an aldehyde acceptor to form a B-hydroxy-a-amino
acid. Two classes of glycine-dependent aldolases have been found, the serine
hydroxymethyltransferases (SHMT, EC 2.1.2.1) and the threonine aldolases (EC 4.1.2.5/B1),
both involved in amino acid metabolism (glycine — serine — threonine) (Machajewski and
Wong 2000). An L-threonine aldolase was used to prepare protected 3R,5R-dihydroxy-L-

homoproline as a mimetic of idulonic acid (Miura and Kajimoto 2001).
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Pyruvate and phosphoenolpyruvate-dependent aldolases

Pyruvate-dependent aldolases either have anabolic functions in vivo (biosynthesis) or play a
role in catabolism of metabolites. When applying the right conditions they can be used to
prepare similar products in vitro. Both class I and class II aldolases are found in this group.

A large number of different pyruvate-dependent aldolases belong to the N-
acetylneuraminate lyase (NAL) subfamily, typical class I aldolases. Most of these enzymes
are (homo)tetramers (Lawrence et al. 1997, Pearce et al. 2006, Theodossis et al. 2004), with
each monomer having the (a/B)s fold. Conservation of both their fold and their active site
lysine residues indicates that they are evolutionary related. The archetype of this subfamily is
N-acetylneuraminic acid (NeuAc) aldolase (EC 4.1.3.3), also named sialic acid aldolase. This
enzyme is involved in aminosugar metabolism and catalyzes the reversible conversion of N-
acetylneuraminate == N-acetyl-D-mannosamine + pyruvate. This enzyme has shown to be
remarkably flexible towards its aldehyde substrate (Takayama et al. 1997) and it has been
used in the synthesis of sialic acid mimetics (Williams et al. 2005). Other members belonging
to this subfamily include hydroxybenzylidenepyruvate hydrolase-aldolase (HBPHA), trans-
2'-carboxybenzalpyruvate hydratase-aldolase (CBPHA) (Iwabuchi and Harayama 1998), D-5-
keto-4-deoxyglucarate dehydratase (KDGDH), 2-keto-3-deoxyoctanoate (KDO) aldolase,
dihydrodipicolinate synthase (DHDPS) and 2-keto-3-deoxygluconate aldolase (KDGA)
(Barbosa et al. 2000, Lawrence et al. 1997).

Dihydrodipicolinate synthase (EC 4.2.1.52) catalyzes the conversion of pyruvate +
(S)-aspartate-pB-semialdehyde ((S)-ASA) == 2,3-dihydrodipicolinate as part of the lysine
synthesis pathway of bacteria and plants. The Escherichia coli DHDPS has been extensively
characterized (Blickling et al. 1997b, Dobson et al. 2004b, Karsten 1997). The enzyme has a
very high substrate specificity towards its aldehyde substrate, (S)-ASA. Furthermore a
number of plant DHDPSs have been characterized (Kumpaisal et al. 1987, Mazelis et al.
1977). In plants and in some bacteria, this enzyme is inhibited by the end product of the
pathway, lysine. Therefore this enzyme is also engineered to allow for the overproduction of
lysine (Kennerknecht et al. 2003, Tsujimoto et al. 2006). An other reason to investigate
DHDPS is because of the fact that it is a potential target of antibacterial compounds
(Mitsakos et al. 2008). The structures of a variety of DHDPSs has been solved (E.coli,
Thermotoga maritima, Nicotiana sylvestris, Bacillus anthracis and Mycobacterium
tuberculosis (Blagova et al. 2006, Blickling et al. 1997a, Blickling et al. 1997b, Dobson et al.
2005, Dobson et al. 2004c¢, Kefala et al. 2008, Mirwaldt et al. 1995, Pearce et al. 2006).

The KDGA catalyzes the reversible conversion D,L-2-keto-3-deoxygluconate (KDG)
== pyruvate + D,L-glyceraldehyde (GA) (Buchanan et al. 1999). Also this enzyme appeared
very flexible in accepting aldehyde substrates as it accepts D- and L-GA as well as GAP
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(Ahmed et al. 2005). When condensation experiments were performed with pyruvate and D-
GA, both D-KDG and D-2-keto-3-deoxygalactonate (KDGal) were identified as products
(Lamble et al. 2005b). This rather promiscuous aldolase is part of the semi-phosphorylated
Entner-Doudoroff pathway in archaea (Ahmed et al. 2005). The structures of S. solfataricus
and S. acidocaldarius are known and have been investigated in relation to their promiscuity
(Theodossis et al. 2004) / chapter 3).

The structurally unrelated 2-keto-3-deoxy-6-phosphogluconate aldolase (KDPGA, EC
4.1.2.21) catalyzes the reversible conversion D,L-2-keto-3-deoxy-6-phosphogluconate =—=
pyruvate + D-GAP (Shelton et al. 1996). This enzyme accepts short-chain, non-carbohydrate
electrophilic aldehydes as substrates with a preference for phosphorylated substrates (Cotterill
et al. 1998, Shelton et al. 1996). The quaternary structure of KDPGA is a trimer, based on
crystal structures of E. coli and Pseudomonas putida (Allard et al. 2001, Bell et al. 2003).

1.2 Creating the perfect aldolase in the laboratory

In creating a perfect aldolase for application in biocatalysis, there are some hurdles to be
taken. First of all an aldolase with some of the desired activity should be selected. With
(partial or complete) genome sequences of many species being freely available today (4603
(July’08) - www.ncbi.nlm.nih.gov), it is an easy approach to search for new possible aldolases
using BLAST search with a known aldolase as query sequence. Another approach is to make
use of metagenomic libraries (Cowan et al. 2004), i.e. screening DNA fragments from
environmental libraries, since there are still many locations (which hold unknown organisms)
to be explored. For stability and long shelf life, enzymes from thermostable origin were
explored. Another hurdle is the requirement for sufficient amounts of (active) protein. For
this purpose, the genes coding for aldolases are generally heterologously expressed in a host
system (see 1.2.1). Subsequently enzymes can be analyzed, and if necessary be optimized for
the desired activity by changing the coding sequence in a rational or random fashion, using
computational design (see 1.2.2) and laboratory evolution (see 1.2.3). A final issue is the
industrial applicability of the enzyme and for efficient biocatalysis immobilization of the
enzyme is required to separate product and enzyme, while it also allows for reuse of the

enzyme.

1.2.1 Heterologous expression

Heterologous expression of proteins from prokaryotes is usually established in a bacterial
host. Bacteria are less suitable for heterologous expression of eukaryotic proteins, as bacteria
often do not have the capacity to perform the required posttranslational modifications. E. coli

is by far the most frequently used host for protein production. It is relatively cheap and easy to
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grow, and production is rather fast. Moreover multiple distinct expression systems are

available.

Table 1. E. coli expression vectors

Vector Promoter  Inducer Selection Copy Tag Host requirements
marker number
pUC Plac™ IPTG* Amp"® 60-180 - lac repressor
(Lacl) on
chromosome
and/or plasmid
pMAL' Prac IPTG Amp"® ~20 N-MBP lac repressor
(Lacl) on
chromosome
and/or plasmid
pGEX? Prac IPTG Amp"® ~20 N-GST lac repressor
(Lacl) on
chromosome
and/or plasmid
pRSET™  pr IPTG* Amp® >200 N-His T7 RNAP (piac™)
(e.g. BL21(DE3)
pET* Pr7 IPTG* Amp® Kan® ~40 N-His T7 RNAP (pioc*)
C-His (e.g. BL21(DE3)) ;
N-Trx lac repressor (lacl)
N-Nus on chromosome
N-Strep and/or plasmid
pET* Ptz L-arabinose** Amp® Kan® ~40 N-His T7 RNAP (pgap™**)
C-His (e.g. BL21 AIl);
N-Trx ara activator
N-Nus (AraC) and lac
N-Strep repressor (Lacl) on
chromosome
and/or plasmid
pBAD3 Peap™* L-arabinose** AmpR Kan® ~15 or N-His ara activator
>600 N-MBP (AraC) on
N-TrxA chromosome
N-GST and/or plasmid
N-NusA
pQE’ Prs IPTG Amp® ~20-30 N-His lac repressor (lacl)
C-His on chromosome
and/or plasmid
(pREP4)
"New England Biolabs

2 GE life sciences

* Invitrogen
* Novagen

> Qiagen

* also a set available with fluorescent tags
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In Table 1, an overview is provided of some commonly used E. coli expression vectors. An
origin of replication in the plasmid is needed to maintain sufficient copies in the cell, as well
as a selection marker (usually antibiotic resistance) to prevent loss of the plasmid. For
controlled expression, inducible promoters are used, for example the bacteriophage T7
promoter. Transcription of the gene is accomplished by T7 RNA polymerase, which is
encoded by the genome (integration of a phage genome) of the host (ADE3). Isopropyl-B-D-
thiogalactopyranoside (IPTG) can be used to induce the T7 RNA polymerase gene, which is
controlled by the lacUVS5 promoter. Often a cytoplasmic localization is desired, but some
plasmids do have signal peptide sequences that direct the protein to the periplasm (e.g., PelB,
DsbA and DsbC (available in pET) and gIII (available in pBAD)). Furthermore, a number of
affinity tags were developed for ease of purification. Proteins with a poly-histidine tag (often
six) can be easily purified by nickel affinity chromatography. Other tags were designed to
increase solubility of the protein, for example Thioredoxin (Trx) and N-utilization substance
A (NusA). Glutathione S-transferase (GST), Maltose binding protein (MBP) and streptavidin
tag (Strep) can increase solubility, but can also be used for affinity chromatography using
glutathione-, maltose- or biotin-matrices as column material, respectively. Commercial
expression vectors are often further optimized (and published as such), for example to
visualize expression by adding fluorescent or colored tags (Kaper et al. 2008, Park et al.
2003), or to increase solubility by using different fusion proteins (Cabrita et al. 2006, Kwon et
al. 2005).

When archaeal proteins are expressed in E. coli, a problem emerges. Archaea often
have low GC levels, resulting in different codon usage compared to E. coli. When the right
tRNAs are not available in the cell, translation can stall resulting in truncated or misfolded
protein (Sorensen et al. 2003). To allow for the heterologous expression of genes with
deviating codon usage, several additional vectors were designed that contain extra copies of
some E. coli tRNAs in order to prevent stalling of protein synthesis. Plasmids encoding those
tRNAs are pRIL (Stratagene - encoding tRNA of arginine (AGA, AGQ), isoleucine (AUA)
and leucine (CUA) (chloramphenicol resistant)), pSJIS1240 (encoding tRNA of arginine
(AGA,AGG) and isoleucine (AUA) (Kim et al 1998)), pSIS1244 (encoding tRNA of arginine
(AGA/AGG), isoleucine (AUA) and lysine (AAG) (Kim et al. 1998, Sorensen et al. 2003)
(both spectinomycin resistant)) and pLysRARE (Novagen - encoding tRNA of arginine
(AGG, AGA), isoleucine (AUA), leucine (CUA), proline (CCC) and glycine (GGA) on a

chloramphenicol-resistant plasmid).
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1.2.2 Rational design — optimizing enzymes

Rational design aims at specific, targeted alterations of amino acid residues, usually focusing
on the catalytic site. For altering protein functions with rational design, knowledge of the
protein (and gene) sequence is needed, as well as information on the mechanism. Nowadays,
in the rational (re)design of enzymes, mutations are predicted by computer programs (Looger
and Hellinga 2001, Saraf et al. 2006) for a review see Lippow and Tidor (2007). A three
dimensional structure of the enzyme is required, preferably with ligands, inhibitors or
intermediates present in the active site (Shao and Arnold 1996). It is not yet completely clear
which determinants need to be included in the prediction of certain enzyme activity
(Antikainen and Martin 2005), whereas rational design of binding has been very successfully
already (Dwyer et al. 2003, Looger et al. 2003), although some progress has been made in
redesign and de novo design of enzymes (Jiang et al. 2008, Lassila et al. 2005). In general
mutations suggested by computational design are introduced to the gene by site-directed

mutagenesis using different strategies (see below).

Site-directed mutagenesis techniques

Three techniques that are used to introduce mutations in a gene are described below and
represented in Figure 4. One technique that is often used is overlap extension polymerase
chain reaction (PCR) (Ho et al. 1989) (Fig. 4A). In this technique, two primers in the gene
and two flanking primers are used. In a PCR the first half of the gene is amplified (using
primer F1 and G2), incorporating a mutation at the 3’ end. A second PCR (using primer F2
and G1) amplifies the 3’-end of the gene, introducing the complementary mutation. A third
PCR, combining the obtained PCR-products and using flanking primers amplifies the whole
gene. This method allows for multiple mutations to be build in one gene, using several PCR
reactions. The original gene / plasmid should be removed by agarose gel electrophoresis and
the desired products should be purified subsequently.

In the second method, a complete plasmid is amplified using PCR and two primers
containing the desired mutation (Fig. 4B). The parental (methylated) DNA is destroyed by a
methyl-dependent restriction enzyme (Dpnl), resulting in a circular plasmid with remaining
nicks. After transformation the breaks in the dsSDNA are repaired by the host cell machinery.
This whole-plasmid PCR method is commercialized by Stratagene (QuikChange method).
This method is quite straightforward, and if restriction of the parental DNA is complete no
wild types will be found. Unfortunately this technique does not work well with large plasmids
(>10kb) and typically one amino acid change can be accomplished at a time (Antikainen and
Martin 2005).

10
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A third method, referred to as the Kunkel method (Kunkel et al. 1991) starts with the
synthesis of single stranded template DNA using an E. coli strain that incorporates uracil
residues in stead of thymine. A single primer with the desired mutation(s) anneals, and DNA
is subsequently extended using T7 DNA polymerase. DNA-ligase is used to create the
circular plasmid. After transformation (into usual expression strains) the uracil-containing
template DNA is destroyed by the cells machinery, and the complementary strand is
generated by the cells DNA polymerase (Fig. 4C). This method is little more complicated, but

one can introduce multiple mutations at once.

1.2.3 Laboratory evolution — optimizing enzymes

Laboratory evolution (also referred to as directed evolution), can literally be regarded as the
laboratory variant of evolution. In nature, evolution generates a pool of variants by random
mutations through single nucleotide alterations (point mutations) and exchange of larger DNA

fragments (recombination), followed by selection of the ‘fittest” variant (Jaeger et al. 2001).

Gene(s) of interest

. . : generating

iterative CYC|ES of e e e B S T M diversity

optimization
[ * * * * ]
[ Jeruee o acosen |
[ ) el |
R

* * * * l
:—[ ! Library of mutated genes
Selected genes
expression

A==,
] ‘\______ @
Proteins with screen or .
desired properties selection @% (
Library of

proteins/enzymes

Figure 5. A schematic overview of the laboratory evolution concept. Diversity is created in a (set of)
gene(s) — (with sometimes selection for fragment length). After expression in a high throughput
fashion, the proteins are screened or selected for the desired properties. The whole process of
creating diversity and screening / selection can be repeated several times for refinement.

12



Introduction

By using modern molecular biology methods for mutagenesis, recombination, and selection,
this process can be mimicked in vitro. Molecular diversity is generated by random
mutagenesis (mimicking asexual evolution), homologous and heterologous DNA
recombination/shuffling (resembling sexual evolution and horizontal gene transfer
respectively). Next a screening or selection is used to enrich for the mutated proteins that have
the desired beneficial mutations from the pool of variants (Fig. 5). In nature this pressure is
imposed by the environmental conditions, in the lab it is the scientist who creates these
conditions. For these optimization techniques, there is no need for a priori knowledge of the
protein. However, one requires either efficient (high-throughput functionality) screening
facilities, or a smart selection process. This is the bottle-neck of the laboratory evolution
approach, since this has to be developed specifically for each optimization experiment
(Boersma et al. 2007).

Creating variant-libraries

In the past decades a range of techniques has been developed to generate diversity in genes.
The most common way to generate a collection (library) of genetically altered enzyme
variants is error-prone PCR (epPCR) developed by Leung et al. (1989). In this PCR reaction,
random mutations are introduced in the target gene by a DNA polymerase, that lacks proof-
reading activity, therefore introducing mutations at a specific rate (Valetti and Gilardi 2004).
A frequently used enzyme is Taq polymerase in skewed conditions, and commercially
available systems such as mutazyme (Stratagene). Recently Machielsen et al. (2008)
improved an alcohol dehydrogenase from P. furiosus for the production of (2S, 5S)-hexandiol
at 30°C. Furthermore, Gratz and Jose (2008) introduced an upgraded version of the epPCR;
protein domain library generated by overlap extension (PDGLO). In this variant method,
requiring at least some insight in the encoded protein, epPCR 1is applied to introduce random
mutations in only one part of the gene (avoiding mutation of a signal sequence), the other part
is amplified by (high fidelity) PCR and both fragments are combined using an overlap
extension protocol.

A breakthrough in directed evolution was made by Stemmer et al. with the
development of DNA shuffling (Stemmer 1994a, Stemmer 1994b) as an alternative way to
create diversity. This technique starts with a purified PCR product of the gene(s) to be
engineered and its subsequent digestion with DNasel to obtain random fragments. Next
reassembly of those fragments (30-100 bp fragments) is achieved by a primerless PCR,
followed by PCR with gene flanking primers and selection of fragments with the correct gene
size. Zhao and Arnold (1997) made a high fidelity protocol to recombine related genes in

vitro, minimizing the amount of point mutations by using other DNA-polymerases (from Pfu

13
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or Pwo instead of the low fidelity Taq polymerase), and digesting the plasmid DNA directly
(without PCR). In general DNA shuffling can be performed with a pool of related genes
(derived from nature or epPCR). This technique requires high homology of the DNA (>60%
identity), because overlapping fragments have to anneal in the PCR. The relatively simple
Staggered Extension Protocol (StEP) was developed by Zhao et al. (1998), in which the
different DNA templates are mixed in one PCR-tube (with primers) and amplified using very
short cycles of annealing and extension. Switching of the growing products to different
templates and further extension creates shuffled genes, thus also requiring high DNA
sequence homology. Li et al. (2007) used both DNA-shuffling and StEP on nitrite oxido-
reductase for effective degradation of inorganic nitrogen.

Ostermeier et al. (1999) developed a method by which combinatorial gene fusion
libraries are generated in a manner that is independent of DNA homology: incremental
truncation for the creation of hybrid enzymes (ITCHY). Two genes can be recombined after
generation of N- and C-terminal libraries of those genes by progressive truncation, using
exonuclease III. Recombination by (simple) ligation results in the single cross-over library.
The ITCHY protocol was also combined with shuffling (SCRATCHY, (Lutz et al. 2001)), to
increase the amount of cross-overs to three, and thereby increasing the number of
combinations possible. Another method that can create libraries of single cross-over hybrids
of unrelated or distantly related proteins is Sequence Homology—Independent Protein
RECombination (SHIPREC) (Sieber et al. 2001). Here, a fusion is made of two genes,
including a restriction site. This fusion is subsequently fragmented, with the creation of blunt
ends. Fragments with the correct size are ligated to create a circular DNA. This is then
restricted at the initial fusion site, to create the library with a single cross-over distributed over
the entire length. On the other hand, when using RACHITT (Random CHImeragenesis on
Transient Templates) (Coco et al. 2001) one is able to create a very large number of cross-
overs (14 at average) per chimeric gene, with a high percentage of active clones. This method
is based one parental ssDNA-template, containing uracil, assembly of trimmed (several)
parental genes (fragments of 45-200nt) and filling the gaps using the uracil containing
template. As the template is degraded, this results in only chimeric genes.

Of these techniques of creating variants of a specific (set of) gene(s), epPCR and DNA
shuffling are used most frequently, although protocols are often optimized by the creating
scientist. Very often, epPCR is applied at first, and the best mutants are subsequently
recombined by DNA-shuffling, for example to improve an alpha-amylase for activity at low
pH (Jones et al. 2008) or enhancing thermostability of a beta-agarase (Shi et al. 2008).
Techniques that (can) recombine distantly related genes are used less frequently and

apparently do not easily give variants with desired properties.
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Bridging the gap, “random design”
To explore the available sequence space as much as possible, some techniques were
developed that generate diversity in a random fashion, but with rational behind the technique.
In other words, methods that require some insight in structure and function relations.
Degenerate Oligonucleotide Gene Shuffling (DOGS) (Gibbs et al. 2001) is a
procedure for gene shuffling that uses perfectly complementary degenerate primer (CDE)
pairs. Based on an alignment of different genes, degenerate nested primers —with a non-
degenerate core- are designed, and each fragment is amplified separately in a PCR. The non-
degenerate core of individual CDE primers is generally based upon the corresponding coding
sequence of one gene designated as the parental gene for shuffling. This results in the
formation of chimeric fragments that retain parental sequence at the points of segment
overlap. It enhances the potential sites of crossing over, and as such leads to increased levels
of recombination between the parental genes. Bergquist et al. (2005) combined this technique
with an additional technique, random drift mutagenesis (RNDM), introducing random point
mutations. RNDM combines random mutagenesis with selection for retained activity.
O'Maille et al. (2002) developed a semi-rational protein engineering approach that
uses information from the protein structure. On the basis of the tertiary structure, sites of
recombination are selected. In a series of PCR reactions with hybrid oligonucleotides that
code for variable connections between structural elements, libraries of chimeric genes with up
to five crossovers are constructed. Also for Sequence-independent Site-directed
Chimeragenesis (SISDC) (Hiraga and Arnold 2003) sequence information is necessary of the
genes that are to be recombined. Nucleotide sequences of the parent genes are aligned, and
consensus sequences are determined. Marker tags —containing endonuclease sites, present at
5’ and 3’ and a different endonuclease site in the middle— are inserted into targeted sites.
Sticky ends are produced with the first endonuclease, after which mixed fragments from
different parental genes are ligated in the right order. The second endonuclease is now used to
remove any untreated tag. Cross-over sites were identified using the computational algorithm
SCHEMA, which uses structural information to predict polypeptide elements that can be
swapped among related proteins with minimal disruption. With synthetic shuffling (Ness et
al. 2002) a high recombination frequency is obtained. It uses partially degenerate oligos and
spiking oligos (to be able to include non-coded amino acids) of 15 different genes (subtilisin).
In a PCR they are reassembled in complete genes, with the possibility of each amino acid to
recombine independently. Another method, Assembly of Designed Oligos (ADO) (Zha et al.
2003), relies on sequence information to design oligonucleotides coding for the sequences of

two or more parental genes with appropriate degeneracy at given positions; controlled
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overlaps can be introduced in conserved regions and a desired degree of random codon
mutations, insertion or deletion further ensures the exploration of sequence space while
retaining a high percentage of active variants. If the homology level is too low to allow such
overlap, a ligation method previously used on ssDNA with unknown terminal sequence for
“Random Insertion and Deletion” (RID) mutagenesis was adapted to extend the oligos.

Using saturation mutagenesis one can change a potential interesting amino acid into
every other amino acid, resulting in small libraries (32 different codon possibilities, using
NNK degeneracy). Reetz et al. (2005) developed a combinatorial active-site saturation test
(CAST). Based on tertiary and secondary structure of a protein sequence, two residues that
are close to each other in a protein’s 3D structure, are mutated using saturation mutagenesis to
be able to find synergistic mutations. Libraries do get a lot larger with ~1000 possible
combinations (32*32). Hidalgo et al. (2008) developed a PCR technique using long, spiked
oligonucleotides, which allow randomising of one or several cassettes in any given position of
a gene, One-pot Simple methodology for CAssette Randomization and Recombination
(OSCARR). A mutated oligonucleotide and a flanking primer is used to perform a PCR. The
PCR is finalized by introducing the other flanking primer (and additional different parental
DNA for recombination) and additional rounds of PCR to amplify the whole product. This
method was demonstrated using oligonucleotides, which introduce a stop-codon for the ease

of screening.

Screen vs selection

After having generated the variation in proteins, a suitable assay should be applied, ideally
capable of rapidly isolating valuable variants from a large mutant library. Usually, the number
of protein variants that can be screened is the limit. Laboratory evolution experiments are
therefore often limited by the availability of a suitable high-throughput screening or selection
system (Boersma et al. 2007). A very important rule in laboratory evolution is that the
screening (or selection) method results in a protein with the screened (selected) activity and/or
selectivity: “you get what you screen for”. Hence, the screening substrate should be the one of
interest, or at least resemble that as close as possible. Finally, a sensitive high-throughput
assay is needed, that covers the correct range.

In a screening method, the desired product of an enzymatic reaction is usually
measured directly or indirectly. Screening methods often rely on the use of fluorogenic or
chromogenic substrates, which are converted into spectroscopically different products
(Aharoni et al. 2005, Otten and Quax 2005, Wahler and Reymond 2001). If a spectroscopic

determination of product (or substrate) is not directly possible, even more laborious assays
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need to be developed. A drawback of screening is that every variant from a pool is tested,
including inactive and possibly wild type enzymes.

Selection strategies are based on the necessity of the gene(product) for its host,
resulting in the exclusive survival of the desired variants; this implies that variants of no
interest are never seen. As a drawback selection can be solely applied to enzymatic activity
that is of major importance to the host cell. However, more general selection methods have
been developed to overcome this problem. Baker et al. (2002) managed to link activity to
transcription of an essential gene using a Yeast three-hybrid system. A heterodimeric small
molecule —the substrate— bridges a DNA-binding domain—receptor fusion protein and an
activation domain—receptor fusion protein, activating transcription of a downstream reporter
gene (LacZ) in vivo. The functional enzyme separates the two functional domains and
transcription of the gene is no longer activated. Adaptations to such a system are possible,
aiming to couple enzyme activity to induction of an essential gene or repression of a toxic
gene. Van(van Sint Fiet et al. 2006) used microbial chemosensors to identify better catalysts.
The desired product binds to a regulator resulting in expression of a gene with clear
screenable or selectable phenotype (LacZ and tet"). By adapting the ligand-binding site of the

regulator, this method can be used for different interesting products.

1.3 Aim and outline

This thesis is the result of a project within the Integration Biosynthesis Organic Synthesis
(IBOS) program. Four academic groups (Rutjes-Nijmegen, Kieboom-Leiden, Franssen-
Wageningen, Van der Oost-Wageningen) and an industrial group (DSM-Geleen) have aimed
for an integrated approach to synthesize nitrogen heterocycles from aldehydes via biocatalytic
cascades (Fig. 6).

Two different routes have been investigated. In one route, carbon-carbon bonding is
accomplished by using (enantioselective) hydroxynitrile lyases (HNL). In the other route, the
project described in this thesis, carbon-carbon bonding is catalyzed by aldolases. In a separate
IBOS project, oxidases are explored that have the capacity to convert alcohols into
(functionalized) aldehydes. Both the nitrile and aldolase route can potentially form cascades
in combination with these oxidases.

The main objectives of the research of this thesis were (a) identification of potential
aldolases in genome databases, (b) production and characterization of those enzymes, and (c)
optimization of aldolases in a random and/or rational fashion for their use as industrial
biocatalyst. In our search for enzymes we focused on thermophilic organisms as their
enzymes usually have a very high stability (even in organic solvents) and possibly long shelf
life.
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Chapter 1 gives an overview and classification of the different aldolases. Special focus is
given to microbial aldolases that have potential in biotechnological applications. Furthermore
several laboratory techniques are described, necessary for the characterization and
optimization of enzyme functions. The different possible enzymatic routes / cascades towards

(bio)synthesis of Nitrogen heterocycles are indicated.

Chapter 2 describes the production and characterization of the dihydrodipicolinate synthase
of the thermophilic bacterium Thermoanaerobacter tengcongensis. Enzyme kinetics were
determined at 60°C, as close as possible to in vivo conditions. A structural model of the
enzyme has been generated for comparison of the active site, as well as the lysine binding site

that is involved in feedback inhibition in the orthologous enzyme from E. coli.

Chapter 3 reports on the extensive characterization of 2-keto-3-deoxygluconate aldolases
(KDGAs) originating from 3 Sulfolobus species. Apart from determination of enzyme
kinetics, the aldehyde substrate range of the enzymes was explored. Furthermore, the 3D-
structure of Sulfolobus acidocaldarius KDGA was solved and compared with structures of

other pyruvate-dependent aldolases.

Chapter 4 presents the random optimization of the Sulfolobus acidocaldarius 2-keto-3-
deoxygluconate aldolase. A general screening was established, based on the conversion of the
pyruvate substrate. A library generated with error-prone PCR was screened for increased

activity at 50°C, 40° below its optimal temperature.
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Chapter 5 describes the engineering of the Sulfolobus acidocaldarius 2-keto-3-
deoxygluconate aldolase using computational design, towards the nitrogen-containing
substrate 2-azidoacetaldehyde. Furthermore, product characterization of natural and unnatural
(aldol) condensation reactions has been performed, focusing on the separation of the different

(stereo)isomers. This has allowed for the characterization of the stereoselectivity of
SsoKDGA, SacKDGA and SacKDGA mutants.

Chapter 6 summarizes the results of the experimental chapters. A general discussion and

implication of the results is given.
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Abstract

Dihydrodipicolinate synthase (DHDPS) catalyzes the first reaction of the (S)-lysine
biosynthesis pathway in bacteria and plants. The hypothetical gene for DHDPS (dapA) of
Thermoanaerobacter tengcongensis was found in a cluster containing several genes of the
diaminopimelate lysine — synthesis pathway. The dapA gene was cloned in Escherichia coli,
DHDPS was subsequently produced and purified to homogeneity. The T. tengcongensis
DHDPS was found to be thermostable (Tos = 3 h at 90°C). The specific condensation of
pyruvate and (S)-aspartate-B-semialdehyde was catalyzed optimally at 80°C at pH 8.0.
Enzyme kinetics were determined at 60°C, as close as possible to in vivo conditions. The
established kinetic parameters were in the same range as for example E. coli DHDPS. The
specific activity of the T. tengcongensis DHDPS was relatively high even at 30°C. Like most
DHDPSs known at present, the DHDPS of T. tengcongensis seems to be a tetramer. A
structural model reveals that the active site is well conserved. The binding site of the allosteric
inhibitor lysine appears not to be conserved, which agrees with the fact that the DHDPS of T.
tengcongensis is not inhibited by lysine under physiological conditions.
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Introduction

Dihydrodipicolinate synthase (DHDPS) (EC 4.2.1.52) is the key enzyme in lysine
biosynthesis via the diaminopimelate pathway, which is used by bacteria (Blagova et al. 2006,
Cremer et al. 1988, Shedlarski and Gilvarg 1970, Tsujimoto et al. 2006), some phycomycetes
and higher plants (Dereppe et al. 1992, Frisch et al. 1991, Ghislain et al. 1995, Vauterin and
Jacobs 1994). The enzyme catalyzes the condensation of (S)-aspartate-pf-semialdehyde ((S)-
ASA) and pyruvate to 2,3-dihydrodipicolinate (DHDP) (Yugari and Gilvarg 1965) (Fig. 1).
Blickling et al. (1997b) reported (4S)-4-hydroxy-2,3,4,5-tetrahydro-(2S)-dipicolinic acid
(HTPA) as direct product of this reaction. In all cases examined, the reaction proceeds via a
ping-pong mechanism in which pyruvate binds as a Schiff-base to the amino group of a lysine
residue in the active site of the enzyme. Then, (S)-ASA binds to enzyme-bound enamine of
pyruvate, and after transamination and cyclization the product is released (Blickling et al.
1997b). Subsequently DHDP may be formed spontaneously under physiological conditions
(Blickling et al. 1997b). It is generally assumed that DHDP 1is substrate for
dihydrodipicolinate reductase (DHDPR) (Bao et al. 2002, Scapin et al. 1997) (Fig. 1).

pyruvate NAD(P)H NAD(P)

—4 @ Y @
DHDPS  100c” Sk DHDPR ~

,:. COOH Hooc” SN I?'COOH

H,N COOH

H

(S)-Aspartate-f- 2.3-dihydrodipicolinate 2.3.4.5-tetrahydrodipicolinate
semialdehyde

Figure 1. Reactions catalyzed by DHDPS (EC 4.2.1.52) and DHDPR (EC 1.3.1.26)
According to (Blickling et al. 1997b) the immediate product formed by DHDPS is (4S)-4-hydroxy-
2,3,4,5-tetrahydro-(2S)-dipicolinic acid.

According to the classification of Grazi et al. (1962), DHDPS is a class I aldolase belonging
to the Neuraminate lyase (NAL) subfamily (Choi et al. 2006). The amino acid sequences of
DHDPSs from different organisms are well conserved. Most DHDPS-structures known to
date have a homotetrameric quaternary structure (Blagova et al. 2006, Blickling et al. 1997a,
Mirwaldt et al. 1995, Pearce et al. 2006), with each monomer consisting of an (o/p)g barrel
and a C-terminal alpha-helical domain.

DHDPS in higher plants is generally feedback inhibited by low concentrations of (S)-
lysine (umolar range, K; = 11-51 uM) (Dereppe et al. 1992, Frisch et al. 1991, Ghislain et al.
1995, Kumpaisal et al. 1987, Mazelis et al. 1977), while their counterparts in gram-negative
bacteria are only moderately inhibited ( K; = 0.4 mM) (Karsten 1997, Laber et al. 1992).
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Interestingly, DHDPSs from gram-positive bacteria have shown to be insensitive to (S)-lysine
(Cahyanto et al. 2006, Hoganson and Stahly 1975, Stahly 1969). Recently, residues that are
probably responsible for binding of the (S)-lysine effector in E. coli DHDPS have been
identified (Dobson et al. 2005).

In this study we analyzed a gene cluster encoding enzymes that participate in the
diaminopimelate pathway for lysine synthesis, present in Thermoanaerobacter tengcongensis,
a gram-positive, thermophilic bacterium with optimal growth at 75°C (Xue et al. 2001). The
first 2 genes of this pathway (dapA & dapB) of T. tengcongensis are cloned and expressed in
E. coli. The dapA gene is coding for the DHDPS, which is characterized in detail and
compared to other known DHDPSs.

Materials and methods

(S)-ASA synthesis

(5)-2-tert-Butoxycarbonylamino-N-methoxy-N-methyl-succinamic acid tert-butyl ester (1)
(Wernic et al. 1989)

All glassware was dried 24 h in an oven at 140°C before use and the dichloromethane was
freshly distilled. To a stirred solution of N-Boc-Asp-OtBu (leq., 17 mmol, 5 g) in dry
dichloromethane (175 mL) under nitrogen atmosphere and at room temperature was added
triethylamine (1.1 eq., 19 mmol, 3 mL) and solid (benzotriazol-1-
yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP.PF¢, 1.1 eq., 19 mmol,
8.40 g), giving a homogeneous mixture. After 5 min, solid N,O-dimethylhydroxylamine
hydrochloride (1.1 eq., 19 mmol, 2 g) was added, followed by another portion of
triethylamine (1.1 eq., 3 mL). After 10 min, the suspension was completely dissolved. The
mixture was stirred at room temperature for 5 h. The reaction was followed by TLC on silica
with petroleum ether:EtOAc 1:1 as eluent. The solution was then washed with HCI (1M, 3 x
50 mL), H,O (1 x 50 mL), NaHCOs (1M, 2 x 50 mL). The organic layers were dried with
Na,SO4 and the solvent was evaporated in vacuo (T< 30°C, 350 mmHg). A crude yellowish
oil was obtained which was purified on a silica chromatography column using petroleum
ether:EtOAc 6:4 as eluent. A colorless oil was obtained (5.50 g, 96 %).

'H NMR (200 MHz) in DMSO: & 1.36 (s, 18H), 2.73 (d, 2H), 3.07 (s, 3H), 3.65 (s, 3H), 4.20
(m, 1H), 7.10 (d, 1H).

(S)-2-tert-Butoxycarbonylamino-4-oxo-butyric acid tert-butyl ester (2) (Wernic et al. 1989)
All glassware was dried 24 h in an oven at 140°C before use and THF was freshly distilled.
To a stirred solution of 1 (Fig. 2) (1 eq., 7.52 mmol, 2.5 g) in dry THF (100 mL) at -78°C and

under nitrogen atmosphere was added dropwise a solution of diisobutylaluminium hydride
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(DIBAL) in dichloromethane (1 M, 1.5 eq., 12.0 mmol, 12 mL) in about 30 min. The reaction
was stirred in these conditions for 3 h and the progress was followed by TLC on silica with
petroleum ether:ether 1:1 as eluent. The reaction mixture was then partitioned between ether
(150 mL) and a solution of NaHSO4 (0.35 M in water, 100 mL). The aqueous layer was
extracted with ether (3 x 50 mL). The combined organic layers were washed successively
with solutions of HCI (1M, 3 x 50 mL), NaHCO; (1M, 3 x 50 mL) and brine (3 x 100 mL)
and dried using Na,SO,4. The solvent was removed in vacuo (RT, 650 < P < 50 mmHg). A
colorless oil was obtained which crystallized by standing overnight at room temperature. In
case a mixture of product and starting material was obtained, a purification on silica
chromatography column with petroleum ether/EtOAc as eluent was performed. The solid was
purified by recrystallization in cold n-hexane (0.90 g, 44 %).

'H NMR (300 MHz) in CDCls: § 1.42 (s, 18H), 2.95 (t, 2H), 4.40 (m, 1H), 5.29 (d, 1H), 9.6
ppm (s, 1H).

C NMR (300 MHz) in CDCl; : & 28.2 (CHs), 28.7 (CHs), 46.8 (CH,), 49.7 (CH), 155.7
(COOtBu), 170.3 (NHCO), 199.7 (CHO).

(S)-2-Amino-4,4-dihydroxy-butyric acid, trifluoroacetate salt [(S)-ASA hydrate, TFA salt]
(Roberts et al. 2003)

All glassware was dried 24 h in an oven at 140°C before use and dichloromethane was
distilled and dried on molecular sieves 3A before use. A solution of 2 (Fig. 2) (0.6 g, 2.2
mmol) was stirred in dry dichloromethane (15 mL) under nitrogen atmosphere for 15 min.
Then, trifluoroacetic acid (15 mL) was added rapidly. The reaction mixture was stirred 2.5 h
after addition. The solvent was evaporated in vacuo (rt, 200 mmHg). The yellow oily residue
obtained was partitioned between ethyl acetate (60 mL) and deionized water (60 mL). An
emulsion was observed which separated upon standing. After decantation, the aqueous phase
was washed twice with ethyl acetate (2 x 60 mL) and the water was evaporated in vacuo (rt, P
< 60 mmHg) but not to dryness to avoid the removal of TFA and therefore the polymerization
of the product. The presence of polymer can be checked by TLC. A yellow solution was
obtained (y = 98%). The concentration of the product in water was determined by 'H and "*C
NMR with fumaric acid as internal standard. [a]*’p = + 3.73 (c = 1.5, H,0), lit* +3.33 (c =
1.5, H,0).

'H NMR (200 MHz) in D,0O: & 2.0 (m, 2H), 3.9 (dd, 1H), 5.1 (t, 1H), 1.2 (s, presence of
residual t-butanol).

C NMR (200 MHz) in D,0: § 38.7 (CH,-C3), 52.3 (CH-C2), 90.3 (CH-C4), 119.0 (q, CF5),
165.0 (CF;C), 174.0 (COOH), 29.0 ppm (tert-BuOH).
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Concentration determination by '"H NMR:

The (S)-ASA solution (30 mg) and fumaric acid solution (200 pL, 5 g L', 25 mg dissolved in
5 mL of D,0) were put in a volumetric flask of 2 mL. This solution was used to fill the NMR
tube. The NMR spectrum was determined with suppression of the water signal. After

comparison of the signal intensity of both compounds, a concentration of 81% w/v was found.

O  COOtBu
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1 © Figure 2. Synthetic
DIBAL scheme of (S)-ASA
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S-ASA hydrate, TFA salt 2
Cloning

The predicted T. tengcongensis (DSM 152427, JCM11007) genes dapA (TTE0832; Genbank
Identifier 20515826) and dapB (TTEO0831: Genbank Identifier 20515825) were PCR-
amplified from genomic DNA of T. tengcongensis using Pfu DNA-polymerase (Stratagene)
and primer pairs BG1758-1759 (BG1758 - sense: 5’-
GCGCCCATGGCACCTGTATTTAAAGGTTCATGTGTGGC-3’; BG1759 - antisense: 5’-
GCGCCTCGAGATTTTCCTCCTTTAAAAGGCCCATACTGC-3") and BG1953-1954 (BG1953 - sense:
5’-CGCGCTCATGATGATAAGGCTAATAATCCAC-3’; BG1954 - antisense: 5’-
CGCGCGTCGACTCATCCTTTCTTTACAAGGTCTTC-3") respectively. The dapA gene was cloned
into a pET24d vector, as a Ncol / Xhol restriction fragment, resulting in vector pWUR194,
which, after expression, results in a protein with an extra alanine at the second place and a C-
terminal His-tag: LEHHHHHH. The dapB gene was cloned into the pET24d vector using
BspHI (in Ncol) and Sall resulting in vector pWUR213, encoding the ‘wild type’ protein
(without a His-tag). Both plasmids were transformed to E. coli BL21(DE3) cells.

Production and purification of enzymes

Production of T. tengcongensis DHDPS (TteDHDPS) was performed using 1 liter LB culture,
supplemented with 50 ug/mL kanamycin, inoculated with E. coli BL21(DE3) cells containing
the pWUR194. After 4 h of growth (37°C with shaking), the culture was induced with 1 mM

26



Characterization of dihydrodipicolinate synthase

IPTG (isopropyl-B-D-thiogalactopyranoside) and growth was continued overnight at 37 °C.
The cells were harvested by centrifugation (3800 x g, 10 min), resuspended in 20 mL 50 mM
sodium phosphate buffer pH 7.0 — 0.5 M NaCl and lysed using a French press. After
centrifugation (27,0009, 20 min) the soluble protein fraction was incubated at 70°C for 30
min. This was centrifuged (48,000g, 30 min) to obtain the heat-stable cell-free extract
(HSCFE). The TteDHDPS was further purified on an AKTA FLPC (Amersham Pharmacia
Biotech), using affinity chromatography (Nickel-chelating Superose column), and a one-step
elution with 50 mM sodium phosphate buffer pH 7.5, containing 0.5 M NaCl and 0.5 M
imidazole. Fractions containing Tte-DHDPS were pooled and then applied to a desalting
column (HiPrep 26/10, Pharmacia Biotech), using 50 mM sodium phosphate pH 7.0, 50 mM
NaCl, to remove the imidazole.

T. tengcongensis DHDPR (TteDHDPR) was produced in a similar way, using 0.15
mM IPTG for induction. Cells were resuspended in 30 mL 90 mM HEPES, 160 mM KCI, pH
7.0 — the heat incubation was shortened to 15 minutes. Tte-DHDPR was purified on an AKTA
FLPC using anion-exchange chromatography (Q-sepharose; 20 mM Tris-HCI, pH 8.5,
gradient 0-1 M NaCl, DHDPR in flowthrough). Fractions containing TteDHDPR were
subsequently desalted, and further purification was performed using anion-exchange
chromatography (MonoQ; 20 mM Tris/HCI pH 8.5, gradient 0-1M NacCl, elution at 0.28 M).

Proteins were analyzed on a 12% SDS-PAGE after staining with Coomassie Brilliant Blue.

Enzyme assays
Pyruvate depletion assay
DHDPS activity was measured by assaying the remaining pyruvate in a standardized lactate
dehydrogenase (LDH) assay in duplicate. Reactions of 1 mL volume containing 50 mM
sodium phosphate buffer, pH 6, 0.5 mM pyruvate, 0.5 mM (S)-ASA and an appropriate
amount of enzyme were incubated at 60 °C for 5-10 minutes. The reaction was stopped by
adding 100 pL 12% trichloroacetic acid (TCA) and precipitated protein was removed by
centrifugation (16,0009, 10 minutes). From a mixture containing 100 mM Tris/HCI pH 7.5,
0.16 mM NADH and 300puL sample the starting absorbance at 340 nm was read. After adding
3 units of LDH and incubating for 5 min, the absorbance was read again. The absorbance
difference in NADH (molecular extinction coefficient 6.22 mM"' cm™; (Horecker and
Kornberg 1948)) was used to calculate the amount of pyruvate left in the reaction mixture.
Substrate specificity was tested as follows. Different aldehydes (20 mM) were
incubated with pyruvate (10 mM) and 25 pg DHDPS in a 100 pl volume (buffered in 50 mM
sodium phosphate / 50 mM sodium citrate pH 8.0) for 1 h at 60°C. Reactions were stopped by
adding 10 pL 12% TCA. A 16 pL sample was used to determine the remaining pyruvate as
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described above. Reactions with the aldoses as substrates were additionally analyzed with a

thiobarbituric acid — assay as described previously (Wolterink-van Loo et al. 2007).

Coupled assay to DHDPR
DHDPS activity was measured in a continuous assay, using DHDPR, as previously described
by Yugari and Gilvarg (1965). Standard incubations contained 50 mM sodium phosphate / 50
mM citrate buffer pH 8.0, 10 mM sodium pyruvate, 0.16 mM B-NADH, an excess of
TteDHDPR (usually 30 pg) and an appropriate amount of TteDHDPS (0.1-1 pg) in 1 mL
volume in a quartz cuvet. This mixture was heated up to 60°C for 5 min, the reaction was then
initiated by adding 1 mM (S)-ASA. The reaction was followed by measuring the absorption
decrease of B-NADH at 334 nm (molecular extinction coefficient: 6.18%10° M 'cm™
(Ziegenhorn et al. 1976)). Measurements were performed in duplicate or triplicate. (S)-ASA
was stable for the time taken in the experiments up to 60°C (initial velocity taken within 30
sec). Kinetic data are expressed in U/mg, where 1 unit is equal to 1 umol of NADH oxidized
per second. When kinetic parameters for (S)-ASA were determined, the concentration varied
between 0.1 mM and 8.0 mM and pyruvate was present in excess at 20 mM, while the kinetic
parameters for pyruvate were determined by varying the concentration between 0.2 and 20
mM, using 2 mM (S)-ASA. Michaelis Menten kinetics were modeled using TableCurve 2D
and the following equations:

V= Vima* [S]/ (Ku+ [S])

V=V * [S]/ (Ku+ [S] + ([ST"/ K))
Where v is the enzyme activity at a particular substrate concentration ([S]) and K; the
inhibition constant of (S)-ASA.

Optimum pH and temperature

The assays were performed as the standard coupled assay, with replacement of the buffer with
similar ionic strength to vary the pH (pH 4.0-8.0: phosphate-citrate buffer, pH 8.0-9.5:
glycine). To determine the optimal temperature, the assay temperature was varied from 30 to
90°C.

Lysine inhibition

Inhibition caused by (S)-lysine was tested by performing the standard coupled assay and
adding increasing amounts of (S)-lysine (0- 200 mM).
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Heat stability
Aliquots of 12.6 ng/mL DHDPS in assay buffer were incubated at 90°C, removed at time
intervals (up to 5 hours) and cooled rapidly to 0°C. Residual activity was measured using the

standard coupled assay described above.

Alignments

Protein sequence alignments were made using MegAline from DNASTAR and manually
checked using GeneDoc. A structural model was made by submitting the Tte-DHDPS protein
sequence to PHYRE (Protein Homology/analogY Recognition Engine). The models based on
E. coli and T. maritima DHDPS had low E-values of 4.3e-44 and 1.8e-43. The model
(monomer of T. tengcongensis DHDPS) based on E. coli DHDPS was used further. PyMol
was used to fit the model on the structures of E. coli and T. maritima DHDPS for comparison

of active sites and possible binding site of lysine.

Results and discussion

Genomic location of the lysine synthesis genes

The diaminopimelate (DAP) pathway towards (S)-lysine includes nine consecutive steps,
starting with (S)-aspartate as a precursor. The first two steps, involving an aspartate kinase
and an aspartate-semialdehyde dehydrogenase, are shared with the threonine biosynthesis
pathway. In Thermotoga maritima and T. tengcongensis part of these (non-characterized /
hypothetical) dap-genes are clustered in an operon-like structure (Fig. 3). In T. tengcongensis
the clustered genes include the aspartate-semialdehyde dehydrogenase gene (TTE0833, asd),
the dihydrodipicolinate synthase gene (TTE0832, dapA), the dihydrodipicolinate reductase
(TTEO831, dapB) and the N-succinyl transferase gene (TTE0830, dapD). In the
corresponding cluster of T. maritima (TM1517-1523) three additional genes are present: lysC,
encoding the enzyme that catalyzes the first step of the pathway and dapF and lysA
(responsible for the last two steps). Additionally, related gene clusters are present in
Clostridia species comprising asd, dapA and dapB (Fig. 3). The remaining T. tengcongensis
enzymes in the DAP-pathway, for which (hypothetical) genes are missing in this cluster, had
alternative (hypothetical) genes elsewhere on the genomes, based on either KEGG
PATHWAY analysis or BLAST analysis: lysC; TTE1382, dapC; TTE2440, dapE; TTE1746,
dapF; TTE1514, lysA; TTE0210.
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Figure 3. Gene clusters of the diaminopimelate pathway in bacteria

Comparison of clustered genes of lysine synthesis in T. tengcongensis (Tte) and T. maritima (Tma),
Clostridium tetani (Cte), C. perfringens (Cpe), C. acetobutylicum (Cac). Genes are indicated by their
systematic gene name.

Biochemical characterization

The dapA and dapB genes of the T. tengcongensis genome, coding for DHDPS and DHDPR,
were cloned and expressed in E. coli and purified to homogeneity (Fig. 4a), using a heat
incubation step and additional chromatography (as described in material and methods). The
DHDPS activity was first analyzed with a pyruvate depletion assay to test DHDPS activity
during purification.

Biochemical characterization of TteDHDPS (Table 1) was performed using a coupled
assay, using an excess of Tte-DHDPR and following the oxidation of B-NADH. Optimal
activity was found at pH 8.0, which is similar to that of the E. coli enzyme (EcoDHDPS)
(Shedlarski and Gilvarg 1970) and some plant DHDP synthases (Dereppe et al. 1992,
Kumpaisal et al. 1987, Tam et al. 2004). Furthermore, an attempt was made to measure the
temperature optimum. It was necessary to keep the assay time very short due to instability of
(S)-ASA (Coulter et al. 1996). Using this method the highest specific activity could be
measured at 80°C (Fig. 4b). At physiological temperature (75°C), under the conditions used,
(S)-ASA did completely disappear within 7 minutes as tested with residual DHDPS activity.
Obviously the stability of (S)-ASA is sufficient for metabolic conversion in vivo due to high
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turnover, and possibly because of the presence of compatible solutes. Furthermore, although
no experimental evidence is yet available, the enzymes involved in (S)-lysine synthesis could
be organized in functional complexes for efficient transfer of intermediates, a phenomenon
called metabolic channeling (Massant et al. 2002).

Unlike a recent analysis of T. maritima DHDPS by Pearce et al. (2006), we decided to
perform activity measurements at elevated temperature (60°C) to characterize T.
tengcongensis DHDPS, closer to its in vivo conditions. During characterization, the reaction
time was kept very short and the reaction was initiated by adding (S)-ASA. As such, it was
possible to determine initial reaction velocities. When varying the pyruvate concentration, the
apparent Vi, was 17.8 (£ 0.3) U/mg, with the Ky for pyruvate being 0.85 (+ 0.05) mM,
using 2 mM (S)-ASA. When the (S)-ASA concentration was varied, using 20 mM pyruvate,
the apparent V.x was 19.0 (+ 0.8) U/mg and the Ky for (S)-ASA 0.38 (+ 0.05) mM. When
modeled with substrate inhibition: Kys)asa™ was 0.92 (+ 0.13) mM, with inhibition
constant, Kjsyasa = 4.7 (= 0.8) mM. These kinetic values at 60°C are somewhat higher
compared to those of ECODHDPS and TmaDHDPS, which were determined at 30°C. Most
likely, this depends on the different assay temperature used here, as in previous enzyme
analyses it has been shown, that the Ky of an enzyme can either increase or decrease with
increasing temperature (Vieille et al. 1995). The different Ky values here are nevertheless still
in range with the Ky values reported for other DHDPSs (Dereppe et al. 1992, Dobson et al.
2004a, Tam et al. 2004). Remarkably, specific activity of TteDHDPS at 30°C (3.3 U/mg) is
higher than the V.x of EcoDHDPS (0.58 U/mg) (Dobson et al. 2004a) and of the recently
characterized TmaDHDPS (1.01 U/mg) at 30°C (Pearce et al. 2006).

kDa M S R a 200% - b
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Figure 4. Expression and activity of DHDPS. a) SDS-PAGE of purified DHDPS and DHDPR - M;
marker proteins, S; DHDPS, R: DHDPR b) Temperature curve of relative activity of TteDHDPS -
Absolute activity at 60°C was 15.7 U/mg, which is set at 100%.
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Table 1: Biochemical data for bacterial dihydrodipicolinate synthases.
One unit (U) of enzyme activity is equal to the loss of 1 umolyapy s,

Tte-DHDPS Eco-DHDPS Tma-DHDPS
pH optimum 8.0 8.0 ND
Temperature optimum  85°C 30°C ND
Vinax(pyr) ™ 17.8 (0.3) U/mg 0.58 U/mg® 1.01 U/mg*
Kingpyn) ™" 0.85 (0.05) mM 0.25 mM° 0.053 mM*
Vinax(asa) 19.0 (0.8) U/mg 0.58 U/mg® 1.01 U/mg®
Kinasa)™ 0.38 (0.05) mM 0.11 mM® 0.16 mM*

K; (lysine) 180 mM 3.9/0.32 mM >> 4mM*
Tin 90°C 175 minutes < 30 seconds” > 400 minutes®

* Data from Pearce et al. (Pearce et al. 2006), true K., values determined
® Data from Dobson et al. (Dobson et al. 2004a), true K., values determined

Different studies of DHDPSs reported substrate inhibition by (S)-ASA (Karsten 1997,
Kumpaisal et al. 1987, Stahly 1969), while others, knowing about this possible problem just
avoided high concentrations of this substrate (Tam et al. 2004). (Dobson et al. 2004a) state
that this inhibition problem is caused by a side product formation during (S)-ASA synthesis
by ozonolysis; other methods (Coulter et al. 1996, Roberts et al. 2003, Tudor et al. 1993)
showed no inhibition. Our method of (S)-ASA synthesis is similar to that of (Roberts et al.
2003) and therefore should not give any inhibition problems. However at concentrations of
(S)-ASA higher than 2 mM, enzyme activity decreased. The latter coincided with formation
of an orange color, which indicates some side reactions during incubation, probably due to the
(relatively) high temperature used in our studies. It is unclear if the lower activity is caused by

this orange compound or by substrate inhibition.

Substrate specificity

In order to investigate the substrate specificity of TteDHDPS a range of commercially
available aldehydes were tested for their ability to replace (S)-ASA in the condensation
reaction. None of the tested 3-carbon aldehydes (propionaldehyde and D,L-glyceraldehyde), 4-
carbon aldehydes (D-erythrose, L-erythrose, D-threose, L-threose) or 5-carbon aldehydes (D-
arabinose, L-arabinose, D-ribose, D-xylose) could replace (S)-ASA. Of the 2-carbon aldehydes
(acetaldehyde, glycolaldehyde, glyoxylate), TteDHDPS only showed significant activity with
glycolaldehyde at a very low rate ~0.005% relative to the reaction with (S)-ASA. Hence, the
TteDHDPS enzyme is very specific for (S)-ASA, in agreement with reports on EcoDHDPS
and DHDPS of wheat, which were inactive on (R)-ASA (Dobson et al. 2004a, Kumpaisal et
al. 1987).
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xx KK K
EcoDHDPES : ------ MFTGSIV DEEGNVCRASLEKEIDYHVAS-@TSAIVSV SATLWHDEHADVVMMELDLADGREP) GTE : 78
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EcoNAL : ———-MATNLRGVMAALLTEFDQQQALDKASLRREVQFNIQQ-GIDGLYVGESTGEAFVQSLSEREQVLEIVAEEAKGKIKLIARVE : 81
HinNAL : ===-MRDLEGIFSALLVSFNEDGTINEKGLRQIIRHNIDEMEVDGLYVGGSIGENFMLSTEEKKEIFRIAKDEAKDQIALIAQVG : 8l

E K Ex b4 x b4
EcoDHDPS : ANAMAEAISLTQRFNDSBIVGCETVT NRPSQOESH Y ORFEATAEHTD-LEQIL SEEGCDLLEBETVGRLAK-VENIIBI : 16l
TmaDHDPS : TNSEEETLELVEQAEKLEBANGVEVVT NEPTOEBEYORYEYISERTD-LGIVV GREGVNVLEETAARIAADLENVVEIR : 161
5 v :
IS S L.

TteDHDPS : SHNEAHAIELSEYAQSV@ADALEVIT HNETTQE] ARFTEIARHVD-IFIII SLNMLEETY LEVEEEAE|

WsyDHDFS : SIS@REAIHATEQGFAVE@MHAARHIN GETSLE| FESVLPMG---PTII GODIFERVIQTMAK-SP : 165
EcoNAL 1 CVSTAESQQLAASAKRYGFDAVSAVTEFYYPFSFEEHCDHYRAIIDSADGLPMVVENIPALSGVELTLDQINTLVT -LPGVGALE : 165
HinNAL : SVNLKEAVELGKYATELGYDCLSAVTEBFYYKFSFPEIKHYYDTIIAETGS -NMIVESIBFLEGVNMGIEQFGELYK-NPKVLGVE : 164
XX X
EcoDHDFS : ATGHNLTRVNQIKELV=---5DDFVLL A5 -ALDFMQLEGH F AARDMAQMCELAAEGHFAEARVINQR HNE : 242
TmaDHDPS : ANPDIDQIDRTVSLTKQARSDFMVWSENBDOR-TFYLLCARGD SHVAPKQMVELCAEYFSGNLEKSREVHRE MEA : 245
TteDHDPS : BASGDISQIAEIARIM---GESFEIY DQ-VIPIMSLEGL ANIIPAKIHEMTTAYLNGDIEKARDMOLE ENEENEA : 244
NsyDHDPS : CVGN----DRVEQYT---SHGIVVWEENBDECHVSRWDYBAT SHLVPGLMRELM=-=-=~-=~ FGGENLALNSE VEW : 237
EcoNAL : QTSGDLYQMEQIRR----EHPDLVLYNGYDEI-FASGLLAGADGGIGSTYNIMGWRYQGIVKALKEGDIQTAQKLQTECNEKVIDL : 245
HinNAL : FTAGDFYLLERLKE----AYPNHLIWAGFDEM-MLPAASLGVDGAIGSTFNVNGVRARQIFELTKAGKLEKEALEIQHVTNDLIEG : 244
EcoDHDPS : P PVEWBCKELSLVATDTL) TPITDSGRETVRAALKHABLL----—————————————————— 1 292
TmaDHDPES : T| PVEKARLNLMEFI-ENE LVPASERTVELLRNVLEES@LL--—————————————-——-—-—- 1 294
TteDHDPS : IET PVETEMNLMBFG-VGP LVEMSEKNL@YLEKSVLRQYBLLEEEN-~~—~-———=———=———— : 297
WsyDHDES : HEF| LNT@FAQLEVV-REV YVPLTKAKREEFVEIVKDIBRENFIGERDVQVLDDNDFILVGRY : 308
EcoNAL : LIKTGVFRGLETVLHYMDVVSVPLCRKPFGP-VDEKYLPELKALAQQLMQERG--~=—======—==——=—= : 297
HinNAL : ILANGLYLTIKELLK-LEGVDAGYCREBMTSKATAEQVAKAKDLEAKFLS —---—--———-————————————— t 293

Figure 5. Alignment of TteDHDPS

Alignment of different dihydrodipicolinate synthases and Neuraminate lyases. Eco; E. coli, Tma; T.
maritima, Tte; T. tengcongensis, Nsy; Nicotiana sylvestris, Hin; Heamophilus influenzae. Catalytic
residues are shown with x. Residues involved in (S)-lysine binding in E. coli are indicated with K.
Conserved residues are highlighted in grey in DHDPS sequences, and in a lighter grey in
Neuraminate lyases.

Structurally conserved features

Alignment of TteDHDPS with E. coli, T. maritima and Nicotiana sylvestris DHDPSs and
NALs from E. coli and Haemophilus influenzae showed that TteDHDPS has high homology
know DHDPSs, especially with TmaDHDPS (57%-identity) and EcoDHDPS (54%-identity)
(Fig 5). The active site lysine residue is present in all aligned DHDPSs and NALs as is the
catalytic triad, consisting of Thr-44, Tyr-107 and Tyr-133 (E. coli numbering), previously
shown by (Dobson et al. 2004c). The NALs only miss the Thr-44, which is conservatively
replaced by a serine (Fig. 5). A structural model of TteDHDPS (Fig. 6a) (model of the
monomer) showed that the active site residues were structurally conserved as well (Fig. 6b)
within DHDPSs from T. tengcongensis, T. maritima and E. coli. The calculated size of the
TteDHDPS monomer (including the His-tag) is 34 kDa; analysis with size exclusion
chromatography revealed a dominant form of ca. 150 kDa, indicating a tetramer in solution,
which is similar to oligomeric states of most DHDPSs known to date (Blickling et al. 1997a,
Dobson et al. 2004c, Pearce et al. 2006).
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Asp187

Asp188

Figure 6. Structural analysis of TteDHDPS

A) Tte-DHDPS monomer, top view. B) Active site residues: Overlay of the active sites of TteDHDPS
(model) (green), TmaDHDPS (including bound pyruvate) (cyan) and EcoDHDPS (magenta),
numbering of residues as in ECODHDPS. C) Site of binding of (S)-lysine in E. coli. Overlay of the (S)-
lysine binding site of Eco-DHDPS (magenta), TmaDHDPS (cyan) and TteDHDPS (model) (green),
numbering of residues as in ECoODHDPS.

Lysine inhibition

DHDPS of gram-positive bacteria is generally not inhibited by lysine (Cahyanto et al. 2006,
Hoganson and Stahly 1975, Stahly 1969), and TteDHDPS is not an exception in that respect.
When testing for possible lysine inhibition, adding lysine up to a concentration of 20 mM did
not lead to detectable difference in activity. Only when extremely high concentrations of
lysine were used, an apparent inhibition constant could be determined (Kjgysine) = 180 mM). In
EcoDHDPS, which is inhibited by lysine, the mode of binding was determined by co-
crystallization (Dobson et al. 2005). When looking at the residues involved in binding in
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EcoDHDPS, only the Tyr-106 is conserved in all DHDPSs and Asn-80 is conserved in nearly
all bacterial DHDPSs (including TteDHDPS). Ser-48 seems to be present in gram-negative
DHDPSs, Ala-49, His-56 and Glu-84 are less conserved (Fig. 5), but are present in some
gram-negative DHDPSs. This might indicate that inhibition of DHDPS by lysine in gram-
negatives is similar to the mechanism in ECODHDPS. From a structural overlay of the lysine
binding site of EcCODHDPS and aligned residues in TteDHDPS and TmaDHDPS it is clear
that only few residues are conserved (Fig. 6¢). According to Dobson et al. (2005), the
nitrogen of His-56 and the carbonyl oxygen of Glu-84 are within bonding distance in
EcoDHDPS, which are replaced by other residues in TteDHDPS and TmaDHDPS. Those
residues apparently do not bind the lysine, leading to the insensitivity of these two DHDPSs
for (S)-lysine.
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Abstract

Aldolases are enzymes with potential applications in biosynthesis, depending on their activity,
specificity and stability. In this study, the genomes of Sulfolobus species were screened for
aldolases. Two new 2-keto-3-deoxygluconate aldolases (KDGA) (2-oxo-3-deoxygluconate)
aldolase from Sulfolobus acidocaldarius and Sulfolobus tokodaii were identified,
overexpressed in Escherichia coli, and characterized. Both enzymes were found to have
biochemical properties similar to the previously characterized S. solfataricus KDGA,
including the condensation of pyruvate and either D,L-glyceraldehyde or D,L-glyceraldehyde
3-phosphate. The crystal structure of S. acidocaldarius KDGA revealed the presence of a
novel phosphate-binding motif that allows the formation of multiple hydrogen-bonding
interactions with the acceptor substrate, and enables high activity with glyceraldehyde 3-
phosphate. Activity analyses with unnatural substrates revealed that these three KDGAs
readily accept aldehydes with two to four carbon atoms, and that even aldoses with five
carbon atoms are accepted to some extent. Water-mediated interactions permit binding of
substrates in multiple conformations in the spacious hydrophilic binding site, and correlate

with the observed broad substrate specificity.

38



Exploration of Sulfolobus KDG aldolases

Introduction

Aldolases are among the few classes of enzymes capable of enlarging the carbon skeleton of
molecules in a specific way by catalysing the condensation of a ketone donor and an aldehyde
acceptor. These enzymes can be a tool for the specific production of carbon-carbon bonds in
organic synthesis, since it is difficult to achieve stereochemical control with the widely used
chemical aldol condensation reaction (Machajewski and Wong 2000). Aldolases have already
successfully been used for the biosynthesis of a limited number of specialty compounds
(Samland and Sprenger 2006). However, many of the currently used aldolases are expensive,
unstable, limited in their catalytic range, and often require expensive substrates. The
discovery of new aldolases or the engineering of known aldolases is therefore of continuing
importance (Samland and Sprenger 2006). The availability of many sequenced genomes
opens up new opportunities for identification of potentially suitable aldolases.

In Nature, many different aldolases are encountered. Some aldolases play a vital
physiological role in the degradation of metabolites, for instance during glycolysis; other
aldolases are employed for carbon backbone assembly, e.g. in amino acid synthesis (Gijsen et
al. 1996). Two classes of aldolase enzymes are distinguished based on their mechanisms.
Class-I aldolases form a Schiff-base intermediate with the donor substrate, whereas class-II
aldolases are metal-dependent enzymes (Machajewski and Wong 2000, Takayama et al.
1997). Although both classes can usually accept different acceptor substrates, they are rather
specific for the donor substrate. Using a different classification, synthesizing aldolases are
therefore also grouped according to their donor specificity: (1) dihydroxyacetone phosphate
(DHAP)-dependent aldolases; (2) 2-deoxy-ribose-5-phosphate aldolase (DERA) -
acetaldehyde dependent; (3) (phosphoenol)pyruvate-dependent aldolases; and (4) glycine-
dependent aldolases (Takayama et al. 1997). Novel aldolases belonging to these classes may
be found in organisms with divergent sugar metabolic pathways or degradation pathways of
xenobiotics (Samland and Sprenger 2006). The thermostability of their proteins make
extremophiles such as Sulfolobus particularly interesting sources of new enzymes.

Sulfolobus species are thermoacidophilic archaea that typically grow optimally at high
temperatures (75-85°C) and at a low pH (pH 2-4) (Brock et al. 1972, Grogan 1989, Suzuki et
al. 2002). Because of their global abundance (DeLong and Pace 2001) and ease of cultivation
(Grogan 1989), they have become model archaea; genetic tools have been established
(Aravalli and Garrett 1997, Cannio et al. 1998, Stedman et al. 1999) and the complete
genome sequences of Sulfolobus solfataricus, S. tokodaii and S. acidocaldarius have recently
been unravelled (Chen et al. 2005, Kawarabayasi et al. 2001, She et al. 2001). In particular
because of their resemblance to eukaryotic counterparts, several protein complexes from

Sulfolobus have been selected for the analyses of fundamental processes, such as replication

39



Chapter 3

(Dionne et al. 2003, Klimczak et al. 1985, Rossi et al. 1986), transcription, and translation
(Bell and Jackson 1998, Reiter et al. 1988, Zillig et al. 1979). In addition, potential
applications have been described for some of the thermostable Sulfolobus enzymes, including
an unusual 2-keto-3-deoxygluconate aldolase (KDGA, 2-oxo-3-deoxygluconate aldolase)
(Lamble et al. 2005b).

KDGA from S. solfataricus is a class-I aldolase and is a member of the N-
acetylneuraminate lyase (NAL) subfamily. This NAL subfamily consists of tetrameric
enzymes that are specific for pyruvate as donor substrate but use different aldehydes as
acceptor substrates. The S. solfataricus KDGA was first characterized as an enzyme that
catalyses the reversible conversion D,L-2-keto-3-deoxygluconate (KDG) == pyruvate + D,L-
glyceraldehyde (GA). Later it was discovered that the enzyme was not only able to synthesize
KDG but that it could also synthesize D-2-keto-3-deoxygalactonate (KDGal) from pyruvate
and D-GA (Lamble et al. 2003). Recently, Ahmed et al. (2005) showed that the enzyme also
catalyses the interconversion D,L-2-keto-3-deoxy-6-phosphogluconate (KDPG) =—= pyruvate
+ D,L-glyceraldehyde-3-phosphate (GAP) (Ahmed et al. 2005), suggesting that this
bifunctional enzyme is part of a semi-phosphorylated Entner-Doudoroff pathway (Ahmed et
al. 2005, Lamble et al. 2005b). Previously, the crystal structure of S. solfataricus KDGA
(SsoKDGA) was solved; in agreement with the abovementioned specificity studies, substrate
soaking studies with KDG and KDGal revealed promiscuous binding with multiple
conformations of these substrates owing to different water-mediated interactions of the O-5
and O-6 hydroxy groups in the rather spacious binding cavity (Theodossis et al. 2004).

In the present study, two hypothetical KDGA genes from S. acidocaldarius and S.
tokodaii were cloned, and, after expression in Escherichia coli, their biochemical properties
were assessed, together with the previously characterized S. solfataricus KDGA. In addition,
the crystal structure of S. acidocaldarius KDGA was determined, providing a molecular basis
for the observed substrate specificity and stereoselectivity. Furthermore we have identified a
novel phosphate-binding motif in the KDGAs that explains their high activity with
phosphorylated substrates.

Materials and methods

Cloning and expression

The hypothetical KDGA genes from S. acidocaldarius (Saci_0225; Genbank® Identifier
70606067) and S. tokodaii (ST2479; Genbank® Identifier 15623602) were PCR-amplified
from genomic DNA with primer pairs BG 1816 & BG 1817 and BG 1783 & 1784 (Table 1).
The obtained products were restricted with Ncol and Sall and ligated into Ncol/Sall restricted
pET24d (Novagen). These plasmids, designated pWUR193 (containing Saci 0225) and
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pWURI192 (containing ST2479) were transformed to E. coli BL21(DE3) and E. coli
BL21(DE3)/pRIL cells. The clone pWURI122, containing the kdgA from S. solfataricus
(SS03197; Genbank® Identifier 2879782), described previously (Ahmed et al. 2005), was
also transformed in E. coli BL21(DE23) cells.

Table 1 Primers that are used in this study

Primer Sequence

BG1783 CGCGCCCATGGTGTTCAAAATTTTAAGTATGGATATTG
BG1784 CGCGCGTCGACTTTACGAAACAGCTCTTTCTATTTC
BG1816 CGCGCCATGGAAATAATTTCACCTATCATTAC
BG1817 GCGCGTCGACTTAATGTACCAGTTCTTGAATCTTTC
Purification

S. acidocaldarius KDGA (SacKDGA) was produced by inoculating 2 litres LB (Luria-
Bertani) medium supplemented with 50 pug/ml kanamycin with E. coli BL21(DE3) cells
containing pWUR193. Subsequently, after 4 hours of growth at 37°C, the culture was induced
with 0.1 mM IPTG (isopropyl-B-D-thiogalactopyranoside) and growth was continued
overnight. The cells were harvested by centrifugation (3800g, 10 min.), resuspended in 50
mM HEPES buffer pH 7, 20 mM KCl, and lysed using a French press. After centrifugation
(27,0009, 20 min.) the soluble protein fraction was incubated at 75°C for 30 min. This was
centrifuged (48,0009, 30 min.) to obtain the heat-stable cell-free extract (HSCFE). The
SacKDGA was further purified using anion-exchange chromatography (Q-sepharose; 20 mM
Tris-HCI, pH 8.5, gradient 0-1 M NaCl), eluting at 0.30 M NaCl and gel filtration
(Superdex™ 200 10/300 GL; 50 mM Tris/HCI, pH 7.8, 100 mM NaCl). S. tokodaii KDGA
(StoKDGA) was produced in the same way, except that the culture — inoculated with
BL21(DE3)/pRIL cells containing pWUR192 — was induced with 0.02 mM IPTG on ice and
further grown at 20°C for 2 days (Q-sepharose-elution at 0.21 M NaCl). S. solfataricus
KDGA (SsoKDGA) was also produced in a similar way as SacKDGA, but the cell pellet was
resuspended in 90 mM HEPES, pH 7, 160 mM KCl and only purified by heat incubation and
anion-exchange chromatography, eluting at 0.32 M NaCl. The enzyme purity was checked by
SDS/PAGE (10% gels), staining the proteins with Coomassie Brilliant Blue. Protein

concentrations were determined with the Bio-Rad Bradford method.

Activity measurements
KDGA activity was measured with the thiobarbituric acid (TBA) assay as described by
Buchanan et al. (1999). In a standard aldolase assay the aldolase reaction was performed

using the following conditions: 50 mM sodium phosphate buffer, pH 6, 50 mM sodium
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pyruvate, 20 mM D,L-GA and an appropriate amount of enzyme (~ 1 pg) were incubated at
70°C for 10 min. The TBA-assay was then performed as described previously (Buchanan et
al. 1999). Viax and K;,, determinations were performed at optimal pH at 70°C.

Aldolase activities with different aldehydes were measured by assaying the remaining
pyruvate in a standardized lactate dehydrogenase (LDH) assay in triplicate. Reactions of 100
ul volume containing 50 mM sodium phosphate buffer, pH 6, 10 mM pyruvate and 20 mM
aldehyde and 1— 100 pg enzyme were incubated at 70°C for 10-60 minutes. The reaction was
stopped by adding 6 pl 20% trichloroacetic acid (TCA) and precipitated protein was removed
by centrifugation (16,0009, 10 min). From 984 ul of assay buffer (containing 100 mM
Tris/HCI pH 7.5, 0.16 mM NADH and ~3 units LDH) the starting absorbance at 340 nm was
read. After adding 16 ul sample and incubating for ~5 minutes, the absorbance was read
again. The absorbance difference in NADH (molecular extinction coefficient 6.22 mM™ cm™;
(Horecker and Kornberg 1948)) was taken to be the pyruvate amount remaining. When aldose
substrates were used, the TBA assay was also used.

Thermostability of the enzymes at 100°C was checked as follows. KDGA was diluted
to 40 pg/ml in 50 mM sodium phosphate, pH 6, divided into 175 pl aliquots and closed into
HPLC-vials, extra sealed with nylon. Vials were immersed in a 100°C oil bath and sampled at
different time points and immediately cooled on ice. Residual activity was measured with the

standard TBA assay.

Crystallization

SacKDGA was crystallized using the hanging-drop method. Hexagonal crystals of SacKDGA
with typical dimensions of 0.3 x 0.3 x 0.2 mm were grown at 18°C. Drops were a mixture of 1
ul of a 19 mg/ml protein solution in water and 1 pl of reservoir solution (0.1 M HEPES, pH
7.5, 30 % (v/v) PEG 400 and 0.2 M MgCIl2). Diffraction data of native crystals were collected
at the ID14-1 beam line at the ESRF (European Synchrotron Radiation Facility; Grenoble,
France) at 100 K using the reservoir solution as a cryoprotectant. Data were processed with
XDS (Kabsch 1993) and programs from the CCP4 package (Collaborative Computational
Project 1994), with different crystals being indexed either in space group P3121 or in a P6522
cell with related dimensions (Table 5). MOLREP (Murshudov et al. 1997) was first used to
find a molecular replacement solution for the P3121 data, using the co-ordinates of one
SsoKDGA subunit (PDB code 1w3i, (Theodossis et al. 2004)) as a search model. Afterwards,
a molecular replacement solution was found in the second space group, P6522, using the
preliminary model of SacKDGA as a search model. The prime-and-switch protocol of
RESOLVE (Terwilliger 2004) was used for density modification and removal of model bias,

after which final models were obtained by iterative cycles of refinement in Refmac5
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(Murshudov et al. 1999) and model building in Xtalview (McRee 1999). To obtain a Schiff-
base intermediate with pyruvate, a crystal was transferred to a solution of 0.1 M MES buffer,
pH 6.3, 32 % (v/v) PEG 400, 0.2 M MgCI2 and 50 mM sodium pyruvate at 291 K and was
flash-frozen after 20 minutes. Data were collected at the ID14-2 beamline at the ESRF and
processing was as before. Coordinates have been deposited with the Protein Data Bank for the
native SacKDGA structure in P3121 (accession code 2NUW), in P6522 (accession code
2NUX), and the complex with pyruvate (accession code 2NUY).

Results and discussion

Sulfolobus genomes contain putative KDGASs

The three sequenced Sulfolobus genomes contain several open reading frames encoding
hypothetical aldolases, i.e. enzymes that potentially catalyze aldol-cleavage or aldol-
condensation reactions (Table 2). These include DHAP-dependent fructose-1,6-bisphosphate
aldolases (Siebers et al. 2001), pyruvate-dependent dihydrodipicolinate synthases (DHDPS)
(Dobson et al. 2004c) and KDGAs. DHDPS and KDGAs do not require (expensive)
phosphorylated substrates, and are thus potentially interesting for industrial applications.
Previous studies on the KDGA from S. solfataricus suggested a broad substrate specificity
(Lamble et al. 2003, Lamble et al. 2005b) and therefore we focussed on homologues of this
enzyme. A BLAST analysis with the protein sequence of the S. solfataricus KDGA
(SSO3197) revealed high homology with the KDGA from Thermoproteus tenax (TteKDGA)
and hypothetical KDGAs from S. acidocaldarius, S. tokodaii, Thermoplasma and Picrophilus
torridus. In particular, the active site residues (Lys-153, Tyr-129, Gly-177, Val-193, Pro-6)
are conserved in these KDGAs, and also in some well-characterized enzymes of the NAL
subfamily of class-I aldolases, such as the NALs from Haemophilus influenzae (Barbosa et al.
2000) and E. coli (Izard et al. 1994) and the DHDPS from E. coli (Dobson et al. 2004c) (Fig.
1). Based on this high similarity and a well-conserved gene context, in which the genes for the
putative KDGA, KDG kinase and GAPN-type dehydrogenase are clustered, the hypothetical
aldolases from S. acidocaldarius and S. tokodaii are most likely part of a semi-phosphorylated
Entner-Doudoroff pathway as was demonstrated for SSOKDGA and TteKDGA (Ahmed et al.
2005). Based on that, the here analyzed homologues were expected to have a similar activity
with pyruvate and D,L-GA (phosphorylated and non-phosphorylated) as the KDGA from S.
solfataricus (Ahmed et al. 2005, Buchanan et al. 1999, Lamble et al. 2005b).
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Table 2 Overview of possible enzymes in Sulfolobus species that hypothetically catalyze aldolase reactions

Enzyme Function Reaction
DAHP Synthesis Phosphoenolpyruvate + Erythrose 4-phosphate = 7-phospho-2-dehydro-3-
aldolase deoxy-D-arabinoheptonate

Citrate lyase

Degradation  Citrate = oxaloacetate + acetate

DHDPS-like*  Synthesis Pyruvate + aspartate-f3-semialdehyde = dihydrodipicolinate
FBP-aldolase' Degradation  D-fructose 1,6-bisphosphate = DHAP + D-GAP

Isocitrate
lyase®
KDGA

Degradation  Isocitrate - succinate + glyoxylate

Degradation KDG - pyruvate + GA

* 3 paralogs in S. solfataricus 1 in S. tokodaii and S. acidocaldarius
"In S. solfataricus and S. tokodaii (Siebers et al. 2001)
2 1In S. solfataricus and S. acidocaldarius

Sac-KDGA
S$s0-KDGA
Sto-KDGA
Tte-KDGA
Tac-KDGA
Tvo-KDGA
Pto-KDGA
Eco-HNAL
Hin-NAL
Eco-DHDPS :

Sac-KDGA
Ss0-KDGA
Sto-KDGA
Tte-KDGA
Tac-KDGA
Tvo-KDGA
Pto-KDGA
Eco-NAL
Hin-NAL
Eco-DHDPS

Sac-KDGA
Sso-KDGA
Sto-KDGA
Tte-KDGA
Tac-KDGA
Tvo-KDGA
Pto-KDGA
Eco-NAL
Hin-NAL
Eco-DHDPS :

Sac-KDGA
Ss0-KDGA
Sto-KDGA
Tte-KDGA
Tac-KDGA
Tvo-KDGA
Pto-KDGA
Eco-HNAL
Hin-NAL
Eco-DHDES :

Figure 1.
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Alignment of the three Sulfolobus KDG aldolases with Thermoproteus tenax KD(P)G
aldolase, hypothetical KDG aldolases from Thermoplasma acidophilum, T. volcanium and Picrophilus
torridus, N-acetyl neuraminate lyases from E. coli and Haemophilus influenzae and the E. coli
dihydrodipicolinate synthase. Residues that are conserved between the KD(P)G aldolases are
indicated with dark shading, while those residues that are also conserved in the hypotheticals and
other aldolases are shaded lighter. At the arrow, the conserved catalytic lysine residue. Catalytic
residues (V) and residues forming the putative phosphate binding motif in SacKDGA are indicated (¢).
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Stability and activity of Sulfolobus KDG aldolases

For a thorough characterization of their properties the hypothetical KDGA genes from S.
acidocaldarius and S. tokodaii were cloned and expressed in E. coli using the pET expression
system. The SsoKDGA was produced using a previously generated pET24d-derived construct
(Ahmed et al. 2005). The three recombinant KDGAs were readily purified by heat incubation
and subsequent anion-exchange chromatography. KDGA activity was assayed in the synthesis
direction with the substrates pyruvate and D,L-GA producing KDG or its C4-epimer KDGal.
The recombinant enzymes from S. acidocaldarius and S. tokodaii had KDGA activity in the
same range as the SSOKDGA. For a thorough comparison between the three KDGAs, their pH
and temperature optima, and Michaelis-Menten kinetics were determined. The biochemical
properties of SacKDGA and StoKDGA are not very different from the previously studied
SsoKDGA (Table 3). All three enzymes had higher activity with GAP than with GA (Table
4), similar to reports by Ahmed et al. (2005) and Lamble et al. (2005b) on SsoKDGA activity.
The stability of these enzymes at high temperature was also determined. The KDGAs show a
high thermostability, although the half-life time of SacKDGA at 100°C is relatively short,
which may be related to the optimal growth temperature of S. acidocaldarius, which is lower
than that of the other two species (Grogan 1989). Taken together, the biochemical
experiments and the conserved gene context indicate that these enzymes are involved in a
modified Entner-Doudoroff pathway, similar to what has recently been reported for the
SsoKDGA (Ahmed et al. 2005).

Table 3 Comparison of biochemical data of Sulfolobus KDGAs

S. acidocaldarius S. solfataricus S. tokodaii
Optimum pH 6.5 6* 5.5
Optimum temperature °C ~99 95 90
Vimax (pyruvate) (U/Mg) 26.3 (£ 0.9) 15.7 (£ 0.3)* 17.8 (£ 0.7)
Ko (pyruvatey (MM) 1.1 (£0.2) 1.0 (£0.1)* 0.7 (£0.1)
Vinax Gy (U/mg) 33.1 (£ 1.3) 17.1 (+ 0.4)* 20.3 (+0.8)
Ko Ga) (mM) 6.3 (+0.5) 5.2 (£ 0.1)* 3.9 (+0.4)
Ty, (min at 100°C) 18.9 (£2.1) 120 (150%) 110

* Data from (Buchanan et al. 1999)
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Table 4 Substrate specificity of Sulfolobus KDGAs based on the rate of condensation with
pyruvate as donor substrate (units/mg)

Similar results were obtained with StoKDGA. SD values are given in parentheses

Aldehyde acceptor SacKDGA* SsoKDGA*
(D,L)-glyceraldehyde H/‘ \(%OH 37.3 (2.0) 15.1 (0.7)
(D,L)-glyceraldehyde-3-P HJ\(\JTO” 93.0 (4.6) 46.5 (0.9)
glycolaldehyde H/‘ |\rH 40.6 (1.0) 10.1 (0.7)
glyoxylate H/| ﬁ/o 16.4 (0.9) 11.6 (0.2)
acetaldehyde /H\ 0 0
propionaldehyde /II\/ 0.0055 (0.0007)  0.0058 (0.0011)
(D)-erythrose 5.7 (0.2) 1.4 (0.1)
(L)-erythrose ‘ﬁ o 2.3 (0.1) 2.0 (0.2)
(D)'threose H/\H\C%OH 25 (O 1) 19 (0 1)
(L)-threose oH 10.6 (0.5) 2.3 0.2)
(D)-ribose 0.028  (0.003)  0.015  (0.002)
(L)-arabinose ﬂ oH 0.025 (0.002) 0.020 (0.003)
(D)-arabinose /%/ 0.010  (0.003)  0.023  (0.002)
(D)-xylose OH  on 0.050  (0.003) 0.034  (0.005)

Crystal structure of SacKDGA

Structural information can provide detailed insights into the molecular basis of the catalytic
properties of these aldolases. SacKDGA crystallized in two space groups, P3,21 and P6522,
for which diffraction data were obtained to a maximum resolution of 1.8 A and 2.5 A,
respectively (Table 5). The structure could be determined by molecular replacement using the
coordinates of previously elucidated SsoKDGA (Theodossis et al. 2004) (50% amino acid
sequence identity) as the starting model. Initial electron density maps were of good quality
and allowed the models in space groups P3;21 and P6522 to be refined to acceptable R factors
of 15.7 and 17.6 %, respectively (Table 5). Both space groups have two molecules in the
asymmetric unit, with both of them containing all 288 residues of the native amino acid
sequence. The total of four independently refined molecules are nearly identical with pair-

wise root-mean-square differences (rmsds) of their Ca. atom positions of less than 0.20 A.
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SacKDGA has a tetrameric structure (Fig. 2A) in which each subunit consists of a (/a)s
barrel with a C-terminal helical extension (Fig. 2B). The tetramer forms a ring-like structure
with a hollow core of ~ 20 A in diameter. The active site of each subunit is located at the C-
terminal end of the B-barrel (Fig. 2B) and is only accessible from the inside of the tetrameric
ring. This structure is not only similar to the structure of SSoKDGA, as evidenced by the rmsd
between 288 matching Ca. atoms of only 1.0 A, but it is also similar to the structures of other
crystallized members of the NAL subfamily, illustrating the structural conservation within

this group of pyruvate-dependent aldolases (Theodossis et al. 2004).

Table 5 Crystallographic data collection and refinement statistics on SacKDGA

Values in parentheses are for the highest resolution shell. Rsym = || — <I>|/ |, where | is the observed
intensity and <I> the average intensity. Ry = hkl,work ||[Fobs|- k|Fcalc||/ hkl|Fobs| x 100%, where F
obs = observed structure factor and F calc = calculated structure factor. Rfree = R calculated with 5%
of randomly selected data that were omitted from the refinement.

Native, pH 7.5 Native, pH 7.5 Pyruvate, pH 6.3
Space group P3421 P6522 P3421
Unit cell dimensions (A) a=b=108.2 a=b=109.5¢=319.6 a=b=109.1
c=171.9 c=171.3
Resolution (A) 30-1.8(1.88- 36-2.5(2.59-2.5) 50-2.5(2.65-2. 5)
1.8)
Wavelength (A) 0.934 0.934 0.933
Unique reflections 107995 36273 39118
Completeness (%) 99.9 (99.8) 90.1 (55.2) 99.6 (97.1)
Redundancy 10.9 (4.0) 33.1(19.8) 6.2 (4.2)
I/o(l) 14.1 (2.3) 23.8 (8.4) 17.6 (5.3)
Reym (%) 9.6 (55.9) 15.5 (37.8) 5.3 (34.8)
Refinement
Roryst (%) 15.7 17.6 15.9
Rree (%) 17.9 21.7 19.1
# atoms protein 4634 4598 4616
pyruvate - - 10
solvent 412 95 162
Avg. B factor (A?) protein 35.5 52.0 52.9
pyruvate - - 42.6
solvent 44 .2 43.6 50.8
R.m.s. deviations bonds/angles (A/°)  0.012/1.5 0.008/1.3 0.008/1.3

"Value for the highest resolution shell is affected by anisotropy in diffraction
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Figure 2. Overall structure of SacKDGA
(A) SacKDGA tetramer (B) Orthogonal
views of the SacKDGA monomer. The
Schiff-base forming Lys-153 is indicated
in stick presentation with pyruvate
(yellow) attached. To show the layout of
the substrate binding pocket, the loop of
the neighbouring subunit carrying Arg-
105 is also shown, together with Arg-105
and Arg-234 (orange). (C) General
scheme of the aldol condensation
reaction catalyzed by the KDG aldolases.
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Figure 3. Stereo views of
the SacKDGA active site
(A) Weighted difference
density map of pyruvate
(green) bound to Lys-153 in
the pyruvate-binding cavity
of SacKDGA. Map is
contoured at 4 . (B) The
substrate binding pocket of
SacKDGA with pyruvate.
Strands pB7 and P8 are
indicated. (C) Superposition
of  the Pyr:SacKDGA
(green:grey) and
KDG:SsoKDGA  complex
((Theodossis et al. 2004),
yellow:cyan). Hydrogen
bonding interactions with
the pyruvate moiety have
been omitted for clarity and
the orientation is slightly
different from B. Water
molecules shown are from
the KDG:SsoKDGA
complex. (D) KDPG
(yellow) modelled in the
active site of SackKDGA on
the basis of the
KDG:SsoKDGA  complex
(Theodossis et al. 2004).
Water molecules from the
crystal structure of native
SacKDGA, which would
have favourable
interactions with the ligand
are also shown. Some
hydrogen bonding
interactions have been
omitted for clarity and the
orientation is slightly
different from B and C.
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The active site is among the most highly conserved regions in the protein. It consists of a
pyruvate-binding cavity close to the catalytic Lys-153 (Fig. 3A), which is at the bottom of a
wider hydrophilic pocket (Fig. 3B), accessible from within the tetrameric ring (Fig. 2B). The
entrance to this hydrophilic pocket is somewhat constricted by the flexible side chains of two
arginine residues, Arg-234 and Arg-105’ from a neighbouring subunit (Fig. 2B, 3B). The
SacKDGA active site residues adopt somewhat different conformations as a function of pH.
Most conspicuously, at pH 7.5 the catalytic Lys-153 side chain displays some conformational
variability. In its most populated conformation, its side chain points away from the pyruvate
binding cavity and buries its amino-group into the interior of the protein in a hydrogen bond
with the Ser-96 side chain (not shown). Since SacKDGA has its activity optimum around pH
6.5, data was also collected from a crystal that had been transferred to a cryosolution at pH
6.3 before freezing. At this pH, the lysine is in a conformation that would allow Schiff-base
formation and catalysis (data not shown).

To assess the structure of the Schiff-base intermediate with pyruvate a crystal was
soaked in a pyruvate-containing solution at pH 6.3, after which data were collected to 2.5 A
resolution. The well-defined pyruvate moiety is buried inside the active site and makes close
interactions with backbone atoms of Thr-42, Thr-43, Val-193, Gly-177, and the ring of Pro-6,
thereby ensuring the high specificity of the enzyme for pyruvate (Fig. 3A). This part of the
active site and the pyruvate-binding mechanism are highly conserved with Tyr-129
participating in both substrate binding and in the substrate-assisted catalysis, by relaying a
proton between the pyruvate carboxylate and the aldehyde of the acceptor (Barbosa et al.
2000, Theodossis et al. 2004).

Despite the different conformations of the Lys-153 side chain, the backbone
conformations in the active site region of the SacKDGA structure are rigid and remain almost
invariant upon pyruvate binding. As this rigidity was also observed for the SsoKDGA
structure (Theodossis et al. 2004), it may correlate with thermostability. Interestingly, the
active sites of NALs from mesophilic H. influenzae and E. coli are nearly identical to the
KDGA active sites (Barbosa et al. 2000, Izard et al. 1994), indicating that the backbone
conformation itself is not an adaptation to higher temperatures. The thermostable KDGAs
appear to have stabilized this region, and therefore the protein, by rigidifying the loop that
carries Tyr-129, which displays a higher flexibility in H. influenzae and E. coli NAL (Barbosa
et al. 2000, Izard et al. 1994).

In contrast to the strict requirement for pyruvate, the ability of KDGA to accept both
2-keto-3-deoxy(-6-phospho)gluconate as well as 2-keto-3-deoxy(-6-phospho)galactonate, in
their D- as well as their L-enantiomer conformation, already indicates that the specificity for

the acceptor substrate is much more relaxed than for the donor substrate. Previously, the
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structures of D-KDG and D-KDGal Schiff-base intermediates in SSOKDGA (Theodossis et al.
2004) have revealed the binding mode for these non-phosphorylated substrates during
catalysis. The binding modes of the carbon backbone of the glyceraldehyde moieties show
considerable variation across the independently determined structures and between D-KDG
and D-KDGal. Still, in all cases the C-4 hydroxy group maintains a hydrogen bond with the
Tyr-130 (Tyr-129 in SacKDGA) hydroxy group (Fig. 3C), which is important for catalysis.
The C-5 and C-6 hydroxy groups show more flexibility and have different hydrogen bonding
partners for D-KDG and D-KDGal (Theodossis et al. 2004). These hydrogen bonding partners
are conserved in the SacKDGA structure as well as in the sequence of StoKDGA (Fig. 1, 3),
which is in agreement with their comparable aldolase activity on pyruvate and
glyceraldehyde. No structural data is available for the binding of the L-enantiomers of both
KDG and KDGal in the KDGA active site, but the hydrophilic nature of the pocket allows
their flexible binding in a similar way as the D-enantiomers. This not only provides a
structural explanation for the lack of stereocontrol of the KDGAs with their natural non-
phosphorylated substrates, but also gives important clues about the applicability of these

enzymes with non-physiological substrates.

Sulfolobus KDGASs contain a novel phosphate-binding motif

All KDGAs show higher activity with GAP than with GA (Table 4 and (Ahmed et al. 2005)),
which may be of physiological relevance in the semi-phosphorylated Entner-Doudoroff
metabolic pathway in Sulfolobus spp. It was suggested recently that starvation conditions may
favour the slower non-phosphorylated route, whereas otherwise a KDG kinase may
phosphorylate KDG to KDPG (Lamble et al. 2005b). The possible binding modes of these
larger phosphorylated substrates were investigated by using the SsoKDGA and SacKDGA
intermediate structures (Fig. 3C) as templates. In SacKDGA, the position of a bulky and
highly polar phosphate group on the C-6 position is restricted on one side by the apolar side
chains of Ile-239 (replaced by Leu in SsoKDGA and StoKDGA) and Thr-42 (Fig. 3C). This
side of the pocket would not be able to provide favourable interactions to the phosphate.
Model building shows that minor rearrangements of the C-6 moiety would bring the
phosphate closer to the entrance of the pocket and within hydrogen bonding distance of the
polar side chains of Arg-234, Tyr-131, and, additionally Arg-105 of a neighbouring subunit
(Fig. 3D). These three residues are absolutely conserved among the KDGAs with confirmed
KDPGA activity from Sulfolobus spp. and T. tenax (Fig. 1), and form a novel phosphate
binding motif. In addition, water-mediated contacts would be possible with the nearby side
chains of Ser-238, Asn-179 and Ser-195 (Fig. 3D). The promiscuity of binding of KDGA,
which has already been revealed for the GA moiety (Theodossis et al. 2004), is also present in
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the bound phosphate through these water-mediated contacts and the large conformational
flexibility of the Arg-105" and Arg-234 side chains (Fig. 3D). Charge complementarity
between the phosphate group and the two conserved arginine residues allows efficient
targeting of GAP to the active site and additional enzyme-substrate interactions may also
increase substrate affinity. These additional interactions provide a structural explanation for
the higher activity observed with GAP and the higher catalytic efficiency with KDPG than
KDG. On the other hand, the phosphate group does not influence catalysis directly and does
not significantly affect the conformation of the GA moiety (Fig. 3D), in line with the
observation that the KDGAs do not absolutely require phosphorylated substrates.

The novel phosphate binding motif is only conserved among the KDGAs from
Sulfolobus spp. and T. tenax. In putative KDGAs identified in other thermophilic archaea like
Thermoplasma and Picrophilus torridus, the two arginine residues of the motif are not
conserved (Fig. 1), neither is the genomic context similar to that of the Sulfolobus spp.
Significantly, these organisms use a non-phosphorylative Entner-Doudoroff pathway (Budgen
and Danson 1986, Reher and Schonheit 2006), in which their KDGAs do not require the dual
KDGA/KDPGA functionality of KDGAs active in a semi-phosphorylative pathway. To our
knowledge, the KDGAs from Sulfolobus spp. and T. tenax are the only members of the NAL
subfamily identified so far that act on phosphorylated substrates and contain this motif.
Therefore, the motif may be used to identify aldolases from this family with KDPGA activity.

Intriguingly, many of the enzymes of the (f/a)s fold family that specifically act on
phosphorylated substrates contain a conserved phosphate-binding site (Nagano et al. 2002),
which differs entirely from the phosphate binding motif of the KDGAs. In these enzymes,
phosphate moieties are often bound between the diverging ends of strands B7 and B8 by their
backbone amide groups (Nagano et al. 2002). Our structural analysis reveals that this
structural B7- B8 feature is not conserved in the Sulfolobus KDGAs. In the SacKDGA
structure, a depression exists between strands 7 and 8, where two water molecules reside,
hydrogen bonding to Gly-177, the side chain of Ser-178 and the main-chain amides and side
chains of Asn-179 and Ser-195 (Fig. 3B). Manual docking indicates that a phosphate group
cannot be accommodated at this position; the backbone amide groups in SacKDGA and
SsoKDGA are not oriented properly for an optimal interaction with the phosphoryl oxygen
atoms and the side chain of Asn-179 in SacKDGA would give steric hindrance (Fig. 3B,D). In
addition, Asn-179 is substituted by an aspartate residue in both SsoKDGA and StoKDGA
(Fig. 1), which would give unfavourable interactions with a negatively charged phosphate
moiety. These structural differences lead us to conclude that this f7-B8 site is not favourable
for phosphate binding and support the novel phosphate binding mechanism that is outlined

above.
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The phosphorylated KDPG is also a substrate for the KDPG aldolases from E. coli and
Pseudomonas putida. These class I aldolases also have a (f/a)s fold, but they do not belong to
the NAL subfamily and the details of their catalytic mechanisms are different (Allard et al.
2001, Bell et al. 2003). The KDPG aldolase from E. coli has for example a rmsd of 2.8 A over
171 matching Co atoms with SacKDGA. Remarkably, these aldolases do contain a
hydrophilic space between the B7 and B8 strands with the structural features of a phosphate-
binding site. Significantly, in both the E. coli and P. putida KDPG aldolase crystal structures
a sulphate ion is bound at this B7-p8 site (Allard et al. 2001, Bell et al. 2003). The overall
similarity between sulphate and phosphate ions strongly suggests that, in contrast to the
Sulfolobus KDGAs, the B7-B8 site functions as a binding site for the phosphate group of their
substrate. Interestingly, the KDPG aldolases from E. coli and P. putida do not perform well
without the phosphate group on the GA moiety. This indicates that their active site confers
considerably more spatial specificity towards their phosphorylated acceptor substrate than the
open hydrophilic binding site of the Sulfolobus KDGAs. The strict specificity of the bacterial
KDPG aldolases fits their biological function, but makes them less suitable for
biotechnological applications. In contrast, the unique phosphate binding motif of the archaeal
KDGAs incorporates the flexibility that is necessary for promiscuous substrate binding. This
flexibility may extend to, or be easily adapted to, the conversion of a wider range of acceptor

substrates.

Structural requirements for acceptor substrates of KDGAs

KDGAs display substrate promiscuity towards their natural aldehyde substrates (Ahmed et al.
2005, Lamble et al. 2003, Lamble et al. 2005b). It was reported recently that SSoOKDGA can
also accept glyceraldehyde acetonide in the synthesis reaction (Lamble et al. 2005a).
Furthermore, the structures of SacKDGA and SsoKDGA suggest that the substrate-binding
site is able to accept a wide range of acceptor substrates. To identify the structural
requirements for aldehydes as acceptor, the activity of SacKDGA, SsoKDGA and StoKDGA
was assayed with a range of non-physiological aldehyde acceptors (Table 4, and results not
shown). Like their other properties, the substrate specificities of the different Sulfolobus
KDGA s are quite comparable and will not be discussed separately.

First, the importance of the C-6 moiety was investigated by testing the 2-carbon
aldehydes glycolaldehyde and glyoxylate. The available structural information suggests that
the binding site should be able to accommodate and orient these smaller substrates through
hydrogen bonds with the C-5 hydroxyl group. Indeed, activity rates with these substrates were
similar to or only slightly lower than that of GA (Table 4), establishing that the KDGAs do

accept substrates with only two carbon atoms. The reduced activity with glyoxylate may be
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the result of its resemblance to pyruvate and weak competitive inhibition of Schiff-base
formation. In comparison, KDPG aldolases from P. putida, E. coli and Zymomonas mobilis
(Shelton et al. 1996) react quite well with glyoxylate, but react with very low rates only with
glycolaldehyde. This provides additional evidence that the KDGAs from Sulfolobus can
perform well without a negative charge on the substrate and establishes that they have a
catalytic range which is distinctly different from the bacterial KDPG aldolases.

After having established that the C-6 hydroxyl group is dispensable, the importance of
the hydroxyl group at the C-5 position was investigated. In the SsSoOKDGA KDG and KDGal
complexes, this hydroxyl group has hydrogen bonding interactions with either Tyr-131 or
water-mediated contacts with Gly-177 and Ser-195 ((Theodossis et al. 2004), see also Fig.
3C). Two aldehydes were tested that do not contain such a hydroxyl group at the C-5, and this
showed that acetaldehyde is not accepted and propionaldehyde only at a very low rate (<0.1%
of GA) (Table 4). This suggests that the polar hydroxyl substituent at the C-5 position is
indispensable for proper binding and orientation of the aldehyde in the open hydrophilic
binding pocket.

Next, the ability of the KDGAs to accept aldehydes with one more carbon atom than
their natural substrates was explored using the simple four-carbon aldotetroses in all possible
stereoisomers. The large hydrophilic binding pocket should be able to provide favourable
interactions for the additional hydroxyl groups of these sugars. Indeed, all aldotetroses tested
were readily accepted in synthesis reactions at 5-25 % of the GA rate. As all stereoisomers are
accepted, albeit with a substantially higher rate for the reaction with L-threose, the KDGAs
show a limited enantioselectivity on these larger substrates. The relative rates are again higher
than those of the different KDPG aldolases of P. putida, E. coli and Z. mobilis (Shelton et al.
1996), which accepted these compounds at 0-0.5% of the GAP rate only.

In contrast, the larger aldopentoses that were tested were accepted at low rates (<0.5%
of GA) (Table 4). The binding site should, however, be large enough to accommodate these
five-carbon acceptors. The low rates with the aldopentoses are likely due to a reduced
effective concentration of the reactive open-chain conformation of these sugars, which is only
~ 0.1 % of the total aldopentose concentration at 28°C (Drew et al. 1998). Significantly, the
activity of the cleavage of the 2-keto-3-deoxyoctonate (KDO) (5 mM) to D-arabinose and
pyruvate, is much higher than its condensation, reaching 0.146 £0.006 U/mg (SacKDGA),
0.470 £0.040 U/mg (SsoKDGA) and 0.393 +0.025 U/mg (StoKDGA). Activity appears to be
correlated with the effective concentration of the open-chain forms of the substrates, which is
probably much higher for the ketone KDO than for the aldehyde D-arabinose, suggesting that
the KDGAs do not catalyze the ring-opening step of sugar substrates. Ring opening as the
rate-limiting step may also play a role with the aldotetroses (Serianni et al. 1982), and product
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cyclization may effectively limit the rate of the reverse aldol reaction (Lamble et al. 2005b,
Midelfort et al. 1977).

Taken together, these results define the substrate requirements, or lack thereof, of
these KDGAs. The substrate requirements are primarily restricted to the substituents of the
carbon atom immediately adjacent to the aldehyde moiety, making glycolaldehyde the
smallest acceptor substrate that can still be used by the KDGAs. Despite the absence of
enantioselectivity in the condensation reaction, the hydroxyl group at the C-5 position of the
synthesis product is indispensable for catalysis by providing a significant binding affinity of
the aldehyde substrate. Our measurements do not rule out the possibility that additional
hydrogen bonding interactions of other parts of an aldehyde acceptor may partially
compensate for the decrease in binding affinity. The structure of the binding sites of
SacKDGA and SsoKDGA combined with our activity experiments explain the general lack of
specific requirements on the structure of the acceptor beyond the glycolaldehyde moiety. This
suggests that these enzymes should be applicable in the biosynthesis of a broad range of
compounds which carry this structural motif.

The three different Sulfolobus KDGAs are not the only NAL family members which
accept several different (non-phosphorylated) aldehydes in the condensation reaction with
pyruvate. Other members of the NAL subfamily also have broad acceptor specificity,
indicating the general versatility of their binding sites. Strikingly, although their binding sites
are very similar, acceptors are bound very differently in different enzymes. In NAL, for
example, substrate analogues may be accommodated in a different part of the active site
pocket (Barbosa et al. 2000). Given the similarity between active sites and substrates, it was
previously suggested that the substrates sialic acid and KDG would bind in a similar way and
that substrate specificity within the NAL subfamily would be modulated in a subtle way by
only a few amino acid mutations (Barbosa et al. 2000). The structural and biochemical
evidence on SacKDGA and SsoKDGA (Theodossis et al. 2004) now give striking
illustrations of how structurally similar binding sites may bind substrates in entirely different
ways. This suggests that a limited number of mutations in the active site may already lead to
novel substrate specificities. This has recently been demonstrated by the creation of NAL
enzymes with DHDPS activity (Joerger et al. 2003) or with L-KDO aldolase activity (Hsu et
al. 2005). The thermostability, ease of production and well-characterized acceptor specificity
of the Sulfolobus KDGAs make these enzymes highly suitable platforms for such an

approach.
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Summary

Sulfolobus acidocaldarius 2-keto-3-deoxygluconate aldolase (SacKDGA) displays optimal
activity at 95°C and is studied as a model enzyme for aldol condensation reactions. For
application of SacKDGA at lower temperatures, a library of randomly generated mutants was
screened for improved synthesis of 2-keto-3-deoxygluconate from pyruvate and
glyceraldehyde at the sub-optimal temperature of 50°C. The single mutant SacKDGA-V193A
displayed a three-fold increased activity compared to wild type SacKDGA. The Ky and Ky
had equally increased and as such the catalytic efficiency of SacKDGA-V193A remained
unchanged. The increased specific activity at 40-60°C of this mutant appeared to be increased
not only for the condensation of pyruvate with glyceraldehyde but also with some other
relatively small acceptor substrates. The optimal temperature for activity of SacKDGA-
V193A had decreased compared to the wild type enzyme, but the stability of the mutant was
like the wild type, indicating that activity and stability were uncoupled. Val193 has Van der
Waals interactions with Lys153, which covalently binds the substrate during catalysis. The
mutation V193A introduced space close to this essential residue and the increased activity of
the mutant presumably resulted from increased flexibility of Lys153. The increased activity of
SacKDGA-V193A with unaffected stability demonstrates the potential of optimization of

extremely thermostable aldolases for synthesis reactions at moderate temperatures.
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Introduction

The aldol reaction leads to the formation of a new carbon-carbon bond, generating a
polyhydroxylated product with at least one new chiral centre. Aldolases are enzymes that
reversibly catalyze the asymmetric aldol condensation reaction and are therefore of interest
for bio-organic synthesis of chiral compounds (Bolt et al. 2008, Dean et al. 2007). In contrast
to traditional organic synthesis, enzymatic aldol catalysis is usually stereospecific, operates
under mild reaction conditions and does not require any protection and deprotection steps.
Unfortunately, applications of aldolases are often hampered by high enzyme production costs,
limited protein stability, and the requirement of expensive (phosphorylated) substrates (Dean
et al. 2007). The 2-keto-3-deoxygluconate aldolases (KDGA) found in Sulfolobus species
are very stable enzymes with high activities on (cheap) non-phosphorylated substrates
(Buchanan et al. 1999, Wolterink-van Loo et al. 2007). These class I aldolases catalyze the
reversible reaction of D,L-glyceraldehyde + pyruvate == D,L-2-keto-3-deoxygluconate
(KDGQ), in which a Schiff base intermediate is formed between the substrate and the catalytic
lysine residue (Lamble et al. 2005b). It has been shown that these enzymes can accept a wide
variety of (aldehyde) substrates, and therefore have great potential for biotechnological
applications (Lamble et al. 2005a, Lamble et al. 2003, Lamble et al. 2007, Wolterink-van Loo
et al. 2007).

Enzymes have been optimized by natural evolution to perform optimally in a certain
biological context. Using these enzymes in industrial settings (e.g. in bioreactors), generally
under rather distinct conditions, often requires optimization with respect to activity, stability,
selectivity and/or specificity (Reetz 2001). In the past decades several techniques, including
rational design and random mutagenesis, have been developed to improve enzymes for
desired applications (Sen et al. 2007). Enzyme catalytic rates are the result of general protein
features and can be governed by long-range interactions, which are usually difficult to address
by rational protein design (Kihara 2005). Therefore, the random approach of laboratory
evolution seems particularly suitable for improving catalytic rates of an enzyme. Generally,
diversity is created by error-prone PCR, followed by an activity screen or selection of mutants
to identify the best mutants. Several examples of enzyme features that are optimized by
random methods include stability (Brouns et al. 2005, Shao et al. 1998), substrate specificity
(Fishman et al. 2004, van den Heuvel et al. 2004, Xu et al. 2003), enantioselectivity
(Lipovsek et al. 2007, van Loo et al. 2004) and low-temperature catalysis (Lebbink et al.
2000, Machielsen et al. 2008, Merz et al. 2000, Sriprapundh et al. 2003). Many laboratory

evolution studies of aldolases have been directed towards broadening of substrate specificity
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or improvement of enantioselectivity (Bolt et al. 2008) and some report on increasing aldolase
thermostability (Hao and Berry 2004).

In this study random mutations were introduced into the thermostable KDGA of
Sulfolobus acidocaldarius using error-prone PCR (epPCR). A library of 1500 variants was
screened for enhanced condensation activity using pyruvate and D,L-glyceraldehyde at 50°C
and retention of kinetic stability. A single mutant, SacKDGA-V193A, showed enhanced
activity and was analyzed in detail for its biochemical properties and stability. This is an
example of optimization of extreme thermostable aldolases for application in cascade
synthetic reactions with mesophilic enzymes. To our knowledge, it is the first report on

increasing low-temperature activity of (hyperthermophilic) aldolases.

Materials and methods

Chemicals, strains, plasmids, and media

All chemicals used are of analytical grade and are purchased from Sigma-Aldrich
(Zwijndrecht, Netherlands). A previously constructed vector pWUR193 (Wolterink-van Loo
et al. 2007), a pET24d derivative containing the SacKDGA gene (Saci_0225), was used to
produce SacKDGA. Escherichia coli XL1-Blue cells were used for cloning and E. coli
BL21(DE3) cells were used for expression. The growth medium consisted of LB (1%
tryptone, 0.5% yeast extract, 0.5% NaCl) supplemented with 50pg/ml kanamycin, unless
stated otherwise. Growth was performed at 37°C and liquid cultures were incubated in

erlenmeyer flasks in a rotary shaker at 100 rpm.

Construction of SackdgA random library

Random mutations were introduced by PCR using two DNA polymerases in parallel to
generate a library with balanced mutation ratio. Taq polymerase which preferentially mutates
As and Ts and Mutazyme, which mutates more Gs and Cs, were used. Error-prone PCR with
Tag DNA polymerase was performed using skewed nucleotide concentrations, using the
primers BG417 (5-CTTTAAGAAGGAGATATACCATG-3’) and BGI852 (5°-
GGCCGCAACCTTGTCGACTTA-3’) and the pWUR193 plasmid as template DNA. The 50
ul reaction mixtures contained 10 ng template DNA, 200 ng forward primer, 200 ng reverse
primer, 0.2 mM dATP and dGTP, 1 mM dCTP and dTTP, 0,5 mM MnCl, and 5U REDTaq
DNA polymerase (Sigma) in REDTaq reaction buffer. Additionally, the GeneMorph Random
mutagenesis kit (Stratagene) was used for the epPCR with the Mutazyme DNA polymerase
using the same primers and template DNA according to the manufacturer’s instructions,

aiming for a mutation rate of 3-7 mutations per kb.
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The PCR products obtained were purified, double digested with Ncol and Sall and
ligated into equally digested pET24d using T4 DNA ligase. The different ligation mixtures
were transformed to E. coli XL-1 blue cells, plated and grown overnight. Finally a total of
1514 colonies were obtained, 1084 originated from the Tag DNA polymerase PCR and 430
from the Mutazyme DNA polymerase PCR. Plasmid DNA was collectively isolated from all
colonies, resulting in a DNA-plasmid library. Random sequencing of the constructs revealed a

mutation rate of 1 per gene on average.

Screening of random SacKDGA variants
For construction of the expression library BL21(DE3) expression cells were transformed with
the plasmid library, plated on Qtray LB-agar plates (25¢cm x 25cm) and incubated overnight.
Single colonies were picked with a colony picker (QPix, Genetix) and used to inoculate 96-
wells plates (Costar 3370; Corning Inc.) with 200pu]l medium per well supplemented with 0.1
mM IPTG. In each plate, two wells were manually inoculated with the negative control
(pET24d in BL21(DE3)) and positive control (pWUR193 in BL21(DE3)). After 16 hrs of
incubation at 37°C, with shaking, the ODgoo (Spectramax Plus384; Sopachem b.v.) was
recorded. A replica plate was made by duplication of the induced plates in fresh 96-well
plates containing 200 pul medium with 10% glycerol per well, incubation overnight (37°C, and
shaking) and subsequent storage at -80°C for future use. The induced plates were centrifuged
to pellet the cells in a Sigma 4-15C centrifuge for 30 min at 1000 x g. The pellets were stored
at -20°C until further use. Cells were lysed by addition of 100 pul 25% B-PER (Pierce) in 50
mM sodiumphosphate buffer (pH 6.0) to the pellets and additional shaking at 700 rpm for 15
min at 37°C.

Aldolase reactions were performed in 2-ml deep-well plates (Greiner) containing per
well 250 pl 50 mM sodiumphosphate buffer pH 6.0, 10 mM pyruvate, 20 mM D,L-
glyceraldehyde, and 40 pl lysed cells. The plates were incubated for 60 min at 50°C and
placed into the freezer (-20°C) afterwards to stop the reaction. Reactions were diluted three
times by addition of 500 pl water. The remaining amount of pyruvate was then determined
with L-lactate dehydrogenase (LDH) / NADH assay. 190 ul LDH assay-buffer (containing
250 mM Tris-HCI buffer pH 7.5, 0.2 mM NADH, 5 U/ml LDH (in excess)) was transferred to
each well of a 96-wells plate. The ODs49 was measured, and then 10 pl diluted sample of the
aldolase reaction was added and incubated at 37°C for 15 minutes. An end measurement of
the ODs49 was performed to measure difference in NADH absorption and hence differences in

pyruvate concentration of the samples.
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DNA sequencing

Plasmids were isolated using the Qiagen plasmid isolation kit according to the manufacturer’s
protocol. Inserts of the isolated plasmids were sequenced by single primer extension reaction
using the T7 primer set (Forward: 5-AATACGACTCACTATAG-3’, reverse: 5’-
GCTAGTTATTGCTCAGCGG-3’).

Production and purification of SacKDGA variants

BL21(DE3) cells, containing a (mutated) pWUR193 plasmid, were incubated in 3 ml medium
and grown overnight. One liter cultures were subsequently started by transfer of 0.5 ml of
overnight cell culture. After 4 hours of growth (ODgy ~ 1.0) IPTG was added to a final
concentration of 0.1 mM and the cultures were grown further overnight. Cells were harvested
by centrifuging at 3800g for 15 minutes at 4°C. Pelleted cells were resuspended in 20 ml of 50
mM HEPES/20 mM KCI pH 7.0 and subsequently lysed by passage through a French Press
(three times). Centrifugation (17000g for 30 min at 4°C) yielded the cell free extract (CFE).
This was incubated at 75°C for 30 min and centrifuged again (same conditions) to obtain heat
stable cell free extract (HSCFE). SacKDGA was further purified on an AKTA FLPC using
anion-exchange chromatography as described previously (Wolterink-van Loo et al. 2007).
Fractions containing aldolase were pooled. The enzyme purity was checked by SDS-PAGE,
staining the proteins with Coomassie brilliant blue. Protein concentrations were determined

with the BioRad — Bradford method.

Aldol condensation activity measurements

KDGA activity was measured by detection of the condensation product, 2-keto-3-
deoxygluconate, with the thiobarbituric acid (TBA) assay as described previously (Wolterink-
van Loo et al. 2007) performing the standard assay at pH 6.0 and 50°C, using 50 mM
pyruvate and 20 mM D,L-glyceraldehyde.

Aldolase activities with different aldehyde acceptors were measured by assaying the
remaining pyruvate in a LDH assay in triplo. Reactions of 150 ul volume containing 50 mM
sodium phosphate buffer, pH 6, 10 mM pyruvate and 20 mM aldehyde and 1.5 pg enzyme
were incubated at 50°C for 20-90 minutes. The reactions were stopped by rapidly cooling the
reaction mixtures on ice. From 985 ul assay buffer (containing 100 mM Tris/HC1 pH 7.5, 0.16
mM NADH and ~3 units LDH) the starting absorbance at 340 nm was read. After addition of
15 pl sample and incubation of 5 minutes the absorbance was read again. The absorbance
difference in NADH (molecular extinction coefficient 6.22 mM" cm™ (Horecker and

Kornberg 1948)) was taken to calculate the amount of unconsumed pyruvate.
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Thermostability of the enzymes at 90°C was checked as follows. KDGA was diluted
to 40 pg/ml in 50 mM sodium phosphate, pH 6, divided into 175 pl aliquots and closed into
HPLC-vials, extra sealed with nylon. Vials were immersed in a 90°C water bath and sampled
at different time points and immediately cooled on ice. Residual activity of each sample was

measured with the TBA assay.

Results and discussion

Construction of a random mutant SackdgA library

Synthetic cascade reactions in which aldolases are involved are being performed either
separately, or as one-pot reactions (Sugiyama et al. 2007, Yu et al. 2006). Obviously,
combinations of different enzymes often requires establishing a compromise of the chemical
and physical reaction conditions (Jennewein et al. 2006, Littlechild et al. 2007, Pollard and
Woodley 2007, Straathof et al. 2002). When combining enzymes from thermophilic and
mesophilic organisms, optimization of either one of them is required.

The KDGA from S. acidocaldarius (SacKDGA) is an extremely stable pyruvate-
dependent aldolase, with a broad substrate specificity and high affinity for non-
phosphorylated substrates (Wolterink-van Loo et al. 2007). A potential application of this
enzyme would be a cascade with an available mesophilic alditol oxidase (Heuts et al. 2007),
in which the latter enzyme provides the aldehyde substrate for the aldolase. Since the
SacKDGA has an optimal activity at 95°C and at 37°C SacKDGA activity is only
approximately 5%, we decided to improve SacKDGA activity at sub-optimal temperatures,
preferentially with retention of its stability. As little is known about the molecular basis that
determines activity at different temperatures, a random approach was used to optimize low-
temperature activity of SacKDGA. Diversity was generated in the SacKDGA gene by using
error prone PCR (epPCR) and a library with on average 1 mutation per gene was obtained. A
plasmid library of 1500 clones was isolated from E. coli XL-1 Blue cells, which was used for
transformation of E. coli BL21(DE3) for expression. A total of 5000 transformants were

screened to ensure sufficient coverage of the genetic diversity in the KAgA mutant library.

Screening for increased condensation activity at 50°C of SacKDGA

The desired operating temperature for biocascade reactions in combination with mesophilic
enzymes is 37°C (or lower). The incubation time necessary to detect any wild type SacKDGA
activity at this temperature were in the order of hours, which was deemed incompatible with a
high-throughput screening strategy. Therefore, the mutant KDGA library was screened for
aldol condensation activity at 50°C, because at this temperature a small, but significant

amount of activity of the wild type could be detected in a relatively short assay time (60 min).
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The mutants were screened for their ability to convert D,L-glyceraldehyde and pyruvate to
D,L-2-keto-3-deoxygluconate. Since protein expression levels were not taken into account,
winners in the screening procedure would be more active than wild type due to increased
activity or increased enzyme production levels. Initially, 162 mutants with up to 4-fold
increased activities were identified. However, screening in triplicate proved most candidates
to be false positives. This was attributed to the indirect screening method for measuring
residual pyruvate, which accumulated more inaccuracies compared to screening for
condensation product. The effect of other pyruvate consuming/producing activities in the E.
coli extract were taken into account by subtracting ‘activity’ of BL21(DE3) with an empty
pET24d vector. Finally 12 clones were selected for further testing and were recultivated, their
plasmid DNA was isolated for sequencing, and used to re-transform BL21(DE3) to obtain the
proteins for further analyses. Wild type SacKDGA and the 12 selected clones were produced
on a one-liter scale. Heat stable cell free extracts (HSCFE) were prepared from the cultures,
and the variants were compared with activity of the wild type using the TBA assay
(measuring the amount of condensation product formed) (Fig. 1). Most clones had equal or
less activity than wild type KDGA and sequencing revealed that these either contained no
amino acid change or a single mutation of a solvent exposed residue (Table 1). Variants with
lower activity had less protein in the HSCFE (data not shown). Variant t34D12 appeared to be
on average 1.5 times more active than wild type KDGA, but did not contain any mutations.
t34B9 was 1.5 times more active as well and contained mutation N168D, located at the
protein surface. The most active variant was t37F3 with a 3-fold increased activity compared

to wild type SacKDGA. This variant contained a single mutation of buried Val193 to alanine.

Table 1: Mutations of the twelve selected clones and their position in SacKDGA

Clone Mutation Place
t32C5 M167S Start of alfa helix, solvent exposed
m5G7 no mutation -

t34D12 silent mutation CUU--> CUG, possible -
positive effect on expression

t37F3 VI193A Buried, close to catalytic Lys153
t34B9 N168D In alfa helix, solvent exposed
t26D4 no mutation -

t19H9 no mutation -

t1A1 1121T In alfa helix, solvent exposed
t1Gl K51IR Start of alfa helix, solvent exposed
m6H8 G171E In a loop, solvent exposed

t34C12 R228G In alfa helix, solvent exposed
t36F8 silent mutation AAA--> AAG -
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Figure 1. Activity of HSCFE of 12 selected mutants at 50°C, condensation of D,L-glyceraldehyde (20
mM) and pyruvate (50 mM).

Structural analysis of SacKDGA-V193A

Variant t37F3, containing mutation V193A, was 3-fold more active compared to wild type
SacKDGA. Val193 is well conserved (but not completely) in KDGAs from hyperthermophilic
organisms (Fig. 2). In wild type SacKDGA, Vall193 has Van der waals interactions with the
catalytic lysine (Lys153) that forms a Schiff base intermediate with the substrate (Fig. 3).
Mutation V193A created space in close proximity to Lys153 and possibly allowed a higher
degree of mobility of the active site compared to wild type SacKDGA. Similar mutations,
creating space in close proximity to the active site, have resulted in increased activity at sub-
optimal temperatures of various proteins such as Pyrococcus furiosus B-glucosidase (Lebbink
et al. 2000), Thermotoga neapolitana xylose isomerase (Sriprapundh et al. 2003), and
Sulfolobus solfataricus indoleglycerol phosphate synthase (Merz et al. 2000). In addition, a
natural cold adapted elastase (Papaleo et al. 2006) has increased local flexibility (in loop

regions) compared to its mesophilic counterparts.
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Figure 2. Partial alignment from different pyruvate-
dependent aldolases (KDGA) from Sulfolobus
acidocaldarius (Sac), S. solfataricus (Sso), S. tokodaii (Sto),
Thermoproteus tenax (Tte), Picrophilus torridus (Pto),
Thermoplasma acidophilum (Tac), T. volcanium (Tvo),
Pyrococcus furiosus (Pfu), P. horikoshii (Pho), Thermotoga
maritima (Tma), E. coli (Eco) and Heamophilus influenzae
(Hin). The valine residue (at the arrow) is conserved in most
crenarchaeal KDGAs (Pyrobaculum aerophilum is an
exception) and some euryarchaea and otherwise
conservatively replaced by an isoleucine in (hypothetical,
indicated by an asterisk) dihydrodipicolinate synthases
(DHDPS) and Neuraminate Lyases (NAL).

Thr42

SacKdgh LSLDGVVASFTN 199
SsoKdghA TGLDGNVAAGSN 202
StoKdgA : TSLDGSVTAASN 201
TteKdgA : VRLDGVVASSAN 200
PtoKdgA : SGVDGTVSAAGN 197
TacKdgA : NGLDGAVAAAGN 195
Tvodhdps*: SGVDGSVARAGN 197
Pfudhdps*: LGGDGGIMACAN 209
Phodhdps*: LGGDGGIMACAN 208
Tmadhdps : AGGDGVISVVSN 212
Ecodhdps : LGGHGVISVTAN 209
EcoNAL : AGADGGIGSTYN 212
HinNAL : LGVDGAIGSTFN 211

Figure 3. Close-up view of the active site
of SacKDGA with pyruvate covalently
bound to Lys153 (pdb: 2nuy). Van der
waals interactions between the Lys153
side chain and Val193 have been
indicated with dotted lines. The figure
was generated using PyMol.
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Optimal temperature for activity and kinetic stability

Wild type SacKDGA and variant V193A were purified to homogeneity for characterization
(data not shown). To study the effect of temperature on the activity of SacKDGA-V193A and
to determine whether its activity was also increased at moderate temperatures, SacKDGA-
V193A and wild type SacKDGA were assayed in the temperature range of 30°C to 90°C (Fig.
4). SacKDGA-V193A was more active than wild type SacKDGA between 30°C and 60°C.
The optimum temperature for activity has shifted from 90°C in wild type SacKDGA to 70°C
for the mutant, similar to results obtained for a P. furiosus B-glucosidase CelB variant
reported by Lebbink et al. (2000). Although at 30°C the activities of both enzymes are just
detectable above background level, it was found that mutant V193A is significantly more
active at the temperature range of 35 — 60°C. In addition, it is concluded that V193
contributes significantly to the activity of SacKDGA at the optimal growth temperature of S.
acidocaldarius (80°C), which agrees well with the fact that it is relatively well conserved in
homologous enzymes from hyperthermophiles; however, in some orthologs valine is replaced
by isoleucine, which probably gives comparable restricted flexibility of the active site lysine
residue.

An attractive feature for use of SacKDGA in biotechnological applications is its
extreme thermostability. Obviously, improving the enzyme’s low-temperature activity should
not interfere with protein stability. Variant SacKDGA-V193A remained soluble during
purification, which included a heat incubation step of 30 min 75°C, indicating that the variant
had retained significant residual thermostability. Furthermore, inactivation studies at 90°C of
both wild type and variant aldolase showed that they had equal activity half-lives of around 2
hours. Therefore, mutation V193A affected only the activity of SacKDGA, which
demonstrates that activity and thermostability can be uncoupled for thermostable Class I
aldolases. Previously, similar observations have been made for mesophilic class II fructose-
bisphosphate aldolase, in which case aldolase thermostability was improved by directed

evolution without reduction in catalysis at mesophilic temperatures (Hao and Berry 2004).

Table 2. Biochemical data for SacKDGA and mutant V193A, determined at 50°C

SacKDGA!  SacKDGA-V193A'

Keat () 4.4(0.2) 15.7 (0.5)
Knaa) MM 2.1(0.3) 5.4 (0.5)
kcal/KM(GA) S_ll’l’ll\/[_1 2.1 2.9
Keat () 5.5(0.1) 15.0 (0.5)
Ky mM 0.8 (0) 5.4 (0.6)
Keat/Kntpyry 8 MM 7.0 2.8

"' values between brackets are standard deviations.
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Figure 5. Activity of purified SacKkDGA (white bars) and SacKDGA-V193A (grey bars) on different
(unnatural) aldehyde-substrates at 50°C. Activities were determined in 50 mM sodium phosphate
buffer (pH 6.0), 10 mM pyruvate and 20 mM aldehyde.

Kinetic characterization at 50°C of mutant and wild type SacKDGA

To study the effect of mutation V193A on catalysis, the kinetic reaction constants of
SacKDGA-V193A and wild type aldolase for condensation of pyruvate and D,L-
glyceraldehyde were determined at S0°C (Table 2). The turnover, K., of the mutant enzyme,
had increased 3 times. The Ky had increased as well, 3 times for glyceraldehyde and 5 times
for pyruvate, resulting in a similar catalytic efficiency value for mutant and wild type. The
kinetic constants confirm the validity of the high-throughput screen, which was performed

under saturating substrate conditions.

Substrate specificity of mutant and wild type SacKDGA

S. acidocaldarius KDGA is part of the Entner-Doudoroff pathway for degradation of glucose
(Selig et al. 1997) and probably galactose (Lamble et al. 2003) to pyruvate and
glyceraldehyde. The enzyme displays broad substrate specificity and can accept various non-
natural acceptors in the condensation reaction with pyruvate (Wolterink-van Loo et al. 2007).
Therefore, we investigated the effect of mutation V193 A on the condensation activity at 50°C
using pyruvate and alternative aldehyde acceptors (Fig. 5). Wild type and variant aldolases

were equally active on half of the tested acceptor substrates. Mutation V193A increased the
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activity at low-temperature activity for glyceraldehyde, the acceptor used in the screening,
and glycolaldehyde, but decreased the activity on D- and L-threose. Therefore, it seems that
the effect of V193 A on activity at low-temperatures is limited to smaller acceptor substrates
and the putatively increased mobility of the active site interferes with catalysis of some larger
substrates. As such, this study confirms the first law of directed evolution “You get what you
screen for” (Schmidt-Dannert and Arnold 1999).

Conclusions

In this study, the extremely thermostable Class I KDGA of S. acidocaldarius with optimal
activity at 95°C was successfully improved for catalysis at the sub-optimal temperature of
50°C to enhance its potential for use in one-pot synthesis reactions together with mesophilic
enzymes. Screening of 1500 variants resulted in isolation of a single variant SacKDGA-
V193A, which was three times more active than wild type SacKDGA for condensation of
pyruvate and glyceraldehyde. The mutation increased the activity specifically for the
screening substrates and did not affect the extreme thermostability of the enzyme. Despite the
relatively small size of the generated library, the chosen laboratory evolution approach has
proven to be an efficient strategy for improving the desired property into SacKDGA. To our
knowledge this is the first report on improving an aldolase for activity at sub-optimal

temperatures.
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Abstract

The 2-keto-3-deoxygluconate aldolases (KDGAs) isolated from Sulfolobus species reversibly
convert pyruvate and glyceraldehyde into 2-keto-3-deoxy-gluconate and -galactonate. Due to
their high thermostability and activity on non-phosphorylated substrates, KDGA enzymes
have potential as biocatalysts for the production of chiral building blocks for fine chemical
and pharmaceutical applications. Azido-functionalized aldehydes were applied as alternative
substrates in the KDGA reaction as an initial step towards the production of nitrogen
heterocycles. A method for determination of the stereoselectivity of the reaction between the
pyruvate donor and azido-substituted aldehyde acceptors catalyzed by KDGA was developed.
S. acidocaldarius (Sac) KDGA displayed higher stereoselectivity than S. solfataricus (Sso)
KDGA for all tested condensation reactions. In addition, the KDGA active site was optimized
for binding of the 4(S)-condensation product of pyruvate and 2-azidoacetaldehyde by
computational protein redesign. The predicted mutations in SacKDGA slightly changed the
stereoselectivity and significantly increased the relative specificity towards 2-

azidoacetaldehyde.
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Introduction
Stereochemically pure nitrogen heterocycles are important building blocks for fine chemicals
and pharmaceuticals. Via organic synthesis it is not trivial to synthesize optically pure
compounds and often several protection and deprotection steps are needed. Nitrogen
heterocycles are the basis of many pharmaceuticals such as the antihypertensive drug
omapatrilat (Patel 2001), the antihistamine agent astemizole (Brdse et al. 2002), and
antifungal agents such as anidulafungin and micafungin, which were launched recently
(Renslo 2007). Enzymes are generally stereo- and/or regioselective, do not require protected
substrates and catalyze reactions in a mild environment and are therefore potentially useful in
chemoenzymatic synthesis routes. For example, 2-deoxy-D-ribose 5-phosphate aldolase was
optimized for accepting chloroacetaldehyde and used to synthesize a precursor of statin drugs
(Jennewein et al. 2006). It is well known that azido groups are very versatile and can be easily
reduced to amino groups. So, the combined use of azido-functionalized aldehyde substrates
and stereoselective aldolases may yield a suitable route towards stereochemically pure
nitrogen heterocycles. Hence, the research described in this paper focuses on the
stereoselectivity and substrate specificity of aldolases towards azido-substituted aldehydes.
Aldolases constitute one of the few classes of biocatalysts that nature uses to enlarge
the carbon skeleton of molecules. The aldol reaction leads to the formation of a new C—C
bond, generating a hydroxylated product with a new stereogenic center. Aldolases are
enzymes that catalyze this asymmetric aldol reaction and are therefore interesting in bio-
organic synthesis (Bolt et al. 2008, Dean et al. 2007, Samland and Sprenger 2006, Sukumaran
and Hanefeld 2005). In this study, aldolases from the thermophilic archaea Sulfolobus
solfataricus and Sulfolobus acidocaldarius were used (Ahmed et al. 2005, Buchanan et al.
1999, Wolterink-van Loo et al. 2007). Their chemical and thermal stability, long shelf life,
specificity for non-phosphorylated (cheap) substrates, and their metal independent catalytic
mechanism are good traits for new and useful biocatalysts. The archaeal KDGA catalyzes the
reversible conversion of 2-keto-3-deoxygluconate (KDG) to pyruvate and glyceraldehyde
(Ga) in a modified Entner-Doudoroff pathway. As with most pyruvate-dependent aldolases,
KDGA is especially ‘relaxed’ towards its acceptor/aldehyde substrate (Lamble et al. 2007,
Wolterink-van Loo et al. 2007), which is an attractive feature for synthetic applications.
Moreover, S. solfataricus KDGA is characterized as a very promiscuous enzyme converting
D,L-KDG as well as D,L-2-keto-3-deoxygalactonate (D,L.-KDGal) (to pyruvate and D,L-Ga,
with an almost complete lack of stereoselectivity in the synthesis direction (Lamble et al.
2003, Theodossis et al. 2004). Stereoselectivity, however, can be induced by using a bulky
substrate analogue like glyceraldehyde acetonide (Lamble et al. 2005a). Alternatively,

improved stereoselectivity may be achieved via mutagenesis.
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Enzymes are designed to perform their functions in the cell, acting on their natural
substrates. In biotechnological applications, reaction conditions and substrates are often very
different from the natural situation, leading to (strongly) decreased activity (Reetz et al.
2001). Therefore optimization towards certain substrates (substrate specificity) and/or desired
products (product selectivity) is often required for their use in biotechnology. In the past
decades, several techniques have been developed to improve enzymes for their desired
function, as reviewed by Sen et al. (2007). Two different approaches for optimization can be
distinguished, namely random or rational methods. For random optimization, no a priori
knowledge about the protein is needed. Rational (nowadays mostly computational) design
requires extensive knowledge about the structure-function relationship of the enzyme. Using
rational design and site directed mutagenesis techniques, substrate specificity (DeSantis et al.
2003a, Joerger et al. 2003) as well as stereoselectivity (Scheib et al. 1998) can be targeted.

KDGAs from thermophilic archaea may find their application in the production of
stereochemically pure nitrogen heterocycles as building blocks for fine chemicals and
pharmaceuticals. Therefore, in this paper, the acceptance of different azidoaldehyde substrates
by two wild type KDGAs from S. solfataricus and S. acidocaldarius was studied. Subsequent
conversion of the enzymatic products to form nitrogen heterocycles simultaneously provided
a possibility to analyze the stereoselectivity of the aldolase reaction. The stereoselectivity of
the KDGAs in the condensation of D-glyceraldehyde and some azido-substituted aldehydes
with pyruvate was determined. Furthermore, an attempt was made to improve the
enantioselective formation of 5-azido-4(S)-hydroxy-2-oxopentanoic acid by computational
design of the KDGA active site. The 3D structures of S. solfataricus and S. acidocaldarius
KDGAs have been solved recently (Theodossis et al. 2004, Wolterink-van Loo et al. 2007),
with substrates and products bound in the active site, providing a good basis for a mutagenesis
approach. A structural explanation for the observed difference in stereoselectivity of
SsoKDGA and SacKDGA at C4 of the product is provided.

Experimental

Synthesis of azido-substituted aldehydes

2-Azidoacetaldehyde (2-Aa), 2-azidopropionaldehyde (2-Ap) and 3-azidopropionaldehyde (3-
Ap) were synthesized as follows. A threefold molar excess of NaN3 (>99% Fluka, Steinheim,
Germany) was added to 25 mmol bromoacetaldehyde dimethylacetal (97% Acros Organics,
Geel, Belgium), 2-chloropropionaldehyde dimethylacetal (>96% Fluka, Steinheim, Germany),
or 3-bromopropionaldehyde dimethylacetal (90% Aldrich, Steinheim, Germany) in 50 mL
DMSO. The solution was vigorously stirred for one day at 90°C for the bromo-substituted

acetals and three days at 130°C for the chloro-substituted acetal. The reaction mixture was
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allowed to cool and was transferred (while still warm) to a separatory funnel containing 50
mL H,O. The mixture was subsequently extracted 4 times with 50 mL Et,O. The combined
Et,0 layers were washed 2 times with 100 mL H,O and 2 times with 100 mL brine. The
organic layer containing the product was dried using Na,SO,. After removal of the drying
agent, Et,O was carefully evaporated at 30-40°C and 300-200 mbar to obtain the oily product.
Complete conversion of the reaction was confirmed by NMR analysis (Bruker 300 MHz
DPX300 NMR Spectrometer) and the yield of the product after extraction was 82% for 2-
azidoacetaldehyde dimethylacetal, 60% for 2-azidopropionaldehyde dimethylacetal, and
nearly 100% for 3-azidopropionaldehyde dimethylacetal. 'H-NMR of 2-azidoacetaldehyde
dimethylacetal (300 MHz, CDCls): 6 4.44 (t, 1H, J = 5.29 Hz); 6 3.39 (s, 6H); 6 3.23 (d, 2H, J
= 5.29 Hz). "C-NMR of 2-azidoacetaldehyde dimethylacetal (75 MHz, CDCls): & 103.1
(CH); & 54.2 (CH3); & 51.6 (CH,). "H-NMR of 2-azidopropionaldehyde dimethylacetal (300
MHz, CDCl3): 6 4.18 (d, 1H, J =5.79 Hz); & 3.51 (dq, 1H); & 3.47 (s, 3H); & 3.44 (s, 3H); o
1.22 (d, 3H, J = 6.72 Hz). PC-NMR of 2- azidopropionaldehyde dimethylacetal (75 MHz,
CDCl3): 8 106.9 (CH); & 58.1 (CH); & 55.3 (CH3); 8 55.0 (CH3); & 14.4 (CH3). "H-NMR of 3-
azidopropionaldehyde dimethylacetal (300 MHz, CDCls): 6 4.46 (t, 1H, J = 5.66 Hz); & 3.34
(t, 2H, J = 6.80 Hz); & 3.33 (s, 6H); & 1.85 (dt, 2H, J = 5.70 Hz, 6.81 Hz). C-NMR of 3-
azidopropionaldehyde dimethylacetal (75 MHz, CDCls): & 102.1 (CH); 6 53.3 (CHs); 6 47.3
(CHy); 6 32.1 (CHy).

2-Azidoacetaldehyde dimethylacetal, 2-azidopropionaldehyde dimethylacetal, 3-
azidopropionaldehyde dimethylacetal, and 3-azido-2-hydroxypropionaldehyde diethylacetal
(the latter was a gift from the University of Amsterdam, The Netherlands) were dissolved in
H,O up to a concentration of about 0.5-1 M and hydrolyzed with 0.1-0.2 eq HCI at
temperatures between 25-50°C to obtain the aldehyde. Hydrolysis was monitored by HPLC
(BioRad Aminex HPX-87P column 300 mm x 7.8 mm, 1 mL/min 9 mM H;SOy4, 20 uL inj.
vol., 210 nm det.) After completion each aldehyde solution was filtrated (Acrodisc® Syringe
Filters, Cornwall, UK) and stored at —20°C. The final concentration of the aldehyde substrate

was determined by "H-NMR using maleic acid as a standard.

Computational design of SacKDGA mutants

Redesign of the acceptor binding site of S. acidocaldarius KDGA was based on the structure
of SsoKDGA with a covalently bound D-KDG molecule in the active site (PDB: 1W3N,
(Theodossis et al. 2004)). All ligand and solvent molecules were deleted from 1W3N and
hydrogen atoms were added using the MolProbity server (Davis et al. 2007). The b-KDG
ligand of 1W3N was modified in Chem3D (CambridgeSoft, Cambridge, USA) to 5-azido-
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4(S)-hydroxy-2-oxopentanoic acid, one of the two condensation products of pyruvate and 2-
azidoacetaldehyde, and superimposed on the original D-KDG ligand using KiNG (Richardson
Lab, Duke University, Durham, NC, USA). The program Chameleon (L.L. Looger,
unpublished results) was used for the acceptor binding site redesign. Chameleon first
generated a KDGA structure in which manually selected, substrate-interacting residues were
replaced by alanines. Next, high-quality amino acid rotamers are tested one by one at each
position and their interactions with the surrounding protein and ligand are scored with a
Charmm?22 (MacKerell et al. 1998) potential function incorporated in Chameleon. Rotamers
are placed at each amino acid position, and those with an intrinsic interaction energy above a
user-set threshold are eliminated. The pairwise interaction energies are computed amongst the
remaining rotamers, and the resulting intrinsic and pairwise energies are used to determine the

global energy minimum via the Dead-End Elimination algorithms (Looger et al. 2003).

Construction of mutant Sulfolobus KDGAs

Single mutants of SacKDGA were made using the QuikChange mutagenesis procedure
(Stratagene, La Jolla, CA, USA) with pWUR193, containing the S. acidocaldarius kdgA gene
(Saci_0225; Genbank Identifier 70606067) in pET24d, (Wolterink-van Loo et al. 2007) as a
template and transformed to Escherichia coli DHSa. For mutant 1 (Y131F), primers BG2237
and BG2238 were used (Table 1). Mutant 2 (S195M) was constructed with primers BG2239
and BG2240. Primers BG2241 and BG2242 were used for mutant 3 (S238L). Mutant
constructs were verified for their mutations by sequence analysis. Double and triple mutants
were made using QuikChange on the single mutants, introducing a second and third mutation.
The plasmids containing the mutant KDGA genes are named pWUR341-347 (encoding

mutants 1-7 respectively).

Table 1 — Primers used for construction of SacKDGA mutants.

Primer Sequence

BG2237 5-TCTCTCTATATATACAACTTCCCTGCAGCCACTGGTTACG-3
BG2238 5-CGTAACCAGTGGCTGCAGGGAAGTTGTATATATAGAGAGA-3
BG2239 5-TTAGATGGAGTGGTTGCAATGTTTACGAACTTCATACCTG-3’
BG2240 5-CAGGTATGAAGTTCGTAAACATTGCAACCACTCCATCTAAAG-3’
BG2241 5-CATACTGAGAAAATACGGTCTGATCTCAGCAATTTATGTG-3’
BG2242 5-CACATAAATTGCTGAGATCAGACCGTATTTTCTCAGTATG-3
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Production and purification of Sulfolobus KDGASs

Plasmids pWURI122, containing the S. solfataricus kdgA gene (Ahmed et al. 2005),
pWURI193 and pWUR341-347 were transformed to E. coli BL21(DE3) cells. From each
transformation, a single colony was used to inoculate 3 mL of Luria-Bertani medium
supplemented with 50 pg/mL kanamycin and incubated overnight at 37°C while shaking.
Next, 1 mL of this preculture was used to inoculate 1 liter of Luria-Bertani medium
containing 50 pg/mL kanamycin in 2 liter conical flasks and incubated in a rotary shaker at
37°C for 4 hours. The culture was then induced by adding isopropyl-B-D-
thiogalactopyranoside (IPTG) to a final concentration of 0.1 mM (0.3 mM for pWUR122) and
growth was continued overnight. The cells were harvested by centrifugation (3,800g, 10 min),
resuspended in 20 mL 50 mM HEPES pH 7 with 20 mM KCl, and lysed by three passages
through a French press (SLM, Aminco, USA) at 110 MPa. After centrifugation (27,000g, 20
min) the cell free extract (CFE), containing soluble proteins, was incubated at 75°C for 20
min. This was centrifuged (27,0009, 20 min) to obtain the heat stable cell free extract
(HSCFE). The enzyme purity was checked by SDS-PAGE (Figure 1), staining the proteins
with Coomassie Brilliant Blue. The extract containing SsoKDGA was additionally incubated
at 78°C for 20 min to lose more E. coli proteins in this step. Aldolase made up ~90% of
HSCFE, except for mutant 6. For kinetic analysis, the obtained HSCFEs were purified further
using anion-exchange chromatography (Q-sepharose column 46 mL, equilibrated with 3
mL/min 20 mM Tris-HCI pH 8.5, proteins eluted with 0-1 M NaCl gradient). Enzymes elute
at approximately 0.30 M NaCl. Protein concentrations were determined with the Bradford
method (BioRad, Hercules, CA, USA) and were found to be 11.2 + 0.07 mg/mL for
SsoKDGA and 5.50 + 0.35 mg/mL for SacKDGA.

Figure 1. SDS-PAGE of whole cells, cell
free extract (CFE) and heat stable cell
free extract (HSCFE) of SacKDGA wild
type (wt) and its mutants 1-7 along with a
molecular weight marker (m).
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Conversion of the KDGA reaction followed by HPLC

HSCFEs or purified enzymes of different KDGAs were prepared as described above. One unit
of KDGA, with respect to the reaction between pyruvate and 2-Aa at 50°C as determined by
the LDH assay (Wolterink-van Loo et al. 2007), per mL reaction mixture, was added to a
mixture of substrates pyruvate and aldehyde in buffer at 50°C, to initiate the reaction. After
addition of the enzyme, the initial concentrations of the substrates were 100 mM pyruvate
(>99% Sigma, Steinheim, Germany) and 100 mM aldehyde in 100 mM NaPi pH 6.0. Because
Kwm values for pyruvate and Ga are far lower than 100 mM (Wolterink-van Loo et al. 2007),
the reaction rate is expected not to be substrate-limited under these conditions. The reactions
were incubated at 50°C, while gently shaken for several hours to reach equilibrium. For
kinetic experiments, samples of 0.5 mL were drawn at different points in time to follow the
reaction. Each sample was frozen in liquid nitrogen to stop the reaction immediately, and
stored at —20°C. The enzyme was removed by filtrating the samples at 13,0009 for 1.5 hours
at 4°C using centrifugal filters with a molecular weight cut-off of 10 kDa (Millipore
Microcon®, Bedford, USA). A small amount of each sample was diluted 6 times prior to
HPLC analysis (BioRad Aminex HPX-87P column 300 mm x 7.8 mm, 1 mL/min 9 mM
H;SO4, 20 pL inj. vol.,, 210 nm det.) and a calibration series was used to quantify the

unreacted pyruvate. The remainder of each sample was stored at —20°C for further analysis.

HooC CHs N KDGA HooC .
+ O/\/ ] [\]3
| 50°C |
@] @]

OH
pyruvate 2-azidoacetaldehyde 5-azido-4-hydroxy-2-oxopentanoic acid
N, Zn/NH,CI
HOOC /N HZO
Zn/NH CI '_Q HOOC .
- . WNHQ
OH OH O OH
4-hydroxyproline 2-carboxy-4-hydroxy-1-pyrroline

Figure 2. KDGA-catalyzed aldol condensation illustrated for the reaction between pyruvate and 2-
azidoacetaldehyde and the subsequent reduction, after termination of the enzymatic reaction, of the
azido group using Zn and NH,CI to form 4-hydroxyproline. Similar reduction products are formed when
2-Ap and 3-Ap are used as a substrate.
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Stereoselectivity of the KDGA reaction determined via GC-MS

Since direct resolution of the product enantiomers using an enantioselective HPLC column
(Phenomenex Chirex 3011 column 250 mm x 4.6 mm or ChromTech Chiral-AGP column 100
mm x 4.0 mm) was unsuccessful, an alternative approach was set up. After termination of the
enzymatic reaction, the azido group of the product of the KDGA reaction was reduced using
Zn/NH4Cl (Lin et al. 2002) to obtain, in case 2-Aa was used as a substrate, eventually 4-
hydroxyproline (Figure 2). The advantage of this approach is the formation of a natural
compound of which 3 out of 4 stereoisomers are commercially available. A suspension of the
reducing agent containing 44 mM Zn powder and 78 mM NH4Cl in H,O was freshly
prepared. To 200 pL of filtrated KDGA reaction mixture, 1 mL of this reducing reagent was
added. The mixture was incubated overnight at 50°C while vigorously shaken to avoid
aggregation of Zn. Then the Zn was precipitated by a short centrifugation step and the
supernatant was analyzed by HPLC (BioRad Aminex HPX-87P column 300 mm x 7.8 mm, 1
mL/min 9 mM H,SO4, 20 pL inj. vol., 210 nm det.) along with a calibration series to quantify
the remaining pyruvate in each sample. HPLC analysis showed that the reduction of 5-azido-
4-hydroxy-2-oxopentanoic acid (rt = 5.92 min) and the remaining 2-Aa (rt = 8.75 min) was
nearly 100%, which allows proper quantification of the unreacted pyruvate (rt = 6.07 min) in
case 2-Aa was used as a substrate. The presence of 2-carboxy-4-hydroxy-1-pyrroline (rt =
26.4 min) as an intermediate was confirmed based on its UV absorbance of the C=N bond
(Amax = 265 nm) and molecular mass (Mm/z = 112 = 129 [M] + 1 — 18) determined via LC-MS
analysis (BioRad Aminex HPX-87P column 300 mm x 7.8 mm, 1 mL/min 0.5 mL/L TFA, 20
uL inj. vol., source voltage 5 eV +ESI, Thermo Finnigan LCQ Classic, San Jose, USA).
Although this imine was not completely reduced to 4-hydroxyproline, both enantiomers will
be reduced equally and an ee value for the KDGA reaction can be derived from the relative
abundance of each stereoisomer of 4-hydroxyproline. To that end, the remainder of the
supernatant was lyophilized to remove H,O completely. Derivatization of 4-hydroxyproline
present in the sample was performed according to a standard procedure for GC resolution of
amino acid enantiomers (Gerard et al. 1997). The residue, or a small amount of trans-4-
hydroxy-L-proline, cis-4-hydroxy-D-proline, Cis-4-hydroxy-L-proline (>99% Sigma-Aldrich,
Steinheim, Germany), or an equimolar mixture of these standards, was dissolved in 300 uL i-
PrOH saturated with HCI (g). The vial was sealed tightly and esterification of the carboxyl
group was accomplished at 110°C during 45 min. Then the sample was reduced to dryness
using a N, (g) flow. The residue was dissolved in 300 pL. CH,Cl, and 100 pL
pentafluoropropionic anhydride (Supelco, Bellefonte, USA) was added. The vial was sealed
and heated to 110°C for 15 min. Excess of reagent was removed under a flow of N, (g) and

the derivatized sample was dissolved in 100 uL. CH,Cl, for GC-MS analysis (Alltech Heliflex
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Chirasil-Val column 25 m x 0.25 mm, 1 mL/min, 3 pL inj. vol., 75°C isotherm). Mass
spectrum of 4-hydroxyproline derivative m/z: 319 [M]" (0), 301 (<1), 276 (1), 260 (2), 214
(100), 119 (15), 67 (14), 43 (10). Analysis of derivatized 4-hydroxyproline stereoisomers was
performed in single ion mode (SIM) detection of the most abundant ion at m/z 214 and for the
4-hydroxy-5-methylproline and 2-carboxy-4-hydroxypiperidine derivatives, both resulting
from the azidopropionaldehyde substrates, SIM detection was set at m/z 228. From the
abundance of each 4-hydroxyproline stereoisomer the ratio between the enzymatic products 5-
azido-4(S)-hydroxy-2-oxopentanoic acid and 5-azido-4(R)-hydroxy-2-oxopentanoic acid was
calculated via S/R = (trans-D + cis-L)/(trans-L + cis-D) with a corresponding ee = |(S - R)/(S +
R)| x 100%. The stereoselectivity of KDGA reactions using other azidoaldehyde substrates

was computed in a similar manner.

'H-NMR analysis of the KDGA reaction

Alternatively to HPLC, the KDGA reaction was monitored directly by "H-NMR (Bruker 400
MHz DPX400 NMR Spectrometer). Apart from 10% DO in the reaction mixture, all reaction
conditions were the same. The rate of conversion was not affected by the presence of 10%
D,0. The concentration of total product of each KDGA reaction was deduced from the ratio
between signals of the methyl protons (6 2.51 (s, 3H)) of pyruvate and the protons at C3 (9
3.13 (m, 2H)) of the product (Figure 6A). Besides its direct nature, another advantage of this
approach is that not only the conversion but also the diastereomeric excess can be calculated
instantly. When 2-Ap was used as a substrate, the concentration of one diastereomer of 5-
azido-4-hydroxy-2-oxoheptanoic acid (DS1) was determined from the isolated signal of a
single proton at C5 (6 3.80 (m, 1H)) in relation to the total of signals of this proton and
corresponding protons of DS2 (& 3.73 (m, 1H)) and 2-Ap (0 3.69 (m, 1H)). Similarly, the
concentration of the other diastereomer of 5-azido-4-hydroxy-2-oxoheptanoic acid (DS2) was
determined independently, from the signal of its methyl protons (6 1.44 (d, 3H)) in relation to
the total of methyl protons from DS1 (6 1.40 (d, 3H)), DS2, and 2-Ap (6 1.38 (d, 3H)).

Addition of the concentrations of DS1 and DS2 equals the concentration of total product.

Results and discussion

Substrate specificity of Sulfolobus KDGAs towards azido-containing aldehydes

To broaden the scope of KDGAs for biosynthetic applications, reactions with different azido-
functionalized aldehydes were studied. The azido-substituted aldehydes were readily accepted
as substrates by KDGAs from Sulfolobus solfataricus and Sulfolobus acidocaldarius. This

activity was not surprising as KDGAs are reported to have a broad substrate specificity
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(Lamble et al. 2007, Wolterink-van Loo et al. 2007). The specific activity of S.
acidocaldarius KDGA (SacKDGA) is generally higher than that of S. solfataricus KDGA
(SsoKDGA), especially considering the azido-substituted aldehyde substrates (Table 2). For
2-Aa, the simplest azido-substituted aldehyde used in this study, a significant higher activity
was observed for both wild type KDGAs in comparison to their natural substrate D-Ga. It was
demonstrated previously that each KDGA shows a similar activity towards glycolaldehyde
and DL-Ga (Wolterink-van Loo et al. 2007), suggesting that the —N3 group of 2-Aa is more
suitably accomodated in the KDGA active site than the OH-group of glycolaldehyde.

Table 2. Specific Activity (A) and stereoselectivity of SSOKDGA and SacKDGA using azido-
substituted aldehyde substrates. Enantiomeric excess (ee) or diastereomeric excess (de), with
respect to a 4(S)-configuration of the enzymatically formed product, were determined after 1
hour of reaction.

SsoKDGA SacKDGA
Aldehyde acceptor
A (U/mg) ee or de (%) A (U/mg) ee or de (%)

2-Aa N 877 0.1 487 + 4.1 54.1+0.7 85.1+3.4
O/\/
2-Ap Nj 135+049  776+05% 21.7+499 973 + 03"
O/\’r 89.4 + 3.10 90.4 + 4.6"
CHg
3-Ap N 597 +0.3 415+ 28 249+16 51.3+3.6
o~ Ns
3-Ahp 1.06+0.5 n.d. 7.70£0.7 n.d.
o” % N
OH
D-Ga 498+04 16.6+1.04 136+24 64.7 + 4.6
07" OH
OH

[a] Determined for enantiomer E1 of 2-Ap

[b] Determined for enantiomer E2 of 2-Ap

[c] Total conversion of enantiomers E1 and E2 of 2-Ap
[d] Determined by HPLC
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The azido group is a very polar group that can be described by resonance structures of which
an important one is R-N=N'=N". The partial negative charge at the terminal nitrogen may
have favorable interactions with R237 and R106 in SsoKDGA and R234 and R105 in
SacKDGA, similar to the phosphate group in 2-keto-3-deoxy-6-phosphogluconate
(Wolterink-van Loo et al. 2007). Introduction of a methyl group adjacent to the —Nj3 function
lowered the activity of KDGA (Table 2), as was observed for the reaction with racemic 2-Ap.
This is most likely due to an increased steric hindrance at C2 of the aldehyde substrate.
Elongation of the carbon chain of 2-Aa into 3-Ap also resulted in a lower activity for both
wild type KDGAs. Probably the —N3 function of 3-Ap tends to stick out more to the outside of
the hydrophilic binding pocket rendering less possible interactions that are favorable for
binding. Nevertheless, 3-Ap is a good substrate and is converted by SsoKDGA and
SacKDGA with a rate comparable to that of D-glyceraldehyde. Introduction of a hydroxyl
group at C2 of 3-Ap yielding 3-azido-2-hydroxypropionaldehyde (3-Ahp), lowered the
KDGA reaction rate. This was unexpected since the hydroxy-group at C2 (i.e. C5 of KDGA
product) seemed to be of importance for substrate binding (Wolterink-van Loo et al. 2007).
The favorable interactions of this hydroxy-group within the active site are either insignificant
in presence of the more polar azido group or are counteracted by an accompanied increase in

steric hindrance.

Enantioselectivity of Sulfolobus KDGA reactions with 2-Aa

The KDGA-catalyzed condensation of pyruvate with 2-Aa or 3-Ap yields enantiomeric
products instead of diastereomers as occurs with D-Ga. Direct resolution and establishment of
the absolute configuration of enantiomers is usually a difficult task in organic chemistry. In
view of the production of enantiopure nitrogen heterocycles, the azido group of the
enzymatically formed products was reduced to a primary amine that subsequently cyclizes to
form a nitrogen-containing heterocyclic compound (Figure 2). Chiral resolution of such
amino acid enantiomers allows determination of the stereoselectivity of the KDGA-catalyzed
condensation between pyruvate and azidoaldehydes. In case of 2-Aa, the heterocyclic product
is 4-hydroxyproline. Three out of four stereo-isomers of 4-hydroxyproline are commercially
available, enabling accurate determination of the stereochemical course of the reaction. The
relative abundance of 4-hydroxyproline stereoisomers was used to determine the absolute
configuration of the major product formed in the KDGA reaction (Figure 3A). Surprisingly,
both wild type enzymes, especially SacKDGA, show a selectivity towards the product
enantiomer with the S-configuration at C4, i.e. 5-azido-4(S)-hydroxy-2-oxopentanoic acid.
When the enantiomeric excess (e€) was determined as a function of reaction time (Figure 4), a
maximum ee of 59% for SsoKDGA and even 87% for SacKDGA was observed (Table 4).
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This was unexpected, since a lack of stereocontrol for the natural reaction between pyruvate
and D-GA catalyzed by SsoKDGA was reported (Lamble et al. 2003, Theodossis et al. 2004).
Although an increased stereoselectivity of SSOKDGA has been observed previously by the use
of alternative aldehydes such as glyceraldehyde acetonide (Lamble et al. 2005a) and L-threose
(Lamble et al. 2007), SacKDGA seems to be more stercoselective than SsoKDGA and
displays stereocontrol in the natural reaction as well (Table 2). SacKDGA shows a
diastereomeric excess (de) of 65% for D-KDG, while SsoKDGA shows only a slight
preference for D-KDG with a de of 17%, which is in agreement with literature data (Lamble et
al. 2003, Lamble et al. 2007).

Table 3. Specific activity of SacKDGA mutants on D-Ga and 2-Aa in U/mg.

Construct Mutations D-Ga activity 2-Aa activity 2-Aa/D-Ga
pWUR 122! SsoKDGA 4.50 16.3 3.6
pWUR193% SacKDGA 8.27 51.0 6.2
pWUR341™" 1. Y131F 9.09 50.5 5.6
pWUR342"! 2. S195M 0.36 6.21 17
pWUR343" 3.S238L 3.43 22.3 6.5
pWUR344! 4. Y131F + S195M 0 7.95 ©
pWUR345!" 5. Y131F + S238L 2.15 12.0 5.6
pWUR346!™ 6. S195M + S238L 0.17 2.84 17
pWUR347! 7.Y131F + S195M + S238L 0 11.1 e
[a] Purified enzymes

[b] HSCFE

Table 4. Maximum conversion and enantioselectivity of different KDGA-catalyzed aldol
condensations between pyruvate and 2-Aa.

KDGA Cmax (MM or %) €€max (%) Vo(S)Vo(R)
Sulfolobus solfataricus

Wild type 73+1.8 59 17.0
Sulfolobus acidocaldarius

Wild type 67 £1.1 87 80.2
Mutant 1 76 £2.2 89 117.0
Mutant 7 63 +0.7 89 224
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Figure 4 — Enantioselective formation of 5-azido-4-hydroxy-2-oxopentanoic acid from pyruvate and 2-
Aa using different KDGAs. (A) Concentration of total product (®), 5-azido-4(S)-hydroxy-2-oxopentanoic
acid (@) and 5-azido-4(R)-hydroxy-2-oxopentanoic acid (O) as a function of reaction time. (B)
Enantiomeric excess with respect to the S-enantiomer of the product as a function of reaction time, for
SsoKDGA wild type (a), SacKDGA wild type (m), SacKDGA mutant 1 (@), and SackKkDGA mutant 7 (O).
(C) Schematic presentation of the equilibrium between between the substrates pyruvate and 2-Aa and
both product enantiomers, catalyzed by KDGA.
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KDGA-mediated racemization of 5-azido-4(S)-hydroxy-2-oxopentanoic acid

The ee of the 5-azido-4(S)-hydroxy-2-oxopentanoic acid product reaches a maximum after
some time but then slowly decreases to zero (Figure 4B). Theoretically, one would expect an
ee of 100% at time zero of the reaction, but this was not observed. This may be explained by
the detection limit of the method at low product concentrations at the beginning of the
reaction. The racemization process is explained as follows (Figure 4C). KDGA shows
enantioselectivity towards the 4(S)-product and, therefore, at the beginning of the reaction 5-
azido-4(S)-hydroxy-2-oxopentanoic acid is formed at a high rate (i.e. ks > kg). The rate of the
reverse reaction 4(S)-product — pyruvate + 2-Aa is negligible, because the product
concentration is still too low. After several minutes a kinetically controlled maximum ee of
nearly 90% is reached, and now a sufficient amount of 4(S)-product has been formed for the
reverse reaction to play a role. In the meanwhile some 4(R)-product is produced and since the
formation of this 4(R)-product is relatively slow, the reverse reaction 4(R)-product —
pyruvate + 2-Aa is slow as well. Eventually, after several hours, a thermodynamic equilibrium
is reached yielding a 1 : 1 mixture of 4(S)- and 4(R)-product. A maximum conversion (total
product in equilibrium) between 60-80% was obtained under the reaction conditions used. In
absence of KDGA, the ee of the product remains constant (not shown). Therefore,
racemization only takes place via the KDGA-catalyzed equilibrium. It remains to be
determined if such enzyme-mediated racemization eventually, after longer periods of

incubation, occurs with the reaction of SacKDGA and its natural substrates pyruvate and D-

Ga as well.

Figure 5. Superposition of 4 D-KDG molecules from individual SSoKDGA monomers (PDB: 1W3N) (A)
and 4 b-KDGal molecules from SsoKDGA (PDB: 1W3T) (B) on chain A of SacKkDGA (PDB: 2NUX). D-
KDG, p-KDGal, catalytic residue L153 and S195 are shown in stick representation. Dashed lines
indicate distances between C5-OH of D-KDG or C6-OH of D-KDGal and S195-OH. Pictures were
generated using PyMol (DeLano 2002).
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Structural basis for the diastereoselectivity of SacKDGA in the natural reaction

3D structures of SsoKDGA (Theodossis et al. 2004) and SacKDGA (Wolterink-van Loo et al.
2007) were determined previously in complex with various ligands, which enabled searching
for features that could explain the difference in stereoselectivity between the two aldolases.
Superposition of the available monomers in the deposited structures showed that the side
chains of amino acid residues at the acceptor binding site adopt virtually identical
conformations in the two enzymes. The active sites are identical, except for SSOKDGA A198,
which is S195 in SacKDGA. The ability of SacKDGA to form an extra hydrogen bond with
the substrate through the hydroxyl group of the serine side chain may explain why SacKDGA
is more stereoselective than SsoKDGA. SsoKDGA has been crystallized in complex with
both D-KDG and D-KDGal (Theodossis et al. 2004). The asymmetric unit of the crystal lattice
contains the four subunits of the homotetramer. The D-KDG molecules in each of the
monomers adopt similar conformations (Figure 5A). The C5-OH of D-KDG is about 4A from
SacKDGA S195, when SsoKDGA and SacKDGA are superimposed. D-KDG and S195 could
interact directly when the side chain of S195 adopts a different conformation or possibly
through a water molecule. The conformations of the D-KDGal molecules are less uniform
than the D-KDG molecules and the C6—OHs of only two of the four molecules come within 4
A of S195 (Figure 5B). In SsoKDGA the conformational differences of the D-KDGal
molecules would not necessarily have an effect on binding. In SacKDGA, however,
conformations with the C5—OH in proximity to S195 are possibly bound more tightly than in
SsoKDGA. This could explain SacKDGA'’s preference for the formation of D-KDG over D-
KDGal.

Stereoselectivity of Sulfolobus KDGA reactions with azidopropionaldehydes

To determine the stereoselectivity of the KDGA-catalyzed condensation between pyruvate
and the azidopropionaldehyde substrates, some assumptions had to be made. First of all, it is
assumed that the major stereoisomer produced by KDGA has a 4(S)-configuration, regardless
the aldehyde acceptor used. So far, this stereopreference has been confirmed for
glyceraldehyde acetonide (Lamble et al. 2005a), L-threose (and to a lesser extent D-Ga)
(Lamble et al. 2007), and also 2-Aa in this study (Table 2). In addition, a significant
preference of KDGAs for a 4(R)-configuration in the condensation product has never been
reported. Secondly, as was observed for the 4-hydroxyproline stereoisomers (Figure 3A), it is
assumed that the trans-isomers of the nitrogen heterocycles, considering the relative
orientation of the carboxyl and hydroxyl group on the ring, elute before the cis-isomers from

the GC column.
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Pyruvate and 3-Ap were converted to 6-azido-4-hydroxy-2-oxoheptanoic acid, which
eventually, after reduction with Zn/NH4Cl, led to the formation of 2-carboxy-4-
hydroxypiperidine. The 4 stereoisomers of this compound showed a similar GC-MS elution
pattern as 4-hydroxyproline (Figure 3C). Based on this and the assumptions described above,
structural assignments of the 2-carboxy-4-hydroxypiperidine peaks were made analogously to
the peaks of 4-hydroxyproline. The enantioselectivity of the enzymatic reaction using 3-Ap
was decreased compared to 2-Aa (Table 2). The stereoselectivity of the KDGA reactions with
3-Ahp as a substrate could not be determined via the present method, due to cyclization of the
product isomers into furanose forms.

When studying the condensation of pyruvate and 2-Ap, assignment of the 4-hydroxy-
5-methylproline peaks was complicated by the presence of an additional stereocenter. Both
enantiomers, referred to as E1 and E2, of racemic 2-Ap were converted by KDGA to form 4
stereoisomers of 5-azido-4-hydroxy-2-oxoheptanoic acid and these eventually resulted in 8
stereoisomers of 4-hydroxy-5-methylproline (Figure 3B). The 4 largest peaks in the GC-MS
chromatogram most probably originate from 5-azido-4(S)-hydroxy-2-oxoheptanoic acid, 2
originating from enantiomer E1 and 2 originating from enantiomer E2 of 2-Ap. The smaller,
accompanying peaks are their mirror images and, hence, originate from 5-azido-4(R)-
hydroxy-2-oxoheptanoic acid. By comparison of the chromatograms of SsoKDGA and
SacKDGA (Figure 3B), it can be concluded that the two inner, largest peaks originate from
one enantiomer E1 of 2-Ap and that the two outer peaks must come from the other enantiomer
E2 of 2-Ap. The ratio of conversion after 1 hour between E1 and E2 for SsoKDGA appeared
to be (E1/E2) = 1.5 £ 0.2 and for SacKDGA (E1/E2) = 4.1 + 0.2, indicating a higher substrate
enantioselectivity for SacKDGA. With the assignment of the 4-hydroxy-5-methylproline
peaks, a de for ecach enantiomer of 2-Ap was calculated (Table 2). For 2-Ap, the
stereoselectivity of the KDGA reaction was significantly increased compared to 2-Aa,
probably due to the increased steric hindrance next to the aldehyde function. For SsoKDGA,
the maximum de’s for the two enantiomers El1 and E2 of 2-Ap were 78% and 89%,

respectively. For SacKDGA these were even higher, namely 97% and 90%.
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Figure 6. Enzymatic activity of SsoKDGA and SacKDGA, using 2-Aa (A) or 2-Ap (B) as a substrate,
monitored directly by 'H-NMR. Concentration of pyruvate (<), total product (@), DS1 (@), and DS2 (©)
are given as a function of reaction time. Specific activities determined by NMR are 8.68 U/mg (Crax =
72 1+ 0.7%) for SsoKDGA with 2-Aa, 4.68 U/mg (Cmax = 58 * 0.9%) for SsoKDGA with 2-Ap, and 27.5
U/mg (Cmax = 55 £ 0.5%) for SacKDGA with 2-Ap.

'H-NMR analysis of SSOKDGA and SacKDGA reactions with 2-Ap

In order to get more insight in the difference between SsoKDGA and SacKDGA catalyzed
conversion of pyruvate and 2-Ap, the reactions were followed by NMR (Figure 6). To
validate this approach, the KDGA reaction using 2-Aa was analyzed prior to the reaction with
2-Ap. For the conversion of 2-Aa by SsoKDGA, the same results regarding specific activity
and position of equilibrium was obtained as with HPLC and GC-MS (compare Tables 2 and 4
with Figure 6). A major advantage of this NMR approach is the fact that the enzymatic
reaction can be directly monitored without subsequent derivatization. Other advantages are
the short experimental time and the more accurate results due to its direct nature. A
disadvantage of NMR is that the enantioselectivity of the KDGA reaction cannot be
determined, since it is not possible to distinguish between enantiomers. It is, however,

possible to distinguish between diastereomers and the difference in the diastereoselectivity of
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SsoKDGA and SacKDGA using 2-Ap as a substrate is nicely demonstrated via NMR (Figure
6). Initially, as described above, the majority of the product formed has a 4(S)-configuration.
Therefore, the substrate specificity, expressed as Vo(DS1)/Vo(DS2), wherein Vo(DS1) is the
initial speed of formation of the 4(S)-product of E1 and vo(DS2) of the 4(S)-product of E2 of
2-Ap, is 1.4 for SsoOKDGA and 5.3 for SacKDGA. These numbers agree well with the E1/E2
conversion ratios, 1.5 and 4.1 respectively, determined by GC-MS after 1 hour of reaction.
These results suggest that SacKDGA is not only more stereoselective towards the 4(S)-
product, but also represents a higher substrate specificity whilst SsoKDGA hardly
distinguishes between both enantiomers of 2-Ap. Although it is the preferred product formed
in the KDGA reaction, especially when using SacKDGA, DS1 appears to be
thermodynamically less stable than DS2, since it is present in a lower concentration in
equilibrium. Despite this knowledge, the absolute stereochemistry of the major product of the

KDGA reaction between pyruvate and 2-Ap remains undetermined.

J Ser195 Thr155 é Ser195 Thr155

5-(R)-Ap \ 5{S)-Ap || 6-(S)-Ah

\
¢ J ¢ F ¢

Figure 7. Condensation products of pyruvate and 2-Aa, 5-azido-4(R)-hydroxy-2-oxopentanoic acid (A)
and 5-azido-4(S)-hydroxy-2-oxopentanoic acid (B), and the preferred condensation product of
pyruvate and 3-Ap, 6-azido-4(S)-hydroxy-2-oxoheptanoic acid (C), modeled in the active site of
SacKDGA complexed with pyruvate (PDB: 2NUY). Residues within 4 A of the product are shown in
stick representation. Dashed lines indicate the putative hydrogen bonds between the C4—OH of 5-
azido-4-hydroxy-2-oxopentanoic acid and T155 and Y129. The acceptor-derived moieties were built
and energy minimized using MOE software (Chemical Computing Group Inc, Montreal, Canada).
Pictures were generated using PyMol (DeLano 2002).

Thr155

Structural basis for the stereoselectivity of KDGAs with azido-substituted aldehydes

Both SsoKDGA and SacKDGA are more stereoselective for the condensation with 2-Aa than
with D-Ga. The two possible products of the condensation of pyruvate and 2-Aa were
modeled in the active site of SacKDGA, which resulted in very similar conformations for

these enantiomers. The C4-OH of 5-azido-4(R)-hydroxy-2-oxopentanoic acid is within
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hydrogen-bonding distance of the hydroxy-group of T155, while that of 5-azido-4(S)-
hydroxy-2-oxopentanoic acid is within hydrogen-bonding distance of both the T155 hydroxy-
group and that of Y129 (Figure 7). In contrast to D-KDG and D-KDGal, the acceptor moiety
of the product does not appear to form more hydrogen bonds that could account for an equal
stabilization of both product sterecoisomers (Theodossis et al. 2004). Thus, the 4(S)-
enantiomer is the preferred product of this condensation, because its C4-OH has more
hydrogen bond interactions with the enzyme than that of the 4(R)-enantiomer. The distance
between the side chain hydroxy-group of Ser195 in SacKDGA and the azido group of the
product is close enough (3 A) for a hydrogen bond, which is an explanation for the higher
stereoselectivity of SacKDGA than SsoKDGA in the condensation of pyruvate and 2-Aa.

The product with 2-Ap is very similar to that with 2-Aa and the methyl groups of
either diastereomer can be accomodated with minimal changes in conformation. The methyl
groups aid in orientation of the acceptor, resulting in an increased stereoselectivity for both
aldolases. The product of the coupling of pyruvate with 3-Ap is longer than that with 2-Aa,
but does not have more interactions (Figure 7C), resulting in weaker binding of the ligand.
The distance between the side chain hydroxy-group of Ser195 in SacKDGA and the azido
group of the 3-Ap product is too large (>4 A) for a hydrogen bond. Thus, weaker binding of
the acceptor and inability to form a hydrogen bond with S195 explain the reduced activity and
enantioselectivity observed for the condensation of pyruvate with 3-Ap compared to that with
2-Aa.

Optimization of SacKDGA towards 5-azido-4(S)-hydroxy-2-oxopentanoic acid

SacKDGA is relatively enantioselective in the condensation of pyruvate and 2-Aa (€€ =
87%). However, the possibility to improve this enantioselectivity even further through protein
engineering of SacKDGA was explored. Laboratory evolution of enzymes has been
successfully applied for improving aldolase substrate specificity and stereoselectivity (Bolt et
al. 2008). Successful strategies for laboratory evolution of enzymes depend on the efficiency
of an assay to screen the numerous random variants in a typical enzyme library. The analysis
of the reaction products of the coupling of pyruvate and 2-Aa does not fall in that category
since no high throughput screening method is available. When detailed structure-function
information is available, engineering of substrate specificity can be approached by in silico
optimization of the catalysis-compatible interactions between the desired ligand and protein.
This approach was chosen and resulted in a set of 7 variants, that are analysed with the
available (elaborate) activity assay to determine the products in the KDGA-catalyzed

condensation of pyruvate and 2-Aa.
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The kinetically favored product for the KDGA-catalyzed condensation of pyruvate and
2-Aa is 5-azido-4(S)-hydroxy-2-oxopentanoic acid, which was modeled into the active site of
KDGA. SsoKDGA was used for the modeling and design procedure, because structures with
condensation products bound in the active site were available (PDB: 1W3N and 1W3T). The
bound D-KDG molecule was replaced by 5-azido-4(S)-hydroxy-2-oxopentanoic acid in silico.
By visual inspection, Y132, A198, and S241 were found to be close to the new acceptor
molecule and selected to be targeted in the protein-redesign procedure. By selecting target
residues that were in close proximity of the newly introduced acceptor part of the product, but
that did not interact directly with the catalytic residue, we expected to minimize the effects of
the introduced mutations on the catalytic machinery of the enzyme. The highest ranked
designs (see Experimental section) had the substitutions Y132F, A198M, and S241L (Figure
8). As the structures of SSOKDGA and SacKDGA are virtually identical, especially around the
conserved active site, the mutations were made in SacKDGA, as this enzyme has a higher
specific activity and selectivity (Table 2). The corresponding substitutions Y131F, S195M,
and S238L were introduced into SacKDGA and all possible combinations were constructed

resulting in 3 single mutants, 3 double mutants and 1 triple SacKDGA mutant (Table 3).

Figure 8. Superposition of SsoKDGA
wild type complexed with D-KDG
(PDB: 1TW3N) (light gray) with highest
ranked design with 5-azido-4(S)-
hydroxy-2-oxopentanoic acid (dark
grey). Pictures were generated using
PyMol (DeLano 2002).
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Activity and enantioselectivity of the SacKDGA mutants

The SacKDGA mutants were expressed and purified together with the wild type enzyme. The
different stages of purification were monitored by SDS-PAGE (Figure 1). Mutants 6 and 7
were initially produced in inclusion bodies. Both mutants have in common that the serine
residues at positions 195 and 238 are replaced by more apolar residues. The residues are
located in the active site and not involved in inter-subunit contacts. It seems therefore that the
apolar residues at these positions may affect protein folding, which was supported by the fact
that omission of IPTG from the culture medium, resulting in a reduced expression rate,
increased the amount of soluble enzyme (mutant 7, and to a lesser extent mutant 6).

The specific activity of the SacKDGA mutants for condensation of pyruvate and D-Ga
or 2-Aa (Table 3), was compared to the wild type enzyme. The specific activity in the
condensation of pyruvate and 2-Aa of all mutants are significantly reduced, with the
exception of Y131F (mutant 1). Major differences in activity between the variants were
observed for the condensation of pyruvate with D-Ga. Single mutation Y131F had no effect
on either condensation reaction. This is surprising, since the hydroxy-group of Y131 (Y132 in
SsoKDGA) is involved in positioning of hydroxyls at C5/C6 of D-KDGal/D-KDG and the
disruption of the interaction by the YI131F substitution was expected to affect the
condensation with D-GA (Theodossis et al. 2004). Single mutation S195M (mutant 2) reduced
the D-GA activity nearly 25-fold. In SsoKDGA, the backbone —NH of A198, the residue
corresponding to S195 in SacKDGA, interacts with D-KDG through a water molecule. The
lower activity of mutant 2 can be explained by introduced steric hindrance, since the larger
methionine side chain can interfere with the D-KDG molecule directly. S195M reduced the
aldolase activity with 2-Aa about 8-fold. Since the 2-Aa molecule is smaller than D-Ga,
diffusion of 2-Aa and its product are less hindered in the active site of mutant 2. Single
mutation S238L (mutant 3) reduced both condensations with D-Ga and 2-Aa slightly over 2-
fold. S238 is located more to the outside of the binding pocket than S195 and, consequently,
the introduction of a large hydrophobic side chain at this position has a relatively small effect
on both condensation reactions. The combination of Y131F + S195M eliminated all D-Ga
activity in mutants 4 and 7, while the addition of S238L slightly increased the 2-Aa activity in
the triple mutant 7.

SacKDGA wild type and the design variants along with SsoKDGA wild type were
analyzed for their enantioselectivity in the coupling of pyruvate and 2-Aa via GC-MS analysis
of the cyclized reaction products (Figure 2) as described above. Although the SacKDGA
variants were designed for optimized binding to improve the production of 5-azido-4(S)-
hydroxy-2-oxopentanoic acid over 5-azido-4(R)-hydroxy-2-oxopentanoic acid, the

enantioselectivity proved to be lower than, or equal to the corresponding wild type. For this
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reason only two of them, the most promising single mutant 1 and the triple mutant 7, were
studied in more detail. For that, the ee of these two mutants was determined as a function of
reaction time and compared to the two wild type enzymes (Figure 4). It appears that the
enantioselectivity of the mutants was not significantly increased compared to the wild type
enzyme. Racemization of the products occured more readily for mutant 7 compared to
SacKDGA wild type. As explained above, racemization of the product mixture is caused by
the reversibility of the enzymatic reaction (Figure 4C). For mutant 1 a slight delay in this
process of racemization was observed indicating that the initial, relative rate of formation of
4(R)-product was decreased compared to the 4(S)-product (Table 4). At the start of the
reaction, SacKDGA wild type produces about 80 times more 4(S)- than 4(R)-product and
mutant 1 produces over 100 times more 4(S)- than 4(R)-product. This indicates a small
increase in enantioselectivity for mutant 1 compared to the SacKDGA wild type. During the
course of the reaction, however, the ee decreases again due to the reaction equilibrium.

In the design procedure the KDGA active site was optimized for binding of the 2-Aa
derived moiety of the 5-azido-4(S)-hydroxy-2-oxopentanoic acid condensation product,
without taking into account conformational changes during catalysis or diffusion of the
reaction products. As such, the reduction in activity observed for the S195M and S238L
mutants, which had significantly larger, hydrophobic side chains into their active sites, might
be partly due to decreased diffusability of pyruvate into or product out of the active site. Thus
the mutations that were predicted in the redesign procedure reduced the overall activity of
SacKDGA, but increased the relative substrate specificity (2-Aa/D-Ga) of the aldolase for the
condensation of pyruvate with 2-Aa. Introduction of one predicted mutation Y131F (mutant
1) slightly increased the enantioselectivity of SacKDGA for the condensation of pyruvate
with 2-Aa. When the three predicted mutations were combined (mutant 7), the
enantioselectivity was not increased but the enzyme changed into a specific 5-azido-4(S)-

hydroxy-2-oxopentanoic acid aldolase.

Conclusions

In this study a comparison was made of the stereoselectivities of Sulfolobus solfataricus and
S. acidocaldarius KDGA, in the condensation of pyruvate with D-GA and several
azidoaldehydes. Both enzymes showed a significantly higher activity towards the reaction
with pyruvate and 2-azidoacetaldehyde, compared to the natural reaction. Both aldolases
show a preference for the 4(S)-enantiomer of 5-azido-4-hydroxy-2-oxopentanoic acid.
Interestingly, SacKDGA appears to be more stereoselective than SsoKDGA in the
condensations tested. Even in the natural reaction, where SsoKDGA shows no

stereopreference, a stereoselectivity towards D-KDG was observed. This difference in
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stereoselectivity of the natural reaction may be attributed to the presence of S195 in the active
site of SacKDGA, instead of A198 in SsoKDGA. Additional hydrogen bonding via S195 in
SacKDGA may affect the delicate balance of interactions described between D-KGA/D-
KDGal and the SsoKDGA active site (Theodossis et al. 2004). Modeling of both enantiomers
of 5-azido-4-hydroxy-2-oxopentanoic acid into the KDGA active site showed that the OH-
group of the 4(S)-product can form hydrogen bonds with T155/T157 and Y129/Y130 in the
active site of SacKDGA/SsoKDGA, while the 4(R)-product only forms only one hydrogen
bond with T155/T157.

Mutations were predicted and introduced in order to get more insight in the
stereochemical course of the KDGA-catalyzed reaction between pyruvate and 2-Aa. The
effect of the three amino acid mutations within the active site of KDGA is an increase in all k
values (Figure 4C), resulting in a more rapid increase and subsequent decrease of the 4(S)-
product and a more rapid increase of the 4(R)-product. Although more insight in catalysis was
obtained, the desired effect of increasing the stereoselectivity of KDGA towards 5-azido-4(S)-
hydroxy-2-oxopentanoic seemed much harder. Only mutant 1 has a small increase of
Vo(S)/Vo(R) and seems to racemize slower. The maximum ee was not affected significantly. To
further optimize the system towards production of the 4(S)-enantiomer of 5-azido-4-hydroxy-
2-oxopentanoic acid, ks/kg should be increased drastically

Azidoaldehydes are easily accepted as substrates by SsoKDGA and SacKDGA,
enabling the use of these enzymes for the preparation of nitrogen heterocycles, which are
synthetically useful building blocks en route to pharmaceutically relevant molecules or
combinatorial chemistry scaffolds. The enzymes react stereoselectively, but the enantiomeric
or diastereomeric excess of the KDGA -catalyzed reaction between pyruvate and
azidoaldehydes depends on the progress of the reaction and, hence, the concentration of
enzyme activity (U/mL) in the reaction and the reaction time. Despite of the high
stereoselectivity, the reversibility of the enzymatic reaction may hamper application in
continuous processes for the production of enantiopure building blocks. Considering the
enzymes and substrates described in this paper, the selectivity is high, but not high enough for
an industrially relevant process. Applicability of these enzymes in industrial production
processes for nitrogen heterocycles depends on whether mutants can be obtained that give a
higher stereoselectivity for the reaction or whether other unnatural nitrogen-containing
substrates can be found which are converted with higher stereoselectivity. Furthermore,
shortening the reaction time, for example by enzyme immobilization combined with a high
flow rate, will give high stereoselectivities. It is to be expected that the spectrum of

compounds being converted by pyruvate aldolases will further expand.
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This thesis describes the results obtained in a project within the Integration Biosynthesis
Organic Synthesis (IBOS) program entitled: Synthesizing nitrogen heterocycles from
aldehydes via biocatalytic cascades. Interesting enzymes that can perform (part of) these
cascades are aldolases. Numerous potential aldolases were found in thermophilic micro-
organisms. Some of them were characterized, with respect to their substrate specificity and

subsequently subjected to optimization for their use as biocatalysts.

Enzymatic synthesis of Nitrogen heterocycles

Nitrogen heterocycles are organic compounds that contain a nitrogen atom in a ring-structure.
A well-known example is the simplest the 6-membered N-heterocycle piperidine, that
contains one nitrogen atom (Fig. 1A). Stereochemically different stereoisomers can be created
when at least one carbon atom contains substituents, for example 2-carboxy-4(S)-
hydroxypiperidine (Fig. 1B). They are common structural elements in nature, often as part of
more complex molecules with important biological functions. Well known examples include
the bases of DNA, RNA and nicotinamide adenine dinucleotide (NAD), the side chains of the
amino acids proline and tryptophan, and more complex ring structures as in flavin and

riboflavin co-factors.

OH

Figure 1. Nitrogen heterocycles

A Piperidine

B 2-carboxy-4(S)-hydroxypiperidine
C Atorvastatin

N-heterocycles are the basis of many pharmaceuticals such as cephalosporins (Castro
et al. 2006), the antihypertensive drug Omapatrilat (Patel 2001), and the antihistamine drug
Astemizole (Brase et al. 2002). To obtain stereochemically pure substituted N-heterocycles
needed for these drugs, chiral precursor molecules are necessary. On the other hand, direct
isolation of substituted N-heterocycles from raw materials (e.g. plant waste) or micro-

organisms is a relatively cheap method. For example, isolation of L-proline, trans-4-hydroxyl-
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L-proline or L-tryptophan from collagen is a well established production method. In addition,
mutants of Brevibacterium flavum produce L-proline up to 40g/L (Tsuchida et al. 1986) and
metabolically engineered Corynebacterium glutamicum produces up to 43 g/L of tryptophan.
Moreover, a wide variety of bioconversions has been developed to prepare functionalized N-
heterocycles. Many microbial conversions are performed by hydroxylases (hydroxylating o
position) and nitrilases, introducing functionalized groups to substituted pyridines (Petersen
and Kiener 1999). Jennewein et al. (2006) used 2-deoxy-D-ribose 5-phosphate aldolase
(DERA) and variants thereof to synthesize a precursor of statins, (3R,5S)-6-chloro-2,4,6-
trideoxyhexapyranoside. Similarly Liu et al. (2004) used the sequential aldol condensation
catalyzed by DERA mutant Ser238Asp, and synthesized a key chiral component (tert-
butyl[(4R,6R)-6-aminoethyl-2,2-dimethyl-1,3-dioxn-4-yl]acetate) of atorvastatin (Fig. 1C)
using the azidosubstrate 3-azidopropionaldehyde. Other aldolases that have the potential to
accept nitrogen-containing aldehydes can be used for the biosynthesis of (a range of) N-
heterocycles.

Using aldolase-based biocatalysis in combination with relatively simple follow-up
chemistry (chapter 5), we were able to produce the nitrogen heterocycles 4-hydroxyproline,
4-hydroxy-5-methylproline and 2-carboxy-4-hydroxypiperidine. This has been a proof-of-
concept for IBOS, the gained knowledge of which may be exploited in future applications.

Exploration of pyruvate aldolases

A wide variety of aldolases is able to catalyze an aldol-condensation reaction. Many aldolases
require a phosphorylated aldehyde substrate; these substrates are relatively expensive, and
since phosphate is often unwanted in the product it needs to be removed from the product. As
our focus was directed to robust enzymes that convert relatively cheap substrates, we initially
screened thermophile genome sequences for genes encoding a sub-class of pyruvate aldolases,
belonging to COG0329, Neuraminate lyases / dihydrodipicolinate synthases, that generally
accept non-phosphorylated substrates. A simple BLAST search using as query some well-
characterized pyruvate aldolases that belong to COG0329 has resulted in a long list of
hypothetical aldolases from (hyper)thermophilic micro-organisms (Table 1). On the basis of
their resemblance to characterized 2-keto-3-deoxygluconate aldolase (Buchanan et al. 1999)
or dihydrodipicolinate synthase (Laber et al. 1992) and their accessibility, 8 genes have been
selected for analysis in the course of the research described in this Thesis (Table 1 — printed
bolt, Fig. 2A — in boxes). Unfortunately, attempts to produce 3 aldolase candidates (Ss02274,
Ss03035 and Ss03072) were unsuccessful despite the application of different vector and
fusion systems (reviewed in Chapter 1). A close look at the sequences (Alignment of the

sequences of Table 1 can be found in the appendix) reveals that the conserved motif present in
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pyruvate aldolases (GTTG in 2-keto-3-deoxygluconate aldolase (KDGA), (Theodossis et al.
2004)) is not conserved in those hypotheticals, whereas other ‘important’ features such as the
active site lysine (K153) and G177 (in S. acidocaldarius) are present. Although it is most
likely that these genes encode aldolases, functionality and substrate specificity remains to be

established.
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Figure 2. A phylogenetic tree of pyruvate-dependent aldolases belonging to COG0329, Neuraminate
lyases / dihydrodipicolinate synthases in thermophilic organisms
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Table 1. Hypothetical pyruvate aldolases belonging to COG0329, Dihydrodipicolinate synthase/N-
acetylneuraminate lyase (BLAST P, E-value < 1e-9) in thermophilic organisms. (LBMGE genome

query page)
Gene (Hypothetical) function Remarks

1 ag_1143 DHDPS

2  Moth_1068 DHDPS Cluster with genes of lysine path

3 SYO3AOP1_0032 DHDPS

4  STH1549 DHDPS Cluster with genes of lysine path

5 Tfu_0791 DHDPS

6 Tfu 1715 DHDPS

7 tir1219 DHDPS

8 TM1521 DHDPS Characterized (Pearce et al. 2006)

9 Tmel 1875 DHDPS Cluster similar to T. maritima

10 Tpet 1271 DHDPS Cluster similar to T. maritima

11 TRQ2_1415 DHDPS Cluster similar to T. maritima

12 TTCO0385 DHDPS

13 TTCO0591 DHDPS

14 TTE0832 DHDPS Cluster similar to T. maritima — chapter 2

15 TTHAOQ737 DHDPS

16 TTHAQ0957 DHDPS

17 APE_1023.1 DHDPS

18 Cmaq_0935 DHDPS

19 PAE2915 DHDPS

20 Pars_0992 DHDPS

21 Pars_1388 DHDPS

22 Pcal_0350 DHDPS

23 Pisl_0309 DHDPS

24 Saci_0162 DHDPS

25 Saci_0225 KDGA Characterized (chapter 3)

26 Ss02274 DHDPS

27 Sso03035 DHDPS

28 Sso03072 DHDPS

29 Ss03197 KdgA Characterized (Buchanan et al. 1999)-

chapter 3)

30 St2235 DHDPS

31 St2479 KDGA (annotated as Characterized (chapter 3)
DHDPS)

32 Tneu_1812 DHDPS

33 Tpen_1620 DHDPS

34 Tpen_1666 DHDPS

35 Ttenax.KdgA' KDGA Characterized (Ahmed et al. 2005)

36 AF0910 DHDPS Reductase dapB present downstream

37 MJ0244 DHDPS

38 MK1607 DHDPS

39 MTH801 DHDPS Cluster  similar to T. maritima -

characterized(chapter 2)

40 PAB0832 DHDPS

41 PF0657 DHDPS

42 PH0847 DHDPS

43 PTO1026 KDGA

44 PTO1279 DHDPS

45 Ta0619 KDGA

46 Ta1157 DHDPS

47 TK1237 DHDPS

48 TVNO0669 DHDPS

49 TVN1228 DHDPS
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1 — 16 hits in Bacteria, 17 — 35 hits in Crenarchaea, 36 — 49 hits in Euryarchaca. APE — Aeropyrum pernix, AF —
Archaeoglobus fulgidus, aq — Aquifex aeolicus, Cmaq — Caldivirga maquilingensis, MJ — Methanococcus
jannashii, MK — Methanopyrus kandleri, MTH — Methanothermobacter thermautotrophicus, Moth — Moorella
thermoacetica ATCC 39073, PTO — Picrophilus torridus, PAE — Pyrobaculum aerophilum, Pars — Pyrobaculum
arsenaticum, Pcal — Pyrobaculum calidifontis, Pisl — Pyrobaculum islandicum, PAB — Pyrococcus Abysii, PF —
Pyrococcus furiosus, PH — Pyrococcus horikoshii, Saci — Sulfolobus acidocaldarius, Sso — Sulfolobus
solfataricus, St — Sulfolobus tokodaii, SYO - Sulfurihydrogenibium sp. YO3AOP1, STH — Symbiobacterium
thermophilum, Tfu — Thermobifida fusca YX, TK — Thermococcus kodakaraensis, Tneu — Thermoproteus
neutrophilus, Tpen - Thermofilum pendens, Ta — Thermoplasma acidophilum, TVN — Thermoplasma volcanium,
Tmel — Thermosipho melanesiensis BI429, trl — Thermosynechococcus elongates, TM — Thermotoga maritima,
Tpet — Thermotoga petrophila, TRQ2 - Thermotoga sp. RQ2, TTC — Thermus thermophilus (HB27
Chromosome), TTHA — Thermus thermophilus (HB8 Chromosome).

! From reference, not available in LBMGE database.

Most hypotheticals are indicated as dihydrodipicolinate synthase (DHDPS). Two
bacterial DHDPSs were cloned and expressed in E. coli during this research (TM1521 and
TTE0832). Soluble enzymes were produced (although this was much easier for TTE0832) and
they were able to condensate pyruvate and (S)-aspartate-p-semi-aldehyde ((S)-ASA), a key
step in the lysine biosynthesis pathway. This was in good agreement with the observation that
the genes encoding these enzymes cluster with lysine-synthesis genes on the genomes of both
species (as well as in the ones indicated in Table 1). T. tengcongensis DHDPS was
characterized in detail (Chapter 2). As expected, it appeared to be a stable enzyme and its
catalytic properties were quite similar to that of T. maritima and E. coli DHDPS (Dobson et
al. 2004b, Pearce et al. 2006). DHDPS is generally very specific for the aldehyde substrate,
(S)-ASA, which is unusual for a pyruvate dependent aldolase (Samland and Sprenger 2006).
A single arginine (R138 in E. coli DHDPS) seemed responsible for coordinating the carboxyl
from (S)-ASA (Blickling et al. 1997b). Substitution of this arginine residue made DHDPS
function as a neuraminate lyase (Joerger et al. 2003).

Apart from the previously studied Sulfolobus solfataricus 2-keto-3-deoxygluconate
aldolase (SsoKDGA), S. acidocaldarius and S. tokodaii 2-keto-3-deoxygluconate aldolase s
(SacKDGA and StoKDGA) were characterized in Chapter 3. Biochemical properties of the
three enzymes appeared to be very similar. All three enzymes proved to have a remarkable
broad substrate specificity regarding the aldehyde acceptor: aldehydes with 2-5 carbon atoms
were accepted. In Chapter 5 it has been described that SacKDGA and SsoKDGA readily
accept azido-substituted aldehydes as well. Condensation rates for the simplest aldehyde 2-
azidoacetaldehyde (with pyruvate) was even higher than the rate of the natural reaction
(pyruvate with D-glyceraldehyde) at 50°C. The 3-dimensional structure of KDGA proved that
water-mediated interactions permit binding of substrates in multiple conformations (chapter
3 — (Theodossis et al. 2004)) in the spacious hydrophilic binding site, which correlates with
the observed broad substrate specificity. The crystal structure of S. acidocaldarius KDGA
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revealed the presence of a novel phosphate binding motif that allows the formation of
multiple hydrogen bonding interactions with the acceptor substrate, and enables high activity
with glyceraldehyde-3-phosphate. A similar binding motif was recently found in the T. tenax
KD(P)GA structure (Pauluhn et al. 2008).

Laboratory evolution of (pyruvate) aldolases

One of the crucial aspects of high-throughput laboratory evolution experiments is the
development of a screening assay. To be able to generalize the assay for further use, a
screening assay was developed that can be used in aldol condensation reactions of pyruvate
aldolases in general. Therefore, determination of the remaining pyruvate, using an enzymatic
assay with NADH and L-lactate dehydrogenase was used. Obvious drawback of this assay are
that the amount of remaining substrate is detected, and that no information is obtained about
the product formed. Fong et al. (2000) used a similar assay procedure in directed evolution of
an E. coli KDPG aldolase. In the latter study, error-prone PCR and subsequent gene shuffling
had been performed on E. coli KDPG aldolase, after which the generated library was screened
for acceptance of the phosphate-free substrate variant KDG. The extracts were tested for
activity on KDG and produced pyruvate, which could be measured using NADH and L-lactate
dehydrogenase in a continuous assay. Furthermore, they screened for the synthetic reaction
for variants accepting L-glyceraldehyde (which is not accepted by the wild type enzyme), thus
changing selectivity aiming for the synthesis of D- and L-sugars. Hsu et al. (2005) also used
the same continuous assay based on the production of pyruvate. They performed laboratory
evolution on E. coli N-acetyl neuramic acid lyase. After 5 rounds of error-prone PCR they
obtained an efficient L-3-deoxy-manno-2-octulosonic acid (KDO) aldolase.

In Chapter 4 S. acidocaldarius KDGA aldolase mutants (clone library of ~1500
random mutants) were screened for an increased activity at 50°C (40° below the enzymes
optimum temperature). After further selection (heat stability), one mutant appeared to have
significant higher activity (3 times) and was selected for further analysis. This higher activity
could indeed be detected with several other, relatively small aldehydes, using high substrate
concentrations; sequence analysis revealed a single mutation VI93A. A close look at the
active site revealed that catalytic lysine has Van der Waals interactions with the mutated
residue V193. Mutation of this residue to alanine presumably increased local flexibility of
K153, explaining both higher activity at lower temperatures and conservation of its stability.
Apparently this higher flexibility interfered with larger substrates.

A similar screening method was used with 2-azidoacetaldehyde as a substrate, at an

assay temperature of 37°C —using a newly made library of random S. acidocaldarius KDGA
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mutants— Unfortunately no mutants could be selected with significant higher activity in -

condensating pyruvate and 2-azidoacetaldehyde- compared to S. acidocaldarius KDGA.

Engineering by rational / computational design:

Several aldolases have been altered using rational design. DeSantis et al. (2003b) made 5
mutants of E. coli 2-deoxyribose-5-phosphate aldolase (DERA, EC 4.1.2.4) to improve
activity towards the unnatural non-phosphorylated substrate, D-2-deoxyribose. This resulted
in a mutant S238D that exhibited a 2.5-fold improvement over the wild type enzyme in the
retroaldol reaction of 2-deoxyribose. Seebeck and Hilvert (2003) used an alanine racemase (a
pyridoxal 5'-phosphate-dependent enzyme) and converted it to an aldolase upon replacement
of Tyr265. This Y265A mutant is highly stereoselective for (2R,3S)-phenylserine, a D-amino
acid, and does not process its enantiomer. This aldolase may be used in the synthesis of f-
hydroxy-a-amino acids (threonine aldolases as well, as they can perform the same reaction).

With the availability of the 3-dimensional structures of S. solfataricus (Theodossis et
al. 2004) and S. acidocaldarius KDGA (Chapter 3) (Wolterink-van Loo et al. 2007),
attempts have been made to use a rational design approach to improve SacKDGA towards
(stereoselective) synthesis of 5-azido-4(S)-hydroxy-2-oxopentanoic acid by modeling this
exact product in the enzymes active site (Chapter 5). Based on the outcome of the
‘chameleon’ algorithm, three residues (Y131F, S195M, S238L) in the vicinity of the active
site were mutated separately and in combination. We succeeded in changing the relative
selectivity of the natural substrate glyceraldehyde towards 2-azidoacetaldehyde. Specific
activity of most mutants was much lower than of the wild type, probably due to the
introduction of larger residues in the active site, causing steric hindrance. Unfortunately the
stereospecificity had not increased. Apparently the mutations optimized for 5-azido-4(S)-
hydroxy-2-oxopentanoic acid did not block activity towards synthesis of 5-azido-4(R)-
hydroxy-2-oxopentanoic acid. Cheriyan et al. (2007) were (similarly) able to improve the
selectivity for unnatural substrates for a KDPGA, by introducing a single mutation (S184L)
near the active site.

Based on the triple mutant of SacKDGA (Y131F, S195M and S238L) saturation
mutagenesis was performed on positions: T42, T43, F131, M195, L238 and 1239 (Fig. 3),
choosing the residues that apparently interact with the substrate/product by visual inspection.
These libraries were screened for activity with azidoacetaldehyde and pyruvate in
condensation reaction. No mutants with enhanced activity compared to wild type were seen,
although some mutants were selected that exhibited significantly higher (specific) activity
compared to the triple mutant. Apparently due to the decrease in activity (because of a major

reduction in produced soluble protein) of the triple mutant, it seemed impossible to select
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mutants with improvement in comparison with the wild type. Changing F131 to serine did
have a positive effect on activity compared to the triple mutant, but activity was still much
lower than wild type. None of the selected mutants had higher stereospecificity compared to

wild type or triple mutant SacKDGA.

1239
238(L) Figure 3. Active site residues in S. acidocaldarius
KDGA. In grey, residues that are targeted in
S195(M) saturation mutagenesis experiments. In dark grey 5-
)
®

azido-4(S)-hydroxy-2-oxopentanoic acid and residues

T43 of the triple mutant (residues between brackets) .

Azido-
group
T42

4
T131(F)
K153
T129

Aldolases in (bio)cascades
A nice example of a possible enzymatic cascade reaction was developed by Sanchez-Moreno
et al. (2004). Three different enzymes: dihydroxykinase, acetate kinase and fuculose-1-
phosphate aldolase (Chapter 1, Fig. 3) and catalytic amount of ATP were used. The cascade
started with the (non-phophorylated) substrate dihydroxyacetone or other aldehyde substrates,
yielding different amounts of product. Although starting with a cheap non-phosphorylated
substrate, the end-product does contain phosphate, which is probably unwanted in the final
product, and therefore still has to be removed.

Another one-pot cascade reaction was performed by Siebum et al. (2006) (as part of
the IBOS-project). An alcohol oxidase was combined with DERA. The aldehyde synthesized
could be used by the aldolase, and even lead to higher yield, as the aldehyde could not

compete with the alcohol for the active site of the oxidase.
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Chapter 6

A possible biocascade reaction using the KDGA was combining this enzyme with an
alditol oxidase (Heuts et al. 2007). Similarly to the reactions tested by Siebum et al., an
alcohol should be converted by the alditol oxidase to an aldehyde, which, together with
pyruvate, would be substrate for the aldolase. 4-hydroxypentenol was used as a substrate, but
unfortunately the desired product has never been detected (Eric van Hellemond, personal
communication). The temperature and pH range of both enzymes have a narrow overlap,
which was a major drawback for an effective combination of the two enzymes. Random
optimization of the aldolase towards the specific optimal conditions of the oxidase (or vise

versa) would be an option to functionalize the cascade reaction.

Future perspectives

The goal of the research was to synthesize nitrogen heterocycles in a combined biological-
chemical approach. The experiments in Chapter 5 showed we indeed could make the
nitrogen heterocycles by combining an aldolase and follow-up chemistry. The intrinsic broad
substrate specificity was exploited by using the unnatural azido-containing aldehydes. The
azide group could easily be used in the subsequent cyclization of the product.

Moreover, N-heterocycles were synthesized by Ran et al. (Ran et al. 2004, Ran and
Frost 2007). They used the 2-keto-3-deoxy-6-phosphogalactonate aldolase (EC 4.1.2.21) of E.
coli and changed its activity towards the condensation reaction: pyruvate + D-erythrose-4-
phosphate > 3-deoxy-D-arabino-heptulosonic acid 7-phosphate (DAHP), replacing
phosphoenolpyruvate synthase and DAHP synthase, in a strain lacking all isozymes of DAHP
synthase. Finally this would lead to production of shikimic acid, which is a starting material in
the synthesis of Tamiflu.

The biochemical and structural characterization of KDGA and DHDPS provided
knowledge necessary for further research. The knowledge obtained from enzyme 3-D
structures combined with the effect of certain mutations on activity, specificity and stability
will certainly be useful for further rational design approaches of the KDGA. On the other
hand, it has been demonstrated in Chapter 4, that without any structural knowledge of the
aldolase we can obtain an enzyme with properties we select for. The only, but very important
prerequisite is a good screening assay for the selection of the exact desired property.

Furthermore, studying the structurally closely related pyruvate aldolases in more detail
(combining sequence analysis and experimental data) reveals more specific targets for rational
design. For example, (Joerger et al. 2003) were able to change the structurally closely related
neuraminate lyase into a functional DHDPS by introducing an active site arginine at the
corresponding amino acid position in E. coli neuraminate lyase. Based on the assumption that

the arginine is a strict requirement of a DHDPS, only the bacterial hypothetical DHDPSs from
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Table 1, and AF0910, MJ0244, MK 1607 and MTH801 will probably be true DHDPSs, which
is confirmed by the clustering in the phylogentic tree (Fig 2.). Hence, in order to broaden the
substrate specificity of DHDPS, this arginine might be targeted and changed into a smaller
residue. The arginine is conservatively replaced by a leucine in E. coli neuraminate lyases
(Izard et al. 1994) and by an alanine (A134 in Sac) in the KDGAs, which both have
specificity for an other aldehyde substrate.

An issue not directly discussed in this research is the real biotechnological application
of the aldolases. In Chapter 5 we showed the enzymes had high stercoselectivity, but
application is complicated because of the reversibility of the enzymatic reaction, leading to
racemization of the product. To overcome this problem, one could aim for the mutation of the
enzyme to completely block the reaction towards the ‘R’-product. On the other hand,
developping a system in which the desired (S) product is selectively removed by either

binding or further conversion, would be a good alternative.
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Enzymatische synthese van heterocyclische stikstofverbindingen

Heterocyclische stikstofverbindingen zijn organische stoffen die een ringstructuur hebben met
daarin tenminste één stikstofatoom. Piperidine (Fig. 1A — Summary and concluding remarks)
is zo’n heterocyclische stikstofverbinding met 6 atomen die een ring vormen, waarvan één
stikstof. Wanneer een koolstofatoom 4 verschillende groepen heeft (een zogeheten
asymmetrisch koolstofatoom), zijn er 2 verschillende stereo-isomeren mogelijk (Fig. 1B —
Summary and concluding remarks). Deze stereo-isomeren zijn elkaars spiegelbeeld (en heten
enantiomeren): ze zijn ruimtelijk niet hetzelfde, chemisch wel. Als er meerdere
asymmetrische koolstofatomen in een molecuul voorkomen, zijn er nog meer verschillende
stereo-isomeren mogelijk die chemisch wel en ruimtelijk niet hetzelfde zijn, maar ook niet
perse elkaars spiegelbeeld zijn (diastereomeren). Heterocyclische stikstofverbindingen komen
in de natuur veel voor in bekende biologische stoffen zoals DNA, RNA en ‘zijketens’ van de
aminozuren proline en tryptofaan. Heterocyclische stikstofverbindingen komen ook veel voor
in medicijnen, waar de stereochemie erg belangrijk is. Vaak is het ene sterco-isomeer
werkzaam en het andere niet (en soms zelfs toxisch). Het kunnen maken van één specifiek
stereo-isomeer (en dus geen mengsel) is dan belangrijk.

In het onderzoek beschreven in dit proefschrift zijn we op zoek gegaan naar enzymen
waarmee (stereoselectief) heterocyclische stikstofverbindingen gemaakt kunnen worden. Bij
synthese met enzymen (biosynthese) zijn doorgaans minder milieubelastende condities (bijv.
organische oplosmiddelen) nodig dan bij de traditionele organische synthese van
heterocyclische stikstofverbindingen. Bovendien zijn enzymen vaak van nature
stereoselectief. Aldolases zijn enzymen die een aldehyde (acceptor) en keton (donor) aan
elkaar kunnen koppelen (Fig. 1A). Met de juiste stikstofhoudende substraten (stoffen waaruit
de enzymen verbindingen kunnen maken) kunnen dan met behulp van additionele chemische
synthese heterocyclische stikstofverbindingen gemaakt worden. Om stabiele enzymen te
verkrijgen zijn in dit onderzoek enzymen uit thermofiele micro-organismen gehaald. De
substraten zijn idealiter — met het oog op een industri€le toepassing — zo eenvoudig en
goedkoop mogelijk. Verder kan de biosynthese nog uitgebreid worden door verschillende
enzymen samen te voegen, waarbij het product van het 1° enzym als substraat kan dienen voor
het 2° enzym (biocascade-reactie). De in dit onderzoek gebruikte acceptor-substraten om
heterocyclische stikstofverbindingen te maken, komen niet in de cel voor en zijn dus ‘vreemd
/ onnatuurlijk’ voor het enzym. Aangezien het enzym aangepast is aan het natuurlijke
substraat is het soms nodig het te veranderen (genetisch te modificeren), zodat de katalyse van

het onnatuurlijke substraat beter verloopt.
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Figuur 1. (1A ) Het aan elkaar koppelen van een aldehyde en keton (1B) Reactie gekatalyseerd door
dihydrodipicolinaatsynthase (1C) Reactie gekatalyseerd door 2-keto-3-deoxygluconaataldolase

Aldolases
Er zijn veel verschillende aldolases en de meeste gebruiken één specifieck donormolecuul en
kunnen daaraan verschillende aldehyden koppelen (één per reactie). In dit onderzoek zijn
aldolases onderzocht die met pyruvaat als donor werken. Twee enzymen,
dihydrodipicolinaatsynthase (DHDPS) en 2-keto-3-deoxygluconaataldolase (KDGA) kregen
specifieke aandacht. DHDPS katalyseert in de cel de reactie van pyruvaat met (S)-aspartaat-f3-
semi-aldehyde en vormt daarbij 2,3-dihydrodipicolinaat (DHDP) (Fig. 1B). Deze stap is
onderdeel van de in vivo syntheseroute van het essentiéle aminozuur lysine. KDGA
katalyseert de evenwichtsreactie van 2-keto-3-deoxygluconaat met pyruvaat en
glyceraldehyde (Fig. 1C), als onderdeel van de Entner-Doudoroff afbraakroute (om energie
uit suikers te verkrijgen).

Met behulp van de aminozuurvolgorde van bekende aldolases (DHDPS uit
Escherichia coli en KDGA uit Sulfolobus solfataricus) zijn homologe potentiéle aldolase-

enzymen gevonden in thermofiele micro-organismen. Deze staan in een fylogenetisch boom
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(Fig. 2, Summary and concluding remarks), waarbij aldolases die veel op elkaar lijken dicht

bij elkaar staan. De omlijnde enzymen zijn verder onderzocht.

Productie en activiteit van aldolases

De aldolases zijn geproduceerd met behulp van expressiesystemen in de bacterie Escherichia
coli, waarvoor de coderende DNA-sequentiec wordt gebruikt. De productie van Ss02274,
Ss03035 en Ss03072 is nooit gelukt, ondanks het gebruik van verschillende
expressiesystemen (0.a. met een ander (stabiel) eiwit eraan vastgekoppeld). Soms werd er
geen eiwit geproduceerd en als er wel eiwit werd geproduceerd, was dit niet oplosbaar,
hetgeen essentieel is voor het meten van activiteit.

De productie van twee potenti€le bacteri€éle dihydrodipicolinaatsynthases, TM1521
(TmaDHDPS) en TTE0832 (TteDHDPS), leverde wel oplosbare enzymen op. Beide
vertoonden activiteit met de natuurlijke substraten pyruvaat en (S)-aspartaat-p-semi-aldehyde
((S)-ASA). Het TteDHDPS is uitgebreid onderzocht (hoofdstuk 2). De biochemische
eigenschappen komen goed overeen met het DHDPS uit E. coli. TteDHDPS bleek heel stabiel
maar was ook erg specifiek voor het aldehyde-acceptorsubstraat (S) ASA en is dus in dit
onderzoek verder niet gebruikt voor biosynthese.

Naast het inmiddels bekende S. solfataricus KDGA (SSO3197), zijn ook de KDGA’s
uit de archaea S. acidocaldarius (Saci_0225) en S. tokodaii (ST2479) geproduceerd in E. coli.
Deze drie enzymen zijn gekarakteriseerd (hoofdstuk 3). Niet onverwacht bleken ook deze
enzymen erg stabiel (na minuten koken vertoonden ze nog steeds activiteit) en ‘normale’
activiteitstesten werden dan ook uitgevoerd bij 70°C. De verschillen tussen de enzymen zijn
erg klein, dus zal er verder geen onderscheid gemaakt worden tussen de verschillende
KDGA'’s. Het KDGA kan reacties katalyseren van pyruvaat met verschillende aldehydes,
vari€rend van 2 tot 5 koolstofatomen in de keten, waar het natuurlijke substraat
glyceraldehyde er 3 heeft. Het KDGA accepteert zelfs aldehydesubstraten waarin een azido-
groep (N3) voorkomt (hoofdstuk 5). SacKDGA (hoofdstuk 2) en SsoKDGA (Theodossis et al.
2004) zijn gekristalliseerd, waarmee de 3-dimensionale structuur van het eiwit ontrafeld kon
worden. Dit leverde informatie op over de mogelijke bindingen die de substraten in en met het
enzym aangaan. Het ruime maar stugge ‘actieve centrum’ verklaart de brede
aldehydesubstraat-range (hoofdstuk 3). Verder bleek dit enzym niet 100% stereospecifiek en
synthetiseerde het met het natuurlijke substraat glyceraldehyde naast 2-keto-3-deoxygluconaat
ook 2-keto-3-deoxygalactonaat (dit zijn diastereomeren van elkaar) (hoofdstuk 5 - Lamble et
al. 2005b). Hierbij bleken kleine verschillen in eiwitvolgorde verschillen in specificiteit op te
leveren (het SacKDGA is specifieker dan SsoKDGA).
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Aanpassen van enzymen in het laboratorium

Er zijn twee methodes gebruikt om SacKDGA te verbeteren. Eén techniek is de zogenaamde
random-methode. Hiervoor heb je geen achtergrondkennis van het enzym nodig. De andere
techniek, rationeel ontwerpen, vergt het nodige inzicht in de reactiemechanismen en de

betrokken aminozuurresiduen.

Random optimalisatie

Met behulp van error-prone PCR werd het voor het aldolase-enzym coderende gen (SackdgA)
vermenigvuldigd. Hierbij worden met opzet fouten in het gen geintroduceerd, waardoor er
mutaties ontstaan die kunnen resulteren in het inbouwen van een ander aminozuur in het
enzym. Zo’n mutatie kan een positief effect hebben op de gewenste activiteit, maar ook een
neutraal of een negatief effect. Daarom is er een goede screeningstest nodig om de (~1500)
enzymvarianten te kunnen testen. De test die in hoofdstuk 4 is gebruikt, meet na een vooraf
bepaalde reactietijd de overgebleven hoeveelheid pyruvaat. Er werd getest op de koppeling
van pyruvaat en glyceraldehyde bij 50°C (40° onder de optimale temperatuur van het enzym).
Een enzym dat bij deze (of nog lagere) temperatuur veel actiever is dan het wildtype
SacKDGA zou mogelijk in een biocascade met een enzym van ‘koude’ origine gebruikt
kunnen worden. Na verschillende, steeds nauwkeurigere testen, bleef er één enzym over dat
een driemaal hogere activiteit had dan het wildtype SacKDGA. De DNA-volgorde (en
daarmee ook de aminozuurvolgorde) van deze mutant is bepaald. Daaruit bleek dat deze
mutant slechts één mutatie bezit die de nieuwe eigenschappen veroorzaakt. Want hoewel het
enzym sneller werkt bij een lagere temperatuur is het net zo stabiel als het wildtype
SacKDGA. Met dezelfde screeningstest konden andere aldehyden op activiteit worden getest,

maar in deze tests zijn geen nieuwe, betere mutanten gevonden.

Rationeel ontwerpen

Tegenwoordig wordt een rationeel ontwerp vaak voorspeld met behulp van
computerprogramma’s. Hiervoor moeten de 3-dimensionale structuur en de interacties met het
substraat bekend zijn. Zo’n computerprogramma kan dan optimale interacties (binding)
berekenen voor een nieuw substraat of (desgewenst) product. Het is echter niet eenvoudig er
voor te zorgen dat er dan ook activiteit optreedt. In hoofdstuk 5 is met behulp van zo’n
computerprogramma het ‘S’ product (dwz het stereo-isomeer met S-configuratie) van de
reactie van 2-azidoacetaldehyde met pyruvaat (5-azido-4(S)-hydroxy-2-oxopentaanzuur) (Zie
Fig. 2 in hoofdstuk 5) in het actieve centrum van SacKDGA gezet. Volgens voorspelling
zouden drie mutaties nodig zijn om dit specifieke stofje te binden, namelijk: Y131F, S195M

en S238L. Deze mutaties zijn afzonderlijk en in combinatie aangebracht in SacKDGA en
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getest op activiteit. De drievoudige mutant was vele malen beter in het koppelen van pyruvaat
met 2-AA in vergelijking tot het koppelen van pyruvaat met glyceraldehyde (natuurlijke
reactie), maar absoluut gezien is de reactiesnelheid niet verhoogd. De verhouding tussen 5-
azido-4(S)-hydroxy-2-oxopentaanzuur en 5-azido-4(R)-hydroxy-2-oxopentaanzuur bleef ook
onveranderd. Kennelijk zijn de mutaties die nodig zijn om 5-azido-4(S)-hydroxy-2-
oxopentaanzuur goed te binden ook goed om 5-azido-4(R)-hydroxy-2-oxopentaanzuur te
binden. Om deze verhouding en daarmee de stereospecificiteit van het enzym te verbeteren
zou een model nodig zijn waarin berekend wordt welke mutaties 5-azido-4(S)-hydroxy-2-
oxopentaanzuur binding positief beinvloeden en tegelijkertijd 5-azido-4(R)-hydroxy-2-

oxopentaanzuur binding negatief beinvloeden.

(Bio)-synthese van heterocyclische stikstofverbindingen

In hoofdstuk 5 zijn diverse reacties uitgevoerd van pyruvaat met azido-substraten. De
producten ervan zijn gereduceerd, waardoor uiteindelijk heterocyclische stikstofverbindingen
ontstaan. Op deze manier zijn verschillende heterocyclische stikstofverbindingen
geproduceerd. Het enzym had een voorkeur voor het katalyseren van de reactie naar het S-

product. Het hoogste gemeten percentage van één stereo-isomeer is ca. 90%.
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MYVYOOVAVVIVTIEVOUSLVVOAHVALIA - -dDANTTYATTATTIEAAATYLAH
ACADIEMAMMDTHDILATASLSSYDVIIHED - -ASTVIIAHAANIANHINALTSSAH
VYHYDOHDOVYVHAVTIASHIdYADSADVYATI IO -VIVSSYAVIAVAVIHHdATTAME
YHYDIAOVHAVTHAVILALAYSOAHAAT TIH - DDATHVATIVAMNIOALINTIDT
YSYDANHAVTIALOVALAMATSOADAATIAN - -NOSVAVALM IAVAIHATINTIADN

VAXDNVIVVIVTHNSTHAINTISOIOIIT- - - -MADAIATANI TITHESAAISIOT
DAIDONIIVNIVTIN I SAHTINNSOAONIV - - - -MAYANSSTIITANIANI STSADT
YAINNSYVIYVTHISHATNISOADAIA - - - ~dALIASDATVININEOASTVION
OATAA@ISTIVIN IVAAINTOOADAII - - - -INLACAAVAINATIHEISTSADT
DATAAMISYIATATIAANINTSOAOAIA - - - -MNIACAI I TLLIIHENSTVADT
DTIANINSAMATINAANINTSOAOAIT - - - -MHIACATYNINOYNHMISTVADT
VEVDUSHVANVIVIVAAQYNISVAOAIA - - - -YIVVSIVVALTINIEOTSTVADT
VEIAQANHYAAATVIATAANTADAONIA - - - ~JILASSVATTIVAIHATSTVADT

AQADTAXRAMIVIITSNILSNEINADAXIM - - ~OIANHIINSAATIIHAOSTANAHE
HIADTAAAINYIATYNALSNHLA-NAID - - ~-NALIAYTIINTALIMYEIHA STNNAH
DHNDATAVTIDTSTLNTSNESANIAIM - - - TALIHITNI I AHONHS TS TANAHE
YWYOVYAVETIVOIVOd TLHENTOATAINYE - dYTVITOIVY - - - -JHHILTHADE
YNYOVAVETIVOIVOd TLHINTOATAINY - dYTVITOIVY - - - -YHHAILTHADE
DOVOVENVAILTHTLEETITYOLOd IAJAY -OVADATANT I VIMYHETIOLOdH
DOVOVENVANLTHTLEETITYOLOd IAAY -OVADATANT I VIMYHETIOLOdE
DAYDVIIVILIVTII SHILANSDYDVAI LY -ADAVAIALITIYINHHAS LLY S H|
DATOTIVIVIVAIVEAYLSNSDIOVI IMVA -HOVAVOOALOATOATHAMITLASHE
DHADLIVVHYSAN I SHVINNSDIOVIASADO -DDAVAAALIATITIHIHSTLASHE
DAADTVIVHISTHISYVYLSNLDLOVIAVYYY -ADAVIMAHIA TV IMHIHLTLASH
YAVAINAIVNIATINIHHS SNIOADAITA -M -AdIAHIAAd ITIAIHAISINVH
ONVOTIEAVOMATITIMHLSNLIOVOATIAd I -DAATHTIISATIEIHAINALISH
ONVOTIEAVOMATITIMALSNLIOVOATIAd I -DAATETIISATITIHAEINALISHE
ONYOTIEVOMATITIMHLSNLOVOATIAd I -DAATHTIISATIEIHAANALISH
YAVOASOVAHSTHIVHYINNSDLOVIAG T -AVANHALAN IVENOHHALINLSVE
YAVOAAIVANLTLIVAHLSNYDLOVIId IY -MNSADAVTATI TTHHIHALTLASH
DAYDAINVHY LTHAVAHLYNDDLOVIAM I Y -OVVIMAVAI IANHHAFALTLASH
YAVOVAIVAHATONVHIS SNSOVOVALYAY -ONAHAATIATINIYOEHIHLILVSHE
VHVOVAIAINVIMIVAILSNSDYDDIAd TN - - - SLAVAAIANAIHIHASTLYVH
YAVDAJEVALSTHTVHILSNSDYOVIANJAN -DNAFAANTHINIIHAVHS TLSSH
YAVOAQEVAASTHIVEIILONSOVOVIAOAY -ONANAAANE T AMMHATHS TLASH
AAADATIATITIIATI LSAHADLOLOVANAAS - DOVAINVATINANNATHIALTILAH
ATADATIAIIVIHILSTHADLOLOVANTVY - DOVAINVATINYIATHHA LTI LAH
VYAADATAAIIVIHILSTHADLOLOVAA TV - DOVAIAVAHINANATHHALTILAH
AAADATARAIIANAI LSTHADLOLOVY IATYMN - DOVAIAVATINANATHIHd LI LAH
YAADAMIAMYIYIAILSAHADIOLOVAATY - DOVATNVIONAIAITAVS TALAE
DAADTAAALIDTYASTHLANYSIDd IAMAN -DOAVHTATILAIAVAHI S THAAH
YAADNAAAAAVIN I LIS LANLSYOVAITLSASMISATV INLATINIATLISVAH
AQYOIAOVHALTHEIAETL - -NSSYIOATAAVSIATHIONHVTAYIHANSTSLAH
DAYDIJEIVHISTHIAHTL - - SLSDLOATA-WOSLIHIDNEVINAIHALNTS LA H,
DAYDIEAVHALTIATIAHAL- - SLSDLOATA - LIS LAHIDNEVTINIHIHTS TS LAH,
YAVDIAAVHILTAIAHAL - -NLSOLOATAAVAS LTHIDN AV I IMNHHIAS TS LAH
VHIDIANSAMNTAINAENT - -SSSDADVINIG -MASNHIAIATAAHIEINTLAAI A

AZIDOAAHLANSTHISHOL - - SSSOADVAALINNINASAIOTANNIHATS AN AT
MNIIDIAHLAASTHASHOL- - SSSOADVAAT MM SHAUAID TAMINHALS AN AT

LIOVYAADAAD - SAIIMLLTIVIDSIATIH - AV LAdLATY LI TOVHAN- - - - - -
IOTAATAMAD - SNOVATA TN TOETATHET - IMLAd LANLTAADAN - - - - - - - -
LIOdAIADAND - SHSTUSYIMSYYNMAAS - -ODYTALANIATAMANYN- - - - - -
XILODTAADHA- - AAMLATATDSTIAASIN-DALAAALITAd T IDATILAIN - - -
LIOTdAIDONAD - DIATS SAHYSTOAYANT - -ONMAd TLTYATADIN- - - - - - - -
IOVTANIAIO - SNTTIHOHANTIANATANN - -MAd LIAJAI TN - - - - - - - -
LIOSTAAANAD- ASTISWOHHIANEDAINOE - ~MAdLAAAATITIN- - - - - - - -
LOVAIINAID- QYT TOHAIANEDATAND - -4dd LTIATAdN - - - - - - - -
LIONAATIAID- MY I INIVHIN T EMATING - M LAdLI IdLI IHAN- - - - - - - -
LIONAATIAID - NAI TANVHYA TIEAQINOE - N LAdLTIdIATANS TIMAN- - -
LIONAAIVAID-METINIVHINTYAANANDD -NAAdLI TdSTIHN-- -~ - - - - -

LIOVAIANAAD -ASLINMAHNVATIIATIOD - ~dALLIAAVATINS TAIdVITANYIAd ITdHSIN

LLOVAATYAAD -MMNINAVHNIALIAAANDS - ~dAdLITIAVIIAN- -~~~ -~~~
SIOTAMAMIID-MMITAATIOOTVHININE -MAAAd LATYS INEMN - - - - - - - -
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