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Almost all aspects of life are engineered at the molecular level,
and without understanding molecules we can only have a very sketchy understanding of life itself.

Francis Crick
What Mad Pursuit: A Personal View of Scientific Discovery
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KURZFASSUNG

Nitrilreduktase queF katalysiert die Reduktion von 2-Amino-5-cyanopyrrol[2,3-d]pyrimidin-4-on
(preQ,) zu 2-Amino-5-aminomethylpyrrol[2,3-d]pyrimidin-4-on (preQ,) im Biosyntheseweg zum
hypermodifizierten Nukleosid Queuosin. Dieses bisher einzige fiir die Reduktion eines Nitrils
zum entsprechenden primiren Amin bekannte Enzym konnte die Moglichkeiten biokatalytischer
Reaktionen von Nitrilen erweitern. Um diese neue Oxidoreduktase fiir eine Anwendung in
biokatalytischen Reaktionen zu evaluieren, sind Charakterisierung des Enzyms und Untersuchung

seines Substratspektrums Voraussetzung.
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Abbildung 1 Reduktion von 7-Cyano-7-deazaguanin (preQ,) zu 7-Aminomethyl-7-deazaguanin (preQ),),
katalysiert von Nitrilredukase queF.

In dieser Dissertation wurden Substratbindung im aktiven Zentrum und Substratspektrum von
Typ I und Typ II Nitrilreduktase, von G. kaustophilus bzw. E. coli, untersucht. Die Nitrilreduktase
von G. kaustophilus, eine neue, moderat thermophile Nitrilreduktase, wurde charakterisiert. Scree-
nings mit einfachen Substratstrukturen zeigten hohe Substratspezifitit der Enzyme. Bindungen
zwischen Substrat und dem aktiven Zentrum wurden mit Hilfe von Homologiemodellen iden-
tifiziert. Verschiedene Strukturanaloga des natiirlichen Substrats preQ, wurden synthetisiert, in
diesem Fall verschieden substituierte Pyrrol[2,3-d]pyrimidine, Pyrrol[3,2-c]pyridine, Pyrrol[2,3-
b]pyridine, Thieno[2,3-d]pyrimidine, Cyclopenta[d]pyrimidine und Pyrazol[3,4-d]pyrimidine.
Diese Analoga des natiirlichen Substrats wurden mit Wildtyp queF und Mutanten des aktiven
Zentrums gescreent. Die essentielle Rolle zweier Aminosiurereste in E. coli queF, Cys190 und
Asp197, wurde bewiesen. Drei nicht-natiirliche Substrate wurden identifiziert und mit dem natiir-
lichen Substrat mit Wildtyp-Enzym und mutierter Nitrilreduktase hinsichtlich ihrer spezifischen
Aktivitdten verglichen. Vorversuche beziiglich der Aktivitdt von Nitrilreduktase fiir die Reduktion
von C-N- und C-O-Doppelbindungen wurden durchgefiihrt, im Speziellen fiir die Reduktion von
Iminen, Oximen und Aldehyden.
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ABSTRACT

Nitrile reductase queF catalyzes the reduction of 2-amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one
(preQ,) to 2-amino-5-aminomethylpyrrolo[2,3-d]pyrimidin-4-one (preQ,) in the biosynthetic path-
way to the hypermodified nucleoside queuosine. It is the only enzyme known to catalyze a
reduction of a nitrile to its corresponding primary amine and could therefore expand the toolbox
of biocatalytic reactions of nitriles. In order to evaluate this new oxidoreductase for application

in biocatalytic reactions, enzyme characterization and investigation of its substrate scope are

0 cN 0 NH,
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prerequisite.
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7-cyano- 7-aminomethyl-
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Scheme 1 Reduction of 7-cyano-7-deazaguanine (preQ,) to 7-aminomethyl-7-deazaguanine (preQ,) cat-
alyzed by nitrile reductase queF.

In this thesis, the active site binding and substrate scope of type I and type II nitrile reduc-
tase, from G. kaustophilus, and E. coli respectively, was investigated. Nitrile reductase from G.
kaustophilus, a novel, moderately thermophilic queF, was characterized. Screenings with simple
nitrile structures revealed high substrate specificity of the enzymes. Binding interactions of the
substrate to the active site were identified based on homology models. Various structural analogues
of the natural substrate preQ, were synthesized, namely differently substituted pyrrolo[2,3-
d]pyrimidines, pyrrolo[3,2-c]pyridines, pyrrolo[2,3-b]pyridines, thieno[2,3-d]pyrimidines, cy-
clopenta[d]pyrimidines, and pyrazolo[3,4-d]pyrimidines. These natural substate analogues were
screened with wild-type queF and several active site mutants. Two amino acid residues of E. col
queF, Cys190 and Asp197, were shown to play an essential role in the catalytic mechanism. Three
non-natural substrates were identified and compared to the natural substrate regarding their specific
activities by using wild-type and mutant nitrile reductase. Nitrile reductase queF was preliminarily
investigated towards its activity for the reduction of C-N and C-O double bonds, specifically imines,

oximes, and aldehydes.
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Introduction

In recent years, the design of greener, more sustainable products and processes has become
a priority in many research institutions, chemical and pharmaceutical companies [1]. Green
chemistry aspires to efficiently use raw materials and reduce waste and reduce or eliminate the
use or generation of substances hazardous to humans, animals, plants and the environment [1,
2]. A number of green chemistry performance metrics, such as atom economy, raw material
efficiency, and E-factor, have been developed to guide the development of new, green reactions
and technologies [2].

The three key areas of research in green chemistry are catalysis, alternative reaction media, and
the use of renewable raw materials as alternatives to fossil resources [3]. Catalysis is a key discipline
to enable clean and cost-efficient processes [1, 4]. A number of Noble Prizes were awarded for
catalysis, most recently to Richard F. Heck, Ei-ichi Negeshi, and Akira Suzuki for palladium-
catalyzed cross couplings in organic synthesis in 2010. However, homogeneous and heterogeneous
metal catalysis is mostly carried out in organic solvents [4]. Organic solvents are considered a
major source of waste in the fine and speciality chemical industries, and are associated with health
hazards and/or environmental problems [5]. In contrast to metal catalyzed reactions, biocatalytic
reactions are mostly performed at ambient temperature and pressure, often in water as solvent [3,
5]. Biocatalysts themselves are biocompatible, have low ecotoxicity and are produced from natural,
renewable raw materials [5]. Therefore, biocatalysis is considered one of the greenest technologies
for chemical synthesis [1, 3-5].

Enzymes and whole cells are used as biocatalysts in organic synthesis and industrial synthetic
chemistry [2]. Over 3,000 enzymes have so far been identified [5]. Both natural and engineered
enzymes can be produced on a large scale in convenient host organisms using recombinant DNA
technologies [5, 6]. Genetic engineering can alter enzyme stability, broaden substrate specificity
or increase specific activities of enzymes. Whole cells are often used for reactions that require
cofactors which are regenerated in metabolically active cells [2, 5-7]. The development of efficient
cofactor regeneration systems makes biocatalytic reactions that require cofactors suitable for large
scale processes [5, 6]. Biocatalytic processes can be carried out in organic solvents as well as in
aqueous environments, so that apolar organic compounds as well as water-soluble compounds can
be modified selectively and efficiently [2, 5-7].

Biocatalysts display chemo-, regio-, and enantioselectivity and show remarkable rate accelera-
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tion of typically 10° to 108 [5]. Biocatalysis is therefore uniquely suited to the development of
green chemistry routes for complex molecules, which are often labile and densely functionalized
[2]. Synthetic pathways can often be shortened by avoiding protecting and deprotecting steps
by replacement of a synthetic step by a biocatalytic reaction. The high selectivity of enzymatic
synthesis affords efficient reactions with few by-products. [2, 5, 6, 8]

Enzyme catalyzed transformations of nitriles are of considerable interest for synthetic chem-
istry. Nitrile groups are often used as synthon for homologation of the carbon framework [9,
10]. Subsequently, nitriles may be hydrolyzed to carboxylic acids or carboxamides, or reduced
to amines. Nitrile and amine containing compounds are used as feedstock, solvents, extractants,
pesticides (e.g. dichlobenil, bromoxynil, ioxynil, buctril) and are ubiquitous intermediates in
the pharmaceutical, specialty, and commodity chemical industries [10]. Chemical hydrolysis and
reduction of nitriles requires harsh reaction conditions [10]. Hydrolysis uses strong acid or bases
while reductions require metal catalysts in combination with molecular hydrogen or complex
hydrides. A biocatalytic transformation of nitriles proceeds at near physiological conditions,
often chemo-, regio-, and/or stereoselectively [10]. A biocatalytic transformation of nitriles
consequently represents a very attractive and valuable alternative to the corresponding chemical
reactions [10, 11]. Nitrile hydrolysing enzymes were employed for the preparation of carboxylic
acids and amides, and for optically pure amino acids, hydroxy acids, and keto acids and several
other commercially important organic compounds [10-12]. A nitrile reductase has so far not been

exploited for biocatalysis.

1.1 Nitrile transforming enzymes

Nitrile degrading activity is known from a number of plants (Gramineae, Cruciferae, Musaceae),
and fungi (Fusarium, Aspergillus, Penicillium), and more frequently from bacteria [10]. A num-
ber of bacteria (Acinetobacter, Corynebacterium, Arthrobacter, Pseudomonas, Klebsiella, Nocardia,
Rhodococcus) are known to metabolize nitriles as sole source of carbon and nitrogen [10]. In
plants, the physiological role of nitrile degrading organisms is implicated in nutrient metabolism,
particularly in the degradation of glucosinolates and the synthesis of indole acetic acid [10]. In
higher plants, nitrile degrading activity is also required for cyanide detoxification [10]. In microbes,
different enzymes are responsible for the metabolism of nitriles: nitrile hydratase, amidase and
nitrilase catalyze hydrolysis to carboxamides and carboxylic acids, oxygenase catalyzes oxidation to
cyanohydrins, and nitrogenase reduction to alkanes and ammonia [9, 10, 13]

Nitrogenase is a nitrogen-fixing enzyme. Nitrogenase is a complex of two protein fractions,
a molybdenum-iron protein and an iron protein [14]. In addition to fixation of nitrogen,
nitrogenase can catalyze the reduction of compounds structurally similar to nitrogen, such as
cyanide, azide, acetylene or nitro-groups [14, 15]. The nitrogenase catalyzed reductions have the
same requirements as nitrogen fixation: ATP as energy source, a low potential electron donor, a
divalent ion and an electron acceptor [14, 15].

Oxygenases are oxidoreductases, used in some plants and insects to oxidize nitrile substrates to
cyanohydrins (a-hydroxynitriles) [10]. In plants, usually enzymes with monooxygenase activity,
such as P450 (CYPs), catalyze the synthesis of (R)-hydroxynitrile through nitrile formation by
dehydration and hydroxylation [16]. Cyanohydrins are then further converted to an aldehyde
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and hydrogen cyanide by hydroxynitrile lyases (oxynitrilases) [10]. Hydrogen cyanide is used
as a defense system and as nitrogen source [16]. This enzymatic system is almost unknown in
microorganisms [ 10].

Oxynitrilases (hydroxynitrile lyases, HNLs) belong to the class of aldehyde lyases. Oxynitri-
lases are widespread in nature, over three thousand plant species are known to produce the enzyme.
Oxynitrilases cleave the cyanohydrins present in plants as cyanogenic glycosides or cyanolipids. In
cyanogenic glycosides or cyanolipids the cyanohydrin is stabilized and hydrogen cyanide cannot
be released. Hydrogen cyanide is liberated by the oxynitrilase catalyzed reaction and can in turn
be used either in plant defense or in the biosynthesis of amino acids. Two classes of oxynitrilases
are known, differing in the presence, or absence, of FAD. FAD is however, not involved in a redox
reaction, but appears to have a structure stabilizing effect. FAD-independent oxynitrilases show
different substrate specificity than the FAD-dependent enzymes. Oxygenases from the plant family
Rosaceae (e.g. Prunus amygdalus - almond) contain FAD. FAD-independent oxynitrilases have been
isolated from a large variety of plant sources. The HNL from Sorgum biocolor uses aromatic
cyanonitriles, whereas HNLs form Linum usitatissimum, Manibot esculenta, and Hevea brasiliensis
use aliphatic cyanohydrins. The crystal structure of Hevea brasiliensis oxynitrilase was solved in
1999 and revealed this HNL to be a member of the a/B-hydrolase fold family. The active site is

buried deeply inside the structure and is connected by a narrow channel to the surface [16-18].

RCH,CH3 + NH3

nitrogenase
oxygenase nitrilase
RCH(OH)CN <———— RCH,CN RCH,COOH
nitrile
oxynitrilase hydratase amidas
RCHO + HCN L—» RCH,CONH,

cyanide | cyanide
cyanase y hydratasey dihydratse
CO, + NH3 HCONH, HCOOH + NH;

Scheme 1.1 Pathways of nitrile degrading enzymes.

In biocatalysis, hydroxynitrile lyases are valuable enzymes for the asymmetric synthesis of
cyanohydrins. A tremendous variety of pharmaceuticals, agrochemicals, and biologically active
compounds have been prepared from enzymatically synthesized cyanohydrins. HNLs from Hevea
brasiliensis and Manibot esculenta provide (§)-cyanohydrins, while HNLs from L. wusitatissimum
and P. amygdalus yield (R)-cyanohydrins. HNLs from Hevea brasiliensis, Manihot esculenta, and P.
amygdalus accept a wide variety of aldehydes and ketones of synthetic interest, including aromatic,
heteroaromatic, aliphatic and alicyclic compounds [16, 17, 19].

Hydrogen cyanide can be converted by different enzymes. Cyanase, found in bacteria and
plants, produces carbon dioxide and ammonia from hydrogen cyanide. Cyanase requires bicar-

bonate as cofactor. The bicarbonate attacks the cyanate, with elimination of carbon dioxide, thus
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catalysing hydration of the cyanate to carbamate. The carbamate spontaneously hydrolyzes to
ammonia and carbon dioxide. Cyanide hydratase produces formamide from hydrogen cyanide
[10]. Cyanide hydratase was first identified in the fungus Stemphylium loti, a pathogen of
the cyanogenic plant birdsfoot trefoil (Lotus corniculatus). Cyanide hydratases from Fusarium
oxysporum N-10 and Fusarium lateritium show low activity (0.02-0.05% of HCN activity) with
a number of nitriles. Cyanide dihydratase catalyzes the hydrolysis of hydrogen cyanide to formate
without forming formamide as a free intermediate. Cyanide dihydratases occur mostly in bacteria,

while the cyanide hydratases occur in filamentous fungi.[10, 20]

1.1.1 Nitrilase

Nitrilase (EC 3.5.5.1) catalyzes the cleavage of nitriles to the corresponding acids and ammonia.
However, several nitrilases were reported to convert nitriles to both, acid and amide products [12,
21-23]. Nitrilases, along with cyanide hydratases and cyanide dihydratases, constitute branch 1 of
the nitrilase superfamily [24, 25]. The majority of nitrilases known were obtained from bacteria,
fungi, and plants by a variety of selection methods on media, containing nitriles as nitrogen source,
or through direct cloning and expression [20, 21].

The enzyme nitrilase was first described by Thimann and Mahadevan in 1964 [26]. This
nitrilase was found to hydrolyze indoleacetonitrile to indoleacetic acid. The conversion of in-
doleacetonitrile to indoleacetic acid was identified by a colour reaction of indoleacetic acid with
Salkowski reagent, measured by calorimetry, or alternatively, by TLC analysis with staining
with Salkowski and Ehrlich’s reagent [26, 27]. Nitrilase activity was found in a number of
plant species, including Hordeum wvulgare (barley leaves, stem, leaf sheath, and roots), several
members of the Cruciferae, including Brassica oleracea var. capitata (cabbage leaves), Brassica oleracea
var. botyytis (cauliflower inflorescence), Brassica oleracea var. gemmifera (brussel sprouts), Brassica
oleracea var. gongylodes L. (kohlrabi leaves), members of the Musaceae (banana, leaves), and Strelitzia
reginae (bird of paradise leaves). The enzyme was partially purified from barley leaves. In addition,
the hydrolysis of indoleacetonitrile was shown in seedlings of Avena (oats), Triticum (wheat) and
Raphanus (radish). Among 29 plants species from 21 families were tested, 19 showed no activity,
indicating nitrilase is not common in the plant kingdom [26].

Both, indoleacetonitrile and indoleacetic acid, are inhibitory to the mycelial growth of the
fungus Fusarium oxysporum f. sp. cubense suggesting the nitrile might be converted to the acid
by this fungus. The hydrolysis of indoleacetonitrile and indoleacetic acid could be verified by TLC.
Several other fungi, including Fusarium oxysporum {. sp. dianthi, F. solani, Fusarium isolates from
carrot and Easter lily, Gibberella fujikuroi, Aspergillus niger and Penicillium chrysogenum, are capable
of this hydrolysis, however do not excrete the enzyme into the culture medium [26].

The first bacterial nitrilase, ricinine nitrilase, was isolated from a soil bacterium by Hook
and Robinson in 1964. The enzyme was isolated by selection for growth on the naturally
occuring nitrile ricinine (N-methyl-3-cyano-4-methoxy-2-pyridone) as sole carbon source. Ricinine
nitrilase catalyzes the hydrolysis of ricinine to N-methyl-3-carboxy-4-methoxy-2-pyridone and
ammonia, and a small amount of N-methyl-3-carboxamide-4-methoxy-2-pyridone. Similar amounts
of amide were found in reactions with crude extract and purified enzyme. N-methyl-3-carboxamide-

4-methoxy-2-pyridone was not enzymatically hydrolyzed to the carboxylic acid. A common
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intermediate for amide and acid formation was therefore proposed [28].

The physiological role of nitrilases is still not clear. Bacteria, such as Bacillus subtilis, constitu-
tively express nitrilases. The majority of the nitrilases characterized are inducible by the presence
of nitriles in the growth media, indicating a role in detoxification or utilization. The role in
detoxification was shown for cyanide in plants, glucosinolates, and the aldoxime degrading pathway.
Nitrilases are also considered to be involved in the production of metabolites, as exemplified by the

synthesis of indoleacetic acid [21].

Structure and catalytic mechanism

Most nitrilases consist of a single polypeptide chain with a molecular mass of approximately 40kDa.
All the superfamily enzymes demonstrate significant structural homology. Microbial nitrilases,
cyanide dihydratases and cyanide hydratases form left-handed spiral quaternary structures [21].
The superfamily is characterized by having a homodimeric building block with an eight layered
appa-appPa sandwich fold. Crystal structures show dimers, tetramers, hexamers or octamers. The
dimer is the building block for oligomerization. Microbial nitrilases form larger homo-oligomeric
spirals with varying numbers of 6-26 subunits. Plant nitrilases possess two or three nitrilase
isoforms in their tissues. These enzymes could either have a dual biological function or broaden
their substrate spectrum through the formation of higher heteromeric complexes. The functional
significance of the oligomerization is, however, not yet fully understood [20, 21]. The nitrilase
active site contains three positionally conserved amino acid residues: cysteine, glutamic acid, and
lysine. All microbial nitrilases possess an extended C-terminal sequence of about 40-100 amino
acids [21]. Deletion of 55 or 64 amino acids from the C-terminus from Rhodococcus rhodochrous led
to inactive enzyme. An analogous deletion of 47-67 C-terminal amino acids reduced enzymatic
activity of Pseudomonas fluorescens, increased amide formation, and changed enantioselectivity.
No significant differences in enzymatic properties were observed when about 50-80 amino acid
residues in the C-terminus were swapped with those from other superfamily enzymes, namely
Rhodococcus rhodochrous and Alcaligenes faecalis [21, 25]. The C-terminal region in microbial
nitrilases might therefore facilitate spiral formation by positioning residues located at the interfaces
in close proximity with each other and thereby strengthening the interfaces. This C-terminal region
probably interacts with another part of the subunit which is located near the actives site influencing
activity and stability of the nitrilase [21] .

The first crystal structures of nitrilase superfamily members were of N-carbamyl-D-amino acid
amidohydrolase from Agrobacterium and a NitFhit protein from C. elegans [29, 30] Recently,
the first crystal structure of an enzyme of the nitrilase family exhibiting nitrilase activity, the
nitrilase from Pyrococcus abyssi, was solved [31]. This nitrilase is a thermophilic enzyme, exhibiting
maximum activity at 80°C. Small, aliphatic dinitriles, like fumaro- and malononitrile, are converted
to the corresponding monoacid mononitriles [32]. The enzyme crystallized as a dimer, possessing
twofold symmetry in the asymmetric unit. Each subunit contains 262 residues and has an affa
sandwich fold forming a affa-appfa structure when the two subunits associate. The C-terminal
part of each subunit extends away from the core and interacts with other subunits. The dimer
interface contains hydrophobic as well as charged residues. Salt bridges between arginine and

glutamate residues constitute a considerable part of the interaction responsible for dimer formation.
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The binding pocket, located near the inter-subunit interface, is lined with hydrophobic residues,

mostly phenylalanine [31].
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Scheme 1.2 Proposed mechanism for the hydrolysis of nitriles to carboxylic acids and carboxamides
catalyzed by nitrilase.

Nitrilases conserve the catalytic residues, namely a cysteine, a glutamate, and a lysine in
the active site. These residues were identified as essential for catalysis by mutation experiments
yielding inactive enzyme [24]. The catalytic residues in Pyrococcus abyssi nitrilase were identified
as Glu42, Lys113 and Cys146 by sequence and structure comparison with other proteins from
the nitrilase superfamily. The catalytic mechanism proceeds via a thioimidate intermediate, as
depicted in Scheme 1.2. In the first step, the active site cysteine initiates nucleophilic attack on
the carbon of the nitrile with concomitant protonation of the nitrogen to form a thiomidate
intermediate stabilized by lysine. Attack by water, accompanied by further protonation on the
nitrogen leads to an tetrahedral intermediate. The glutamate increases the nucleophilicity of the
cysteine and participates in proton transfer, resulting in elimination of ammonia and an acyl-
enzyme. In Pyrococcus abyssi nitrilase, Glu42 and the thiol-sulfur of Cys146 are in close contact of
2.6A, supporting the role of Glu42 as a catalytic base responsible for activation of the nucleophile
Cys146. The acyl-enzyme then reacts with water to form the acid product [21, 31, 33]. The
tetrahedral intermediate can also release the amide product. In absence of the assistance of other
amino acids, the cysteine is expected to leave preferentially, as the C-S bond is much weaker than the
C-N bond. However, a m-electron withdrawing group switches the amide formation to that of acid,
possibly because the sulphur offers a greater mesomeric stabilization of the transition state [20, 22].
Elimination of ammonia from the tetrahedral intermediate, to subsequently yield the acid product,
requires a positive charge on the nitrogen atom of the substrate, stabilized by the glutamate residue.
A positive charge on the nitrogen atom of the substrate can be destabilized demanding residues R
or by steric interactions forcing the nitrogen atom away from the stabilizing glutamate residue. The
charge distribution in the tetrahedral intermediate, therefore depends on the stereochemistry and
electronic properties of the residue R and acts as a mechanistic switch [23]. The rate determining
step was identified as rate of the breakdown of the covalent intermediate, for both good and poor
substrates. It was considered possible that the enzyme could bind and react with many different

nitriles in the first step and good substrates are only distinguished in later steps of the reaction [33].



CHAPTER 1. INTRODUCTION

Substrate specificity

Nitrilases are commonly classified in three subgroups according to their substrate specificity for
aromatic, aliphatic or arylaliphatic nitriles [25]. Aromatic nitrilases are abundantly found in
the Rhodococcus genus and are highly specific for aromatic and heterocyclic nitriles. However,
there is a degree of flexibility in the nitrilases substrate range. The enzymes from R. rhodochrous
J1 and Rhodococcus NCIMB 11216 can hydrolyze acrylonitrile and propionitrile, respectively.
Aromatic nitrilases are also found in filamentous fungi, e.g. in Fusarium solani IMI196849,
Fusarium oxysporum f. sp. melonis, Aspergillus niger K10 and Fusarium solani O1. These enzymes
share high specificity for aromatic substrates and good thermostability. Aliphatic nitrilases were
reported from Acidovorax, Comamonas, Psendomonas, and Acinetobacter. Arylacetonitrilases were
typically reported in Alcaligenes, Pseudomonas or Halomonas. Arylacetonitrilases are generally
enantioselective enzymes, displaying activity with benzonitrile and sometimes aliphatic nitriles.
The natural substrates for the majority of nitrilases are not known [21, 25].

The substrate specifictiy of different nitrilases was investigated in literature. Nitrilase from
P. putida was identified as arylacetonitrilase, accepting phenylacetonitrile derivatives, including
indole 3-acetonitrile and 2-thiopheneacetonitrile as substrate. Substitution in para-position on the
phenyl ring dramatically increased enzyme activity, while ortho-substitution decreased it, probably
due to steric hinderance. The incorporation of under 5% of organic solvent (DMSO, DMF, i-
propanol, ethanol, methanol, THF, dioxane, acetone) generally increased activity for the hydrolysis
of mandelonitrile by increasing the availability of substrate. Higher concentrations of cosolvent led
to denaturation of the enzyme [34].

Nitrilases are used for the enantioselective synthesis of amino acids from aminonitriles. In
this enzymatic method, the nitrile is required to rapidly racemize, so the preferred enantiomer
is availabe for the enzyme. Racemization is achieved either at higher pH values, typically
above pH 10, or by preparing N-acylated aromatic aminonitriles, which racemize easily at pH
8 [25]. Nitrilases generally discrimiate between cis- and trans-configuration [25, 35]. Several
trans- and cis-configured, carbocyclic and nonaromatic heterocyclic, nitriles were used as substrates
for commercially available nitrilases from Codexis, Inc. and fungal nitrilases from E solani and
A. niger [35-38]. For a- and y-aminonitriles, the cis-isomer was preferentially hydrolyzed [25,
35]. Pyrrolidine-3-carbonitriles were more easily converted than piperidine 3- and 4-carbonitriles,
suggesting a preference of five-membered rings over those of six-membered rings as substrates [38].
The amino-group was protected with different protecting groups. N-Toluenesulfonyl protected
acids were formed in superior enantioselecivities compared to the N-carbobenzyloxy protected
analogues [38]. Similar conversions and similar tendencies in terms of substrate specificity were
observed for the commercially available nitrilases and the fungal nitrilases [25, 35].

Amide formation has been observed in nitrilase catalyzed reactions since the first investigations
of nitrilases in the 1960s. However, amide formation was often neglected, and ascribed to the
presence of contaminating nitrile hydratases [23]. Amide was also found in reactions with
purified ricinine nitrilase of Pseudomonas sp. [28] and purified nitrilases from E oxysporum f.
sp. melonis, R. rhodochrous ATCC39484, and Psendomonas DSM7155. In these cases, the amide
is usually less than 5% of the total reaction products [20]. Amide, however, was also found as

major product in nitrilase catalyzed reactions. AtNIT4 nitrilase from Arabidopsis thaliana was
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found to produce 1.5 times more asparagine than aspartic acid from the B-cyano-L-alanine. The
AtNIT1 enzyme from Arabidopsis thaliana was shown to produce the amide from fumaronitrile
in a ration of 93/7 of amide to acid, while acid was the predominant product in a ratio of
1/99 of amide to acid from crotononitrile as substrate [20, 23], Amide formation has also been
reported for the arylacetonitrilase from Pseudomonas fluorescens EBC191, in a range of 8% to
89%, depending on the substrate. The time course of the hydrolysis of 2-phenylactonitrile in
the presence of Pseudomonas fluorescens EBC191 was monitored, showing that amide and acid are
formed concurrently in the reaction. Measurements of the initial rates of amide and acid formation
showed that acid formation is more temperature dependent, indicating a higher activation barrier
for the formation of acid. Similarily a shift towards acid product was observed at pH values
below pH 3. Elevated temperature and low pH therefore favour the acid product, while low
temperature and increased pH bend the selectivity towards the amide. A correlation between the
electron-deficiency of the a-substituent and the amount of amide produced was suggested. The
influence of the electronegativity of the a-substituent on amide formation was further investigated
for Arabidopsis nitrilases, indicating the extend of amide increases with increasing electronegativity
of the a-substituent in the order methyl<H<CI [23]. N-Toluenesulfonyl- and N-carbobenzyloxy
protected pyrrolidine-3-carbonitriles yielded up to 31% of carboxamide, while in the case of N-
toluenesulfonyl pipecolic carbonitrile the amide was observed as predominately formed product
in reactions catalyzed by commercially available nitrilases from Codexis, Inc [38]. When the a-
activated nitrile frans-oxazoline-nitrile was used as substrate, 93% of amide were found as product,
however, approximately 20% of which were attributed to chemical nitrile hydrolysis by DTT.
In spin-concentrated nitrilases in buffers without DTT, conversions of up to 75% of amide were
observed. For the correpsonding cis-substrate up to 56% of amide formation was found with similar
amounts of amide formed by DTT [39]. The hydration of nitriles into amides may complicate the
use of nitrilases for the production of carboxylic acids. However, nitrilases producing a high ratio
of amide to acid may be useful for the synthesis of amides. Nitrilases exceed nitrile hydratases in

terms of stability and enantioselectivity [23, 25].

Industrial applications

Nitrilases are attractive biocatalysts in the fine chemicals and pharamceutical industries. Nitrilases
are versatile biocatalysts and exhibit high specificity, chemo-, regio, and enantioselectivity and
operate in aqueous solutions at moderate temperature and pH, minimizing the costs of chemical
processes and the negative impact of industry on the environment [10, 21, 40]. Many reactions
catalyzed by nitrilases are already operated in large scale. Nicotinic acid is a vitamin used, amongst
others, in animal feed supplementation and medicine. Nicotinic acid can be produced by enzymatic
hydrolysis of 3-cyanopyridine with R. rhodochrous J1 resting cells, a process commercially used by
Lonza [12, 41]. (R)}-Mandelic acid and (R)-3-chloromandelic acid are also produced by nitrilase
biocatalysts by Mitsubishi Rayon Co and BASF [40, 41].

An attractive feature of nitrilases is their ability to selectively convert one cyano group of a
polynitrile. 5-Cyanovaleric acid, an intermediate in the synthesis of nylon-6, can be prepared from
adiponitrile by R. rhodochrous K22. Tranexamic acid, a drug used to treat or prevent excessive blood

loss, is obtained by selective mono-hydrolysis of trans-1,4-dicyano cyclohexane by Acremonium
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sp [10]. The application of nitrilases for selective hydrolysis of nitriles in the presence of labile
functional groups is another topic currently investigated [40, 42].

Nitrilases are applied for herbicide degradation. Prolonged exposure to nitrile herbicides,
including dichlobenil (2,6-dichlorobenzonitrile), and bromoxynil (3,5-dibromo-4-hydroxybenzoni-
trile), results in weight loss, fever, vomiting, headache, and urinary problems. Nitrile metabolizing
enzymes efficiently degrade these cyano-group containing herbicides. The nitrilase of Klebsiella
pneumoniae subsp. ozaenae is highly specific for bromoxynil. The bacterial gene was spliced to
plant-promoters and the genes expressing the bromoxynil-specific nitrilase were introduced into
cotton varieties of bromoxynil-resistant cotton (BXN' ). Similarly, other bromoxynil resistant
plants could be achieved or other nitrile-degrading enzymes could be candidates for molecular
manipulation of biodegradative systems in plants [10, 21, 43]

Synthetic nitrile compounds are widespread in industrial waste water. Many of these nitriles
are toxic, carcinogenic and mutagenic in nature. Biodegradation of nitriles using a mixed culture of
bacteria containing different nitrile hydrolyzing enzymes are used as batch and continuous cultures
for the treatment of waste. However, microbial treatment of toxic industrial waste is often hindered
by varying levels of pH and temperature inhibiting microbial growth. Engineered organisms or
enzymes tolerating harsh reaction conditions might be a valuable alternative [10, 21].

Screening of metagenomic libraries and gene site saturation mutagenisis, a high throughput
screening technique in which possible point mutations are explored, led to a nitrilase suitable for
the efficient, scalable mono-hydrolysis of 3-hydroxyglutaryl nitrile to (R)-4-cyano-3-hydroxybutyric
acid. This compound is an important pharmaceutical intermediate for the synthesis of the

cholesterol-lowering drug Atorvastatin (Lipitor®) [21, 25, 44].

Immobilization

On an industrial scale, heterogeneous catalysts are preferably used, as they may be separated easily
and thus allow reuse and recycling of the catalyst, as well as application in continuous processes.
Consequently, immobilized enzmyes are expected to reduce costs by enabling the efficient sep-
aration, recycling, and reuse of costly enzymes. Immobilization strategies are categorized into
four main groups: heterogenization by adsorption onto a support material, heterogenization
by electrostatic interaction, heterogenisation by encapsulation, and heterogenization by covalent
bonding, including covalent immobilization on polymeric resins, colvent immobilization by
copolymerization, and covalent immobilzation on an inorganic support [45-47]. A variety of
methods for the immobilization of microbial cells are known, including encapsulation, adsorption,
and covalent bonding. Immobilization simplifies catalyst recovery and reuse, improves the resis-
tance of cells to lysis, and improves enzyme performance, such as activity, stability and selectivity
[41, 47, 48]. In some cases, immobilized cells were found to hydrolyze a wider range of substrates
than free cells, e.g. immobilized Candida guilliermondii CCT7207 cells degraded nitriles that
could not be utilized by the corresponding free cells [41]. Whole cells of E. coli expressing the
nitrilase from A. facilis were immobilized in carrageenan beads cross-linked with glutaraldehyde
and polyethylenimine. The resulting biocatalyst was found stable for approximately 50 cycles.
Analogous encapsulation methods using alginate as matrix were used for the preparation of re-

usable catalysts for the production of 3-hydroxyvaleric acid, p-methoxyphenylic acid, and (R)-
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mandelic acid [25, 49]. Co-immobilization of a nitrilase from Aspergillus niger and an amidase from
Rhodococcus erythropolis allowed highly selective continuous biotransformation of 4-cyanopyridine
to isonicotinic acid. Nitrilase converted the nitrile substrate into an acid-amide mixture in a ratio
of 3/1, while the amidase hydrolyzed the amide by-product to the acid [50].

Immobilization of subcellular samples is challenging, as most nitrilases are rather unstable
in solution and harsh reaction conditions during the immobilization procedures may impair
their activities [25]. Cross-linked enzyme aggregates (CLEAs®) are a simple method involving
precipitation of the enzyme from aqueous buffer by changing the hydration state of enzyme
molecules or by altering the electrostatic constant of the solution by adding appropriate aggregation
agents. Originally highly solvated enzyme molecules associate together under these conditions to
the extent that they precipitate as insoluble aggregates with native enzyme conformation. These
insoluble physical aggregates can subsequently be cross-linked by the addition of bifunctional cross-
linkers. The method is applicable to a wide variety of enzymes, and affords stable, recyclable
catalysts with high retention of activity. The enzyme does not need to be of high purity, as this
methodology combines purification and immobilization in one step [47, 51]. Low or no retention
of activity was observed when glutaraldehyde was used as cross-linker for nitrilases. Glutaraldehyde
might react with amino acids that are crucial for the activity of the enzyme. Bulky polyaldehydes
were used as alternative cross-linkers, resulting in high retention of enzymatic activity [52].
CLEAs® of nitrilase from E. coli harbouring a gene of Pseudomonas putida were recently applied
for the hydrolysis of mandelonitrile to (R)-mandelic acid [53]. CLEAs® increased the stability of
the nitrilase from A. faecalis expressed in E. coli. Another immobilization method is encapsulation,
as applied for NIT-102 from Codexis encapsulated in silica nanoparticles. These encapsulabted
enzymes were recyclable without significant loss of activity. In a few studies, immobilized nitrilases
were already used in continuous mode in continuous stirred tank reactors or columns filled with

enzymes absorbed by hydrophobic or exchange interactions [25].

1.1.2 Nitrile hydratase

Nitrile hydratases (EC 4.2.1.84) are metalloenzymes that catalyze the hydration of nitriles to
their corresponding amides. Nitrile hydratases can be classified into ferric nitrile hydratases and
cobalt nitrile hydratases. Nitrile hydratase activity was found in many microbes, including various
genera of Proteobacteria, Actinonobacteria, Cyanobacteria, and Firmicutes. The majority of
nitrile hydratases investigated in literature are from various species of Rhodococcus [12, 54, 55].
Nitrile hydratase is, unlike nitrilase, exclusively a bacterial enzyme. Microbes usually contain
either a nitrilase or a nitrile hydratase - amidase system for the hydrolysis of nitriles. However,
some microorganisms, such as Rhodococcus rhodochrous J1, Rhodococcus rhodochrons LL 100-21,
Rhodococcus rhodochrous PA-34, Nocardia globerula NHB-2, contain both, nitrilase and nitrile
hydratase-amidase systems. These three enzymes can be induced selectively [54].

Nitrile hydratase activity in the wild type organism is inducible by its substrates, products or
their analogues [ 10, 54]. In general, only one type of nitrile hydratase is produced by one organism.
However, Rhodococcus rhodochrous J1 produces two types of nitrile hydratases. Their expression
is regulated by supplementing the specific inducer for each in the culture media. Addition

of cyclohexanecarboxamide resulted in induction of a low-molecular weight nitrile hydratase
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(L-NHase), which showed higher activity with aromatic and heterocyclic nitriles, while urea
induced a high-molecular weight nitrile hydratase (H-NHase), which exhibited higher specificity
for aliphatic nitriles, particularly acrylonitrile [10, 54, 56]. The inducers are considered to act
at the transcriptional level to induce the expression of nitrile hydratase genes and to regulate the
assembly of a- and B- subunits of nitrile hydratase. Cobalt or iron are constitutional components
of functional nitrile hydratases. The metal ion in the active site is either acting as catalyst for nitrile
hydration, or required for folding or stabilizing the enzyme. Addition of cobalt- or iron-salts in the
culture media is essential for active expression of nitrile hydratase. Nitrile hydratase is expressed
intracellularly, therefore recovery of the whole cells from the production media is required [ 10, 54,
56].

Structure

Structural analysis of nitrile hydratases revealed a region of the a-subunit VC(T/S)LCSC(Y/T)
highly conserved in both types of nitrile hydratases. This region was identified as metal binding
domain. The cobalt-containing nitrile hydratase contains threonine and tyrosine as third and eighth
amino acid residue in the metal binding domain, while in iron-containing nitrile hydratase these
amino acids are replaced by serine and threonine respectively [54, 56]. Incorporation of cobalt
into the iron-type nitrile hydratase from Rhodococcus sp. N-771 was achieved by expressing the
nitrile hydratase in E. coli in cobalt supplemented medium. The metal substitution resulted in
reduced nitrile hydratase activity. The enzymatic activity gradually increased by incubation with
an oxidizing agent, potassium hexacyanoferrate. The oxidising agent is likely to activate the cobalt-
substituent by oxidizing the cobalt atom to a low-spin Co®*-state and/or modification of Cys-112
to a cysteine sulfinic acid [57]. Three cysteine residues are considered to be the ligands of the
metal ion in the catalytic centre of nitrile hydratase. These cysteine residues (aC-102, aC-105, and
aC-107) in the high molecular mass nitrile hydratase of Rhodococcus rhodochrous J1 were replaced
with alanine by site directed mutagenesis. These cysteine residues were found necessary for the
incorporation of a metal ion and active expression of nitrile hydratase [58]. The cobalt-containing
nitrile hydratase from Psendonocardia thermophila JCM 3095 was used to investigate the role of
the threonine/serine (T/S) and tyrosine/threonine (Y/T) amino acid residues in the metal binding
region. The T109S mutant exhibited similar characteristics to the wild type enzyme, however, the
Y114T mutant showed very low cobalt content and decreased catalytic activity, as compared with
the wild type enzyme. Oxidative modifications of Cys111 and Cys113 were not observed [59].

The nitrile hydratases from Rhodococcus R312 and Psendomonas chloraphis B23 are the first
examples of non-heme iron-containing enzymes with a low spin Fe(III) ion [60]. Rhodococcus N774
and Rhodococcus N771 contain nitrile hydratases with identical amino acid sequences as Rhodococcus
R312. These nitrile hydratases are composed of a- and f-subunits, each with a molecular mass
around 23kDa. One iron is found in each af-unit. These nitrile hydratases show unique reactivity
to light. The inactive form of the nitrile hydratase exists in the dark. The inactive form is
activated by light irradiation, whereas the active form is inactivated by aerobic incubation of the
cells in the dark. The chromophore responsible for the photoactivation is an iron complex. In
the inactive form of the nitrile hydratase, an endogeneous NO is bound to the non-heme iron.
Photodissociation of the NO activates the enzyme [10, 55, 56].
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Depending on the species of origin, different quaternary structures, af-dimers, or a,f,-
tetramers, have been observed for nitrile hydratase. The crystal structure of the photoactivated
nitrile hydratase from Rhbodococcus sp. 312 was solved at 2.65A. The a-subunit consists of a long
N-terminal arm and a C-terminal domain with a four layered apfa-structure. The f-subunit also
contains a long N-terminal extension, a helical domain, and a C-terminal domain that folds into a
B-roll. The two subunits form a tight heterodimer that is the functional unit of the enzyme. The
active site is located in a cavity at the subunit-subunit interface. The iron centre is formed by three
cysteine thiolates and two mainchain amide nitrogen atoms from residues of the a-subunit [55].

The crystal structure of the cobalt-containing nitrile hydratase from Psendonocardia ther-
mophila JCM 3095 at 1.8A revealed the structure of the non-corrin cobalt at the catalytic centre.
Two cysteine-residues coordinate to the cobalt and were post-translationally modified to cysteine
sulfinic acid and to cysteine sulfenic acid, like in iron-containing nitrile hydratases. In cobalt-
containing nitrile hydratases, a tryptophan residue replaces the tyrosine residue of iron-containing
nitrile hydratase. This tryptophan residue in the active site is considered responsible for the
different substrate preference of cobalt- and iron-containing nitrile hydratases. Cobalt-containing
nitrile hydratases prefer aromatic nitrile substrates, whereas iron-containing nitrile hydratases

convert aliphatic nitriles [61].

Catalytic mechanism
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Scheme 1.3 Proposed mechanisms for the nitrile hydratase catalyzed hydration of nitriles.

Based on the crystal structure of nitrile hydratases, different mechanisms for the hydrolysis of
the nitrile were proposed. In all mechanisms, the metal ions serve as Lewis acid. The first possible
reaction model, depicted in Scheme 1.3, assumes direct coordination of the nitrogen of the substrate
to the metal ion. The nitrile substrate approaches a metal bound hydroxide ion, which in turn
attacks the nitrile carbon atom. This mechanism is supported by the presence of an iodoacetonitrile

molecule in close proximity of the Fe(III) centre in the crystal structure of Rhodococcus sp. R312.

12



CHAPTER 1. INTRODUCTION

In the second mechanism proposed, nucleophilic attack of the metal bound hydroxide on the
nitrile substrate occurs in the active site. The resulting transient iminolate is O-bonded to the
metal and rearranges to the amide product. The third mechanism assumes catalysis without direct
coordination of the substrate to the metal ion. A metal-bound hydroxide ion acts either as base
activating a water molecule in the active site, which then attacks on the nitrile carbon. A imidate
intermediate is formed and tautomerizes to the amide product. The coordination structures of the
M(III) sites of the iron- and cobalt nitrile hydratase are very similar and thus, it is assumed that the
metal ions function similarly [10, 54-56].

The active site of nitrile hydratase, the metal ion centre, is deeply buried in the protein scaffold.
The distance of the channel from the nitrile hydratase surface to the active site is about 15A. X-
ray crystallographic analysis and enhanced sampling molecular dynamics simulations indicate that
this channel plays a major role in nitrile hydratase functioning. The architecture and interior of
the channel are considered responsible for the tuning of catalytic efficiency, stereospecificity and

substrate affinity of nitrile hydratases [54, 62].

Enzyme characterization

Nitrile hydratases exhibit broad physiological pH optima, varying between pH 6.5 and pH 8.5.
A rapid loss of activity was reported by decreasing or increasing the pH value. The loss of
activity below pH 6.5 is either due to denaturation and subunit dissociation or due to change
in the ionization of a critical active side residue, such as the cysteine thiol residues. Most
nitrile hydratases are thermolabile, exhibiting maximum activity in a temperature range from
20°C to 35°C. However, thermophilic nitrile hydratases are available with maximum activity at
temperatures of up to 60°C. Nitrile hydratases and amidases are often co-expressed. Amidases
can hydrolyze the amide product of the nitrile hydratase catalyzed reaction. Applying reaction
temperatures below 25°C drastically lowers amidase activity to negligible levels [54, 63].

Substrate specificity and selectivity

Nitrile hydratases catalyze the hydration of nitriles chemo-, regio-, and enantioselectively [64].
Aromatic, heterocyclic nitriles, aliphatic nitriles bearing ether or ester groups were chemoselctively
hydrolyzed by nitrile hydratase from Rhodococcus rhodochrous NCIMB 11216 [65]. Monomethyl
(R,S)-3-benzoyloxyglutarate and monomethyl (R,S)-3-benzyl-oxyglutarate were successfully pre-
pared from their corresponding nitriles. However, in whole cell biotransformations product purity
was impaired by cleavage of the ester groups by esterases. Esterase attack was found to be influenced
by the polarity of the substrate. Cyanobenzoates were hydrolyzed by an esterase of Rhodococcus
equi A4, while the corresponding aminobenoates were not hydrolyzed. The nitrile hydratase
from this strain was therefore applied as purified enzyme to ensure chemoselectivity [64, 66]. A
chemoselective biocatalyst, R. rhodochrous, is suitable for the treatment of polyacrylic fibre. Nitrile
groups are converted into amide groups without undesirable hydrolysis of the ester moieties in the
copolymer vinyl acetate. The efficiency of fibre dying is therefore enhanced by interaction of the
dye with the amide groups [64].

Regioselective, biocatalytic hydrolysis of a,c-dinitriles is a unique route to cyanocarboxylic

acids or their amides, and to the correspnding lactams. Acid- or base catalyzed regioselective
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hydrolysis of dinitriles requires stopping the reaction at an incomplete conversion of typcially
less than 20%. Enzymatic hydrolysis affords cyanocarboxylates from dinitriles in nearly quanti-
tative yields. 5-Cyanovaleramide, an intermediate in herbicide synthesis, can be produced from
2-ethylsuccinonitrile in a regioselective hydrolysis catalyzed by Comamonas testosteroni. The
industrial manufacture of 5-cyanovaleramide uses immobilized Pseudomonas chlororaphis [64].

Stereoselectivity of some nitrile hydratases towards arylaliphatic nitriles was observed in whole-
cell experiments and confirmed with purified enzymes. Stereoselective nitrile hydratases were
isolated from Pseudomonas putita, Agrobacterium tumefaciensis d3 and Rhodococcus equi A4. These
enzymes are (§)-selective and show preference for (§)-2-arylpropionitriles or (§)-2-arylbutyronitriles.
(R)-Selective nitrile hydratases were also observed in whole cells. Substitution on the aromatic
ring of the substrate decreases the stereoselectivity of the nitrile hydratase from Agrobacterium
tumefaciensis d3, however, 4- or 6- substitution increases stereoselectivity for the nitrile hydratase
from Rhodococcus equi A4 [63, 64, 67, 68].

Industrial Applications

Nitrile hydratases are used in several industrial processes. Acrylamide is prepared by hydrolysis
of acrylonitrile in a 30,000 to 95,000 tons per year scale. The reaction was established with nitrile
hydratase from Rhodococcus sp. N77 and Pseudomonas chloroaphis B23, currently nitrile hydratase
from Rhodococcus rhodochrous J1 is used in the industrial process run by Mitsubishi Chemical
Corporation and Mitsubishi Rayon Co., Ltd. [10, 12, 54, 56, 69]. Nicotinamide is prepared
in a chemoselective enzymatic hydrolysis of 3-cyanopyridine and affords nicotinamide without
contaminations of nicotinic acid. This process uses R. rhodochrous immobilized on poylacrylamide
and is performed by Lonza AG, CH, under a license from Mitsubishi Rayon on a scale of 4,000
tons/year [64]. Nitrile hydratases have also been shown effective in the removal of nitriles from
contaminated waste streams. Nitrile hydratases were successfully used for the biodegradation of

organonitriles in pharmaceutical waste-water and nitrile contaminated soil [54, 55].

Amidases

Amidase and nitrile hydratase genes are often adjacent in the same operon and co-expressed.
Amidases hydrolyze the amide product of the nitrile hydratase catalyzed reaction to the carboxylic
acid and ammonia. In prokaryotes, amidases are involved in the carbon/nitrogen metabolism,
in eukaryotes they transfer ammonia from glutamine to tRNAGlu, and in mammals they are
responsible for the degradation of neuromodulatory fatty acid amides. Different amidases are
known to be specific for aliphatic or aromatic amides or amides of a- or w-amino acids. Rhodococcus
sp. R312 was reported to have a wide spectrum of amidases, including an a-amio acid amidase
specific for L-a-aminoamides, an aliphatic amidase, and an enantioselective amidase hydrolyzing

aryloxypropioamides [10, 24, 70, 71].

1.2 Nitrile reductase queF

Nitrile reductase queF (EC 1.7.1.13) is the first enzyme known to catalyze the reduction of a nitrile

to the corresponding primary amine. The enzyme queF was recently discovered in the biosynthetic
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pathway of the 7-deazaguanine modified tRNA nucleoside queuosine, depicted in Scheme 1.4.
QueF shows high sequence homology to GTP cyclohydrolase I (FolE) and was first described as
a GTP cyclohydrolase like enzyme, proposed to be responsible for the initial step in queuosine
biosynthesis [9, 72]. However, cyclohydrolase activity was not observed with GTP nor with
the related metabolites GMP, GDP, and guanosine as substrates. The biosynthetic pathways of
queuosine (in bacteria) and arachaeosine (in archea) diverge from the common intermediate preQ,,
as depicted in Scheme 1.6. The enzyme queF was proven to play an essential role in queuosine
biosynthesis, whereas arachea lack a queF homologue. Therefore, queF catalyzes an enzymatic step
exclusive to the biosynthesis of queuosine, after the formation of preQ,. QueF was identified as
an oxidoreductase, catalyzing the cofactor dependent reduction of 7-cyano-7-deazaguanine (preQ,)
to 7-aminomethyl-7-deazaguanine (preQ;), a reduction of a nitrile group into its corresponding

primary amine, a reaction unprecedented in biology [9, 13, 73].
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Scheme 1.4 Biosynthetic pathway of the hypermodified nucleoside queuosine (Q), including the enzy-
matic reduction of 7-cyano-7-deazaguanine (preQ,) to 7-aminomethyl-7-deazaguanine (preQ),) catalyzed by
nitrile reductase queF.

Nitrile reductase activity was tested with different redox cofactors, activity was observed in
presence of NADPH [9]. Therefore, queF is classified as NAD(P)"-dependent four electron
transfer dehydrogenase. NAD(P)*-dependent four electron transfer dehydrogenases include UDP
glucose dehydrogenase [74-78] and its homologues, histidinol dehydrogenase [79, 80], and 3-
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase [13], all showing activities equiv-
alent to alcohol and aldehyde dehydrogenase [13, 81-85]. These enzymes are similar in the overall
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reactions catalyzed, however, were found to employ distinctly different mechanisms. UDP glucose
dehydrogenase I catalyzes the NAD"-dependent two-fold oxidation of UDP-glucose to UDP-
glucuronic acid. A mechanism involving an active site cysteine and a thiohemiacetal intermediate,
which is further oxidized to the thioester, was suggested [74, 75]. Histidinol dehydrogenase is a
Zn*-dependent metalloenzyme and the reaction mechanism is facilitated by acid-base catalysis.

HMG-CoA reductase does neither employ covalent catalysis nor is it metal-dependent [13].

Structure and catalytic mechanism

Structural and sequence analysis indicate that queF belongs to the tunnel-fold (T-fold) superfamily,
a superfamily of functionally distant proteins that bind planar pterin or purine substrates. T-fold
proteins consist of small monomeric units composed of a pair of two stranded antiparallel B-sheets
and two antiparallel a-helices. They assemble into homo-oligomers that form a 8, o -barrel. The
active sites of all T-fold proteins are located at the subunit interface, with amino acid residues from
seperate monomers contributing to the active site architecture. Sequence identity between FolE
and B. subtilis queF, belonging to the same structural superfamily, is approximately 25% , while
sequence similarity is 40% in a 100 amino acid stretch. The sequence homology between these
enzyme families allowed a preliminary understanding of the active site. However, queF shows a
strictly conserved pattern E(S/L)K(S/A)hK(L/Y)(Y/F/W) (h is a hydrophobic amino acid) named
the queF motif, which is not present in FolE. This motif is flanked by the strictly conserved residues
Cys55 and Glu97 (B. subtilis numbering). In a homology model of queF with the substrate preQ,
docked in the active site, the Cys55 residue was located in close proximity to the nitrile functionality

of the substrate and was consequently suggested to play an important role in catalysis [9, 13].
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Scheme 1.5 Proposed mechanism for the reduction of preQ, to preQ), catalyzed by nitrile reductase queF.

QueF proteins are classified in two structural subfamilies: homodecameric enzymes of uni-
modular subunits, exemplified by B. subtilis YkvM, and larger, bimodular enzymes of two tandem
GTP cyclohydrolase I like domains, exemplified by E. coli YqcD. The YkvM subfamily shows the
queF motif on the N- and C-terminal sides, bracketed by an invariant Cys and Glu respectively,
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while in the YqcD subfamily the queF motif and the invariant Cys and Glu residues are located
separately in the weakly homologous N- and C-terminal domains respectively of the polypeptide
chain. Similar structural subfamilies are also found in FolE: homodecameric, unimodular enzymes
exemplified by bacterial and mammalian GTP cyclohydrolase I and bimodular proteins of two
domains, found in plant GTP cyclohydrolase I. The homology of queF and FolE families clearly
suggested that queF belongs to the tunneling fold structural superfamily [9, 73].

A covalent mechanism has been proposed for the nitrile reductase queF catalyzed reduction
of preQ, to preQ),. First, the substrate preQ, is bound to the enzyme, followed by nucleophilic
attack of the thiol group of the cysteine residue on the nitrile group of the substrate, to form a
thioimide intermediate. The first molecule of NADPH then binds to the enzyme and reduces
the thioimide intermediate, giving a new covalent adduct, a thiohemiaminal. After releasing the
oxidized cofactor, the second molecule of NADPH is bound. The imine is formed from the
thiohemiaminal and is further reduced to yield the amine preQ, (Scheme 1.5) [13]. The reduction
of a nitrile to an amine requires four electrons and thus two equivalents of the two-electron
reductant NADPH. Consequently, the reaction must be performed stepwise, and involves an imine
as two-electron reduction product. However, imines are vulnerable to nucleophilc attack by water,
leading to hydrolysis, either in the active site or after dissociation from the enzyme, and formation
of aldehyde. In case of nitrogenase catalyzed reduction of hydrogen cyanide, formaldehyde and
methylamine are in fact both significant products of the reaction. However, the imine intermediate
in the queF catalyzed reaction appears to be temporarily masked as covalent thiohemiaminal
adduct, preventing hydrolysis. Presumably, the imine is only formed after binding of the second
equivalent of NADPH [13, 86].

1.2.1 Type I nitrile reductase queF (YkvM)

Type I nitrile reductase queF, the YkvM subfamily, is a homodecameric enzyme, first found in
B. subtilis. B. subtilis queF and GTP cyclohydrolase I exhibit 26% sequence similarity and 14%
sequence identity, respectively. This homology was used to build a three-dimensional working
model of two adjacent queF monomers of B. subtilis queF with preQ, docked in the putative active
site. The model suggests catalysis at the intersubunit interface. In one monomer, the substrate
interacts with the two invariant side chains Glu97 and Cys55, the conserved Phe95 and the main
chain of His96. In the second monomer, the side chain of Ser97 and the mainchain of Val77
coordinate to the substrate. The queF motif is found in a nearby a-helix. According to this model,
preQ, plays an important role in stabilization of the functional multimeric enzyme structure by
bridging the two parts of the active site, namely the invariant Glu and Cys residues from one
monomer and the queF motif from the other. These findings suggested an influence of preQ, on

the crystallization properties of queF [9, 73].

Enzyme characterization

The pH profile and metal dependence of B. subtilis queF was determined. Enzymatic activity was
investigated over a pH range from pH 5.4 to pH 9.4 in a tribuffer system to maintain constant ionic

strength. The pH profile exhibits a bell curve with maximum activity at pH 7.5. The enzyme was

17



CHAPTER 1. INTRODUCTION

neither stimulated nor inhibited at KCI concentrations below 10mM, however showed inhibition
when the concentration was above 100mM. The activity of queF was assayed with the chloride
salts of Ca?t, Mg?*, Mn?*, Co**, Ni*t, Zn?*, Fe?*, and Fe’t; Cu?t was investigated as the
sulfate salt. Most metals induced neither activation nor inhibition. Cu?t and Fe>t, however, led to
irreversible inhibition of queF. Maximum activity was observed in the absence of added metal, or
in the presence of EDTA, indicating queF is not metal dependent [13].

Steady state kinetic analysis provided kinetic constants that are typical for the enzymes of the
queuosine pathway and NAD(P)H dependent dehydrogenases. Initial velocity data were fit to the
equations describing a bi-uni-uni-bi ping-pong ter ter kinetic mechanism, with preQ, as the main
substrate and both NADPH molecules binding with equal affinity [13]. A bi-uni-uni-bi ping-
pong kinetic mechanism has been shown for other NAD(P)" dependent four electron transfer
=0.6640.04min™",

-value is rather low com-

dehydrogenases [13, 75, 79, 80, 87]. Initial velocity analysis provided a k
K, (preQy)=0.2374£0.045uM and a K, NADPH)=19.2+1.07uM. The £
pared to other dehydrogenases, most likely due to the relatively low flux through the biosynthetic

cat

cat

pathway of queuosine which in turn did not induce selective pressure to evolve more efficient
enzymes. The k_,-value is not considered a consequence of the reactivity of the nitrile group,
as nitrilases and nitrile hydratases exhibit significantly higher values as observed for queF [13].

Sequence analysis of queF revealed that Cys55, found in proximity to the nitrile functionality
of the substrate, is strictly conserved over all members in this family.[13] This Cys residue aligns
with a universially conserved Cys residue in GTP cyclohydrolase I where it is responsible for zinc
binding.[88] As queF was identified not to be a metal-dependent enzyme, Cys55 was proposed as
catalytic nucleophile, reacting with the nitrile to form a covalent thioimide intermediate [13]. A
thioimide intermediate is analogous to the thioester intermediate found in the catalytic mechanism
of UDP glucose dehydrogenase, another nicotinamide-dependent oxidoreductase catalyzing a four
electron redox reaction [76]. Titrations of queF with preQ, in the absence of NADPH resulted in
formation of a new peak at 376nm. UV /VIS absorption at 376nm is consistant with that of an a,3-
unsaturated thioimide group. The adduct was isolated by dialysis. Three hours after dialysis, 89%
of the enzyme existed as queF-preQ, adduct, indicating remarkable stability of the intermediate.
Exposure to NADPH rapidly decreased the absorption at 376nm, supporting the existence of a
thioimide intermediate [13].

The importance of Cys55 was further assessed by examining the iodoacetamide-induced in-
activation of wild type enzyme, as well as by investigating Cys55 mutants. Iodoacetamide was
found to inactivate the enzyme. However, when the substrate preQ, is included at saturating
concentration, an attenuation of the protein inactivation is observed. These results support a
catalytically important Cys residue in the active site, which reacts with iodoacetamide, while in
the presence of substrate, it is protected from reaction. C55A and C55S mutants exhibited no
activity. Titrations of C55A and C55S mutants with preQ, did not result in a new peak at 376nm.
No significant changes, in neither secondary structure nor quaternary structure, were associated
with the mutations. The loss of activity in the C55A and C55S mutants is consistent with the loss

of essential catalytic functionality, not structural changes in the enzyme [13].
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Structure

Crystal structures of wild type queF from B. subtilis, as well as from the inactive mutant C55A
were determined at 2.5A[89, 90]. Attempts to crystallize the apoenzyme led to single or clustered
hexagonal crystal plates or highly mosaic crystals, diffracting poorly. The use of substrate or
substrate analogues is known to improve crystal quality. Furthermore, the homology model sug-
gested substrate binding at the intersubunit interface and therefore stabilisation of the quaternary
structure by substrate binding [73]. Wild type queF from B. subtilis, as well as the mutant C55A
were crystallized in presence of the substrate preQ,. In wild type queF preQ, was covalently
bound in the thioimide intermediate, while in the mutant, lacking the Cys residue responsible
for thioimide formation, preQ, was bound non-covalently. A covalent thioimide adduct has
been proposed in the nitrilase-catalyzed hydrolysis of nitriles to carboxylic acids, however this
thioimide intermediate was first observed in a crystal structure of nitrile reductase queF [89].
The queF enzyme forms an asymmetric tunnel-fold homodecamer of two head-to-head facing
pentamers, each composed of a cyclic arrangement of monomeric f,a,-barrels. A large surface
area in each pentamer is buried in the interpentamer interface, consistent with a stable decamer
being the biologically active enzyme form. The two pentamers are further pinned together at the
C-termini from opposing subunits, which form salt bridges at the interpentamer interface via the
conserved residues Asp131 and Argl64. Residues Arg162 and Argl64 form pairs of high affinity
metal sites, which are occupied by either Mg?*, as in wild type queF, or Ca**, as in the C55A
mutant. The similarity of both structures suggests, that either metal should result in a functional
enzyme. Preliminary biochemical investigations showed that both metals, as well as Mn?** are
capable of supporting catalysis. Comparison of approximately 100 unimodular queF sequences for
conservation of the metal binding site and the salt bridge pair, show that 80% of the sequences
contain the residues for either the metal binding site, the salt bridge, or both. However, the salt
bridge is more prevalent than the metal binding site. These sequence conservation patterns suggest
that stabilization of the decamer at the interpentamer interface is important for the biological
function of unimodular queF. Of the ten subunits in the decamer, two opposing subunits exhibit
disordered C-termini, hence the corresponding salt bridges and metal binding sites are not formed
[89].

In the queF crystal structure, ten active sites are found at the intersubunit interfaces. However,
in the structures of both, the wild type queF and C55A mutant, preQ, was bound at eight sites.
The substrate preQ, was included in 5-10 fold excess of the enzyme in the crystallization sample.
However, it is unclear whether the asymmetric, partially occupied enzyme complex represents the
true biological state of queF or is an outcome of the crystallization conditions and crystal lattice
contacts. The preQ, binding pocket is defined by a cleft between the two subunits from the same
pentamer. Several residues interact with preQ,. From one subunit, the invariant Glu97 sidechain
forms hydrogen bonds with the pyrimidine nitrogen atoms of preQ,, His96 coordinates to the keto
group in position 4. From the other subunit, Glu78, the first residue in the conserved queF motif,
interacts with the pyrrole nitrogen from preQ,. Additionally Ser79 and Val77 coordinate to the
amino group in position 2 and the pyrimidine nitrogen in position 3, respectively. Furthermore,
the hydrophobic residues Phe33, Phe95, and Ile130 make Van-der-Waals-interactions with preQ,.

The unoccupied active sites provide insight into the structure of the apoenzyme. Compared to an
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occupied site, the empty site is widened by 13A and does not form divalent metal bridges or salt
bridges between the two pentamers. These observations suggest that preQ, binding induces closure
of the active site and subsequent tightening of the pentamer as well as stabilization of the functional
decamer. This observation is supported by ultracentrifugation experiments, where in presence of
preQq a sharper peak, indicating a tighter decamer, is found. Furthermore, while a pentamer and
a decamer are assumed to exist in equilibrium, in presence of preQ, the equilibrium shifts towards
the decamer [89].

Catalytic mechanism

The reduction of a nitrile substrate to an amine requires four electrons and four protons. According
to the crystal structures of wild type B. subtilis queF and the C55A mutant, only two residues,
Cys55 and Asp62, both conserved, appear to be positioned appropriately to serve as proton donors.
In the minimal catalytic mechanism, a proton is transferred from Cys55 to preQ,, followed by
nucleophilic attack of the thiolate on the nitrile, forming the covalent thioimide intermediate.
This intermediate is then reduced by NADPH to the thiohemiaminal, with Asp62 delivering the
necessary proton. Binding of a second equivalent of NADPH is followed by breakdown of the
thiohemiaminal to the protonated imine. Hydride transfer from NADPH gives the amine. An
additional conserved residue, His96 in B. subtilis queF, appears to be not in an appropriate geometry
or in close enough proximity to the thioimide to serve effectively as proton donor. However, His96
is within contact distance to Asp62 and was considered of being capable of proton transfer to Asp62,

therby indirectly serving as source of the proton delivered by Asp62 [89].

1.2.2 Type II nitrile reductase queF (YqcD)

Type II nitrile reductase queF, the YqcD subfamily, is a bimodular enzyme highly conserved across
species [91]. Characterization of type II nitrile reductase from E. coli and crystal structures of type
IT nitrile reductase from V. cholerae are available in literature [9, 91, 92]. BLAST analsyis of the
protein sequence identified several hundred homologues [91, 93].

Type Il nitrile reductase queF (YqcD) has notable sequence differences compared to type I queF
(YkvM) [9]. Type II nitrile reductase queF, the YqcD subfamily, is composed of two conserved
domains. The N-terminal sequence is a member of the COG2904 superfamily, a superfamily of
uncharacterized proteins of unknown function, conserved in bacteria. The C-terminal sequence is
classified as tunneling fold (T-fold) superfamily and encompasses the catalytic residues. The amino
acid sequence of the YkvM subfamily (queF type I) maps into the T-fold C-terminal region of the
YqcD superfamily [91].

Enzyme characterization

Nitrile reductase queF from E. coli was experimentally characterized. Temperature dependence
studies showed a trend of increased enzyme activity with increasing temperature. However, half life
times decreased rapidly with increasing temperature. At 37°C half life time is 28.2 hours, dropping
to only 12.8 hours and six minutes at 40°C and 50°C respectively. Initial rates increase linearly

with increasing temperature when the exponential increase of activity and enzyme deactivation at
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elevated temperatures are superimposed. Nitrile reductase queF from E. coli showed the highest
activity at pH 7. No decrease in activity was observed for four hours, whereas, at pH 9, less
than 20% of the initial activity was retained. Determination of kinetic parameters provided a
k..=7.61min~!, K _(preQu)<1.5uM and a K, (NADPH)<0.2uM. The K, ,(NADPH) is 90-fold

higher than the one determined for B. subtilis queF, while the k_,, is ten-fold higher [92].

cat

Structure

The reported structure of bimodular (type II) nitrile reductase queF is quite distinct from that of
bimodular GTP-CH-I. Bimodular queF lacks the canonical T-fold quaternary structure of head-
to-head association of two f3,,a, -barrels formed from oligomerization of subunits. Catalysis in
bimodular queF therefore occurs at the intrasubunit interface between the N- and C-terminal T-
fold modules, not at the intersubunit interface, as in bimolduar GTP-CH-I and other biomodular
T-fold enzymes. Although preQ, does not bind in the interpentamer interface, ultracentrifugation
data indicate that preQ, affects the pentamer-decamer equilibrium in solution [89]. The C-terminal
domain of bimodular queF contains the region of homology to the bacterial and mammalian GTP-
CH-I subfamily. The N-terminal domain contains the queF motif. The invariant cysteine and
glutamate residues (Cys190 and Glu230 in E. coli queF) are only present in the C-terminal domain.
A similar splitting of active site residues between two domains is seen in bimodular FolE. In both
enzymes, a conserved central sequence is located on one domain, split from two flanking sequences,
approximately 40 residues apart. This splitting of the YqcD active site suggests a gene duplication
occurred, with each domain retaining some of the residues of the putative active site [9].

The structure of queF from V. cholerae was determined at 1.52A. This protein shares 60%
sequence identity with the experimentally characterized queF from E. coli. V. cholerae queF
crystallizes as a tetramer, a dimer of dimers. Solution data suggest that the protein is a dimer
and exists in equilibrium with its monomer. The queF monomer is made up of two ferredoxin like
domains aligned together with their f-sheets that have additional embellishments. Each monomer
consists of a seven-stranded, antiparallel B-sheet, eight a-helices, and several loops. These loops
contribute to the dimer interface as well as to the formation of the tetramer in the crystal. Each
loop is in contact with the loops from the other three monomers. Each monomer contains two
units, the first is part of the COG2904 superfamily and consists of a three-stranded p-sheet and two
a-helices, the second unit is similar to a T-fold and is composed of a four-stranded B-sheet with two
a-helices [91].

Nitrile reductase queF from V. cholerae was co-crystallized with guanosine triphosphate, but
only guanine, phosphate and pyrophosphate molecules were observed in the crystal structure.
The enzyme might therefore retain residual nucleosidase activity [91]. However, nitrile reductase
queF from B. subtilis (type I) and E. coli (type II) do not show cyclohydrolase activity [9]. GTP
cyclohydrolase I utilizes a zinc-ion to facilitate the reaction. In the crystal structure of V. cholerae
queF evidence of ordered metal ion binding was not found. The conserved residue His233 is in
appropriate position to donate a proton to the N7 nitrogen of the guanine moiety of GTP [91].
Protonation of the nucleotide results in cleavage of the N9-C1’ bond [94]. Another explanation for
the presence of guanine, not guanine triphosphate in the crystal structure is either contaminations

in the queF preparation or the GTP preparation [91].

21



CHAPTER 1. INTRODUCTION

In the crystal structure, one guanine molecule is bound to each of the four monomers
in the tetrameric asymmetric crystal unit. Guanine is bound in the cavity near the dimer
interface between the two sub-domains of a monomer. The two pyrophosphates bind on the
interface between two monomers in the dimer, at equal distance from two guanines. These two
pyrophosphates are presumable positioned close to where the diphosphate moiety of NADPH
binds. All four sites in a tetramer can therefore be occupied by substrate, however only one
molecule of NADPH can bind to a dimer and can serve only one of the two sites occupied by
substrate. Consistent with solution studies, the dimer is the minimal biological unit and queF
exhibits half-site reactivity [91].

NADPH binding was investigated in molecular dynamics simulations. The active site cannot
accommodate the adenine moiety of NADPH at the same time as preQ,. NADPH possibly
displaces one of the preQ, molecules from its binding site, that the adenine moiety of NADPH
occupies the same pocket as preQ,. The recently solved structure of queF with adenosine
triphosphate confirms that adenine can bind to the active site. The diphosphate moiety of NADPH
occupies a position that is comparable to that of pyrophosphate. The nicotinamide is coordinated
in a conformation where the nicotinamide ring is transverse to the preQ, ring plane [91]. The
specificity of the queF motif to the queF family suggests that these residues are involved in
NADPH binding. The binding of a modified base to queF, instead of the nucleoside to the highly
homologous FolE, leaves the binding site occupied by the ribosyl part of GTP vacant in queF. This
vacant ribosyl binding pocket might also contribute to NADPH binding [9].

The guanine in the V. cholerae queF crystal structure is precisely oriented by hydrogen bonds
and ring stacking interactions. The N1 nitrogen atoms of guanine and the amino-substituent in
position 2 are coordinated by the carboxyl moiety of Glu234. The amino-substituent is additionally
interacting with the backbone carbonyl oxygen of 1le93. The N3 and N9 nitrogen atoms are
coordinated by the amide and hydroxyl groups, respectively, of Ser95. The guanine N9 is also
interacting with the carboxylate moiety of Glu94, and the keto-substituent on Cé6 of guanine with
the backbone amide nitrogen of His233 [91]. Glu230 and Glu89 in E. coli queF, corresponding
to Glu234 and Glu%4 in V. cholerae queF, respectively, were identified from a homology model as
residues which accommodate preQ)j in the active site [92].

The catalytic Cys194 residue resides on the hairpin loop between strands 8, and B4 of the
protein. This hairpin loop is disordered in all four monomers of the crystal structure. Numerical
simulations demonstrated significant mobility of the hairpin loop. A large barrier between reactant
and product states was observed. The relative barrier for a serine catalyzed reaction is, however,
significantly higher than for the cysteine catalyzed reaction [91]. This is consistent with the loss of
catalytic function of the C55A and C55S mutations of B. subtilis queF [13].

Catalytic mechanism

The proposed mechanism of preQ, reduction suggests covalent binding of the substrate to the en-
zyme, and hydride transfer of NADPH. The substrate remains covalently attached to the enzyme,
assuring productive completion of the reaction and thereby resulting in high chemoselectivity [91,
92]. Asp62, corresponding to Asp201 in V. cholerae queF, was suggested to donate the last proton
in B. subtilis queF [89]. In V. cholerae queF His233 was suggested to provide the last proton. His233
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was found in close proximity to Asp201 in the crystal structure. Formation of the covalent adduct
modifies the geometry of the cyanide carbon of preQ, from linear to planar, and was suggested to
thereby push the cyanide nitrogen atom towards His233 [91]. In B. subtilis queF, the corresponding
histidine residue, His96, is not in appropriate geometry or in close enough proximity to the
thioimide to function as direct proton donor. His233 is similary positioned in V. cholerae queF
as His96 in B. subtilis queF, but the significance is unclear, as V. cholerae queF has guanine, not
preQ, bound in the active site and the loop containing the catalytic cysteine residue is disordered
in the structure [89].

The structural change of the enzyme in presence of preQ, was investigated in transient kinetic
studies of preQ binding and thioimide formation. Kinetic studies were either based on monitoring
the fluorescence of Trp119 or on directly monitoring the appearance of the thioimide absorbance
band at 370nm. V. cholerae queF has a single tryptophan residue at position 119. When irradiated
at 295nm, the protein fluoresces with an emission maximum at 224nm. A blue shift in the emission
maximum (335-328nm) was found upon binding and/or reaction of preQ,, coupled with quenching
of the emission. Binding of preQ, was observed from quenching the fluorescence. The data found
were monophasic, consistent with a one step binding mechanism. On the contrary, biphasic data
were found when directly monitoring the appearance of the thioimide absorbance band. The
biphasic data are consistent with a two step mechanism, comprising reversible binding of preQ,
followed by reaction to give the thioimide. Structural changes in the protein, as monitored in
the Trp environment, induce a conformational change in and closure of the active site. These
structural changes are associated with preQ, binding, not thioimide formation. Formation of
a covalent thioimide product is demonstrated by both kinetic and structural data. A global
structural reorganization of the enzyme is induced upon preQ, binding, not with formation of
the thioimide. The thioimide intermediate was stable over several hours. The rate constant for
thioimide breakdown is disproportionally small, compared to all other rate constants. The fast rate

of thioimide formation (2.78s7!) relative to k_,, indicates that steps later in the reaction, involving

cat

NADPH binding and subsequent hydride transfer, are rate-limiting in the reaction [89].

1.3 Biosynthesis of pyrrolo[2,3-d]pyrimidines

The biosynthetic pathway of 7-deazapurines was elucidated in independent studies focused on the
biosynthesis of the hypermodified tRNA nucleosides queuosine and archaeosine as well as the
nucleoside antibiotics toyocamycin and sangivamycin. The biosyntheses share the enzymatic steps
to the intermediate 7-cyano-7-deazaguanine (preQy) as depicted in Scheme 1.6 [95].

Identification of the genes required for the biosynthesis of toyocamycin and sangivamycin in
S. rimus provided insight into the biosynthesis of the 7-deazapurine intermediate found in the
biosynthesis of nucleoside antibiotics, and in the the hypermodified nucleosides queuosine and
archaeosine. GTP cyclohydrolase activity had been implicated in the biosynthesis of queuosine.
Genes involved in a single biosynthetic pathway are sometimes co-localized in bacterial genomes.
Accordingly, four open reading frames ykv], ykvK, ykvL, and ykvM were discovered in a search for
genes in the proximity of GCH I homologues. These genes were renamed queC, queD, queE,
and queF, respectively, for their role in queuosine biosynthesis. The set of genes involved in

toyocamycin biosynthesis was designated toyA-L, where toyM, toyB, and toyC are homologous
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to the genes queC, queD, and queE in the biosynthesis of queuosine [72, 95].
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Scheme 1.6 Biosynthetic pathway of pyrrolo[2,3-d]pyrimidines.

Biosynthesis of 7-cyano-7-deazaguanine (preQ,)

The first step in the biosynthesis of 7-deazapurines is the formation of dihydroneopterine phos-
phate (H,NTP) from guanosine triphosphate catalyzed by guanosine triphosphate cyclohydrolase
I (GCH ) [96]. The role of GCH I in the biosynthesis of deazapurines was first demonstrated in

vivo with toyD from the toyocamycin biosynthesis of S. rimosus [95].

GCHI1

Guanosine triphosphate (GTP) was established as starting material for the biosynthesis of 7-
deazapurines in labelling experiments (Scheme 1.7). In feeding experiments the uptake of iso-
tope labelled, potential precursors was monitored. The low incorporation of radioactivity into
tubercidin from 1,4-1*C-succinate or 1-"*C-propionate demonstrated that deazapurines are not
derived from C; or C, acids. Pyrimidine as well as a deazapurine were also eliminated as plausible
precursors, as no radioactivity was incorporated into tubercidin in the presence of neither 4-*C-
1,2,3,6-tetrahydro-2,6-dioxo-4-pyrimidinecarboxylic acid nor 7-deazaadenine-U-"H [97]. In the
presence of 2-1*C-adenine and 8-*C-adenine, respectively, only the 2-1*C-label was incorporated
into the 7-deazaadenine base tubercidin [98]. Analogous results were found for the biosynthesis

of queuosine when 2-1*C-, and 8-1*C-guanine were used in feeding experiments. Consequently,
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the 7-deazapurine core is derived from a purine nucleoside precursor with incorporation of C-
2, but loss of C-8 [99]. An analogous loss of C-8 is observed in the biosynthesis of pterins and
folic acid. In these biosyntheses the C-8 is lost as formic acid, and the carbons of the ribosyl
moiety are incorporated into the deazapurine and pterin rings in an Amadori rearrangement [100].
Radioactivity was found in the deazapurine base and the ribose moiety of toyocamycin when cells
were grown in the presence of either 1-1*C-ribose or U-*C-ribose. In the presence of 1-°H-ribose
or 3-°H ribose, tritium was only incorporated into the deazapurine when the ribose was labelled
at C-1. Radioactivity in toyocamycin was found in cells that were grown in the presence of either
U-!*C-adenosine or adenosine in which a majority of the total *C-label was located in the ribose at
C-1°, C-2’, and C-3’. It was therefore concluded, that 7-deazapurines are derived from a nucleoside
precursor where the ribose is rearranged to form the pyrrole ring, as well as the cyano carbon
in toyocamycin. A purine, likely GTP, is the precursor to all deazapurines. In course of the

biosynthesis C-2 is retained, but C-8 is eliminated [98].
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Scheme 1.7 Biosynthetic pathway of preQ,.

queD

Dihydroneopterine phosphate is then transformed to 6-carboxy-5,6,7,8-tetrahydropterin (CPH,)
by the 6-pyruvoyltetrahydropterin synthase queD or toyB [101, 102]. This step entails cleavage
of the side chain and loss of the carbon atoms C-4’ and C-5’ as acetaldehyde. The enzyme queD
and toyB, respectively, is capable of utilizing dihydroneopterine phosphate (H,NTP), 6-pyruvoyl-
tetrahydropterin (PPH,), and sepiapterin as substrates [101]. QueD and toyB, respectively, is ho-
mologous to the mammalian 6-pyruvoyltetrahydropterin synthase which catalyzes the second step,
the conversion of dihydroneopterine to 6-pyruvoyltetrahydropterin, in the tetrahydrobiopterin
biosynthesis in eukaryotes [72, 101].

queE

The next enzymatic step in the biosynthesis is catalyzed by queE and toyC, respectively. QueE

was annotated as a member of the radical S-adenosyl-L-methionine (SAM) protein superfamily
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and catalyzes the complex transformation of the tetrahydropterin (CPH,) to the deazapurine 7-
carboxy-7-deazaguanine (CDG) [102]. QueE was identified as part of the SAM superfamily of genes
that encodes proteins that generate radical species of S-adenosylmethionine through unsusal Fe-S
centres [72]. S-Adenosylmethionine is known as a source of methyl groups for DNA methylation,
biosyntheses of hormones and neurotransmitters, and regulation of signal transduction. However,
an increasing number of SAM-dependent enzymes involve free radicals as reaction intermediates.
In these cases SAM serves as the free radical initiator by transient cleavage to the 5’-deoxyadenosyl
radical which in turn abstracts hydrogen atoms from the substrates or glycosyl residues to activate
them for radical-based reactions [102, 103].

The mechanism of the queE catalyzed reaction of CPH, to CDG was experimentally inves-
tigated. QueE was found active only in the presence of SAM and sodium dithionite. SAM is
required as source of the 5-deoxyadenosyl radical, and sodium dithionite is required to reduce
the [4Fe-4S] cluster to the +1 oxidation state. In its +1 oxidation state, the cluster donates an
electron to SAM, initiating the reductive cleavage of the C5’-S bond affording methionine and a 5’
deoxyadenosyl radical. The 5’-deoxyadenosyl radical abstracts a hydrogen atom from the substrate
molecule. Abstraction of a hydrogen atom from CPH, can occur at either C-6 or C-7. The site
of hydrogen atom abstraction was investigated with monodeuterated CPH, isomers containing
deuterium atoms at C-6 or C-7. These deuterium labelling experiments support a radical-mediated
rearrangement of CPH, to CDG, initiated by direct abstraction of a hydrogen atom from C-6 of
the substrate by the 5’-deoxyadenosyl radical. Homolytic cleavage of the C-N bond of the substrate
leads to an intermediate that rearranges to a nitrogen centred radical. This radical is subsequently
quenched by the 5°-deoxyadenosyl radical, which in turn recombines with methionine to reform
the cofactor. The 7-carboxy-7-amino intermediate is then transformed to CDG requiring the loss
of the amino group and aromatization of the five-membered ring. QueE requires Mg?* for activity.
The role of the Mg?* has not yet been clarified. Mg?* may coordinate the substrate carboxylate
group leading to activation of the C-6 proton by inductive effects. Alternatively, it may interact

with N-5 of the substrate to facilitate the ring contraction [104].

queC

The last step in the biosynthesis of preQ is the conversion of 7-carboxyl-7-deazaguanine to 7-cyano-
7-deazaguanine (preQ,) catalyzed by queC and toyM, respectively [72, 102]. The X-ray structure
of queC from B. subtilis was reported before its enzymatic activity had been established [105].
QueC is a novel ATP-dependent enzyme catalysing the conversion of a carboxylic acid to a nitrile.
Formation of enzymatically produced preQ, was ATP-dependent, but occurred in the absence of
an exogenous nitrogen source. Incubation of 6-carboxy-5,6,7,8-tetrahydropterin with queE and
queC and either "NH, SO, or *NH, SO, showed incorporation of N into the product when a
source of labelled ammonia was included. These results confirm ammonia as a nitrogen source for
the nitrogen atom in the substituent in position 7 of deazapurines [102].

From this intermediate preQ, the biosynthetic pathways towards queuosine, archaeosine,

toyocamycin, and sangivamycin, respectively, diverge.
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Biosynthesis of queuosine (Q)

Queuosine and its derivatives are hypermodified versions of guanosine, found widely among
eukaryotes and eubacteria. Queuosine occurs exclusively at position 34, the wobble position, in
the anticodon of the tRNA sequence 5-GUN-3" (N is any nucleotide) coding for the amino acids
asparagine, aspartic acid, histidine, and tyrosine of eubacteria and of lower and higher eucaryotes,
with the exception of yeasts. Eubacteria synthesize queuine de novo, whereas eucaryotes obtain
queuine from their nutrition or the intestinal flora. The queuosine modification is connected to
a variety of physiological phenomena. In Eukarya, the developmental stages of a cell are closely
correlated with the extent of queuosine modification in tRNA. tRNAs of mature tissue exhibit
full modification with queuosine while undermodification of tRNA is uniformly observed in
developmental stages associated with cell proliferation and differentiation. Queuosine has recently
been shown to be essential in the biosynthesis of tyrosine in animals. Queuosine is required for
phenomena such as virulence in the pathogen Shigella flexneri and viability during stationary phase
in E. coli [72, 73, 100, 106-110].
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Scheme 1.8 Biosynthetic pathway of the hypermodified nucleoside queuosine, including the enzymatic
step from preQ, to preQ; catalyzed by nitrile reductase queF.

The biosynthesis of queuosine follows three stages. First guanosine triphosphate is transformed
to dihydroneopterin triphosphate, which is then further modified to yield 7-aminomethyl-7-
deazaguanine in a series of enzymatic steps occuring at nucleotide level. In the last stage 7-
aminomethyl-7-deazaguanine (preQ,) is inserted into tRNA. Final derivatisations of the sidechain
on C-7 occur at the tRNA bound nucleoside [100, 105].

queF

The intermediate 7-cyano-7-deazaguanine (preQ,), common to all biosynthetic routes to 7-deaza-
purines, is reduced to the corresponding 7-aminomethyl-7-deazaguanine (preQ,) by queF [9].
QueF exhibits significant homology to the type I guanosine triphosphate cyclohydrolase and
was consequently first annotated as putative guanosine triphosphate cyclohydrolase like enzyme,

responsible for the initial step in queuosine biosynthesis [72]. Biochemical studies established that
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queF is not a guanosine triphosphate cyclohydrolase, but a previously uncharacterized class of
oxidoreductase that catalyzes the unprecedented reduction of a nitrile group in preQ, to a primary
amine in preQ, [9]. PreQ; is involved in the preQ, riboswitch, which regulates expression of the

genes involved in the biosynthesis of queuosine [111-113].

TGT

7-Aminomethyl-7-deazaguanine (preQ),) is subsequently inserted into tRNA by the enzyme tRNA-
guanine transglycosylase (TGT), a reaction in which the genetically encoded base guanine is elimi-
ated. The remaining steps of the biosynthesis occur at the level of the tRNA [100]. Bacterial tRNA-
guanine transglycosylase catalyzes the post-transcriptional exchange of guanine in the wobble
position of tRNA codons with the sequence 3>-GUN-5" (N = any base). The TGT enzyme from
E. coli can utilize preQ, preQ,, and guanine as substrates, with preQ; being the most efficient
substrate. Other 7-deazaguanine analogues were found to be significantly poorer substrates, while
queuine itself is not utilized at all. These results confirmed that the substrate for the enzyme in E.
coli is not queuine, but a precursor of queuine involved in the biosynthesis of queuosine [100, 110,
114].

queA

In the next enzymatic step tRNA-bound preQ); is transformed to epoxyqueuosine (0Q) in a single
S-adenosylmethionine requiring step. This enzymatic step is catalyzed by queA, a S-adenosyl-
methionine:tRNA ribosyltransferase-isomerase. Epoxyqueuosine was formed under both aerobic
and anaerobic conditions, therefore it was concluded that molecular oxygen is not involved in its
formation [107]. Various possible precursor molecules for the epoxycyclopentanediol ring were
tested: dNTPs and rNTPs, NAD(H), NADP(H), FAD, adenosylcobalamin, riboflavin, ribose,
ribitol, ribulose, and S-adenosylmethionine. Only S-adenosylmethionine was found to be utilized
in the queA catalyzed reaction [108]. However, no radioactivity derived from 2-'*C-methionine
or methyl->H- was incorporated into queuosine of the respective tRNAs of E. coli cells, indicating
that neither the reactive methyl nor the equally activated 1-amino-1-carboxylpropyl moiety of S-
adenosylmethionine are involved in the reaction. The ribose moiety of S-adenosylmethionine was
therefore considered a likely precursor of the cyclopentanediol ring [107]. The utilization of the
ribose moiety of S-adenosylmethionine was proven in labelling studies where a tritium label at
C-5’ of the ribose of SAM was incorporated into Q-specific tRNAs [115]. The C-4’ of the ribosyl-
moiety of SAM is transferred to the aminomethyl group of preQ, and isomerized to the epoxy
cyclopentanediol [116]. This is the first example of the stoichiometric use of SAM as a ribosyldonor
in an enzymatic reaction. The reaction itself is unprecedented in biological systems, and includes
the elimination of methionine and adenine from SAM, the transfer of the ribosyl moiety to the
tRNA and its rearrangement to form the epoxycyclopentanediol ring [100, 108]. All activated
groups that can be transfered by SAM are used for tRNA modifications: methylation, e.g. in the
formation of ribothymidine, 1-amino-1-carboxypropyl-moiety in a modification of uridine, and
the ribosyl group emerges in queuosine. Queuosine biosynthesis is the first reaction known that
utilizes the ribosyl group of SAM [108].
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queG

In the last step of the biosynthesis of queuosine, epoxy-queuosine (0Q) is transformed to queuosine
(Q) by reduction of the epoxy functionality to a double bond, catalyzed by queG. The reaction was
believed to be vitamin B12 dependent, as minimal medium with vitamin B12 allowed to complete
conversion of 0Q to Q. A vitamin B12 dependent reduction of an epoxy group to a double bond is
unprecedented in biochemistry [115]. It was further speculated, that the requirement for vitamin
B12 implicates the involvement of radical chemistry [100]. QueG shows sequence similarities to
reductive dehalogenases, which is intriguing as a vitamin B12 (cobalamin) cofactor is found in all
reductive dehalogenases studied to date. However, purified queG catalyzed the reaction of 0Q
to Q under anerobic condition both in presence and in absence of vitamin B12. Vitamin B12
was found to stimulate the reaction approximately 1.3 fold. No conversion was observed when
either the enzyme, dithionite, or methyl viologen were removed. This requirement for a reductant
and a mediator, such as dithionite and methyl viologen, were also demonstrated for all reductive

dehalogenases. The role of the vitamin B12 remains to be established [117].

Biosynthesis of archaeosine (G*)

Archaeosine (G™) is found specifically at position 15 in the dihydrouridine loop (D-loop) of the
majority of archaeal tRNA and is believed to stabilize the overall tRNA structure [118, 119].
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Scheme 1.9 Biosynthetic pathway of the hypermodified nucleoside arachaeosine.

arcTGT

In the biosynthesis of archaeosine, the intermediate preQj is inserted into tRNA by replacing a
guanine base at position 15 in a tRNA transgylcosylase (arcTGT) catalyzed reaction. ArcTGT
is 2 modular enzyme comprised of an N-terminal catalytic domain with a characteristic zinc-
binding site and a C-terminal extension of three domains C1, C2, and C3. C3 was found to be
an oligonucleotide/oligosaccharide binding fold-like pseudouridine and archaeosine (PUA) domain
[119]. The presence of guanine in position 15 was found to be the single most important
determinant for ArcTGT activity. A G15A mutation in a tRNAY? transcript resulted in a >5000-
fold loss of catalytic efficiency. In contrast to that, deletion of the C-terminal domains C1, C2, and
C3 did not impair the reaction [118].
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arcS

The last step in the biosynthetic pathway of archaeosine in Euryarcheota is catalyzed by an ATP-
independent amidinotransferase, arachaeosine synthase (arcS). The absence of an ATP dependence
suggests this conversion does not require initial hydrolysis of the nitrile to an amide, but instead
involves the direct addition of NH,, generated from glutamine or asparagine hydrolysis, to the
nitrile of preQ,. This enzymatic reaction constitutes a novel amidinotransferase reaction [119].
ArcTGT is found in all archaea sequenced to date, with the exception of the extreme halophile
Halogadratum walsbyi. Analysis of bulk tRNA extracted from Halogadratum walsbyi showed that
archeosine was not present in this organism. Many crenarchaeota known to contain archaeosine,
lack arcS homologues. The amidino group of archaeosine must therefore be introduced by non-
homologous enzyme families in these organisms. These crenarchaeota contain queC proteins with
an additional N-terminal domain, homologous to proteins of the glutamine amidotransferase class
IT (GAT) or queF-like proteins, lacking the queF motif. The predicted queF-like structures were
most similar to the C-terminal T-fold domain of bimodular queF (type II). These GAT-queC and
queF-like proteins function as amidinotransferases, generating arachaeosine modified tRNA in E.
coli [120].

Biosynthesis of toyocamycin and sangivamycin
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Scheme 1.10 Biosynthetic pathway of toyocamycin and sangivamycin.

The biosynthesis of toyocamycin and sangivamycin involes three stages. After formation of the
common intermediate preQ, in the first stage, preQ, is converted to toyocymycin 5’-monophos-
phate by the successive action of toyH, toyE, toyG, and toyF. In the third and final stage the nitrile
moiety of toyocamycin is hydrated by toyocamycin nitrile hydratase (TNHase, toy]JKL)to yield
sangivamycin [121].

In the biosynthesis of toycamycin and sangivamycin, a guanosine based purine is converted
to an adenosine based deazapurine by a group of purine salvage proteins. The purine salvage

enzymes were predicted, based on bioinformatics, to encode the homologues of phosphoribo-
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sylpyrophosphate transferase (PRPTase, toyH), GMP reductase (toyE), adenosylsuccinate synthase
(toyG), adenosylsuccinate lyase (toyF), and haloacid dehalogenase (toyl) [121].

Toyocamycin nitrile hydratase (TNHase) catalyzes the final step in the biosynthesis of san-
givamycin, the hydration of the nitrile functionality of toyocamycin. The open reading frames
encoding the TNHase protein were designated toy]JKL and belong to a rare metal-dependent nitrile
hydratase family [121].

1.4 Biological activity
1.4.1 Pyrrolo[2,3-d]pyrimidines

Pyrrolo[2,3-d]pyrimidines exhibit a wide variety of biological activities. Naturally occuring
pyrrolo[2,3-d]pyrimidines include the nucleoside antitumor antibiotics tubercidin, toyocamycin,
sangivamycin, and cadeguomycin, as well as selective and potent inhibitors of phosphatidylinositol
4-kinase (PI4K), such as echiguanines A and B, depicted in Figure 1.1. Over the past decade, fused
pyrimidines have been among the pharmacologically most interesting chemical scaffolds in many
natural products and several non-natural nucleoside and non-nucleoside compounds. Pyrimidine
derivatives are associated with a variety of chemo-therapeutic effects, including antitumor, angio-
genic effects, and enzyme inhibition. Pyrrolo[2,3-d]pyrimidines exhibit promising properties as
antifolate inhibitors of dihydrofolate reductases (DHFR), tyrosine kinase inhibitors or adenosine

receptor agonists [122].
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Figure 1.1 Examples of bioactive pyrrolo[2,3-d]pyrimidines as PI4K-inhibitors and inhibitors of folate
dependent enzymes.

Folate metabolism has long been recognized as an effective target for chemotherapy, due to its
crucial role in the biosynthesis of nucleic acid precursors. Inhibitors of folate-dependent enzymes
have found clinical utility as antitumor, antimicrobial, and antiprotozoal agents. Pemetrexed (Fig-
ure 1.1) is a pyrrolo[2,3-d]pyrimidine-containing chemotherapy drug by Eli Lilly and Company.
Pemetrexed inhibits thymidylate synthase (TS), dihydrofolate reductase (DHFR), and glycinamide

ribonuceotide transferase (GARFT) in purine and pyrimidine synthesis. Pemetrexed is currently
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marketed against pleural mesothelioma and non-small cell lung cancer. Studies to evaluate its
potency against other cancers are ongoing [123]. Classic antifolates, such as pemetrexed, have
minimal lipid solubility and therefore require transport mechanisms to enter mammalian cells
[124-126]. There are three primary folate transporters in healthy tissue and tumors, the reduced
folate carrier, the proton-coupled folate transporter, and the folate receptor. Levels and activities of
reduced folate carrier are important determinants of drug efficiency. Loss of reduced folate carrier
activity is a common mode of antifolate drug resistance. Reduced folate carrier exhibits a high
level of activity at neutral pH. Healthy tissue is generally characterized by neutral pH. Transport
of cytotoxic antifolates by reduced folate carrier could therefore easily preclude tumor selectivity
and cause toxicity to healthy tissue [124-126]. 6-Substituted pyrrolo[2,3-d]pyrimidine thienyl
folates with three or four bridge atoms present a new strategy. Many solid tumors show acidic
microenvironments. 6-Substituted pyrrolo[2,3-d]pyrimidine thienyl folates can be transported
into solid tumors by the proton-coupled folate transporter, functioning optimally at acidic pH
values. These solid tumor targeted antifolates with proton coupled selective cellular uptake
should have enhanced activities towards tumors lacking reduced folate carrier function [124-127].
Synergistic growth inhibition against Lactobacillus casei, and human lymphoma cells, was observed
when a dihyrodofolate reductase inhibitor was used in combination with a thymidylate synthase
inhibitor. Several compounds, including N-[4-[(2,4-diamino-5-methylpyrrolo[2,3-d]pyrimidin-6-
yl)thio]benzoyl]-L-glutamic acid (Figure 1.1), were designed as dual inhibitors of dihydrofolate
reductase and thymidylate synthase [128-131].
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Figure 1.2 Pyrrolo[2,3-d]pyrimidines as JAK inhibitors.

A pyrrolo[2,3-d]pyrimidine, ruxolitinib (Jakafi, Figure 1.2) by Incyte/Novartis, was approved
by the US Food and Drug Administration as Janus kinase (JAK) inhibitor. JAK inhibitors inhibit
the activity of one or more of the Janus kinase family of enzymes, thereby interrupting signalling
down-stream of a multiplicity of cytokines. JAK inhibitors have therapeutic application in the
treatment of cancer, myelofibrosis, inflammatory and immune diseases. Xeljanz (tofacitinib,
Figure 1.2) by Pfizer, another pyrrolo[2,3-d]pyrimidine JAK inhibitor, was FDA approved for
the treatment of rheumatoid arthritis in November 2012. JAK inhibition is a completely novel
mechanism in rheumatoid arthritis. Xeljanz was designed as a JAK3 inhibitor, however was
shown to inhibit all three JAKs to some extent. Baricitinib (Figure 1.2) is a similiar JAK1 and
JAK2 inhibitor by Eli Lilly and Company, which just entered phase 3 clinical trials [132-134].
Pyrrolo[2,3-d]pyrimidine compounds have recently been patented as JAK inhibiors by other
companies, including Abbott laboratories and Novartis [135, 136].

7-Cyclopentyl-N,N-dimethyl-2-((5-(piperazin-1-yl)pyridin-2-yl)amino)-7 H-pyrrolo[ 2,3-d ] pyrim-
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idine-6-carboxamide has recently been reported as combination of cyclin-dependent kinase CDK4/6
inhibitors and fibroblast growth factor receptor kinase inhibitors. Most human tumors display
genetic alterations that activate CDK4 or CDKG6 activity or that eliminate p16 or pRb tumor
suppressor function. Molecular analysis of human tumors implicated cyclin D1 overexpression
as driving force in various types of cancer, including mantle cell lymphoma, non-small cell lung
cancer, and carcinomas of breast, head and neck, and esophagus. Overexpression of FGFRs occurs
frequently in human breast tumors. Down-regulation of FGFR signalling causes a reduction in
cyclin D1 protein levels. Therefore FGFR inhibitors are considered potent therapeutic agents to
suppress angiogenesis and to inhibit growth of a subset of breast tumors. Novartis patented CDK
kinase inhibitors this year, including a combination of cyclin-dependent kinase CDK4/6 inhibitors
and fibroblast growth factor receptor kinase inhibitors and a combination of a CDK inhibitor and a
phosphatidylinositol-3-kinase inhibitor. Both are considered for the treatment of solid tumors and
haematological malignancies [137-140].

Pyrrolo[2,3-d]pyrimidines are relevant compounds for the inhibition of kinases and growth
factors involved in tumor growth (Figure 1.3). Receptor tyrosine kinases (RTK) are a subfamily
of protein tyrosine kinases, which play key roles in tumor growth, survival and dissemination.
A variety of growth factors and their receptors are known to be overexpressed in several tumors,
including vascular endothelial growth factor (VEGF), epithelial growth factor (EGF), and platelet
derived growth factor (PDGF). These growth factors and their receptors are involved in cancer
angiogenesis. The formation of new blood vessels from existing vasculature, in solid tumors is
essential for both physiologic and pathologic processes. Several pyrrolo[2,3-d]pyrimidines were
proven as inhibitors of receptor tyrosine kinase, protein tyrosine kinase 2 (PTK2, focal adhesion
kinase), amongst others [141-143]. A general pharmacophore model was proposed for the binding
of pyrrolo[2,3-d]pyrimidines to RTKs and EGFRs. A hinge region is formed out of three nitrogen
atoms, which might be either amino-substituents in positions 2 and 4 and the N-3 heteroatom, or
the N-1 and N-7 heteroatoms and the amino-substituent in position 2. Two hydrophobic sites bind
to an aromatic substituent in position 4 or 6 and the residue on the amino-substituent on position

2. The sugar binding pocket and phosphate binding regions coordinate the aromatic substituents

[141].
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Figure 1.3 Examples of biologically active pyrrolo[2,3-d]pyrimidines for the treatment of cancers and
autoimmune diseases.

Substituted pyrrolo[2,3-d]pyrimidines are colchicine site binding, microtubule depolymerizing

agents. Microtubule active agents inhibit mitosis (cell division) by disrupting microtubles, the
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structures that pull cells apart when they divide. Microtubule active agents are commonly used
in cancer therapy, as cancer cells metastasise through continuous mitotic division and are more
sensitive to inhibition of mitosis than other cells. Three major classes of microtubule active agents
have been identified to date. Vinca alkaloids, including vincristine, vinblastine, bindesine, and
vinorelbine are B-tubulin binding agents, important e.g. in the treatment of leukaemia, lymphomas,
and non-small cell lung cancer. Taxoids, including paclitaxel (Taxol) and docetaxel (Taxotere),
as well as epothilones are microtubule stabilizing agents stimulating tubulin polymermization
useful in the treatment of breast, lung, ovarian, head and neck, and prostate carcinomas, amongst
others. Colchicine site agents also inhibit tubulin polymerization. So far, there are no clinically
approved antitumor agents that bind to the colchicine site. However, several compounds are
currently in clinical trials. Colchicine site agents circumvent mechanisms of multidrug resistance,
such as overexpression of P-gylcoprotein (Pgp) or expression of flII-tubulin [144]. N-(4-Methoxy-
phenyl)-N,2-dimethyl-7H-pyrrolo[2,3-d]pyrimidin-4-amine hydrochloride, depicted in Figure 1.3
was identified as potent microtubule depolymerizer in cells and is considered a lead structure
for the development of further compounds for iz vivo evaulation and possible advancement
into clinical trials [144]. The effects of a regioisomeric change on the biological activities of
water soluble colchicine site binding, microtubule depolymerizing agents was investigated. The
results indicated that pyrrolo[3,2-d]pyrimidines were even more potent than their pyrrolo[2,3-
d]pyrimidine regioisomers [145].

Pyrrolo[2,3-d]pyrimidines with various substituents at C-5 and N-7 were shown to be potent
inhibitors of lymphocyte-specific protein tyrosine kinase (Figure 1.3). Lymphocyte-specific protein
tyrosine kinase (Lck) is an Src-family non-receptor tyrosine kinases expressed primarily in T
lymphocytes relevant in immune response. A selective inhibitor of Lck inhibits specifically T-cell
activation and can be used in the treatment of autoimmune and inflammatory diseases as well as in
organ transplants [ 146, 147].

Pyrrolo[2,3-d]pyrimidines are also known for their cytotoxicity. 7-Benzyl-2-(4-chlorophenyl)-
5,6-diphenyl-3,7-dihydro-4H-pyrrolo[2,3-d]pyrimidin-4-one analogues were identified as novel class
of antiproliferative, cell growth inhibiting agents [148]. Pyrrolo[2,3-d]pyrimidines showed an-
timicrobial properties when screened against several pathogenic Gram-positive bacteria, namely S.
anreus ATCC 29213, B. subtilis ATCC 6633, Mycobacterium phlert ATCC 10142, and Gram-negative
bacteria, such as Escherichia coli ATCC 25922, Pseudomonas aeruginosa ATCC 278533 and Candida
albicans ATCC 10231, as a representative for fungi. Anti-inflammatory activity was proven in the
rat paw edema assay [149].

Pyrrolo[2,3-d]pyrimidines are capable of modulating the production of cyclic guanosine mono-
phosphate (¢<GMP) and were patented as suitable compounds for the therapy and prophylaxis
of diseases which are associated with a disturbed cGMP balance by Merck Sharp and Dohme
Corporation [150].

1.4.2 Pyrrolo[2,3-b]pyridines and pyrrolo[3,2-c]pyridines

Various azaindoles, including pyrrolo[2,3-5]pyridines (7-azaindoles) and pyrrolo[3,2-c]pyridines
(5-azaindoles), represent building blocks with potential applications in pharmaceutically important

compounds. Azaindoles are considered as bioisosters of indoles and purines. Substitution of the
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C-7 position of indole by an sp*-hybridized nitrogen provides a skeleton containing a hydrogen
bond donor and acceptor in a rigid three atom arrangement [151-153].

Protein kinases are responsible for the phosphorylation of proteins. The human genome
encodes for 518 protein kinases. Protein kinases are one of the major mechanism for regulating
cellular metabolism and function. Many of these kinases have been implicated in human disease
and therefore present attractive therapeutic targets. Cyclin-dependent kinases (CDKs) regulate
the cell division cycle, apoptosis, transcription, and differentiation, as well as control functions
in the nervous system. Inhibitors for CDKs are currently being evaluated in a wide range of
therapeutic areas. Variolins, 7-azaindole containing alkaloids isolated from the antarctic marine
sponge Kirkpatrickia varialosa, are potent CDK inhibitors. Variolin B is an efficient activator of
apoptosis, showing potent cytotoxic activity against a variety of human cancer cell lines, including
those overexpressing p-glycoprotein, a cell efflux pump responsible for the resistance of cancerous
cells to many chemotherapy agents. Variolin B and derivatives (Figure 1.4), e.g., meriolins and
deoxyvariolin B, have been observed to affect cell cycle progression (Figure 1.4). The compounds
inhibit CDKs and interrupt the normal progression of the cell cycle [142, 153-155]. A variety
of azaindole structures has recently been patented as kinase inhibitors, potentially useful for the

treatment of multiple diseases, including cancer, diabetes and asthma [156-160].
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Figure 1.4 Examples of bioactive azaindoles.

A number of other biological activities are described for azaindoles. 7-Azaindolylcarboxy-endo-
tropanamide (DF 1012, Figure 1.4) is the selected candidate drug in a new class of non-narcotic
antitussive compounds, and is under investigation in phase II clinical trials [161]. 5-Azaindole
derivatives show thrombin inhibitory activity. Thrombin, a trypsin-like serine protease, catalyzes
fibrin formation and activates platelets, thereby playing a crucial role in the development of
thrombotic diseases [162]. Leading pharmaceutical companies, such as Merck, GlaxoSmithKline,
Sanofi Aventis, Hoffmann-La Roche, Schering, and others patented various azaindoles. Azaindoles
are patented as selective inhibitors of 11-B-hydroxysteroid dehydrogenase type I for treatment
and prevention of metabolic syndrome, diabetes, insulin resistance, obesity, anxiety, depression,
immune disorders, and hypertension, against tumours, for the treatment of central nervous system
disorders and asthma [163-166]. Azaindoles are also reported for treatment of HIV, inhibition
of the enzyme renine, treating or preventing viral infections and nicotinic acetylcholine receptor

agonism and dopamine re-uptake inhibition [167-171].
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1.4.3 Thieno[2,3-d]pyrimidines

Thienopyrimidine derivatives show a wide variety of biological activities. Thienopyrimidines have
been evaluated as analgesics, anti-inflammatory, antipyretic, antiviral, antidepressant, antidiabetic,
antihistaminic, antibacterial and antihypertensive agents, as pesticides, herbicides, plant growth
regulators. Thieno[2,3-d]pyrimidines were also reported as agents in prophylaxis and therapy of
numerous diseases, including tuberculosis, Alzheimer’s disease, Parkinson’s disease, and the H5N1
influenza virus [172, 173]. Thieno[2,3-d]pyrimidines were reported to display immunosuppressive
[174], trypanoside, anti-tuberculosis, leishmanicidal, and cytotoxic activities [175].

Protein kinase C isoenzymes are serine/threonine protein kinases involved in human disease
pathologies such as cancer development and progression. Protein kinase C (PKC) exists as
three isoenzymes, namely classical PKC (cPKC), novel PKC (nPKC), and atypical PKC (aPKC).
Commercially available inhibitors of PKC show greater efficiency for cPKCs and nPKCs than
for aPKCs. A thieno[2,3-d]pyrimidine, CRT0066854, depicted in Figure 1.5, is a highly selective
inhibitor of aPKC. It acts as competitive ATP inhibitor, binding within the nucleotide binding
pocket of aPKC. Overexpression of PKC has been linked to several types of cancer, including non-
small lung cancer, and ovarian cancer. Further optimization of PKC inhibitors on the basis of
CRT0066854 could yield more specific cancer therapeutics [176].
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Figure 1.5 Examples of bioactive thieno[2,3-d]pyrimidines.

Cyclin-dependent kinase 4 (CDK4) is a family of serine/threonine kinases. Thieno[2,3-
d]pyrimidine derivatives were identified as CDK4 inhibitors. CDK4 inhibitors are promising
cancer therapeutics. Recently published CDK4 inhibitors, as depicted in Figure 1.5, are used as
lead structures to further improve cytotoxic activity, CDK4 selectivity and water solubility of these
inhibitors [177, 178].

Mnk genes are associated with the regulation of body weight or thermogenesis. Human Mnk

genes, particularly Mnk2 variants, are investigated for their role in metabolic diseases including
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obesity, eating disorders, cachexia, diabetes mellitus, hypertension, and coronary heart disease.
Thieno[2,3-d]pyrimidines have recently been patented as inhibitors of Mnk kinase. Potent and
selective Mnk1 and/or Mnk2 inhibitors may be valuable in the treatment of metabolic diseases and
other diseases and disorders [179].

Thieno[2,3-d]pyrimidine derivatives exhibit biological activity as antifolate compounds. An-
tifolate compounds differ greatly in their inhibition of microbial and mammalian enzymes [180].
Inhibitors of Preumocystis carinii and Toxoplasma gondii dihydrofolate reductase are considered for
treatment of AIDS patients, immunosuppressed organ transplant recipients, and patients receiving
cancer therapy [181].

Mammalian cells are unable to synthesize folates de novo, uptake of external folates is essential
[182]. Dihydrofolate reductase catalyzes the reduction of dihydrofolate to its active cofactor
form tetrahydrofolate. This cofactor is involved in amino acid and nucleic acid synthesis and is
therefore an attractive target for chemotherapy [180, 183]. Dihydrofolate reductase, thymidylate
synthase and serine hydroxymethyltransferase are enzymes involved in the synthesis of the essential
metabolite thymidylate [184]. A number of inhibitors of DHFR as well as dual inhibitors of
DHEFR and TS have been reported. Folate analogues that inhibit DHFR generally contain 2,4-
diaminopyrimidines, whereas inhibitors of TS contain 2-amino-4-oxo-or 2-methyl-4-oxo-pyrimi-
dines [183-186].

Thieno[2,3-d]pyrimidine derivatives are investigated for their anti-inflammatory and analgesic
activities. Non-steroidal and anti-inflammatory drugs (NSAIDs) are among the most widely used
therapeutics. Their use is restricted by gastrointestinal side effects, therefore new therapeutic
agents are intensively investigated. Thieno[2,3-d][1,2,4]triazolo[1,5-a]pyrimidine derivatives, as
depicted in Figure 1.5 were found to display distincitve inflammatory activity [187]. Thieno[2,3-
d]pyrimidines were patented as therapeutic agents for the diseases caused by activation of NF-
kB, e.g., diseases caused by excessive production of various inflammatory mediators and viral
propagation [188].

Aryl and benzyl substituted thieno[2,3-d]pyrimidines are potent adenosine A,, antagonists
(Figure 1.5). Selectivity against adenonsine A, receptors varies. Selective A,, antagonists are a
target for the symptomatic relief of Parkinson’s disease. Thieno[2,3-d]pyrimidines showed good in
vitro potency when substituted with methylfuran and 3-cyanophenyl, however suffer form a short
half-life (Figure 1.5) [189].

Cyclopenta[b]thieno[2,3-d]pyrimidine and thieno[2,3-c]pyrimidine derivatives are novel 5-
HT?2A antagonists, showing antiserotonergic activities. These compounds are antagonists for one
of the seven classes of serotonin receptors, namely 5-HT1 to 5-HT7. Mutations in the serotonin
transporter protein are investigated in relation to anxiety-related personality, depression, and
suicide [190].

Heat shock proteins (HSP) are a class of chaperones. They accumulate in the cell in response
to various environmental stresses or play a role as chaperones for cellular proteins under stress free
conditions. HSP-90 is unique with regard to other chaperones, as most of its known substrate
proteins are signal transduction proteins. Inhibition of HSP-90 results in degradation of these
signaling proteins involved in apoptosis, cell proliferation and cell cycle regulation. Thieno[2,3-

d]pyrimidines were patented by Pfizer as modulators or inhibitors of HSP-90 for treating diseases
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or conditions mediated by HSP-90, including cancer [191].

1.4.4 Cyclopenta[d]pyrimidines

Cyclopenta[d]pyrimidines have been investigated for their biological activities, especially as che-
motherapeutic agents, and antimalarials since the 1940s [192-194].

More recently, cyclopenta[d]pyrimidines were identified as potent DHFR inhibitors with anti-
cancer activity, along with other fused heterocyclic ring systems, such as pyrrolo[2,3-d]pyrimidines,
furo[2,3-d]pyrimidines, and pyrrolo[3,2-d]pyrimidines. Several cyclopenta[d]pyrimidine based
antifolates were designed analogously to N-[4-[3-(2,4-diamino-6,7-dihydrocyclopenta[d]pyrimidin-
5-yl)propyl]benzoyl]-L-glutamic acid, depicted in Figure 1.6. The new analogues did not have
the glutamate moiety and either the alkyl bridge or the benzene substituent were modified.
The compounds were tested as inhibitors of Pneumocystis carinii, Toxoplasma gondii, and rat
liver DHFR. The opportunistic microbes Preumocystis carinii and Toxoplasma gondii cause life-
threatening illnesses in persons with compromised immune systems, such as AIDS patients,
immuno-suppressed organ transplant recipients, and patents receiving cancer chemo-therapy. Sev-
eral new analogues were found highly potent as DHFR and cell growth inhibitors [195, 196].

Substituted cyclopenta[d]pyrimidines are microtuble active agents, binding to the colchicine
site. (RS)-N-(4-Methoxyphenyl)-N,2,6-trimethyl-6,7-dihydrocyclopenta[d]pyrimidin-4-aminium are
colchicine site agents and potent inhibitors of cancer cells in culture. The (§)-enantiomer is more
active than the (R)-enantiomer against cellular microtubule loss and in the inhibition of tubulin
assembly. Both enantiomers circumvent overexpression of P-gylcoprotein (Pgp) and expression
of BIll-tubulin, thus overcoming two important mechanisms of multidrug resistance of many
antibubulin agents [144, 197].

Several 6,7-dihydrocyclopenta[d]pyrimidine compounds are ATP-competitive, selective in-
hibitors of protein kinase B (Akt). Protein kinase B is a serine/threonine-specific protein kinase,
a downstream target for phosphatidylinositol-3-kinase (PI3K), which comprises of three closely
related isoforms (Akt1, Akt2, and Akt3). Akt functions as a pivotal node in the PI3K-Akt-mTOR
pathway. Once activated, Akt can control key cellular processes by phosphorylating substrates.
Akt is therefore involved in apoptosis, transcription, cell cycle progression, and translation.
Akt activity is frequently elevated in cancer. Constitutive activation and overexpression of Akt
isoforms has been identified in a wide variety of human tumors, including breast, prostate, and
ovarian carcinoma, as well as melanoma. Strategies for targeting Akt in cancer therapy include
ATP-competitive, active-site-directed inhibitors, and non-ATP-competetive allosteric compounds.
Several Akt inhibitors, representing both classes of compounds, were or are being tested in
clinical trials for the treatment of human cancers. GDC-0068 (Figure 1.6) is a novel, oral ATP-
competitive inhibitor, and was identified as potent inhibitor of all three Akt isoforms, while
showing poor inhibition of cAMP-dependent protein kinase/protein kinase G/protein kinase
C. Biological studies of GDC-0068 demonstrate good oral exposure resulting in dose-dependent
pharmacodynamic effects and a robust antitumor resonse. GDC-0068 is currently being evaluated
in Phase I clinical trials for the treatment of solid tumors. GDC-0068 is developed by Genetech
Research and Early Development (gRED), a member of Roche group, in collaboration with
ArrayBioPharma [198-201].

38



CHAPTER 1. INTRODUCTION

COOH
HOOC, //// NH
Q o

NH
N
cl [ j
N
NH,
N| =
N
P kN/ P
NN GDC-0068 OH
DHFR inhibitor Akt (Protein Kinase B) inhibitc

o NC
~r L LGN
N
H3Co X )|\ NH
N
HoN N NTX
N7 l

CH I~

)l\ ~ N NQ N
H3C N OH

RS-8359

colchicine site agent A2a/A7 receptor antagonist  MAO-A inhibitor

Figure 1.6 Examples of bioactive cyclopenta[d]pyrimidines.

Cyclopenta[d]pyrimidine containing compounds are reported in literature as adenosine A,y
receptor antagonists, as depicted in Figure 1.6. Adenosine receptors comprise four distinct receptor
subtypes designated A, A5, Ay, and A;. Aj, and A; receptors are coupled to inhibitory G-
proteins, while A,,, and A,y receptors are coupled to stimulatory G-proteins. A,, and A,
receptors are highly expressed in the brain, particularly striatum, whereas A5, and A; receptors are
not [202, 203]. Pharmacological blockage of A,, receptors has shown dramatic beneficial effects
in preclinical animal models of Parkinson’s disease, showing potentiation of dopamine-mediated
responses in dopamine depleted animals and dramatic relief in parkinsonian symptoms in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) treated non-human primates. A,, antagonists
facilitate dopamine receptor signalling and thereby normalize motor function in animal models of
dopamine dysregulation. A, receptor antagonists facilitate dopamine release in the striatum and,
like A,, antagonists, potentiate dopamine mediated responses. Antagonism of both, the A,, and
A are synergistic, inhibition of the A, receptor facilitates dopamine release, while inhibition of the
A, receptor will enhance postsynaptic responses to dopamine. The major unmet medical needs of
Parkinson’s disease are improved symptomatic treatment without adverse effects like dyskinesia,
associated with long-term L-DOPA or dopamine agonist therapy, opportunity to slow disease
progression by protecting midbrain dopamine and other neurons from degeneration, and treatment
of disease comorbidities, including cognitive dysfunction, anxiety, and depression. A dual A,, /A,
receptor antagonist may address many of these needs. The original adenosine receptor antagonists
were xanthines, such as caffeine and theophylline, which show little or no selectivity for this
receptor. A,, receptor antagonists from Merck (Schering-Plough) have already completed phase
IT clinical trials for Parkinson’s disease [203-205]. Recently, non purine antagonists, e.g. 4-aryl-
5H-indeno[1,2-d]pyrimidin-2-ylamine derivatives were identified as a novel class of dual A,, /A,

receptor antagonists. These analogues demonstrated very potent activity for both A,, and A, in
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vitro and in an animal model of Parkinson’s disease [202, 203, 206, 207].

4-(4-Cyanoanilino)-5,6-dihydro-7-hydroxy-7H-cyclopenta[d]pyrimidine (RS-8359, Figure 1.6)
is a selective and reversible MAO-A inhibitor, which has been developed as antidepressant. MAO
inhibitors show limited clinical use as they inhibit the catabolism of dietary amines. Consumption
of tyramine may lead to hypertensive crisis, known as the "cheese-effect". RS-8359 shows a
selectivity ratio of approximately 2200 for MAO-A as opposed to MAO-B, therefore showing
little effect on blood pressure when administered together with tyramine. RS-8359 has two
enantiomeric forms, derived from the secondary alcohol in position 7. The (R)-enantiomer was
found pharmacologically active. After oral administration of RS-8359 to rats, mice, dogs, monkeys
and humans, blood plasma concentrations of the (§)-enantiomer were markedly lower than those
of the (R)-enantiomer. Analysis of the metabolites suggested that the (§)-enantiomer was rapidly
excreted after being metabolized. The enzymes involved in the drug metabolism were different
depending on the species. In humans and monkeys, the keto-derivative is formed by aldehyde
oxidase, a reaction highly stereoselective for the (§)-enantiomer of R-8359. In rats and mice diol
metabolits were formed, posibly by cyctochrome P450, while in dogs RS-8359 glucuronide was
formed, presumably with UDP-glucurosyl transferase [208-210].

A number of cyclopenta[d]pyrimidines were patented by Squibb Bristol Meyers as inhibitors
of amyloid B peptide production. Amyloid B is a peptide of 36 to 43 amino acids, constituting a
component of amyloid plaques, known in association with Alzheimer’s disease. A role of amyloid
B in other diseases, including mild cognitive impairment, Down syndrom, cerebral amyloid
angiopathy, dementia with Lewy bodies, amytrophic lateral sclerosis, and inclusion body myositis

was suggested recently [211].

1.4.5 Pyrazolo[3,4-d]pyrimidines

Pyrazolo[3,4-d]pyrimidines are well-known for a number of biological activities. The most
prominent example of a biologically active pyrazolo[3,4-d]pyrimidine is allopurinol (Zykloprim).
Allopurinol, depicted in Figure 1.7, is an inhibitor of xanthine oxidase used primarily to treat
hyperuricemia (excess uric acid in blood plasma) and chronic gout. This biological activity of
allopurinol was found by Gertrude B. Elion and George H. Hitchings, who were awarded the
1988 Nobel Prize in Pysiology or Medicine for "discoveries of important principles for drug
treatment”, together with James W. Black. Allopurinol is not only a potent competitive inhibitor of
xanthine oxidase, but also a substrate. Oxidation of allopurinol in vivo leads to oxypurinol, again
an inhibitor of xanthine oxidase. Oxypurinol binds tightly to the reduced form of the enzyme,
thereby inactivating it. Oxypurinol has a half-life of 18 to 30 hours, consequently, steady-state
levels of oxypurinol are achieved in a few days, and uric acid concentrations can be maintained at
the desired level by dose-adjustment. Allopurinol remains the ideal pro-drug for oxypurinol, as it
is completely absorbed orally, whereas oxypurinol is not [212, 213]. Xanthine oxidase was also
suggested to play a role in various forms of tissue and vascular injuries, inflammatory diseases, and
cardiac indications, such as chronic heart failure. Allopurinol and oxypurinol showed beneficial
effects in the treatment of these conditions in experimental animal models and small scale human
clinical trials. Some of the beneficial effects of these compounds go beyond inhibition of xanthine

oxidase. Novel xanthine oxidase inhibitors with pyrazolo[3,4-d]pyrimidine core strcutures were
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published and patented in recent years [213-216].

PP1 and PP2, depicted in Figure 1.7, are selective inhibitors for the Src family of tyrosine
kinases. Src family kinases interact with cellular cytosolic, nuclear and membrane proteins,
modifying these proteins by phosphorylation of tyrosine residues. Receptor induced T-cell
activation is a process dependent on the Src kinases Lck and FynT. PP1 inhibits Lck, FynT,
anti-CD3-induced protein tyrosine phosphorylation, and subsequent IL-2 gene activation in T
lymphocytes. A selective inhibitor of Lck should inhibit T-cell activation and has therefore
broad applications for the treatment of autoimmune and inflammatory diseases, as well as organ
transplant rejection. PP1 shows selectivity for the Src family over other families of tyrosine kinases.
PP2 also shows high selectivity for Src family kinases. These compounds are therefore useful
tools in cancer research [217]. Similar compounds were developed, that bind more strongly to
the hydrophobic binding pocket of tyrosine receptor kinases than PP1. Several compounds were
patented by Pfizer and Abbott laboratories for the treatment of a number of diseases, including
abnormal cell growth, inflammatory conditions, and proliferative disorders [218-220]. Drug
delivery systems of self-assembling peptide nanostructures with pharmaceutical compositions of
PP1 and PP2 were recently patented [221].

Pyrazolo[3,4-d]pyrimidines and pyrrolo[2,3-d]pyrimidines are potent Lck inhibitors and ex-
hibit comparable iz vitro potency. Potency and selectivity were, however, found to be influenced by
the nature of the Ph-X-Ph linker (Figure 1.7). Regarding pharmacological properties, pyrazolo[3,4-
d]pyrimidines exhibit an enhanced pharmacokinetic profile and show prolonged activity in animal
models of T-cell activation after oral administration [222].

Pyrazolo[3,4-d]pyrimidines were reported to block Src phosphorylaton, induce apoptosis, and
reduce cell proliferation. The activation of Src is an important step in the progression of cancer.
Inhibition of the Src phosphorylation process may halt uncontrolled tumor cell growth and may
therefore be applied for therapeutic agents for the treatment of cancer. Pyrazolo[3,4-d]pyrimidine
compounds bearing an N-1 chlorophenyl ethyl side chain in combination with a 6-methylthio
group showed best antiproliferative activity. Substituents in position 4 were used to fine-tune the
antiproliferative activity [223].

Chronic myeloid leukemia is a hematopoietic stem cell cancer that is caused by chromosomal
abnormality resulting in the formation of a Philadelphia chromosome. This chromosome encodes
for a constitutively activated fusion protein: the oncogenic tyrosine kinase BcrAbl. Imatinib, by
Novartis, selectively inhibits this tyrosine kinase. The success of Imatinib is, however, limited by
drug resistances. Consequently, compounds acting on multiple targets are favoured to overcome
the drug resistance often connected to the activation of alternative signaling pathways. Several
pyrazolo[3,4-d]pyrimidine were found to induce apoptosis and reduce cell proliferation in different
solid tumor cell lines, inhibit the proliferation of three Ber-Abl positive leukaemia cell lines, reduce
Ber-Abl tyrosine phosphorylation and to promote apoptosis of Ber-Abl expressing cells. A lead
structure was identified and is further optimized regarding in vitro ADME properties, especially
regarding water solubility [224, 225].

4-Morpholino-6-arylpyrazolo[3,4-d]pyrimidines are highly potent and selective ATP-competi-
tive inhibitors of mTOR (mammalian target of rapamycin). The mammalian target of rapamycin is

a serine/threonine protein kinase, a member of the phosphoinositide-3-kinase related kinase family
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and is a key mediator of signaling through the PI3K-Akt pathway. Deregulation of PI3K-Akt-
mTOR signalling is one of the most common genetic alterations in proliferative diseases. mTOR
exists in at least two functional complexes, namely mTORCI1, which is inhibited by rapamycin
analogues, and mTORC2, unaffected by rapamycin analogues, which activates Akt. An ATP-
competitive inhibitor is expected to affect both mTOR complexes and thus lead to decreased Akt
activity. Akt activation has anti-apotopic, pro-survival effects, therefore ATP-competitive mTOR
inhibitors may have increased antitumor effects compared to rapamycin analogues. Replacement
of the morpholino-group with fluoroethyl urea or 4-urea-phenyl groups provided potent inhibitors
of mTOR with higher selectivity for mMTOR compared to PI3K [226, 227].
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Figure 1.7 Examples of bioactive pyrazolo[3,4-d]pyrimidines.

6-Anilinopyrazolo[3,4-d]pyrimidin-4-ones are novel dGTP analogues that inhibit the repli-
cation-specific enzyme DNA polymerase III of Staphylococcus anrens and other Gram positive
bacteria. 6-Anilino substituents with small hydrophobic groups in meta- or para-position enhance
both, antipolymerase and antimicrobial activity. Substitution of the pyrazolo[3,4-d]pyrimidine
ring in position 4 by oxygen gave optimum activity, whereas substitution at the pyrazolo NH was
not tolerated. 2-Benzyl-substituted inhibitors were found to be substantially less active. A number
of life-threatening infectious diseases are caused by multiply resistant Gram-positive bacteria. The
development of chemotherapeutic agents, capable of selectively attacking new bacterial targets, is
a possible approach for the treatment of such diseases. DNA polymerase III is essential for the
replication of Gram-positive bacterial DNA and is therefore a sought after target [228, 229].

Pyrazolo[3,4-d]pyrimidines were shown to exhibit anti-inflammatory properties. Classical

non-steroidal, anti-inflammatory drugs inhibit both cyclooxygenase isozymes. More recently,
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highly selective inhibitors of cyclooxygenase-2 were developed that demonstrate anti-inflammatory
and analgesic activities equivalent to those of dual cyclooxygenase inhibitors, however with lower
gastrointestinal toxicity. 6-Dimethylaminopyrazolo[3,4-d]pyrimidine derivatives show acute anti-
inflammatory, analgesic and anti-angiogenic effects [230, 231]. Bacterial infections often produce
pain and inflammation. Usually, chemotherapuetic, analgesic, and anti-inflammatory drugs are pre-
scribed simultaneously, which increases the risk of non steroidal anti-inflammatory drug complica-
tions. Drugs having both antimicrobial, and analgesic/anti-inflammatory activities would therefore
decrease adverse effects. 1-(1,3-Benzothiazol-2-yl)-3-methyl-4-arylpyrazolo[3,4-d] pyrimidines, with
different aryl groups in position 4, showed dual antimicrobial-anti-inflammatory agents with
minimum ulcerogenic effects. Significant inhibitory activity against Psendomonas aeruginosa and
Candida albicans was observed [232].

Pyrazolo[3,4-d]pyrimidines are under investigation for their antimycobacterial and antiviral
properties. N,S-Bis-alkylated thiopyrazolo[3,4-d]pyrimidines showed significant anti-mycobacterial
activity and could therefore be new lead structures for drugs against Mycobacerium tuberculosis.
Drugs for treating tuberculosis have been available for over half a century, however, new drugs
to extent the treatment options, especially in regard to multi-drug resistant strains of tuberculosis,
are necessary [233]. 1,4-Substituted pyrazolo[3,4-d]pyrimidines were shown to possess specific
antiviral activity for human enteroviruses. Enteroviruses are the most common cause for viral
infections in humans, along with rhinoviruses. Five billion enteroviral infections occur worldwide
annually, and currently there is no effective antiviral drug for the treatment of enteroviral disease.
Pyrazolo[3,4-d]pyrimidines substituted with a phenyl group at the N-1 and a hydrophobic diaryl-
methyl group at the piperazine-substituent in position 4, showed highest activities [234].

1.5 Chemical reduction of nitriles

The reduction of nitriles is a common method to obtain primary amines. A number of other meth-
ods for the synthesis of primary amines is available in literature [235]. Biocatalytic preparations
of amines are known, however methods for the preparation of secondary and tertiary amines are
more prevalent than those for primary amines [236-242].

Chemical reduction of nitriles is commonly achieved by catalytic hydrogenation or complex
metal hydrides. In industrial applications, catalytic hydrogenations are favoured as versatile and
efficient process [243, 244]. Various metal catalysts are suitable for the reduction of nitriles, includ-
ing Raney nickel, Raney cobalt, platinum, palladium, ruthenium, rhenium [243-246]. Complex
metal hydrides, especially sodium borohydride and lithium aluminium hydride variations, have

been successfully used for nitrile reductions [245, 247, 248].
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Scheme 1.11 Mechanism of the hydrogenation of nitriles and formation of secondary and tertiary amines.
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A general problem in the catalytic hydrogenation of nitriles is the formation of secondary
amines. This unwanted side reaction is caused by the nucleophilic attack of the initially formed
primary amine on the imine intermediate, as depicted in Scheme 1.11. Subsequent elimination
of ammonia and reduction of the secondary imine leads to the secondary amine [243, 247, 249].
Tertiary amines are formed by addition of the secondary amine to the imine and subsequent
hydrogenolysis of the intermediate [244, 247]. In the hydrogenation of aromatic nitriles, the
formation of Schiff bases was also observed [250].

The chemoselectivity of the hydrogenation reaction can be improved by a low concentration of
imine to suppress secondary amine formation and by shifting the equilibrium towards the primary
amine by addition of ammonia or an appropriate base [243]. In hydrogenations of nitriles with
Raney nickel, the formation of secondary amines can be almost entirely prevented by carrying out
the reaction in the presence of sufficient ammonia. Ammonia reacts with the imine intermediate
to give amine substituted secondary amines, which yield two equivalents of primary amine upon
hydrogenation, as depicted in Scheme 1.12. The importance of the use of ammonia was also
demonstrated in nitrile reductions with cobalt, iron and ruthenium catalysts [244]. Primary
amines are also obtained in the hydrogenation of nitriles in the absence of ammonia, when nickel
is employed as catalyst and sodium hydroxide as an additive. The hydrogenation of nitriles to
primary amines over Raney nickel or cobalt with a catalytic amount of lithium hydroxide and
water or sodium carbonate was also reported. The hydroxide ions prevent catalyst deactivation by
inhibiting polyamine formation on the catalyst surface and are also believed to block active sites
responsible for by-product formation [244, 246]. The reaction rate and the product composition in
the hydrogenation of nitriles are affected primarily by the type of catalyst used. The mechanisms
that justify the addition of bases or water on the activity and selectivity of catalysts are not
unambiguously identified yet. Individual catalysts differ in their responses to a change in reaction
conditions and often contradictory results were obtained [244].

H, _ NHy  NH2 H,

Scheme 1.12  Effect of ammonia on the selectivity of the hydrogenation of nitriles.

Raney nickel and Raney cobalt catalysts represent the most common catalyst choice for
hydrogenation reactions of nitriles, based on patent literature [244]. However, Raney nickel has
certain disadvantages, as it is fragile, difficult to handle and mostly requires elevated temperatures
and pressures. Functional group tolerance is a common issue with Raney nickel catalyzed
hydrogenations. The addition of ammonia or base to avoid formation of secondary and tertiary
amines, as well as the presence of triethyl amine to retard the hydrogenation of an aromatic
system are known [244, 251]. Cobalt was used under similar or even more severe conditions
than nickel catalysts. Several other metal catalysts are found in literature for the reduction of
nitriles to amines. However, platinum, palladium, iron and copper are considered to be less active
than Raney nickel [244]. In recent years, Raney nickel catalyzed reductions of nitriles using mild
hydrogenation conditions, replacing hydrogen with other hydrogen donors, were published. The
conversion of aromatic and aliphatic nitriles to their corresponding primary amines by using a

Raney nickel potassium borohydride system was described in ethanol at mild temperatures [247].
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Hydrazinium monoformate was also described as hydrogen donor in Raney nickel catalyzed
reductions of aromatic and aliphatic nitriles to yield primary amines. Ammonium formate is
extensively used in the field of catalytic transfer hydrogenation, however it is sparingly soluble
in methanol. Hydrazinium monoformate offers the advantage of being freely soluble in methanol,
ethanol, tetrahydrofuran, dimethylformamide and glycols [252].

Hydrogenations of nitriles with homogeneous transition-metal catalysts are mainly based on
ruthenium, rhodium, and iridium complexes. However, many of these catalysts display low selec-
tivity towards primary amines and significant amounts of secondary amines were formed. Opti-
mized catalyst complexes for certain substrates are described in literature. An iz situ catalyst system
composed of [Ru(cod)(methylallyl,)] (cod = 2,5-cyclooctadiene) and 1,1’-bis(diphenylphosphino)-
ferrocene (dppf), using optimized reaction conditions, was described for excellent chemoselectivi-
ties towards primary amines for aromatic, heterocyclic and aliphatic substrates [243, 253].

Lithium aluminium hydride is an exceedingly powerful reducing agent, while sodium boro-
hydride is much milder. Except for a few examples, sodium borohydride cannot reduce nitriles
to amines. The reducing ability of sodium borohydride can be enhanced by additives, such
as CoClz, ZrCl4, NiCl2 and iodine [247]. Mostly water and alcohols are used as solvents,
other solvents are found in literature for selective reductions of certain specific groups. Sodium
cyanoborohydride, lithium cyanoborohydride and tetrabutylammonium cyanoborohydride are
weaker reducing agents than their borohydride equivalents, due to the electron withdrawing effect
of the cyano group. Sulphurated sodium borohydride is formed when sodium borohydride and
sulphur are reacted at room temperature in tetrahydrofuran. Sulphurated sodium borohydride
is a more powerful reducing agent than sodium borohydride and reduces aromatic nitriles to the
corresponding amines, in the absence of more reactive nitro-groups [254]. Potassium borohydride
is usually used to prepare metal borides that are used as catalysts in catalytic hydrogenations [247].

Borane dimethylsulfide, BH,—THF, and borane-amine adducts are important reducing agents
applied for the reduction of nitriles. Nitriles can be readily reduced in tetrahydrofuran or dioxane
under reflux conditions. Reactions with tert-butyl-N-methyl-N-isopropylamineborane are faster

than with borane dimethylsulfide in refluxing tetrahydrofuran [255].
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Aim of this work

Biocatalytic reactions offer the advantage of mild reaction conditions and high chemo-, regio-, and
enantioselectivity. The use of safe and environmentally friendly biocatalysts in non-flammable
solvents is compelling from a process safety and environmental perspective [2]. Biocatalysis
therefore aspires to replace traditional chemical reactions by a biocatalytic equivalent and has
succeeded in various cases [71, 256]. Nitrile transforming enzymes, e.g., nitrilase and nitrile
hydratase, have been applied successfully in industrial processes. Nitrile reductase is a novel enzyme
discovered in 2005 [9]. It is the first enzyme capable of reducing a nitrile group to the corresponding
primary amine [9].

This thesis aims to investigate the possible application of nitrile reductase queF in biocatalysis.
In order to evaluate this new oxidoreductase for use in biocatalytic reactions, enzyme characteriza-
tion and investigation of the substrate scope are prerequisite.

Two types of nitrile reductase are known, both types are investigated in this thesis. Type I
and type II nitrile reductases were cloned, expressed and purified. The novel nitrile reductase
from G. kaustophilus was characterized regarding its stability, pH, temperature and co-factor
dependence. The substrate scope and substrate binding of nitrile reductase were investigated in
detail. Several natural substrate analogues, differing from the natural substrate in the functional
groups or heteroatoms, were designed and synthesized. These substrate analogues belong to the
structural classes of pyrrolo[2,3-d]pyrimidines, pyrrolo[2,3-b]pyridines, pyrrolo[3,2-c]pyridines,
thieno[2,3-d]pyrimidines, cyclopenta[d]pyrimidines and pyrazolo[3,4-d]pyrimidines. Homology
models of type I and type II nitrile reductase were used to identify amino acid residues potentially
involved in substrate binding. Screening reactions of substrate analogues with wild type and mutant
queF can provide insight into the substrate scope and substrate binding of nitrile reductase queF.

Bioreduction of C-N double bonds is so far only known from reductive aminations in the
synthesis of a-amino acids, catalyzed by transaminases [236-239] and very recently, from the
enzymatic reduction of cyclic imines [241, 242]. Both reactions, however, are currently limited in
their substrate scope. Nitrile reductase queF was therefore also preliminarily investigated towards
its activity for two electron reductions, particularly the reduction of the C-N double bond in imines
and oximes, and the C-O double bond in aldehydes. An aldehyde, imine and oxime, bearing the

core-structure of the enzyme’s natural substrate preQ,, were prepared.
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Results and Discussion I

Substrates

3.1 5-Cyanopyrrolo[2,3-d]pyrimidines
3.1.1 2-Amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (preQ,)

2-Amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (preQj, 1) is the natural substrate of nitrile reduc-

tase queF and was therefore synthesized for activity tests of nitrile reductase queF.
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Scheme 3.1 First synthesis of 2-amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (preQ,). (i) NaH, chloro-
methyl methyl ether, dimethoxyethane, (ii) acetamide, sodium acetamide, 120°C, (ii1) acetic anhydride,
pyridine, 80°C, (iv) 1. NBS, CCl ” benzoyl peroxide, reflux, 2. NBS, anhydrous K,CO,, benzoyl peroxide,
reflux, (v) 1. Ag,CO,, water/dioxane, 2. water/dioxane, triethylamine, (vi) H,, 10% Pd/C, methanol,
potassium acetate, (vii) chromic anhydride-pyridine, dichloromethane, pyridine, (viii) NH,OH, Ag,CO,,
ethanol, (ix) 1. acetic anhydride, pyridine, 55°C, 2. ammonia in methanol, (x) acetic anhydride, CF,COOH,
60°C, (xi) ammonia in dioxane, 60°C.

/O\/Z V7

The first synthesis of preQ, was published in 1980 [257]. In this synthesis, depicted in Scheme 3.1,
preQ, is prepared in several steps from 5-methyl-2-methylthiopyrrolo[2,3-d]pyrimidin-4-one. The

47



CHAPTER 3. RESULTS AND DISCUSSION I
SUBSTRATES

cyano-functionality is derived from a methyl group. The methyl-group is oxidized to an alcohol
and further to the aldehyde, which is then transformed into an oxime and dehydrated to give the
nitrile [257].

A significantly shorter synthetic pathway was published by Migawa er al. in 1996 [258]. In
this synthetic pathway, depicted in (Scheme 3.2), preQ, is prepared in a condensation reaction
of 2,4-diamino-6-hydroxypyrimidine with 2-chloro-3-oxopropanenitrile (2). Various modifications
of this procedure are available in literature [258-263]. 2-Chloro-3-oxopropanenitrile is prepared
from methyl formate and chloroacetonitrile, using sodium methoxide in THF or toluene [259,
260, 263]. In the next step, preQ, is formed from 2,4-diamino-6-hydroxypyrimidine and 2-chloro-
3-oxopropanenitrile in an aqueous sodium acetate solution at temperatures between 50°C and reflux
[259, 260, 263]. The hydroxlylated reaction intermediate, depicted in (Scheme 3.2) was observed
by Migawa ez al., when 2-chloro-3-oxopropanenitrile (2) was added to the reaction mixture at 0°C,
and the reaction mixture was then stirred at room temperature for 12 hours. The loss of water is
therefore considered to be the last step in the reaction mechanism [258].

PreQ, is purified by converting it into its potassium salt, by dissolving the crude product in
aqueous KOH. When the resulting solution is neutralized by addition of aqueous HCl, preQ,
precipitates from the solution [260, 263]. Alternatively, the crude product can be washed with

water and acetone, to remove impurities [259].

CN
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Scheme 3.2 Synthetic pathway to 2-amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (preQp). (i) NaH, THF,
0°C or NaOMe, toluene, 0°C or NaOMe, THF, 0°C, (ii) sodium acetate, water, reflux.

In this thesis, reaction conditions for the preparation of preQ, were modified, improving the
overall yield of the synthesis [264]. Different reaction conditions for the synthesis of 2-chloro-
3-oxopropanenitrile (2), and subsequently preQ,, are summarized in Table 3.1. The two major
modifications involved firstly, changing the base from sodium methanolate to sodium hydride in
the first synthetic step, and secondly, changing the solvents for extraction during work-up of 2-
chloro-3-oxopropanenitrile. The product of the first synthetic step, 2-chloro-3-oxopropanenitrile,
is unstable, especially upon heating. To avoid degradation of the product, the solvent for extraction
was changed from ethyl acetate to the lower boiling diethyl ether, which can be easily removed
in vacuum at room temperature. Purification of 2-chloro-3-oxopropanenitrile was achieved during
work-up, by extracting the basic reaction mixture to remove remaining starting material. The

aqueous layer is then acidified to pH 4, to protonate 2-chloro-3-oxopropanenitrile, which can then
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be extracted into the organic layer. 2-Chloro-3-oxopropanenitrile (2) was then used directly for the

next synthetic step.

Table 3.1 Comparison of the reaction conditions for the synthesis of preQ,

method base first step solvent first step yield preQ, reference
A NaH THF 51.43% [264]
B NaOMe toluene 35.89% [259, 263]
C NaOMe THF 18.51% [260, 262]

In the next step, preQj is formed in a condensation reaction of 2,4-diamino-6-hydroxypyrimi-
dine and 2-chloro-3-oxopropanenitrile (2). Solubility of 2,4-diamino-6-hydroxypyrimidine in water
improved upon heating above 85°C. 2-Chloro-3-oxopropanenitrile (2) was added dropwise to the
hot reaction mixture. The product preQ, precipitated from the reaction mixture and was isolated
by filtration. The crude product was washed with copious amounts of deionized water and acetone,

yielding highly pure preQ,.

3.1.2 2-Amino-5-aminomethylpyrrolo[2,3-d]pyrimidin-4-one (preQ,)

OH Q
HN \ N“ + R’N
HNT N TN HNT SN NH, 0

0 on o —NR P
[ [
HzN)\\N N (pe)zm)\\ N (PG)ZN)\\ N

N
G
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Scheme 3.3 Synthetic strategies for the synthesis of 2-amino-5-aminomethylpyrrolo[2,3-d]pyrimidin-4-
one (preQ),). PG = protecting group.

Various different synthetic pathways to 2-amino-5-aminomethylpyrrolo[2,3-d]pyrimidin-4-one (3,
preQ,) are available in literature [260, 265-268]. The synthetic pathways follow three general
strategies: firstly, synthesis of an appropriate cyano-, imino-, or azido-precursor and subsequent
reduction, secondly, reaction of an appropriate phthalimide with 2,4-diamino-6-hydroxypyrim-
idine, and thirdly, synthesis of 2-aminopyrrolo[2,3-d]pyrimidin-4-one and introduction of an

aminomethyl substituent. These general strategies are depicted in Scheme 3.3.
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Scheme 3.4 First synthesis of 2-amino-5-aminomethylpyrrolo[2,3-d]pyrimidin-4-one (preQ,). (i) NaH,
benzyl bromide, DMF, (ii) 0.5N HCI, dioxane, 4,4’-thiobis-(6-t-butyl-3-methylphenol), (iii) NaH, iso-
propoxymethyl chloride, (iv) sodium acetamide, (v) acetic anhydride, pyridine, 60°C, (vi) 1. NBS, benzene,
benzoyl peroxide, 2. NBS, anhydrous K,CO;, benzoyl peroxide, CCl " reflux, (vii) NaNj,, anhydrous DMF,
room temperature, (viii) NH, in methanol, (ix) H,, Pd/C, methanol, benzene, (x) sodium in liquid ammonia,
NH,Cl, (xi) 1. 2N HCI, 70°C, 2. neutralization with Amberlite IR-420.

2-Amino-5-aminomethylpyrrolo[2,3-d]pyrimidin-4-one (preQ,) was first synthesized in 1979
by Ohgi et al. [265]. This synthesis, depicted in Scheme 3.4, starts from 4-methoxy-5-methyl-2-
methylthiopyrrolo[2,3-d]pyrimidine. In the first step, a benzyl protecting group is introduced on
the pyrrole nitrogen. Subsequently, the methoxy group in position 4 is cleaved, and the NH in
position 3 is protected. Displacement of the thioether with sodium acetamide gives a 2-acetylamino
substitutent in position 2. Bromination is then achieved with N-bromosuccinimide. The resulting
compound was treated with sodium azide. In the subsequent hydrogenation reaction, the azide
is reduced to the amine and concurrently, the bromine is removed by catalytic hydrogenation.
After deprotection, preQ), is obtained as hydrochloride salt. The free base preQ; is available by
neutralization with Amberlite IR-240 [265].

H.NT SN H H3C(H2C)

o 0 o) N\/@ )o NH,
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A Y o S T A NG

H H 3 6 H H N H
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Scheme 3.5 Synthesis of preQ; by Mannich reaction. (i) 1. octanoylchloride, pyridine, 2. ethanolic
ammonia, (i1) dibenzylamine, formaldehyde, (iii) 1. ammonia, methanol/THF, 2. KOH.
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PreQ, was successfully prepared by Mannich reaction and subsequent amine exchange reaction
by Akimoto et al. (Scheme 3.5) [266]. Mannich reaction was described for the synthesis
of 5-((dimethylamino)methyl)pyrrolo[2,3-d]pyrimidin-4-one [269]. Substitution in 5-position is
achieved in absence of a electron donating substituent in position 2. In absence of an electron
donating substituent in position 2, the pyrrole-nitrogen stabilizes the cation. Aminomethylation of
2-methylthiopyrrolo[2,3-d]pyrimidin-4-one yielded the 5-substituted product. However, Mannich
reaction of 2-aminopyrrolo[2,3-d]pyrimidin-4-one with an appropriate amine and formaldehyde
gave the 6-substituted product [266, 270]. The substitution in position 6 was explained by the
amino-substituent in position 2. This amino substituent stabilizes the cation which results from
electrophilic attack at the carbon in position 6 [270]. The Mannich reaction of 2-acylaminopyr-
rolo[2,3-d]pyrimidin-4-one provided predominately the 5-substituted aminomethyl compounds
[266].

The ratio of 5- and 6-substituted pyrrolo[2,3-d]pyrimidin-4-ones is not only influenced by the
substitutent in position 2, but also by the amine used for the Mannich reaction. The structure of
the amine used was found to influence the substitution pattern more than the structure of the acyl
on the pyrrolo[2,3-d]pyrimidines. An amine with a bulky substitutent favoured the introduction
of the Mannich reagent to position 5, regardless of the difference in size of the 2-acyl group.
Thus, in the reaction of 2-acylaminopyrrolo[2,3-d]pyrimidines with a less hindered secondary
amine, e.g. dimethylamine, the 6-substituted Mannich base is the major product. In contrast,
the reaction using bulky secondary amines, e.g. dibenzylamine and diisobutylamine, mainly gave
the desired 5-substituted pyrrolo[2,3-d]pyrimidine. The 2-acylamino group therefore appears to
affect the electronic properties of the pyrrolo[2,3-d]pyrimidine ring, increasing the nucleophilicity
of the B-carbon of the pyrrole ring compared to the 2-aminopyrrolo[2,3-d]pyrimidine. When
a 2-acylaminopyrrolo[2,3-d]pyrimidine and a hindered amine are reacted, the first attack by the
Mannich reagent appears to be on the pyrrole nitrogen. The second attack consequently occurs at
the 5-position, which is less hindered, to give a 5,7-bis(substituted aminomethyl) compound. The
N-7-substituent is very labile and is cleaved upon very mild acid hydrolysis[266].

The amine exchange reaction of 3-((dimethylamino)methyl)indole (gramine) and its related
compounds has been shown to proceed by an elimination-addition mechanism to afford indoles
with a variety of aminomethyl sidechains at position 3. A similar exchange reaction was applied for
the preparation of preQ, as depicted in Scheme 3.5. The primary amine of preQ, was prepared by
heating 5-((dibenzylamino)methyl)-2-octanoylaminopyrrolo[2,3-d]pyrimidin-4-one with an excess
of ammonia, and subsequently deprotection of the 2-octanoyl moiety with alkali. The reaction was
presumed to progress via formation of a conjugated unsaturated ring system by amine elimination
from 5-((dibenzylamino)methyl)-2-octanoylaminopyrrolo[2,3-d]pyrimidin-4-one, followed by the
addition of ammonia. The less active 6-substituted aminomethyl pyrrolo[2,3-d]pyrimidines failed
to react under similar conditions [266].

PreQ, was prepared by Gabriel synthesis as depicted in Scheme 3.6 [260]. N-(3-hydroxy-
propyl)phthalimide was oxidized with Dess-Martin periodinane. The resulting aldehyde was a-
brominated with trimethylsilyl bromide and subsequently reacted with 2,4-diamino-6-hydroxypy-
rimidine yielding the phthalimido-protected preQ,. Deprotection was achieved with hydrazine
according to the Ing-Manske procedure [271]. The crude product was boc-protected and purified
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by column chromatography. PreQ, was obtained after cleavage of the boc-group. This synthesis is
limited by the poor yield of 10% in the Ing-Manske procedure and subsequent isolation of preQ;,
by boc-protection, column chromatography and boc-deprotection [260].
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Scheme 3.6 Synthesis of preQ, by Gabriel synthesis. (i) 1. Dess-Martin periodinane, DCM, 2.
TMSBr, DMSO, acetonitrile, (ii) 2,6-diamino-4-hydroxypyrimidine, sodium acetate, water/acetonitrile, (ii1)
1. hydrazine, methanol, reflux, 2. Boc,O, DMF, (iv) CF,COOH.

A similar synthetic pathway for the preparation of preQ);, depicted in Scheme 3.7, is described
by Gerber er al. [267]. Commercially available phthalimidoacetaldehyde was converted to
the corresponding nitroalcohol by Henry reaction. The nitroalcohol was then dehydrated by
hydroxyl group activation and subsequent elimination. The resulting nitro-olefin was then reacted
with 2,4-diamino-6-hydroxypyrimidine in a Michael addition. A Nef reaction gave the aldehyde
intermediate, which directly underwent intramolecular cyclization. During this synthetic step,
hydrolysis of the phthalimido moiety was observed. Deprotection could be achieved by acidic
cleavage with hydrochloric acid. The Ing-Manske procedure, diminishing the yield of the Gabriel
synthesis depicted in Scheme 3.6 could therefore be avoided and excellent overall yields were
achieved [267].
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Scheme 3.7 Synthesis of preQ; by Nef reaction. (i) CH,NO,, +-BuOK, THF/methanol, 0°C to 20°C,
(i) 1. CF,COOH, THF, -5°C, 2. triethyl amine, THF, -10°C, (ii1) 2,4-diamino-6-hydroxypyrimidine,
THF /ethyl acetate/deionized water, 60°C, (iv) 1. NaOH, water, 2. H, O™, water, -5°C to room temperature,
(v) 6M HCI, reflux.

PreQ, can also be prepared by reduction of the corresponding imine, as depicted in Scheme 3.8.
The trityl protected aldehyde is tranformed into the imine by reaction with trityl amine. Subse-
quent reduction with sodium borohydride yielded the secondary amine. After deprotection, preQ,
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was obtained as its hydrochloride [268]. All reaction steps were performed with high yields of over
79%. However, the starting material 5-formyl-2-tritylaminopyrrolo[2,3-d]pyrimidin-4-one is not
commercially available and needs to be prepared in a number of synthetic steps, leading to a long

overall synthetic pathway.
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Scheme 3.8 Synthesis of preQ, by reduction of an imine. Trt = triphenylmethyl, (i) trityl amine, sodium
sulphate, anhydrous THF, reflux, (ii) 2eq. NaBH ” THEF, 0°C to 25°C, (iii) 1.25M methanolic HCI, reflux.

Reduction of the cyano group in preQ, to the aminomethyl group in preQ, by hydrogenation
under 3.5bar hydrogen pressure with palladium on charcoal was described by Klepper ez al. The
reaction afforded preQ,, however, only as a crude reaction product, from which the isolation of
preQ, was difficult. The crude reaction product was therefore reacted with di-z-butyl dicarbonate.
The boc-protected preQ, was then purified by flash chromatography and subsequently deprotected

with trifluoroacetic acid. The reaction yield of the protection and deprotection was only 10% [260].

o0 N )O NH,
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Scheme 3.9 Synthesis of preQ; by reduction of preQ,. (i) H,, Pd/C, DMF or (ii) nitrile reductase queF or
(iii) H,, Raney-Ni, triethyl amine, aqueous ammonia.

PreQ, was also isolated from an enzymatic reduction of preQ, with nitrile reductase queF from
E. coli. The reaction was stopped after three hours and the protein was removed by ultrafiltration.
PreQ, was purified by reverse phase HPLC [9].

Table 3.2 Comparison of the reaction conditions for the synthesis of preQ, applied in this thesis.

method  catalyst reaction conditions conversion
A Pd/C 40bar H,, DMF, 16h, 55°C no product
B Raney nickel 40bar H,, DMF, 10eq. aqueous preQ;, 60%
ammonia, 0.25eq. triethyl amine, conversion
55°C, 24h
C Raney nickel 100bar H,, DMF, 10eq. aqueous 40% preQy, 15%
ammonia, 0.25eq. triethyl amine, 2-amino-5-
70°C, 54h methylpyrrolo[2,3-
d]pyrimidin-4-
one, 45% preQ,

In this thesis, the cyano group in preQ, was reduced to the aminomethyl group in preQ, by
hydrogenation in a steel autoclave with Raney-nickel as catalyst. Hydrogenation of a nitrile to

the corresponding amine can lead to formation of secondary and tertiary amines, which can be
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avoided by addition of ammonia. A minimum of 2.5 equivalents of ammonia is needed to avoid a
competitive reaction between ammonia and imine and primary amine and imine [272]. Raney
nickel is also known to catalyze the hydrogenation of an aromatic system. Hydrogenation of
an aromatic ring can be delayed by the presence of triethylamine [251]. PreQ; was successtully
prepared in a hydrogenation reaction in a steel autoclave with 40bar of hydrogen pressure at 55°C
in the presence of ten equivalents aqueous ammonia and 0.25 equivalents of triethyl amine. Neither
hydrogenation of the aromatic system, nor secondary or tertiary amines were observed as side
product. When temperature and hydrogen pressure are increased to 70°C and 100bar, respectively,

2-amino-5-methylpyrrolo[2,3-d]pyrimidin-4-one (4) is observed as side product.

3.1.3 preQ, analogues

Various preQ, analogues were synthesized to investigate enzyme-substrate interactions in the active
site of nitrile reductase queF. Two different synthetic routes for the preparation of preQ, analogues,
depicted in Scheme 3.11 and Scheme 3.12, were developed in this thesis. In these pathways several

preQ, analogues were prepared starting from either preQ, or a pyrrole precursor.

Syntheses starting from pyrimidine precursors

In this thesis, 2,4-diamino-5-cyanopyrrolo[2,3-d]|pyrimidine was prepared analogously to preQ,
using 2,4,6-trimethylpyrimidine as pyrimidine precursor, as depicted in Scheme 3.10. In literature,
2,4-diamino-5-cyanopyrrolo[2,3-d]pyrimidine was prepared from a pyrrole precursor. 2-Amino-5-
bromo-3,4-dicyanopyrrole was prepared from tetracyanoethylene. The bromine was subsequently
removed by hydrogenation. 2,4-diamino-5-cyanopyrrolo[2,3-d]pyrimidine was then prepared in a

condensation reaction with formamidine hydrochloride [273, 274].
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Scheme 3.10 Synthesis of 5-cyano-2,4-diaminopyrrolo[2,3-d]pyrimidine. (i) NaH, THF, 0°C, (ii) sodium
acetate, water, reflux.

Four structural analogues of preQ,, differing in their substituents on the pyrimidine ring, were
prepared according to the pathway depicted in Scheme 3.11. Derivatisation of the 4-oxo functional-
ity in pyrimidines is reported to be a versatile method of influencing the reactivity of pyrrolo[2,3-
d]pyrimidines [275]. In this thesis, 2-amino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (6) was
prepared in excellent yields of 96% by heating a suspension of preQ, in acetonitrile, triethylamine

and phosphorous oxychloride to reflux. Similar procedures for the preparation of compound 6 are
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found in literature, using phosphorous oxychloride and N,N-diisopropylamine, or phosphorous

oxychloride and diethanolamine achieving yields between 27% and 60% [275-277].
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Scheme 3.11 Synthesis of preQ, analogues starting from preQ,. (i) POCL,, triethylamine, acetonitrile,
reflux, (i1) Pd/C, 80bar H,, NaHCO,, ethanol, (iii) trimethylacetyl chloride, pyridine, triethylamine, 90°C,
(iv) NaOCH,, methanol, reflux.

2-Amino-5-cyanopyrrolo[2,3-d]pyrimidine (7) was first synthesized in this thesis. Compound
7 was achieved in good yields of 82% by dehalogenation of 2-amino-4-chloro-5-cyanopyrrolo[2,3-
d]pyrimidine (6) by hydrogenation with a palladium on charcoal catalyst in ethanol and sodium
bicarbonate, as depicted in Scheme 3.11. Various similar procedures for the dehalogenation of
pyrrolo[2,3-d]pyrimidines are available in literature. The preparation of pyrrolo[2,3-d]pyrimidine
from 4-chloropyrrolo[2,3-d]pyrimdine is described with palladium on charcoal in methanol or
ethanol [278-280]. In similar procedures base, e.g., ageuous ammonia, or sodium bicarbonate, is
added to the reaction mixture [281, 282]. When sodium hydroxide is used as base, nucleophilic
substitution of an ethoxy group, instead of removal of the halogen group, was observed [281].
Dehalogenation is also described by using palladium hydroxide as catalyst in combination with
ammonium formate as hydrogen source [283].

5-Cyano-2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (8) was prepared according to a modi-
fied literature procedure [262]. In literature, the pyrrolo[2,3-d]pyrimidine is dissolved in pyridine
and trimethylacetyl chloride is added to the reaction mixture [262, 266, 284-286]. This procedure is
described to yield a mixture of N-2-monoacylated, and N-2-, N-7-bisacylated product. Addition of
aqueous ammonia during work up selectively cleaves the N-7-pivaloyl protecting group [285, 286].
Yield of pivaloyl-proteced product (8) was improved by adding 2.5eq. triethylamine to the reaction
mixture [287]. In this thesis, preparation of 5-cyano-2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-
one (8) was achieved in 80% yield.

2-Amino-4-methoxy-5-cyanopyrrolo[2,3-d]pyrimidine (9) was prepared from preQj (1) in one
step, as depicted in Scheme 3.11. PreQ, was treated with sodium methoxide in methanol at reflux,
as described in literature [288, 289]. Purification by recrystallization did not yield sufficiently
pure material. Purification by column chromatography was impeded by the limited solubility of
compound 9. The product could not be quantitatively isolated from the column. The isolated yield

obtained after purification was therefore low.
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Synthesis starting from a pyrrole precursor

A number of preQ, analogues were prepared starting from a pyrrole precursor, as depicted in
Scheme 3.12. The pyrrole precursor, 2-amino-5-bromo-3,4-dicyanopyrrole (10), is formed by
the reaction of tetracyanoethylene with hydrogen bromide. The reaction was first described by
saturating a cooled solution of tetracyanoethylene in acetone with anhydrous hydrogen bromide
gas [290]. Higher yields are achieved when tetracyanoethylene is dissolved in acetone and ethyl
acetate and hydrogen bromide in acetic acid is added to the solution [291]. In this reaction
step, tetracyanoethylene is first reduced to tetracyanoethane by hydrogen bromide. Subsequently,
additional hydrogen bromide adds to the tetracyanoethane to form the pyrrole. The bromine
formed in the reduction step is consumed by acetone. No pyrrole product was observed when
tetrahydrofuran or methyl formate were used instead of acetone as solvent. Therefore, the bromine
has to be removed from the reaction mixture to prevent reoxidation of tetracyanoethane to
tetracyanoethylene. This reaction mechanism was proven by successfully preparing 2-amino-5-
bromo-3,4-dicyanopyrrole (10) in the reaction of tetracyanoethane with hydrogen bromide [290].
2-Amino-5-bromo-3,4-dicyanopyrrole (10) is soluble in dilute aqueous sodium hydroxide and
can be reprecipitated upon acidification. This purification step removes hydrogen bromide and
water soluble impurities [290, 291]. In this thesis, 2-amino-5-bromo-3,4-dicyanopyrrole (10) was
synthesized in excellent yield and purity.
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Scheme 3.12 Synthesis of preQ, analogues starting from a pyrrole precursor. (i) HBr in acetic acid,
acetone, ethyl acetate, 0°C, (ii) formamidine acetate salt, ethoxyethanol, reflux, (iii) NaNO,, acetic acid,

deionized water, reflux, (iv) and (v) Pd/C, H,, aqueous ammonia solution, ethanol, room temperature, (vi)
POC13, acetonitrile, triethylamine, (vi) Pd/C, 100bar H,, ethanol, NaHCO,, 70°C.

4-Amino-6-bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) was prepared in the next synthetic
step in a condensation reaction of 2-amino-5-bromo-3,4-dicyanopyrrole (10) with a suitable reagent
(Scheme 3.12). This reaction was first described by Tolman et al. in 1969 and produced 4-amino-
6-bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) in 51% yield [292]. In later publications the same
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reaction is described with up to 65% yield [293-295]. An alternative method for ring annulation is
available in literature. 2-Amino-5-bromo-3,4-dicyanopyrrole (10) reacts with triethylorthoformate
to form 2-bromo-5-(ethoxymethylene)iminopyrrole-3,4-dicarbonitrile. This intermediate is then
dissolved in saturated ethanolic ammonia solution and heated in a sealed steel reaction vessel
to give 4-amino-6-bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) in 71% yield [296, 297]. In this
thesis, 4-amino-6-bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) was prepared by condensation with
formamidine acetate in moderate yield.

6-Bromo-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (12) was achieved by diazotizing 4-amino-6-
bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) with sodium nitrite in aqueous acetic acid, as de-
picted in Scheme 3.12. This reaction was described for the preparation of 5-cyanopyrrolo[2,3-
d]pyrimidin-4-one by Uematsu et al. [298]. Deamination is proposed to proceeed faster and with
less decomposition of 4-amino-6-bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) when 4-amino-6-
bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) was reprecipitated iz situ, by addition of acetic acid to
a basic solution of the starting material, before the deamination procedure [292]. Employing an in
situ reprecipitation procedure 77% yield was achieved in literature, while 95% yield was achieved by
direct deamination [292, 299]. In this thesis, 6-bromo-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (12)
was prepared in 80% yield, applying the procedure without in situ reprecipitation of the starting
material.

Chlorination of 6-bromo-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (12) was achieved with phos-
phorus oxychloride, as depicted in Scheme 3.12. The starting material was suspended in acetonitrile
and triethylamine, followed by heating to reflux and addition of phosphorus oxychloride. 6-
bromo-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (15) was prepared in good yields and purities.
In literature the reaction is also described in neat phosphorus oxychloride at reflux [292, 299].

Dehalogenation of compounds 11, 12, and 15 was achieved by catalytic hydrogenation, as
depicted in Scheme 3.12. Dehalogenation of 6-bromo-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (12)
is described in ethanol/aqueous ammonia solution 1/1 using palladium on charcoal as catalyst and
2.8bar hydrogen pressure [292]. These conditions were successfully applied for the dehalogena-
tion of 4-amino-6-bromo-5-cyanopyrrolo[2,3-d]pyrimidine (11) and 6-bromo-5-cyanopyrrolo[2,3-
d]pyrimidin-4-one (12). Simultaneous dehalogenation of the bromo- and chloro-functionality of
6-bromo-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (15) was accomplished with 100bar hydrogen
pressure and a palladium on charcoal catalyst with sodium bicarbonate in ethanol. These conditions
are described for the dehalogenation of 2-amino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine [281].
5-Cyanopyrrolo[2,3-d]pyrimidine (16) was first prepared in this thesis.

An alternative route for the preparation of 4-amino-5-cyanopyrrolo[2,3-d]pyrimidine (14) is
described in literature [300, 301]. In this synthesis, tetracyanoethylene is reacted with hydro-
gen sulfide to give 2,5-diamino-3,4-dicyanothiophene [290]. 2,5-Diamino-3,4-dicyanothiophene
is rearranged to 2-mercapto-3,4-dicyano-5-aminopyrrole in a base-catalyzed reaction. 2-Mercapto-
3,4-dicyano-5-aminopyrrole reacts with trimethyl orthoformate and subsequently ammonia. The
expected reaction product was 4-amino-5-cyano-6-mercaptopyrrolo[2,3-d]pyrimidine, however,
NMR spectroscopy indicated a free mercapto-group was not present. The product was identified
as 4-amino-5-cyano-6-methylmercaptopyrrolo[2,3-d]pyrimidine which can easily be desulphurized

by Raney-Nickel to give 4-amino-5-cyanopyrrolo[2,3-d]pyrimidine (14) [300, 301].
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3.2 Pyrrolo[3,2-c]pyridines and pyrrolo[2,3-b]pyridines

Pyrrolo[3,2-c]pyridines and pyrrolo[2,3-5]pyridines, 5- and 7-azaindoles, respectively, are struc-
tural analogues of pyrrolo[2,3-d]pyrimidines, differing only in the absence of one ring nitrogen in
the six-membered ring. The most common synthetic routes to azaindoles are Fischer, Madelung
and Reissert synthesis. However, these syntheses are originally indole syntheses and often cannot

be effectively applied to the synthesis of the corresponding azaindoles [153, 302].

Pyrrolo[3,2-c]pyridines

4-Hydroxypyrrolo[3,2-c]pyridine was prepared starting from pyrrole-2-carboxaldehyde in several
literature procedures, as depicted in Scheme 3.13 [302-304]. N-Benzylpyrrole-2-carbaldehyde is
condensed with malonic acid to give the acrylic acid derivative 17. The acid is then transformed into
an acyl azide. Subsequent Curtius arrangement gives 1-benzyl-4-hydroxy[3,2-c]pyridine [302-304].
Introduction of an aldehyde functionality in position 3, which can be further converted into the
corresponding oxime, and dehydrated to the nitrile, and final deprotection gives the desired 3-
cyano-4-hydroxypyrrolo[3,2-c]pyridine.

This synthesis, depicted in Scheme 3.13, was carried out by Cornelia Hojnik in her master thesis
[305]. A protection group was introduced on the pyrrole nitrogen of pyrrole-2-carbaldehyde. A
benzyl-protecting group and a phenylsulfonyl-protecting group were used. The phenylsulfonyl-
protecting group has the advantage of milder reaction conditions for the deprotection than those
required for benzyl-deprotection. Deprotection of the phenylsulfonyl-protecting group is achieved
in aqueous sodium hydroxide solution, whereas benzyl-deprotection, is described with sodium in
aqueous ammonia [302-304, 306]. The next step to the acrylic acid derivatives (17) was successfully
carried out in good yield of 60%. However, the formation of the acyl azide and especially
subsequent Curtius rearrangement proved to be tedious. Consequently, the synthetic pathway

was not further pursued.
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Scheme 3.13  Synthesis of 3-cyano-4-hydroxypyrrolo[3,2-c]pyridine starting from a pyrrole precursor. Full
line arrows indicate completed synthetic steps, dashed line arrows indicate synthetic steps in progress, (i)
NaH, benzylbromide, acetonitrile or NaOH, DCM, benzenesulfonyl chloride, reflux, (i) malonic acid,
aniline, ethanol, reflux or malonic acid, pyridine, piperidine, reflux.

A new synthetic pathway for the synthesis of 3-cyano-4-hydroxypyrrolo[3,2-c]pyridine starting
from a substituted pyridine precursor was developed. This pathway, depicted in Scheme 3.14,
yields the pyrrolo[3,2-c]pyridine ring system in only one step, whereas four steps are necessary
when starting from a pyrrole precursor as in Scheme 3.13. The condensation of 2,4-diamino-6-
hydroxypyridine with chloroacetaldehyde was previously described to yield only polymeric prod-
ucts [307]. The condensation reaction of 4-amino-2-hydroxypyridine with chloroacetaldehyde was

carried out analogously to the synthesis of preQ,. 4-Hydroxypyrrolo[3,2-c]pyridine was formed
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in the reaction. However, only 10.5% of product could be isolated after column chromatography

[305].
lﬁ*“@ b L )

Scheme 3.14 Synthesis of 3-cyano-4-hydroxypyrrolo[3,2-c]pyridine starting from a pyridine precursor.
Full line arrows indicate completed synthetic steps, dashed line arrows indicate synthetic steps in progress,
(i) chloroacetaldehyde, sodium acetate, water 80°C.
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Pyrrolo[2,3-b]pyridines

A straight forward synthesis of 7-azaindoles, starting from inexpensive succinonitrile, was described
in literature (Scheme 3.15) [ 161, 308]. In the first synthetic step, succinonitrile and ethylformate are
condensed in the presence of sodium methoxide or potassium ¢-butoxide to give the corresponding
salt of 2-hydroxymethylenebutyronitrile. This salt is then treated with an appropriate amine to
yield an aminomethylenesuccinonitrile. The pK,-value of the amine used (pK, range 1.02-10.64)
was not found to have an effect on the yield [308]. The base catalyzed internal condensation to
the N-protected 2-amino-4-cyanopyrrole was carried out using potassium ethoxide or potassium
hydroxide as base [161, 308]. The 7-azaindole ring system was then built up by reaction of
the N-protected 2-amino-4-cyanopyrrole with 1,1,3,3-tetramethoxypropane in the presence of a
catalytic amount of acid, either hydrochloric acid or p-toluenesulfonic acid yielding N-protected

3-cyanopyrrolo[2,3-b]pyrimidine [161].
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Scheme 3.15 Synthesis of 3-cyano-4-hydroxypyrrolo[2,3-b]pyridine starting from a pyrrole precursor.
Dotted line arrows indicate synthetic steps in progress.

Formation of the 7-azaindole ring system by preparation of 2-bisethoxycarbonylvinylamino-
pyrroles and subsequent cyclization, as depicted in Scheme 3.15. The N-protected 2-amino-4-
cyanopyrrole is reacted with ethoxymethylenemalonates and the cyclization of the resulting 2-
bisethoxycarbonylvinylaminopyrroles occurs by heating in diphenyl ether to give ethyl 3-cyano-4-
oxopyrrolo[2,3-b]pyrimidin-5-carboxylate [308]. Ester hydrolysis and subsequent decarboxylation
yields the N-protected 3-cyano-4-hydroxypyrrolo[2,3-b]pyridine. After deprotection, the desired
3-cyano-4-hydroxypyrrolo[2,3-b]pyridine is achieved [309]. In Cornelia Hojnik’s master thesis

2-((benzylamino)methylene)succinonitrile was prepared, however in rather low yield and purity.
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This synthetic pathway over seven steps was then abandoned in favour of a shorter synthesis
starting from a substituted pyridine [305].

Preparation of 4-hydroxypyrrolo[2,3-b]pyridine starting form a pyridine precursor is not
described in literature. The condensation reaction of 2-amino-4-hydroxypyridine with chloroacet-
aldehyde gave 1-(2-chloroethenyl)-4-hydroxypyrrolo[2,3-b]pyridine instead of the desired 4-hydrox-
ypyrrolo[2,3-b]pyridine, as depicted in Scheme 3.16. This product was formed in the reaction of a

second equivalent of chloroacetaldehyde with the amino-group of 2-amino-4-hydroxypyridine.

OH OH
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Scheme 3.16 Synthesis of 1-(2-chloroethenyl)-4-hydroxypyrrolo[2,3-b]pyridine. (i) chloroacetaldehyde,
sodium acetate, water, reflux.

A number of pyridine precursors were prepared for the condensation with chloroacetaldehyde,
as depcited in Scheme 3.17. The chloro-group of 2-amino-4-chloropyridine was substituted with
a methoxy group and an azide group, respectively [310, 311]. The azide was then reduced to the
corresponding amine.

The differently substituted pyridine precursors 21, 22, and 23 where then used for condensation
reactions with chloroacetaldehyde. The condensation reaction of 2-hydroxy-4-methoxypyridine
(21) gave a mixture of undesired products. The condensation reaction of 2,4-diaminopyridine
(23) gave the desired product 4-aminopyrrolo[2,3-b]pyrimidine (m/z = 134) and a byproduct
with m/z = 212. The mass of the byproduct corresponds to the condensation of a second
molecule of chloroacetaldehyde to 4-aminopyrrolo[2,3-b]pyrimidine. Both, the desired product 4-
aminopyrrolo[2,3-b]pyrimidine and the byproduct were formed in approximately 15% conversion
after one hour reaction time. With increasing reaction time, only the amount of byproduct
increased to up to 50% after four hours, while the amount of 4-aminopyrrolo[2,3-£]pyrimidine
remained constant and did not exceed 15% to 20%.

In the condensation reaction of 2-amino-4-azidopyridine (22) with chloroacetaldehyde, 1,2-
bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (24) was formed as sole product and could be isolated
in 54% yield (Scheme 3.17). The preparation of this bridged pyrrolo[2,3-5]pyridine system has so
far not been reported in literature. The bridged pyrrolo[2,3-b]pyridine acts as protection group of
the pyrrole nitrogen, and therefore provides several advantages over the unprotected pyrrolo[2,3-
b]pyridine, including better solubility.

A variety of reactions for the direct introduction of a nitrile group to an indole ring are found
in literature, such as Sandmeyer and Rosenmund von Braun reactions, as well as metal-catalyzed
cyanation reactions by coupling aryl halides with cyanating reagents or oxidative cyanation through
C-H bond activation using metal cyanides like Zn(CN), or CuCN [312]. Directly introducing
the nitrile group to 1,2-bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (24) with chlorosulfonyliso-
cyanate or CuCN, as described for indole, was not successful [313, 314]. Bromination and
chlorination of 1,2-bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (24) with N-bromosuccinimide or

N-chlorosuccinimide, respectively, were carried out in good yields (Scheme 3.17). Reduction of the
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azide group of compound 24 was achieved with palladium on charcoal in a steel autoclave with
moderate hydrogen pressure of 25 bar, analogously to a literature procedure for the reduction of
4-azidopyrrolo[2,3-b]pyridine [315].
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Scheme 3.17 Synthesis of 3-cyano-4-hydroxypyrrolo[2,3-5]pyridine starting from a pyridine precursor.
Full line arrows indicate completed synthetic steps, dashed line arrows indicate synthetic steps in progress,
(1) sodium methoxide, methanol, reflux, (ii) sodium azide, DMF, ammonium formate, 120°C, (iii) Pt/C
10%m/m, acetic acid, hydrogen, (iv) chloroacetaldehyde, sodium acetate trihydrate, water, reflux, (v) NBS
or NCS in THF, (vi) Pd/C 10%m/m, ethanol, 25bar hydrogen, (vii) and (xii) NalO,, NaClO,, OsO,,
acetonitrile/water 1/1 , (viii) POCI;, DMF, (ix) hydroxylamine hydrochloride, ethanol, ageuous NaOH,
(x) 1. acetic anhydride, 2. acetic acid, reflux, (xi) Pt/C, acetic acid, hydrogen or Pd/C, THF, hydrogen, (xii1)
NaNO,, acetic acid/water 1/1, 100°C.

Cleavage of the ethylene bridge of 1,2-bis(4-azidopyrrolo[2,3-5]pyridin-1-yl)ethene (24) was
achieved by dihydroxylation and subsequent periodate cleavage, as depicted in Scheme 3.17. The
reaction with osmium tetraoxide, N-methylmorpholine N-oxide (NMO) and sodium periodate in
t-butanol /water/acetone (1/5/2) showed product formation on TLC and HPLC-MS, however the
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product was not successfully isolated [316]. A number of alternative conditions for the reaction
and work-up are described in literature. Dioxane/water (3/1 to 10/1) is commonly used as reaction
solvent [317, 318]. N-Methylmorpholine in combination with meta-chloroperoxybenzoic acid can
be used instead of NMO for the reoxidation of osmiumtetraoxide, however epoxidation occurs
as competing reaction [319]. Recently, sodium chlorite (NaClO,) was described as oxidative
reagent in a periodate cleavage. For work-up, isopropanol and potassium hydroxide was used,
as isopropanol is easily oxidized to acetone by osmium tetroxide in the presence of potassium
hydroxide. This reducing system was applied as recycling system in literature [320]. Cleavage of the
ethylene bridge of compound 24 was successful using osmium tetroxide, sodium periodate, sodium
chlorite in water/acetonitrile 1/1 and for work-up the isopropanol and potassium hydroxide
system. Dihydroxylation and periodate cleavage leads to a formyl group, in case of 1,2-bis(4-
azidopyrrolo[2,3-b]pyridin-1-yl)ethene (24) as starting material to a formyl-group on the pyrrole
nitrogen. The basic conditions of the isopropanol and potassium hydroxide work up quantitatively
cleaved the formyl group, leading to 4-azidopyrrolo[2,3-b]pyridine (28) as product, as depicted in
Scheme 3.17.

Introduction of a nitrile group to 1,2-bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (24) was not
successful, therefore an aldehyde group was introduced which in turn can be converted to the oxime
and further dehydrated to the nitrile, as depicted in Scheme 3.17. For the formylation of azaindoles
Duff reaction is frequently used in literature [321-325]. Duff reaction was first described in 1932
for the preparation of 3- and 5-formylsalicylic acids [326]. In the original procedure salicylic acid
and hexamethylenetetramine in deionized water are boiled under reflux and subsequently acidified
with 4N HCI [326]. This procedure was then improved by heating the starting material and
hexamethylenetetramine in acetic acid solution or boric acid in glycerol and subsequent hydrolysis
with hydrochloric acid [327-330]. The reaction proceeds in a series of equilibrium reactions, with
iminium ion intermediates. First secondary amines are formed with hexamethylenetetramine.
Dehydrogenation of these amines by heating in hexamethylenetetramine in acetic acid produces
Schiff bases which can be hydrolyzed to aldehydes. The hydrolysis of secondary amines from
hexamethylenetetramine is similar to the Sommelet reaction, which allows the preparation of
aldehydes from alkyl- or arylalkyl halides [331, 332]. 4-Azido-3-formylpyrrolo[2,3-b] pyridine was
successfully prepared in a Duff reaction, however the yield was rather low and several side products
were formed. Vilsmeier reaction was investigated as alternative formylation reaction. Higher yield
and product purity was achieved in the Vilsmeier reaction, however still a number of side products
were observed [333]. The Vilsmeier reaction starting from 1,2-bis(4-azidopyrrolo[2,3-b]pyridin-
1-yl)ethene (24) gave the formylated product 29 in good yield of 54% and high purity. The
subsequent step to the oxime 30 1,2-bis(4-azido-3-(hydroxyiminomethyl)pyrrolo[2,3-5]pyridin-1-
yl)ethene proceeded in excellent yield of 82% and gave the (E)-/(Z)-isomers in a ratio of 1/0.63.

Dehydratisation of 1,2-bis(4-azido-3-(hydroxyiminomethyl)pyrrolo[2,3-6] pyridin-1-yl)ethene to
the corresponding nitrile 31 was carried out with acetic anhydride, as depicted in Scheme 3.17.
The (Z)-oxime was quantitatively converted to the nitrile, however the (E)-isomer was O-acetylated
under the reaction conditions. The O-acetylated (E)-oxime was then converted into the nitrile
by reflux in acetic acid. In literature, dehydratisation of 4-chloro-7-azaindole-3-carbaldehyde

oxime to the corresponding nitrile is described with thionyl chloride [219]. Thionyl chloride is

62



CHAPTER 3. RESULTS AND DISCUSSION I
SUBSTRATES

also used for the dehdyratisation of 4-chloropyrrolo[2,3-d]pyrimidin-5-carbaldehyde oxime [334].
Dehydratisation with thionylchloride might therefore increase the yield of this synthetic step, by
avoiding the acetylation of the (£)-isomer in the dehydratisation.

Reduction of the azide group of 1,2-bis(4-azido-3-cyanopyrrolo[2,3-5]pyridin-1-yl)ethene (31)
to the corresponding amino-group was carried out with platinum or palladium on charcoal
and hydrogen, as depicted in Scheme 3.17. Cleavage of the ethylene bridge was achieved as
demonastrated on 1,2-bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (24). In the final synthetic step
the 4-amino-substituent of 4-amino-3-cyanopyrrolo[2,3-b]pyridine (33) was converted to a hydroxy
group in a diazotisation reaction in excellent yield of 87%, similarly to the diazotisation reaction
used for the preparation of 5-cyanopyrrolo[2,3-d]pyrimidin-4-one (13). The desired product was

obtained in nine steps in good to excellent yields.

3.3 Thieno[2,3-d]pyrimidines

Thieno[2,3-d]pyrimidines are structural analogues of pyrrolo[2,3-d]pyrimidines, differing only in
the heteroatom in the five-membered ring. By replacing the NH of the pyrrole ring of the natural
substrate preQ, with a sulphur in the thiophene ring, the influence of NH as hydrogen bond
donor compared to S as a hydrogen bond acceptor can be investigated. 2-Amino-5-cyanothieno[2,3-
d]pyrimidin-4-one and 5-cyanothieno[2,3-d]pyrimidin-4-one are therefore suitable compounds to
evaluate the influence of the pyrrole-nitrogen on substrate binding in nitrile reductase queF (active

site models of nitrile reductase queF are depicted in chapter 5 in Figure 5.3 and Figure 5.7).

Synthesis starting from a pyrimidine precursor
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Scheme 3.18 Synthesis of 2-amino-4-hydroxythieno[2,3-d]pyrimidines. Full line arrows indicate com-
pleted synthetic steps, dashed line arrows indicate synthetic steps in progress, (i) sodium hydrosulfide,
ethylene glycol, reflux, (ii) 1. NaBH,, DMF, 2. aqueous HCI, (iii) sodium hydrosulfide, ethylene glycol,
reflux, inert atmosphere, (iv) sodium acetate, water, chloroacetaldehye, reflux, or potassium carbonate, DMF,
chloroacetaldehyde, 90°C, (v) pivaloylchloride, triethylamine, pyridine, DMF, 85°C, (vi) POCI,, DMF,
55°C.

In this thesis, a synthetic pathway starting from a pyrimidine-precursor was developed, as depicted

in Scheme 3.18. In the first synthetic step, 2-amino-6-hydroxy-4-mercaptopyrimidine (36) was pre-

pared from 2-amino-4-chloro-6-hydroxypyrimidine, according to a literature procedure [335-338].
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2-Amino-6-hydroxy-4-mercaptopyrimidine (36) dimerized, forming a disulfide bond. Dimerization
could be avoided by carrying out the substitution reaction under inert conditions, and proceeding
with the next synthetic step without isolation of the product. Alternatively, the disulfide bond
was cleaved with sodium borohydride. The thiophene ring was then formed by condensation
of 2-amino-6-hydroxy-4-mercaptopyrimidine (36) with chloroacetaldehyde. The condensation of
a suitable pyrimidine precursor with chloroacetaldehyde is commonly found in literature for the
formation of pyrrolo[2,3-d]pyrimidines [339, 340]. For thieno[2,3-d]pyrimidines, condensation of
haloketones, such as chloroacetone or 3-bromo-2-butanone, to pyrimidine-precursors is described
in literature [180, 181, 341, 342]. In a recent patent, ethyl 4-chloro-5-hydroxy-2-methylthieno[2,3-
d]pyrimidine-6-carboxylate was prepared in one step from ethyl 4,6-dichloro-2-methylpyrimidine-
5-carboxylate and thioglycolate [343]. Pivaloyl-protection of the amino-group in position 2 of
2-amino-4-hydroxythieno[2,3-d]pyrimidine (37) was achieved with pivaloylchloride in moderate
yields. In patent literature, pivaloyl protection of this compound is described with trimethylacetic
anhydride in 61% yield [191]. Vilsmeier conditions yielded a chloro-substitution in position 4
instead of the desired formylation. Intentional chlorination was also achieved using phosphorous
oxychloride [191]. All steps in this synthetic pathway were completed in moderate yields of 20% to
35% yield. The formation of disulfide bonds in the pyrimidine starting material certainly decreased

yield.

Syntheses starting from a thiophene precursor

Thieno[2,3-d]pyrimidines are commonly prepared starting from 2-aminothiophene-precursors. A
number of synthetic methods for the preparation of 2-aminothiophenes are known, including
the condensation of ethyl chloroacetoacetate with isothiocyanates in the presence of sodium
hydride, cyclization of thioamides and their S-alkylates, or Hofmann or Schmidt reaction [344].
These reactions, however, involve difficult preparation of the starting materials and multi-step
synthesis [344]. 2-Aminothiophenes can be conveniently prepared in one step, using the Gewald
reaction [345]. The Gewald reaction was originally reported using a-mercaptoketones or a-
mercaptoaldehydes, and a-methylene activated nitriles bearing an electron withdrawing group in
DMEF or alcohol as solvent with catalytic amounts of piperidine or triethylamine yielding 2-amino-
3,4,5-tetrasubstituted thiophenes [345]. Similar 2-amino-3,4,5-tetrasubstituted thiophenes were
prepared from 4-halocrotononitrile and sodium hydrosulfide [345]. A convenient one-pot Gewald
reaction is described in literature. This procedure uses aldehydes, ketones, or 1,3-dicarbonyl
compounds with activated nitriles, such as malonitrile, cyanoacetic aesters, cyanoacetamide, or
its N-substituted derivatives, heteroarylacetonitriles, a-cyanoketones and sulphur, in the presence
of amine at room temperature [344]. This method replaces the use of a-mercaptoketones or a-
mercaptoaldehydes by simpler, more stable starting materials and improves yields [344]. The scope
and limitations of Gewald reaction has been thoroughly investigated. The Gewald reaction involves
only one step, and proceeds in high yields and short reaction times. The Gewald reaction is,
however, limited to activated nitriles and proceeds more readily with cyclic ketones than with linear
aldehydes or ketones [344]. Ethyl 2-amino-4,5,6,7-tetrahydrobenzo[2,3-d]thiophene-3-carboxylate
was prepared in a Gewald synthesis starting from cyclohexanone in excellent yields [175].

2-Aminothieno[2,3-d]pyrimidin-4-one was prepared starting from methyl 2-aminothiophene-3-
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carboxylate and chloroformamidine, as depicted in Scheme 3.19. Chloroformamidine was prepared
in situ from cyanamide [174, 191, 346, 347]. 2,4-Diaminothieno[2,3-d]pyrimidine was prepared
analogously [185]. In this thesis, this synthetic pathway was not successful. A major limitation
of this reaction is the preparation of chloroformamidine from cyanamide, as it requires gaseous
hydrochloric acid, or organic solvents saturated with hydrochloric acid, and cyanamide itself is

prone to hydrolysis to dicyandiamide and melamin.
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Scheme 3.19  Synthesis of 2-aminothieno[2,3-d]pyrimidin-4-one. (i) DMSO, 160°.

4-Hydroxythieno[2,3-d]pyrimidine (40) was prepared in literature from methyl 2-aminothio-
phene-3-carboxylate and formamide, as depicted in Scheme 3.20 [174, 188]. Both, 2-aminothio-
phene-3-carboxylate and formamide, are commercially available. In this thesis, the reaction pro-
ceeded in good yields. Vilsmeier formylation yielded not the desired 3-formyl-4-hydroxythieno[2,3-
d]pyrimidine, but 4-chlorothieno[2,3-d]pyrimidine (41) in good yield of 70%. Substitution of the
chloro-substituent by a methoxy-group and subsequent Vilsmeier reaction again only yielded 4-

chlorothieno[2,3-d]pyrimidine. Formylation by Duff reaction was not successful.
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Scheme 3.20 Synthesis of 4-hydroxythieno[2,3-d]pyrimidines. Full line arrows indicate completed
synthetic steps, dashed line arrows indicate synthetic steps in progress, (i) formamide, ammonium formate,
150°, (ii), (ii1) and (v) POCIL,, DMF, 100°C, (iv) sodium methoxide, methanol, reflux, (vi) mercury(Il)acetate,
acetic acid, 100°C, (vii) iodine, chloroform, 50°C, (viii) 1. Pd(dba), or Pd,(dba),, triphenylphosphine, CO,
toluene, 2. 50°C, tributyltin hydride, (ix) 1. CH3MgCl in THF, -65°C, 2. :-PrMgCI-LiCl in THEF, toluene,
-65°C, 3. tosylcyanide, -65°C to room temperature.

4-Hydroxy-5-iodothieno[2,3-d|pyrimidine was prepared as a starting material for palladium
catalyzed formylation or cyanation. Direct iodination of 4-hydroxythieno[2,3-d]pyrimidine with

N-iodosuccinimide in THF was not successtul, probably due to the limited solubility of the starting
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material in THF. Direct bromination of 2-amino-4-hydroxy-6-methylthieno[2,3-d]pyrimidine with
N-bromosuccinimide or bromine was not possible using a variety of reaction conditions [183].
Direct bromination of 2-amino-4-hydroxy-6-methylthieno[2,3-d]pyrimidine was reported using
bromine in acetic acid under microwave irradiation [184]. Iodination by chloromercuration and
subsequent substitution with iodine was reported for 2-pivaloylaminopyrrolo[2,3-d]pyrimidine
[348]. This procedure was successfully applied for the preparation of 2-amino-6-ethyl-4-hydroxy-5-
iodothieno[2,3-d]pyrimidine [183]. In this thesis, iodination of 4-hydroxythieno[2,3-d]pyrimidine
was successful using this two-step procedure, however a mixture of mono-iodinated and di-iodinated
products in a ratio of 1/0.64 was formed.

Palladium catalyzed reductive carbonylation was discovered by Schoenberg and Heck in 1974
[349, 350]. This formylation reaction was successfully applied for the formylation of pyrrolo[2,3-
d]pyrimidine nucleosides [339, 351, 352]. In this thesis, the palladium catalyzed formylation of 4-
hydroxy-5-iodothieno[2,3-d]pyrimidine with Pd(dba), or Pd,(dba), as catalysts was not successful.

Aromatic nitriles can be prepared from aryl halides. In the Rosenmund-von Braun reaction,
aromatic nitriles are prepared by cyanation of aryl halides with an excess of copper(I) cyanide
in a polar high-boiling solvent such as DMF, nitrobenzene, or pyridine at reflux. Stoichiometric
amounts of copper cyanide, however, led to equimolar amounts of heavy metal waste. Transition
metal catalyzed cyanation of aryl halides is therefore a valuable alternative [353]. The order
or reactivity of the aryl halides derivatives is I~OTf>Br>Cl, reverse to the bond dissociation
energy of the C-X bond. Electron withdrawing substituents on the aryl ring increase reactivity,
while electron donating substituents decrease reactivity [353]. The cyanation of aryl bromides
and iodides has been performed using potassium cyanide, sodium cyanide, trimethylsilyl cyanide,
tributyltin cyanide (Bu,SnCN), and zinc cyanide (Zn(CN),) [353]. No differences were observed
between palladium(II) or palladium(0) pre-catalysts [353]. Catalyst deactivation by excess cyanide
ions is one of the main reasons for low productivity and activity of palladium catalysts in the
cyanation of aryl halides when compared to other C-C coupling reactions [353]. The concentration
of cyanide ions can be circumvented by continuous dosage of cyanide to the reaction mixture,
applying a two-phase system or by adjusting the solubility of the cyanide source by choosing an
appropriate solvent [353].

Preparation of 7-cyano-4-oxo-2-pivaloylamino-9-[2°,3’,5’-O-tribenzoyl-B-D-ribofuranosyl]-9H-
pyrrolo[2,3-d]pyrimidine from the corresponding iodide was achieved using Turbo-Grignard con-
ditions [351]. Turbo-Grignard uses the reagent i-PrMgCl-LiCl [354, 355]. Lithium chloride can
greatly accelerate ortholithiation reactions of arenes containing halogen-based directing groups
[356]. The so called salt effect of lithium chloride is exploited in the Turbo Grignard reagent,
which exhibits enhanced magnesiating power towards aromatics and heterocycles and shows a
greater functional group tolerance [356]. The stoichiometry of the :-PrMgCI-LiCl was found to
have a dramatic influence on reaction time and conversion [354, 357]. In the Turbo Grignard
reaction, the aryl iodide is first deprotonated with CH,MgCl and then converted into the Grignard
compound by addition of -PrMgCI-LiCl. The Grignard-reagent can then be trapped by addition
of tosylcyanide [351].

In this thesis, cyanation of 4-hydroxy-5-iodothieno[2,3-d]pyrimidine (44) was carried out using
to Turbo Grignard conditions (Scheme 3.20). The reagents CH,MgCl and -PrMgCI-LiCl were
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obtained from Sigma-Aldrich and the concentration of the reagents was determined by titration,
as described by Martin Peters [357]. The reaction was carried out analogously to the prepara-
tion of the nucleoside 7-cyano-4-oxo-2-pivaloylamino-9-[2’,3°,5’-O-tribenzoyl-B-D-ribofuranosyl]-
9H-pyrrolo[2,3-d]pyrimidine [351]. Cyanation of 4-hydroxy-5-iodothieno[2,3-d]|pyrimidine (44)
was not successful using this method.

A synthetic pathway for the synthesis of 5-cyano-4-hydroxythieno[2,3-d]pyrimidine, introduc-
ing a hydroxymethyl group in the thiophene precursor, was developed in this thesis (Scheme 3.21).
In the first synthetic step, 3-chloro-2-oxopropyl acetate (45) was prepared starting from dichloroace-
tone or starting from 2-chloro-2-propen-1-ol, according to modified literature procedures [358,
359]. The substitution reaction starting from dichloroacetone proceeded very slowly at 0°C. The
reaction was progressively warmed, thereby increasing reaction rate. At temperatures over 70°C or
upon addition of DMF, 2-oxopropane-1,3-diyl diacetate (1,3-diacetoxyacetone) was formed. The
reaction starting from 2-chloro-2-propen-1-ol was carried out at room temperature to improve
reaction rates.
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Scheme 3.21 Synthesis of 4-hydroxy-5-hydroxymethylthieno[2,3-d]pyrimidine. Full line arrows indicate
completed synthetic steps, dashed line arrows indicate synthetic steps in progress, (i) potassium acetate, acetic
acid, 70°C, (ii) acetone, acetic acid, aqueous sodium hypochlorite solution, (iii) methylcyano acetate, sodium
sulfide nonahydrate, methanol, 0°C to room temperature, (iv) formamide, ammonium formate, 180°C.

In the next synthetic step, depicted in Scheme 3.21 methyl 2-amino-4-hydroxymethylthiophene-
3-carboxylate (46) was prepared in good yields of 60% [360, 361]. Condensation of this thiophene
precursors with formamide yields 4-hydroxy-5-hydroxymethylthieno[2,3-d]pyrimidine (47). The
hydroxy group can subsequently be oxidized to the corresponding aldehyde which in turn can
be converted into an oxime and dehydrated to the desired nitrile. The desired compound 5-
cyanothieno[2,3-d]pyrimidin-4-one can therefore be prepared in the three subsequent reaction

steps.

3.4 Cyclopenta[d]pyrimidines

2-Amino-5-cyanocyclopenta[d]pyrimidin-4-one differs from preQ, only in the absence of the
nitrogen in the five-membered ring. 2-Amino-5-cyanocyclopenta[d]pyrimidin-4-one, as well as
5-cyanocyclopenta[d]pyrimidin-4-one are new compounds, therefore for their preparation, novel
synthetic pathways were developed, as depicted in Scheme 3.22 and Scheme 3.23.

Synthesis of 2-amino-6,7-dihydrocyclopenta[d]pyrimidin-4-one (48) is described in literature as

condensation reaction of ethyl 2-oxocyclopentanecarboxylate with an appropriate guanidine salt
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such as guanidine hydrochloride or carbonate. For the preparation of 2-amino-6,7-dihydrocyclo-
penta[d]pyrimidin-4-one, the reaction with guanidine hydrochloride is described using sodium
ethoxide as base, while the reaction with guanidine carbonate was carried out without addition
of base [192, 194]. The condensation of guanidine hydrochloride to substituted indanones is
described analogously and yields indeno[1,2-d]pyrimidin-5-one [203]. The condensation of guani-
dine carbonate with an aromatic aldehyde and cyclopentanone in the presence of sodium hydroxide
is described for the preparation of quinazoline derivatives [362]. Alternatively, condensation of
thiourea or formamide to ethyl 2-oxocyclopentanecarboxylate are found in literature [192, 198,
200].

In this thesis, condensation reactions of ethyl 2-oxocyclopentanecarboxylate with different
precursors were evaluated (Scheme 3.22). The condensation reaction with guanidine carbonate was
not successful, however the condensation with guanidine hydrochloride yielded the desired product
2-amino-5-cyano-6,7-dihydrocyclopenta[d]pyrimidin-4-one (48) in high purities, albeit moderate
yields. In the reaction of ethyl 2-oxocyclopentanecarboxylate with thiourea, 85% yield was achieved

and the removal of the thiol group in position 2 was almost quantitative, as summarized in

Table 3.3.

N N
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Scheme 3.22 Synthesis of 5-cyanocyclopenta[d]pyrimidin-4-one. Full line arrows indicate completed
synthetic steps, dashed line arrows indicate synthetic steps in progress, (i) guanidine hydrochloride, sodium
ethoxide, ethanol, reflux, (ii) thiourea, sodium methoxide, methanol, reflux, (iii) Raney nickel, water, reflux.

In the next synthetic step, depicted in Scheme 3.22, a keto-group is introduced to the cy-
clopentane ring. A keto-functionality can be introduced in the benzylic position of indane
by oxidation, e.g. with potassium permanganate.[363] The oxidation of the cyclopentane ring
of 2-acetoxymethyl-7,8-dihydrocyclopenta[g]quinazolin-6-one to the corresponding 4,6-dione is
described with bis(tri-phenylsilyl) chromate ((Ph,Si0),CrO,) and t-butyl hydroperoxide in dichlo-
romethane [364]. Several other methods for allylic and benzylic oxidation are found in literature,
including allylic oxidation with chromium trioxide and pyrazole [365], and allylic or benzylic
oxidation using copper catalysts [366]. Alternatively, a hydroxy- or keto-functionality can be
introduced by Gif-chemistry [367].
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Table 3.3 Reaction conditions for the synthesis of 6,7-dihydrocyclopenta[d]pyrimidin-4-one, *yield over
two steps, after cleavage of the thiol substituent

method  reagents reaction conditions product  yield reference
A guanidine carbonate, reflux, 23h 48 no [192]
ethanol product
isolated
B guanidine reflux for 5h, then room 48 34.8% [194]

hydrochloride, sodium  temperature for 48h
ethoxide, ethanol

C thiourea, sodium reflux, 20h 50 80.1%* [192,
methoxide, methanol 200]

Preparation of the desired compound 5-cyanocyclopenta[d]pyrimidin-4-one from 6,7-dihydro-
cyclopenta[d]pyrimidin-4-one requires only one synthetic step, as depicted in Scheme 3.22. The
formation of an a,B-unsaturated nitriles from a keto-group was not yet demonstrated for 6,7-
dihydrocyclopenta[d]pyrimidin-4-one. Indenecarbonitriles, however, can be synthesized from
indanones. Substituted indanones were treated with trimethylsilylcyanide, and subsequent elimina-
tion of the trimethylsilyloxyl group is catalyzed by trifluoroacetic acid or amberlyst-15 in toluene
or benzene [368-370]. The formation of a,B-unsaturated nitriles from ketones can also be achieved
by cyanophosphorylation. Cyanophosphonates are formed from aromatic ketones with diethyl
cyanophosphonate in the presence of lithium cyanide and are subsequently readily converted into

a,B-unsaturated nitriles by treatment with boron trifluoride etherate [371].
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Scheme 3.23 Alternative synthetic pathways for the synthesis of 5-cyanocyclopenta[d]pyrimidin-4-one.
Full line arrows indicate completed synthetic steps, dashed line arrows indicate synthetic steps in progress.

To circumvent oxidation of the unfunctionalized cyclopentane ring, a hydroxy- or keto-
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functionality can be introduced in the cyclopentane-precursor, as depicted in Scheme 3.23. These
cyclopentane precursors are not commercially available, however can be prepared according to a
variety of synthetic pathways, as summarized in Scheme 3.23. Ethyl 2-hydroxy-5-oxocyclopen-
tanecarboxylate, bearing a hydroxy protecting group, can be prepared from succinic anhydride
by opening the anhydride with sodium ethoxide in ethanol, creating the succinic acid monoethyl
ester. This ester can in turn be converted into the acid chloride and subsequently reduced to ethyl
4-oxobutanoate [372, 373]. Reduction of the acid chloride to the corresponding aldehyde was not
successful using the Rosenmund reduction. Reduction using a palladium on charcoal catalyst and
2,6-lutidine yielded the desired aldehyde in excellent yield [374].

In the next synthetic step, diethyl 3-hydroxyhexanedioate is prepared in a Reformatzky reaction
and a hydroxyl-protecting group is introduced, as depicted in Scheme 3.23 [375]. Dieckmann
condensation then yields the respective pheyclopentane precursor. This cyclopentane precursor
reacts in a condensation reaction with thiourea. Subsequent desulphurisation and deprotection
of the hydroxy group yields 5-hydroxy-6,7-dihydrocyclopenta[d]pyrimidin-4-one which can be
oxidized to the ketone, or the hydroxy group can be directly replaced by a cyanogroup yielding
5-cyano-6,7-dihydrocyclopenta[d]pyrimidin-4-one. A similar synthesis of 2,6-dimethyl-6,7-dihy-
drocyclopenta[d]pyrimidin-4-one is described in literature [197].

In literature, ethyl 2,5-dioxocyclopentanecarboxylate was prepared in two steps from 3-tert-
butyl 1,1-diethyl 2-oxopropane-1,1,3-tricarboxylate. The cyclisation was achieved in a Dieckmann
condensation and the resulting 1-terz-butyl 3-ethyl 2,4-dioxocyclopentane-1,3-dicarboxylate was
treated with p-toluenesulfonic acid in benzene to yield ethyl 2,5-dioxocyclopentanecarboxylate in
33% yield over two steps [376]. Ethyl 2,5-dioxocyclopentanecarboxylate could also be prepared
from 1,3-cyclopentandione using Mander’s reagent. Mander’s reagent is known for the site
selective preparation of f-ketoesters by acylation of enolates with methyl cyanoformate [377].
Cyclopenta[d]pyrimidin-4,5-dione can then be prepared in the condensation reaction of 2,5-
dioxocyclopentanecarboxylate with a suitable fragement, e.g., thiourea and subsequent removal
of the thiol group. 5-Cyanocyclopenta[d]pyrimidin-4-one can be prepared in only four synthetic
steps. Similarly, 2-amino-5-cyanocyclopenta[d]pyrimidin-4-one can be prepared in three steps,
when guanidine hydrochloride is used in the condensation.

A variety of cyclopentane precursors can be used for the synthesis of cyclopenta[d]pyrimidines.
Condensation of 2-(bis(methylthio)methylene)cyclopentane-1,3-dione or 2-benzylidenecyclopen-
tane-1,3-dione with guanidine salts yield 2-amino-4-arylcyclopenta[d]pyrimidin-5-ones [202, 206,
207]. Starting from 2-vinylcyclopentane-1,3-dione, 5-vinylcyclopenta[d]pyrimidin-5-one can be
prepared. The vinyl group can then be dihydroxylized and cleaved to the corresponding aldehyde,
which could then be further reacted to the oxime and dehydrated to the nitrile.

The synthesis of 5-cyano-6,7-dihydrocyclopenta[d]pyrimidin-4-one will be continued by Stefan

Faschauner in his master thesis [378].

3.5 3-Cyanopyrazolo[3,4-d]pyrimidines

5-Cyanopyrazolo[3,4-d]|pyrimidin-4-one differs from preQ, in an additional nitrogen heteroatom
in the five membered ring and the missing amino group in position 2 and would therefore be a

potential substrate for nitrile reductase queF.
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3-Cyanopyrazolo[3,4-d]|pyrimidin-4-one can be synthesized analogously to 5-cyanopyrrolo[2,3-
d]pyrimidin-4-one, as depicted in Scheme 3.24. First, 5-amino-3,4-dicyanopyrazole is formed from
tetracyanoethylene and semicarbazide, according to a literature procedure [379]. The condensation
of tetracyanoethylene with a variety of hydrazine derivatives to give N-substituted 5-amino-3,4-
dicyanopyrazoles is found in patent literature by DuPont and Sterling Winthrop Inc [214, 380,
381]. In the next synthetic step, the pyrimidine ring is formed in a condensation reaction. The
reaction of dimethylformamide diethylacetal with 5-amino-3,4-dicyanopyrazole and subsequent
treatment with ammonia is described in 50% to 60% yield [382]. Analogously, the condensation of
triethyl orthoformate to 5-amino-3,4-dicyanopyrazole with subsequent treatment with ammonia
is described to yield the desired 4-amino-3-cyanopyrazolo[3,4-d]pyrimidine in 83% yield [383].
Similarily, diethoxymethyl acetate was used in the condensation reaction with 5-amino-3,4-dicyano-
1-methylpyrazole to give 4-amino-3-cyano-1-methylpyrazolo[3,4-d]pyrimidine in 74% yield [384].
The condensation of 5-amino-4-cyanopyrazole and 5-amino-4-cyano-3-methyl-1-phenylpyrazole
with formamide is also described in literature in 56% to 68% yield [385, 386]. The amino group in
position 4 can then be converted into an hydroxy group in a diazotization reaction using sodium
nitrite and hydrochloric acid [383].
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Scheme 3.24 Synthesis of 3-cyanopyrazolo[3,4-d]pyrimidin-4-one. Full line arrows indicate completed
synthetic steps, dashed line arrows indicate synthetic steps in progress, (i) 1. semicarbazide hydrochloride,
ethanol, triethylamine, 2. water, reflux.

3-Cyanopyrazolo[3,4-d|pyrimidin-4-one can be prepared by first synthesizing 4-aminopyr-
azolo[3,4-d]pyrimidine and introducing the cyano-substituent in position 3 later in the synthetic
pathway, as depicted in Scheme 3.24. In the first synthetic step, 1,1-dicyano-2-ethoxyethylene
(ethoxymethylene malononitrile) is reacted with hydrazine to give 3-amino-4-cyanopyrazole [387-
389]. This reaction was also performed successfully in a flow microwave system and with substi-
tuted hydrazines [390-392]. The formation of the bicyclic pyrazolo[3,4-d]pyrimidine ring system
starting from 3-amino-4-cyanopyrazole or 5-amino-3,4-dicyanopyrazole as precursor, is described
with dimethylformamide diethylacetal, triethyl orthoformate, or formamide [222, 382, 383, 385,
393]. lodination in position 3 can be achieved with N-iodosuccinimide in DMF in excellent
yields of up to 89% [218, 222, 393, 394]. The iodide substituent can then be substituted by a
nitrile group in a palladium catalyzed reaction with a tris-(dibenzylideneacetone)dipalladium(0) and
dichloro(1,1’-bis(diphenylphosphanyl)ferrocene)palladium(II) dichloromethane adduct and zinc cy-
anide in DMF [395].

3-cyanopyrazolo[3,4-d]pyrimidin-4-one can also be prepared from 1,1-dicyano-2,2-bis(methyl-
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thio)-ethylene, as depicted in Scheme 3.25. The reaction of 1,1-dicyano-2,2-bis(meth-ylthio)-ethy-
lene with hydrazine to 5-amino-4-cyano-3-methylthiopyrazole and the subsequent condensation
reaction with formamide were carried out according to a literature procedure in excellent yields
of 89% and 75%, respectively [396]. The thioether can then be oxidized to the sulfon which in
turn can be substituted by a nitrile group, as described for pyrazolo[1,5-a]pyridines [397]. The
last synthetic step is the substitution of the amino group in position 4 with a hydroxy group
[383]. The synthesis of 5-cyanopyrazolo[3,4-d]pyrimidin-4-one will be continued by Wilfried

Sailer-Kronlachner in his master thesis [398].
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Scheme 3.25 Synthesis of pyrazolo[3,4-d]pyrimidines  starting from  1,1-dicyano-2,2-
bis(methylthio)ethylene. Full line arrows indicate completed synthetic steps, dashed line arrows indicate
synthetic steps in progress, (i) hydrazine hydrate, methanol, (i1) formamide, 180°C

3.6 Monocyclic compounds

Monocyclic substrates, resembling either the pyrrole part or the pyrimidine part of preQ, (1),
of the natural substrate of nitrile reductase queF were prepared in this thesis (Scheme 3.26). 5-
Cyanomethyl-2,4-diamino-6-hydroxypyrimidine (54) resembles the pyrimidine part of the natural
substrate preQ, and bears the cyano-group in similar distance to the pyrimidine ring as preQ,. 2-
Hydroxybenzylcyanide (55) also resembles the pyrimidine part of preQ,, however, is devoid of the

heteroatoms. 3-Cyanopyrrole represents the pyrrole part of the natural substrate preQ,.
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Scheme 3.26 Monocyclic structural analogues of preQ,

HoN

In this thesis, 5-cyanomethyl-2,4-diamino-6-hydroxypyrimidine (54) was prepared in one step
from 2,6-diamino-4-hydroxypyrimidine. Pyrimidines can be regioselectively monoalkylated in the
C-5 position by strong electrophiles bearing an electron-withdrawing group. The cyanomethyl
group was therefore introduced by reacting 2,4-diamino-6-hydroxypyrimidine with bromoacetoni-
trile in DMF in the presence of sodium bicarbonate [399].

2-Hydroxybenzylcyanide (55) is accessible in one step either by cleavage of the methoxy ether of
2-(2-methoxyphenyl)acetonitrile or by substitution of the primary alcohol of 2-(hydroxymethyl)-
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phenol, as depicted in Scheme 3.27. In this thesis, cleavage of the methoxy ether of commercially
available 2-(2-methoxyphenyl)acetonitrile was carried out with boron tribromide in dichlorometh-
ane, as described in literature for similar compounds [400]. However, not only cleavage of the
methoxy ether, but also hydrolysis of the cyano functionality to the corresponding carboxylic
acid was observed. The hydroxy group and carboxylic acid reacted intramolecularly to yield
benzofuranone. Preparation of 2-hydroxybenzylcyanide was then achieved by displacement of
the primary alcohol of commercially available 2-(hydroxymethyl)phenol by cyanide using sodium
cyanide or potassium cyanide in DMF [401-403].
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Scheme 3.27  Synthesis of 2-hydroxybenzylcyanide. (i) KCN, DMF, 130°C, (ii) and (iii) BBr; in dichloro-
methane, 0°C to 60°C.

In this thesis, 3-cyanopyrrole (56) was prepared from 2-(trichloroacetyl)pyrrole in a three step
synthesis by Loader e al. [404, 405], depicted in Scheme 3.28. 2-(Trichloroacetyl)pyrrole is used
as starting material to exploit the directing properties of the trichloroacetyl electron withdrawing
group. The cyano-group is introduced by chlorosulfonyl isocyanate and DMF. Chlorosulfonyl
isocyanate reacts with 2-(trichloroacetyl)pyrrole, and on warming with DMF gives the nitrile 58.
The trichloroacetyl group can easily be converted into the carboxylic acid by treatment with base,

followed by acidification. Subsequent decarboxylation gave 3-cyanopyrrole.
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Scheme 3.28 Synthesis of 3-cyanopyrrole. (i) 1. acetonitrile, chlorosulfonyl isocyanate, 0°C, 2. DMF,
50°C, (ii) 1. NaOH, 0°C, 2. conc. HC], (iii) copper chromite catalyst, quinoline, 160°C.

3.7 2-Amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one

Several different strategies for the synthesis of the aldehyde bearing the preQy core structure were
developed in this thesis (Scheme 3.29). This aldehyde, 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-
one, can be synthesized by first preparing the preQ, core structure devoid of the substituent at C-5
and subsequent formylation. Another strategy is condensation of a precursor bearing an aldehyde
group, e.g. 2-chloromalonaldehyde (2-chloro-1,3-propandial) to 2,4-diamino-6-hydroxypyrimidine.
Alternatively, a compound bearing a functional group at C-5 which can easily be converted into

an aldehyde can be prepared. An ester or a cyano-group can be transformed into aldehydes by
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reduction or an alcohol can be oxidized to the aldehyde.
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Scheme 3.29 Synthetic strategies for the synthesis of 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one. R
=H, Pivor Trt, R> =Bn or Sitht—Bu, (i) formylation reactions, i.e., Vilsmeier reaction, Duff reaction, Pd

catalyzed formylation, (ii) condensation reaction, (iii) ether cleavage and subsequent oxidation, (iv) reduction
with LAH or DIBAL-H, (v) reduction with DIBAL-H or Raney-Ni/H,.

Synthesis of the aldehyde by formylation

The preQ, core structure 2-aminopyrrolo[2,3-d]pyrimidin-4-one (60) can be prepared in a con-
densation reaction of 2,4-diamino-6-hydroxypyrimidine and chloroacetaldehyde as depicted in
Scheme 3.30. A variety of reaction conditions is found in literature for this condensation reaction.
Reaction temperatures range from room temperature to 65°C .[339, 406]. A mixture of DMF
and water is commonly used as solvent with or without sodium acetate added to the reaction
mixture [285, 339, 340, 407]. Water as reaction solvent and addition of sodium acetate is found
in recent patent literature [406, 408, 409] In this thesis, water with addition of sodium acetate
as reaction solvent at 85°C were found to be the optimum reaction conditions. 2,4-Diamino-6-
hydroxypyrimidine is poorly soluble in water at room temperature, however solubility increases
with higher temperatures. When only water is used as reaction solvent, the product can be isolated
by precipitation from the reaction mixture in high purity. When DMF is used, DMF has to be
removed quantitatively before crystallization of the product. Alternatively, the product can be
isolated by extraction. Isolation by extraction led to lower yields due to the poor solubility of
the product 2-aminopyrrolo[2,3-d]pyrimidin-4-one (60) in the extraction solvents ethyl acetate and
dichloromethane. The crude product isolated by extraction contained impurities and was purified
by column chromatography, whereas the product obtained from precipitation did not require
turther purification.

Formylation of aromatic systems can be achieved by Duff reaction. The Duff reaction is
commonly found in literature for the formylation of 7-azaindoles [321-325]. The formylation
of pyrrolo[2,3-d]pyrimidine by Duff reaction is also described in literature [280]. However, in this
thesis, Duff reaction starting from 2-aminopyrrolo[2,3-d]pyrimidin-4-one (60) did not yield the
desired product.

Pivaloyl protection of 2-aminopyrrolo[2,3-d]pyrimidin-4-one (60) was carried out analogously
to pivaloyl protection of preQ,, as described in chapter 3.1.3.

Vilsmeier-Haack reaction was described for the preparation of 5-formyl-2-pivaloylaminopyr-
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rolo[2,3-d]pyrimidin-4-one (61) [114]. Vilsmeier and Haack published this formylation procedure
in 1927. In the original procedure, the formylation reagent is formed from DMF and phosphorus
oxychloride. The starting material is then added dropwise to the formylation reagent and the
resulting reaction mixture is heated moderately [410]. The reaction of phosphorus oxychloride
with DMF produces an electrophilic iminium cation which can react with the aromatic starting
material in an electrophilic aromatic substitution to give an iminium ion intermediate. This
intermediate is hydrolysed during work-up to the corresponding aldehyde [330, 410]. The
Vilsmeier-Haack reagent can also be formed in situ, by dropwise addition of phosphorus oxy-
chloride to a solution of the starting material in DMF [411]. In the procedure described for the
preparation of 5-formyl-2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (61), the starting material
2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one is heated in a mixture of two equivalents of N,N-
dimethylformamide and a large excess of phosphorus oxychloride (60 equivalents) to give 95% of
the desired aldehyde [114]. In this thesis, only traces of the desired product were found when the
starting material 2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (62) was dropwise added to the
Vismeier reagent and subsequently heated to 55°C. The addition of a sixfold excess of phosphorus
oxychloride to the starting material in DMF showed conversion to the desired aldehyde 61, as well
as to the byproduct 63. HPLC-MS analysis indicated a ratio of 1/2 of aldehyde 61 to byproduct
63. The highest conversion to aldehyde 61 was achieved by dissolving the starting material in
DMF, dropwise addition of 2.7 equivalents of phosphorus oxychloride to the cold solution and
subsequent heating to 55°C. Under these conditions HPLC-MS analysis indicated conversion to the
aldehyde 61 and byproduct 63 in a ratio of 2.4/1. Purification of the starting material, byproduct
and aldehyde by column chromatography is difficult due to the similar polarity of the compounds.
The purified aldehyde 61 was isolated in only 6% yield after column chromatography. Therefore,
alternative methods for the preparation of 5-formyl-2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one
(61) were investigated.

Iodination of pyrrolo[2,3-d]pyrimidine compounds in position 5 is an important reaction to
prepare precursors for palladium catalyzed cross couplings, e.g., for the preparation of antifolate
compounds [412]. Iodination of 4-chloro-2-pivaloylaminopyrrolo[2,3-d]pyrimidine 63 is described
in literature using N-iodosuccinimide as iodination reagent. The reaction is described in DMF or
THEF with yields of approximately 60% to 80% [284, 285, 339, 413-416]. In this thesis, iodination
was accomplished with N-iodosuccinimide in THF. TLC indicated complete conversion, however
only 23% yield were isolated after column chromatography.

The 4-oxo group can be re-established after halogenation. The oxo-substituent was achieved in
one step by Klepper et al. by using caesium acetate, 1,4-diazabicyclo[2.2.2]octane (DABCO), and
triethylamine in DMF [339]. The chloro-substituent can also be substituted by an alkoxy-derivative
by treating the chloro derivatives with alkali alkoxides. Subsequently, the alkoxide is dealkylated
with sodium thiocresylate and hexamethylphosphoramide (HMPA) or with sodium and potassium
hydroxide [412]. Displacement of the chloro-group with caesium acetate and DABCO did not
yield the desired product in this thesis.

Iodination of 2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (62) with N-iodosuccinimide in
DMF does not proceed regioselectively and yields a mixture of 5- and 6-iodo-substituted product,
along with the 5,6-di-iodo product and starting material [286, 412]. Introduction of a chloro-
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mercurio-substituent and subsequent substitution with iodine also yielded a mixture of 5- and
6-substituted products [348]. Selective reduction to the monosubstituted 5-iodo-2-pivaloylami-
nopyrrolo[2,3-d]pyrimidin-4-one 64 is described in literature with a mixture of zinc powder and
glacial acetic acid [286]. Regioselective iodination in position 5 of 4-oxopyrrolo[2,3-d]pyrimidines
is reported in literature by silylation of the 4-oxopyrrolo[2,3-d]pyrimidine compound with two
equivalents of bis(trimethylsilyl)acetamide (BSA) in DMF at the 4-oxo and N-7 position. Silylation
creates the electronic configurational requirements for regioselective halogenation at C-5. Selective
iodination at position 5 of the silylated starting material was achieved with N-iodosuccinimide.
The N-7 and O-silyl substitutens in the halogenated product were found highly unstable towards
hydrolysis. Desilylation occurs spontaneously during work-up [412]. In this thesis, iodination of
2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (62) was carried out analogously to the iodination
of the corresponding 4-chloro-compound. However, only 14% of the desired product were isolated

after column chromatography.
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Scheme 3.30 Preparation of 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one by formylation. (i) chloro-
acetaldehyde, sodium acetate, water, 85°C, (i) HMTA, acetic acid, reflux, (iii) pivaloyl chloride, pyridine,
triethyl amine, 90°C, (iv) and (v) POCIL,, DMF, 55°C, (vi) and (viii) N-iodosuccinimide, THF, (vii) DABCO,
caesium acetate, triethyl amine, DMF (ix) Pd(dba), or Pd,(dba),, triphenylphosphine, carbon monoxide,
SnBu,H, toluene.

Palladium catalyzed carbonylation was described to produce aldehydes from aryl, heterocyclic
and vinylic halides. The method was first described using a palladium(0) catalyst and a gas
mixture of carbon monoxide and hydrogen by Schoenberg and Heck in 1974. The palladium(0)
complex undergoes oxidative addition with the organic halide, inserts carbon monoxide, and is
finally reduced by hydrogen [349]. High pressures of 80 bar to 100 bar of hydrogen pressure and
temperatures of 80°C to 150°C were essential to convert aryl and vinyl bromides or iodides to the

corresponding aldehydes using a PdX,(PPh,), catalyst [350]. Milder conditions were described

)
32
by Baillargeon and Stille using tributyltin hydride as hydrogen transfer agent instead of hydrogen

gas [417]. The palladium catalyzed formylation of a variety of organic substrates, including aryl
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iodides, benzyl halides, vinyl iodides, vinyl triflates and allylic halides with tributyltin hydrid
and 1-3atm carbon monoxide gas tolerated a number of functional groups. Electron donating or
withdrawing substituents did not affect the formylation reaction, however a para-nitro substituent
on the aryl halide impaired the yield of aldehyde. Yields were also found to be diminished
by steric hinderance of the electrophile. The formylation of unsymmetrical allyl hydrides is
regioselective, taking place at the less substituted allylic position, with retention of geometry at the
allylic double bond. Retention of the double bond geometry also is observed in the formylation
of vinyl iodides [418, 419]. Silyl hydrides were reported as alternative to tributyltin hydride.
Polymethylhydrosiloxane (PMHS) was used as mild, air stable, and inexpensive reducing agent
for the palladium catalyzed carbonylation of iodobenzene [420]. Triethylsilane was used for the
carbonylation of aryl iodides catalyzed by palladium-cobalt bimetallic systems [421]. A selection
of palladium catalysts were tested for a number of aryl bromides and iodides using triethylsilane
as reducing agent. High yields of aldehyde were achieved with catalysts containing bidentate
phosphine ligands, such as [PdCI,(dppp)], [PdBr,(BINAP)], or [PdCL,(dppf)]. Chelate ring size
was identified as important factor in catalyst choice. Bidentate phosphine ligands with a small bite
angle, like [PdCI,(dppe)], were found inactive in the carbonylation reaction. Pre-formed catalysts
exceeded over those generated 17 situ from palladium acetate and the ligand. A general optimization
of conditions to produce the highest yield of aldehyde is not a viable approach as each substrate
poses different challenges. In literature, the amount of catalyst was varied in the range of 1 mol%
to 5 mol% with little effect on the distribution of products, at 1 mol% or lower, the reaction was
noticeably slower. Generally two equivalents of triethylsilane and 2.1 equivalents of base were
used. Reducing either triethylsilane or base to one equivalent improved yields of aldehyde, however
reducing the quantity of both, silane and base, had a detrimental effect. Carbonmonoxide pressure
was lowered to 3bar, further decrease in pressure led to the formation of a dehalogenated side
product. Aryl iodide starting materials showed increased activity towards the oxidative addition
step of the reductive carbonylation reaction. High yields were achieved for substrates with an
electronically neutral substituent in position 4. Substrates with an electron withdrawing group
in position 4 gave similar results, except for 1-bromo-4-nitrobenzene. Nitro-substituted aromatic
systems are known to show abnormal reactivity due to their coordinating ability and high electron
deficiency. Substrates with an electron withdrawing group in position 2 promoted reductive
debromination over reductive carbonylation. Substrates with electron-donating groups required
higher temperature for the reaction to take place. Again yields were lower when the substituent is
in position 2, rather than in position 4 [422]. The oxidative addition step was intensively studied,
amongst others in the Buchwald-Hartwig amination. Strongly donating phosphines bearing bulky
substituents like PtBu, are considered advantageous, explained by the relative stability of the Pd(0)
and Pd(II) complexes [423]. The carbonyl insertion step consists of initial substitution of carbon
monoxide into the coordination sphere and then insertion into the Pd-C bond. The hydrogen
transfer step and the reductive elimination from the aryl and acyl intermediates are less understood
[422, 424].

Palladium catalyzed formylation was described for the nucleosides 4-chloro-5-iodo-2-pival-
oylamino-7-[(2,3,5-tribenzoyl)-B-D-ribofuranosyl]-7H-pyrrolo[2,3-d ] pyrimidine and 5-iodo-4-oxo-
2-pivaloylamino-7-[(2,3,5-tribenzoyl)-B-D-ribofuranosyl]-7H-pyrrolo[2,3-d]pyrimidine. Pd,(dba),
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was used as catalyst with triphenylphosphane as ligand and tributyltin hydride as reducing agent
[339, 351, 352]. In this thesis, analogous conditions were chosen for the formylation of 5-iodo-2-
pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (65), as depicted in Scheme 3.30. The reaction was
carried out in degassed toluene under 1bar of carbonmonoxide pressure with Pd(dba), or Pd, (dba),
as catalyst and triphenylphosphine as ligand. The reaction was heated to 50°C upon addition
of tributyltin hydride. Traces of product were observed by HPLC-MS besides large amounts of
unreacted starting material. The reaction was probably affected by the limited solubility of the

starting material 65 in toluene.

Synthesis of the aldehyde by preparation of an alcohol and subsequent oxidation

2-Amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one (66) can be prepared by oxidation of the corre-
sponding 2-amino-5-hydroxmethylpyrrolo[2,3-d]pyrimidin-4-one. This alcohol can be prepared
in a condensation reaction of a suitable precursor with 2,4-diamino-6-hydroxypyrimidine [352,
425, 426]. 2-Bromo-3-hydroxypropanal, bearing a protected hydroxy-group, was chosen as suitable
precursor for the preparation of 2-amino-5-hydroxmethylpyrrolo[2,3-d]pyrimidin-4-one. Several
hydroxy protecting groups were investigated in literature. Benzyl and tert-butyldiphenylsilyl
(TBDPS) allowed the preparation of the f-alkoxy-a-bromoaldehydes in good yiels. TBDMS, TIPS,
benzoyl, and trityl mono-protected 1,3-propanediols were smoothly oxidated, however bromiation
led to decomposition of starting material [425]. In this thesis, 2-amino-5-hydroxmethylpyrrolo[2,3-
d]pyrimidin-4-one bearing a benzyl, as well as a TBDPS protecting group, was synthesized.

o] OPG
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Scheme 3.31 Synthesis of hydroxy-protected 2-amino-5-hydroxymethylpyrrolo[2,3-d]pyrimidin-4-one. (i)
t—BuPhZSiCI, triethylamine, DCM, 0°C to room temperature, (ii) oxalyl chloride, DMSO, triethyl amine,
DCM, -78°C or TEMPO, DCM, (iii) bromine, dioxane, diethyl ether or trimethylsilyl bromide, DMSO, (iv)
2,4-diamino-6-hydroxypyrimidine, acetonitrile, sodium acetate, water or 2,4-diamino-6-hydroxypyrimidine,
sodium acetate, water

The benzyl-protected alcohol was prepared starting from commercially available 3-benzyloxy-
1-propanol, according to a literature procedure [426]. In the first synthetic step, depicted in
Scheme 3.31, the alcohol was oxidized with TEMPO in combination with trichloroisocyanuric
acid. This method was previously described for oxidations under mild, basic conditions [427]. The
resulting product 3-benzyloxy-1-propanal was used in the next synthetic step without purification.
Bromination was achieved with trimethylsilylbromide in a mixture of acetonitrile and DMSO.
The brominated product was not isolated and 2,4-diamino-6-hydroxypyrimidine in an aqueous
sodium acetate solution was added to the reaction mixture. The resulting product 2-amino-5-
(benzyloxy)methylpyrrolo[2,3-d]pyrimidin-4-one (73) was isolated in 5.2% yield after purification
by column chromatography.

The synthesis of the TBDPS-protected alchol was started from 1,3-propandiol. The TBDPS
protecting group was introduced with TBDPSCI and triethylamine in dichloromethane according
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to a literature procedure [428, 429]. Various similar procedures using different bases e.g. n-
BuLi, sodium hydride, or imidazole, are found in literature [430-433]. A Swern oxidation of 3-
((tert-butyldiphenylsilyl)oxypropan-1-ol gave the corresponding aldehyde in 87.7% yield. Swern
oxidation is applied throughout literature for this step [431, 432, 434]. The bromination of 3-((tert-
butyldiphenylsilyl)oxy)propanal is described by using N,N’-dibromobarbituric acid in acetonitrile
[425]. In this thesis, the bromination was carried out with bromine in dioxane and diethyl ether
and gave the desired 2-bromo-3-((tert-butyldiphenylsilyl)oxy)propanal in 69.8% yield. The product
was used for the next synthetic step without purification. The condensation reaction with 2,4-
diamino-6-hydroxypyrimidine was carried out in acetonitrile and aqueous sodium acetate solution.
The desired product 2-amino-5-((tert-butyldiphenylsilyl)oxymethyl)pyrrolo[2,3-d]pyrimidin-4-one
(72) was isolated in 15.3% yield after column chromatography. The yield over all synthetic steps
was 6.6%. Both alcohols, (73) and (72), were obtained in rather low yields. Deprotection and

subsequent oxidation to the corresponding aldehyde was therefore not pursued.

Synthesis of the aldehyde by preparation of an ester and subsequent reduction
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Scheme 3.32 Synthesis of methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate. (i) NaH, THF,
(i1) sodium acetate, water, 75°C, (iii) LAH, diethyl ether, room temperature to reflux, (iv) pyridine,
triethylamine, pivaloylchloride, 90°C, (v) DIBAL-H, toluene, THF, room temperature or for reduction to
the alcohol LAH, diethyl ether, reflux.

2-Amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one (66) can be prepared by reduction of the corre-
sponding ester methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate 76. This ester is syn-
thesized by condensation of a suitable precursor to 2,4-diamino-6-hydroxypyrimidine, as depicted
in Scheme 3.32. In literature, formation of two esters 76 and 75 was observed. The reaction of 2,4-
diamino-6-hydroxypyrimidine with methyl 2-chloro-3-oxopropionate (74) in DMSO containing
potassium carbonate gave the 40% of the desired ester 76 and 25% of 75 (ratio 76/75 1.6/1).

Reaction in an aqueous solution of sodium acetate increased the yield of the desired ester 76 to
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50%. The ester products 76 and 75 could be separated on small scale by fractional crystallization
from methanol. However, on an scale of more than 100mg both products co-crystallized [277].
Gangjee et al. obtained the desired methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate 76
as sole product in 62% yield, when reacting 2,4-diamino-6-hydroxypyrimidine in aqeuous sodium
acetate solution at 100°C for two hours, as depicted in Scheme 3.32 [259]. In this thesis, under
the same reaction conditions, both esters 76 and 75 were found in a ratio of 1.7/1. The amount
of the desired ester 76 was slightly increased by using lower temperature and shorter reaction
times, as summarized in Table 3.4. Separation of the two esters 76 and 75 was not possible by

recrystallization, column chromatography or preparative TLC.

Table 3.4 Comparison of the reaction conditions for the synthesis of methyl 2-amino-4-oxopyrrolo[2,3-
d]pyrimidin-5-carboxylate

method reaction conditions total yield ratio 75/76

A 100°C for 1.5h, then room temperature 50.2% 1/1.70
over night

B 75°C for 1.25h 52.7% 1/2.13

Reduction of methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate 76 with lithium
aluminium hydride in diethyl ether was not possible in this thesis. Unsuccesstul reduction of this
ester using lithium aluminum hydride is also reported in literature [259]. The starting material (76
and 75) is unsoluble in the reaction solvents used for the reductions. The esters 76 and 75 were
pivaloyl-protected by using pivaloylchloride in pyridine and triethylamine. Pivaloyl-protection
increased the solubility of these compounds and allowed the separation of the two esters by column
chromatography. Reduction of the pivaloyl-protected compound 77 by lithium aluminium hydride
was not possible, neither was selective reduction to the corresponding aldehyde using DIBAL-H in
toluene and THF.

Synthesis of the aldehyde by reduction of a nitrile

Direct reduction of the cyano-group in preQ, to the corresponding aldehyde in 2-amino-5-for-
mylpyrrolo[2,3-d]pyrimidin-4-one (66) by DIBAL-H is described in literature [263, 435]. In this
thesis, reduction of unprotected preQ, was not successful using DIBAL-H, possibly due to the low
solubility of preQ,. Reduction is also described with trityl-protected preQ, using DIBAL-H in
dichloromethane at 0°C [263]. Silylation with hexamethyldisiloxane (HMDS) in refluxing toluene
was utilized to further improve solubility of trityl-protected preQ, for the subsequent reduction
with DIBAL-H. The trityl-protected aldehyde was achieved in 42% yield over two steps [435]. In
this thesis, the reduction of trityl-protected preQ, using DIBAL-H in dichloromethane was not
successful.

In literature, Raney-nickel is commonly used for the reduction of nitrile groups to aldehydes.
Raney-nickel in acetic acid was used for a reductive condensation of cyano-substituted pyrido[2,3-
d]pyrimidines with anilines. The aldehyde intermediate was not isolated [436]. Raney-nickel
in formic acid was used for the reduction of 5-cyano-2,4-diaminopyrrolo[2,3-d]pyrimidine to

2,4-diamino-5-formylpyrrolo[2,3-d]pyrimidine. The aldehyde was obtained in 63% yield after
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reduction for 2h at 80°C [273, 437]. The reduction of nitriles to aldehydes with Raney nickel
in pyridine/acetic acid/water 2/1/1 under addition of sodium hypophosphite was described as an
improved method for the synthesis of aldehydes. Raney nickel liberates hydrogen from water in the
presence of sodium hypophosphite while retaining its activity. Sodium hypophosphite additionally
catalyzes the reduction of the nitrile. Moderate excess of sodium hypochlorite and one third to
one half of the weight of nitrile in catalyst were found as suitable conditions [438, 439]. These
reduction conditions were successfully applied for the reduction of a nitrile group in the synthetic
pathway to a precursor of the 14-membered cyclopeptide alkaloid nummularine. Reduction with
Raney nickel and aluminium alloy in formic acid was not successful for this compound [440].
The nitrile group of the nucleoside 4-amino-5-cyano-7-(2’-deoxy-B-D-ribofuranosyl)pyrrolo[2,3-
d]pyrimidine was also successfully reduced to the corresponding aldehyde using Raney-nickel and

sodium hypophosphite in pyridine/acetic acid/water 2/1/1 [441].
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Scheme 3.33 Reduction of preQ, to 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one. (i) pivaloylchloride,
pyridine, triethylamine, 90°C, (ii) Raney nickel, acetic acid/water 1/1, 55°C, (iii) NaHSO,, ethanol,
water, (iv) Raney nickel, pyridine/acetic acid/water 2/1/1, NaH,PO,, (v) phenylhyrdazine, (vi) p-
toluenesulfonylhydrazide.

In this thesis, the reduction of preQ, (1) with Raney nickel in a variety of solvents with
and without the addition of sodium hypophosphite was investigated. The reduction of preQ, in
formic acid was not successful (Table 3.5). Formation of aldehyde 61 was observed when sodium
hypophosphite was added to the reaction and diluted acetic acid was used as solvent. However,
complete conversion could not be achieved according to reaction control by TLC. Formation of
aldehyde 66 was also observed when pyridine/acetic acid/deionised water 2/1/1 was used as solvent
and no sodium hypophosphite was added to the reaction mixture. Complete conversion could not
be achieved. Reduction of preQ), to the corresponding aldehyde with Raney nickel is possible when
either the appropriate solvent system pyridine/acetic acid/water 2/1/1 is used, or when sodium

hypophosphite is added to the reaction in acetic acid. However highest conversions were achieved
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when sodium hypophosphite was added to the reaction in pyridine/acetic acid/water 2/1/1. After
stirring at room temperature over night 31.07% of aldehyde 66 could be isolated. Increasing the
reaction temperature to 55°C further increased the isolated yield to 93.67%. The aldehyde 1 is
highly unsoluble in most solvents. Extraction into ethyl acetate of dichloromethane is therefore
not possible. Purification by column chromatography led to considerable loss of product, even
when using highly polar eluents, such as dimethylformamide. A suitable procedure for work-
up and purification of 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one was therefore developed.
The catalyst was removed by filtration over celite and reaction solvent was evaporated in vacuum
under repeated addition of methanol and toluene, to remove acetic acid and water, respectively, as
azeotropes. The resulting brown slurry was diluted with 6M aqueous potassium hydroxide solution
converting the product 66 into its corresponding potassium salt. Remaining solids were filtered
off and the filtrate was neutralized by addition of concentrated hydrochloric acid. The product
precipitated from the solution and was isolated by filtration, and washed with copious amounts of
water. A second product fraction was isolated after reducing the volume of the filtrate to about
one third. A large amount of salts precipitated along with the second product fraction. Salts
were easily removed when washing the product with water. When necessary, the product could be
turther purified by again dissolving it in 6M aqueous potassium hydroxide solution and treating the
resulting brown solution with activated charcoal. The activated charcoal was removed by filtration
over celite and the product was precipitated from the filtrate by neutralizing with concentrated
hydrochloric acid. According to this method, 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one (66)
can easily be prepared in high yields and purity.

Table 3.5 Comparison of the reaction conditions for the synthesis of 2-pivaolylamino- and 2-amino-5-
formylpyrrolo[2,3-d]pyrimidin-4-one

method starting reagents solvents temperature, yield
material reaction time
A 1 (preQy) Raney nickel  formic acid 80°C, 3h no conversion
8 (N-protected  Raney nickel,  acetic 55°C, 8h incomplete
preQy) 3.3 eq. acid/water 1/1 conversion
NaPO,H,
C 1 (preQ,) Raney nickel ~ pyridine/acetic room incomplete
acid/water temperature, conversion
2/1/1 over night
D 1 (preQy) Raney nickel,  pyridine/acetic room 31.07%
3.3 eq. acid/water temperature, isolated yield
NaPO,H, 2/1/1 over night
E 1 (preQ,) Raney nickel,  pyridine/acetic 55°C, 5h 93.67%
33 eq. acid/water isolated yield
NaPO,H, 2/1/1

A variety of derivates can be prepared from aldehydes to facilitate their isolation. The

preparation of semicarbazones was described by Plieninger et al. Semicarbazones of indole-3-
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acetaldehyde and 2-methylindol-3-acetaldehyde, among other aldehydes, were prepared [442, 443].
Phenylhydrazones are prepared in reduction of nitriles with nickel-catalysts, where phenylhy-
drazine reacts directly with the aldehyde formed in the reaction [444, 445].

Table 3.6 Reaction conditions for the synthesis of derivatives of 2-amino-5-formylpyrrolo[2,3-
d]pyrimidin-4-one

method starting reaction conditions product
material

A 61 NaHCO,, 0.1M HCI, acetic acid, water, 80
methanol, phenylhydrazine

B 66 pyridine/acetic acid/water 2/1/1,pH 5,2 78
eq. phenylhydrazine

C 1 (preQ,) pyridine/acetic acid/water 2/1/1, 3 eq. 78
NaH,PO,, Raney-nickel, 2 eq.
phenylhydrazine

D 1 (preQy) pyridine/acetic acid/water 2/1/1, 3 eq. 79

NaH,PO,, Raney-nickel, 2 eq.
p-toluenesulfonyl hydrazide

In this thesis, 2-pivaloyl-protected, or unprotected 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-
4-one was easily converted into the corresponding phenylhydrazone. The aldehyde was either
isolated and subsequently converted into the phenylhydrazone, or converted in situ during the re-
duction of preQ, to 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one, as summarized in Table 3.6.
The formation of the phenylhydrazone was clearly visible on TLC. During iz situ formation of the
phenylhydrazone, no free aldehyde was detected on TLC or HPLC, indicating the aldehyde was
quantitatively transformed into the phenylhydrazone. However, the phenylhydrazone could not be
isolated, as significant amounts of product degraded during work-up. Therefore, p-toluenesulfonyl
hydrazide was used for derivatization. Again, formation of the hydrazone was easily observed by

TLC, however the toluenesulfonyl hydrazone also degraded during work up.

3.8 2-Amino-5-methyliminopyrrolo[2,3-d]pyrimidin-4-one and
2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-aldoxime

Several benzylimines with the preQ, core structure are available in literature. These 2-amino-5-
aryliminopyrrolo[2,3-d]pyrimidin-4-ones, have different chloro- or fluoro-substituents in ortho-
and/or para-position on the benzylring. These imines were prepared starting from 5-formyl-2-
tritylaminopyrrolo[2,3-d]pyrimidin-4-one by addition of the corresponding amine in ethanol in
the presence of sodium carbonate in yields of 57% to 80% [263].

In this thesis, 2-amino-5-methyliminopyrrolo[2,3-d]pyrimidin-4-one (81) was prepared starting
from 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one, as depicted in Scheme 3.34. The reaction of
the aldehyde with methyl amine was carried out at room temperature under inert atmosphere. The

product was isolated in good yield of 56%.
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Scheme 3.34 Synthesis of imines and oximes. (i) methylamine, ethanol, room temperature, (ii) hydroxyl-
amine hydrochloride, aqueous sodium hydroxide solution, room temperature to 50°C.

2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-aldoxime is a new compound. In literature, the simi-
lar oxime 4-chloropyrrolo[2,3-d]pyrimidin-5-aldoxime was prepared from the corresponding alde-
hyde using hydroxylamine hydrochloride and sodium hydroxide in ethanol [334, 446]. In this
thesis, 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-aldoxime (82) was prepared analogously and was

isolated in excellent yield of 76%.
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Enzymes

4.1 Geobacillus kaustophilus nitrile reductase

4.1.1 Cloning, expression, purification

Nitrile reductase from Geobacillus kaustophilus is the first cloned and characterized nitrile reductase
from a thermophile. It was identified in a BLAST search based on the sequence of nitrile reductase
queF from B. subtilis [447]. Nitrile reductase from G. kaustophilus belongs to the type I (YkvM)
subfamily, and shows 83% sequence identity and 93% sequence homology, respectively, to nitrile
reductase from B. subtilis.

tac -10
tac -35

tac k = GKkNRed

rrB
\

Amp

Lacl
pEamTAGKNRedWT

4508bp

o .

colE1

Figure 4.1 pEamTAGkNRedWT vector.

Nitrile reductase from G. kaustophilus was amplified from genomic G. kaustophilus DNA.
The PCR products were gel purified. The DNA fragment was A-tailed and ligated with the
Eam1105I linearised pEamTA vector to give the new vector pPEamTAGkNRedWT, depicted in

Figure 4.1. The ligation mixtures were transformed into electrocompetent E. coli K12 Top10F’ cells
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and positive transformations were selected on LB-ampicillin agar plates. Colonies with correctly
integrated inserts were confirmed by digestions of plasmid DNA with Ndel and HindIII fast digest
restriction enzymes and verified by sequencing. The plasmid pEamTAGkNRedW'T was employed
as template for site directed mutagenesis to generate the following mutants: F95A, H96A, H96F,
E97A, E97S. Retransformation of the plasmids, carrying wild type or mutant nitrile reductase
genes, into chemically competent E. coli BL21 (DE3) resulted in the G. kaustophilus nitrile reductase
expression strains [264, 447, 448].

Main cultures of wild type and mutant nitrile reductase expression strains were cultured in
LB-medium to an OD of 0.7, induced with IPTG and incubated for 24 hours at 16°C. The cells
were harvested by centrifugation and disrupted by ultrasonication. Cell debris was removed by
ultracentrifugation [264, 447, 448].
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Figure 4.2 SDS-PAGE of stages in purification of wild type queF from G. kaustophilus. lane 1: low
molecular weight standard (GE Healthcare), lane 2: cell-free extract, lane 3: partially purified wild type
queF from G. kaustophilus after thermo-precipitation, lane 4: purified wild type queF from G. kaustophilus
after ion-exchange chromatography.

Nitrile reductase from G. kaustophilus was purified by heat precipitation of the host proteins at
70°C or 75°C for ten minutes. Nitrile reductase was then stored at -20°C and used for substrate
screening reactions. Nitrile reductase used for enzyme characterization and determination of
kinetic parameters was further purified by ion exchange chromatography as depicted Figure 4.2
[449].

4.1.2 Enzyme characterization

The pH dependence of nitrile reductase from G. kaustophilus was investigated in a range of pH 5.5
to pH 10. G. kaustophilus queF exhibits a bell-shaped pH profile with maximal activity at pH 7.5, as
depicted in Figure 4.3 [264, 449]. A similar bell shaped pH profile over a range from pH 5.4 to pH
9.4, with maximal activity at pH 7.50, was reported for B. subtilis queF [13]. The pH-dependence
of E. coli queF was investigated in a range of pH 6 to pH 9. Optimum activity was reported at pH
7 [92].

The temperature dependence of nitrile reductase from G. kaustophilus was investigated for
temperatures between 25°C and 65°C. Enzymatic activity increased 12-fold in response to a change
in temperature from 25°C to 65°C. Determination of specific activities at higher temperatures are

increasingly affected by NADPH degradation [264, 449]. Initial activity of E. coli queF was also

86



CHAPTER 4. RESULTS AND DISCUSSION I
ENZYMES

found to increase with an increasing temperature from 25°C to 50°C. However, at 50°C half life

time of the enzyme was only six minutes [92].
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Figure 4.3 pH profile (left) and temperature dependence (right) of wild type queF from G. kaustophilus

Enzyme stability of G. kaustophilus queF was determined by incubation at 55°C and spec-
trophotometric determination of specific activities at every hour. Enzyme deactivation followed
exponential decay and half-life times of 43 hours and 15 hours were determined with and without
TCEDP, respectively [264, 449]. Half-life times of 28.2h and 12.8h, at 37°C and 40°C, respectively,
were reported for E. coli queF [92].
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Figure 4.4 DMSO stability of wild type queF from G. kaustophilus.

DSMO stability was determined by incubation of wild type nitrile reductase with the natural
substrate preQ, and NADPH at 30°C. DMSO concentrations of 1% v/v DMSO to 55% v/v
DMSO were tested. The enzyme retains approximately 90% activity with 2% v/v DMSO and
10% activity up to 40% v/v DMSO, as depicted in Figure 4.4. Reports of DMSO stability for queF
are not found in literature.

Biotransformations of the natural substrate with wild type nitrile reductase queF using NADH
as cofactor were investigated. NADH as cofactor led to 20-fold lower conversions compared to
biotransformations with NADPH. When the amount of NADH was increased to ten equivalents,

similar conversions as in reactions with 2.5 equivalents of NADPH were found.
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4.2 Escherichia coli nitrile reductase

4.2.1 Cloning, expression, purification

The nitrile reductase gene from E. coli (gene ID: 947270) was amplified by PCR from the genomic
DNA of E. coli strain K-12. For the purification of the nitrile reductase, several tagging strategies
were investigated. Enzymes with a C-terminal Strep-tag or His-tag with Factor X cleavage site did
not express well and the enzyme with the Strep-tag was not functional. The C-terminus of the pro-
tein is located at the dimer interface, likely to complicate purification by affinity chromatography.
The gene was therefore Ncol-HindIII-cloned into the pEHISTEV vector, providing the sequence
for an N-terminal 6xHis-tag, followed by a TEV protease cleavage site [450]. The ligation product
was transformed into electrocompetent E. coli TOP10 F’ cells and plated on LB-agar supplemented
with kanamycin. The resulting plasmid pEHISTEV HISEcNRedWT was isolated and the sequence
was confirmed by LGC Genomics [447, 448, 451].

T7 terminator

E.coli Nitrile Reductase
TEV Cleavage position

TEV protease site
HIS Tag aph (kan resistance)
Ribose binding site

lac operator

T7 Promoter
pEHISTEV HISECNRedWT
6183 bp

colE1

Lac1

Figure 4.5 pEHISTEV HISEcNRedWT vector.

The plasmid pEHISTEV HISEcNRedW'T was employed as template for site directed mutat-
genesis generating the following mutants: E89A, E89L, S90A, C190A, D197N, D197N + L2011,
F228W, H229A, E230Q. Plasmids from wild type and mutants with the correct sequence were
transformed into E. coli BL21 (DE3). Main cultures were grown to an OD of 0.6-0.8, induced
with IPTG, and incubated for 18 hours to 20 hours at 37°C and 130rpm. Expression worked
well at temperatures from 16°C, to 37°C, as depicted in Figure 4.6. The cells were harvested by
centrifugation and disrupted by ultrasonication. Cell debris was removed by ultracentrifugation
[447, 448, 451].

The cell-free extract was purified on a Ni sepharose 6 fast flow column, as depicted in Figure 4.7.
The collected protein fractions were concentrated and used directly for screening reactions [447,
448, 451]. Activity of the wild type enzyme decreased tremendously during storage. After twelve
months of storage at -70°C wild type nitrile reductase retained only around 1% activity [449].
To ensure optimum activity, the cell-free extract was purified immediately after cell disruption,
without intermediate storage or freezing steps, and the enzyme was used for screening reactions

directly after purification.
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Figure 4.6 Expression study for wild type nitrile reductase from E. coli.
SeeBlue 2 Standard (Invitrogen), cell free extract, lane 1: expression at 16°C, lane 2: expression at 25°C, lane
3: expression at 37°C.

SDS-PAGE analysis (Figure 4.6) and Caliper chromatograms (Figure 4.8) of E. coli nitrile
reductase show two overexpressed bands, corresponding in size to E. coli queF with tag (35.9kDa)
and without tag (32.6kDa), respectively [448]. Either the His-tag is cleaved off during lysate
preparation or the enzyme is partly expressed without the tag, as a second ATG is present in the
vector directly before the gene. Both bands are still present after purification over a Ni sepharose
column, even though only protein with a His-tag should bind to the column while all other protein
is washed off. However, the native state of nitrile reductase from E. coli is a dimer of dimers.
Therefore, a tagged dimer might dimerize with an untagged dimer, leading to a dimer of dimers
bearing the His-tag on only one of the dimer units and therefore binding to the Nickel-sepharose

column.
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Figure 4.7 Purification of wild type and mutant nitrile reductase from E. coli - Akta elution profile.

The two protein bands of the purified nitrile reductase queF from E. coli were further investi-
gated by Caliper measurements. Caliper assays are suitable for protein samples of 14kDa to 200kDa
and can provide relative protein concentrations, molecular size, and percent purity. When the His-
tag was cleaved from purified wild type nitrile reductase queF by TEV protease, the fraction of the
protein in the lower band increased compared to the wild type enzyme before His-tag cleaveage, as
depicted in Figure 4.8 [448].
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Figure 4.8 Caliper anaylsis of the TEV cleavage of the His-Tag from wild type nitrile reductase from E.
coli. Lane 1 wild type enzyme without cleavage of the tag, lane 2 wild type enzyme after cleavage of the tag
and HisTrap run, chromatograms correspond to lane 1 (left) and lane 2 (right), respectively.

The absence of a His-tag in the lower band was investigated by Western blot [448]. A Western
blot uses gel electrophoresis to separate proteins which are then transferred to a membrane, where
they are stained with antibodies specific to the target protein. A His-tag selective Western blot
therefore shows only bands of His-tagged proteins. The Ponceau S staining, depicted in Figure 4.9
shows the double band of the wild type enzyme and the S90A mutant with N-terminal His-tags,
as well as a single band for the wild type enzyme were the His-tag was cleaved off, and for the
enzyme with Strep-tag or C-terminal His-tag. Ponceau S staining can be removed with water
washes, facilitating subsequent immunological detection. The Western blot against the His-tag

showed only the upper band of the double band, verifying that the lower band does not contain

His-tagged protein.
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Figure 4.9 Western blot for the detection of His-Tags in wild type nitrile reductase from E. coli. A: Ponceau
S staining of the membrane, B: Western blot against the His-tag, C: overlay A and B. Lane 1: purified wild
type queF with N-terminal His-tag, lane 2: purified S90A mutant queF with N-terminal His-tag, lane 3:
purified wild type queF after cleavage of the His-tag, lane 4: cell free extract of wild type queF with C-
terminal His-tag, lane 5: cell free extract of wild type queF with C-terminal Strep-tag, lane 6: cell free extract
of wild type queF with N-terminal His-tag, lane 7: positive control.
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Biocatalytic Screening Reactions

5.1 Nitrile reduction

Nitrile hydrolysing enzymes have been successfully applied in chemical synthesis and chemical
industries for several years, however biological nitrile reduction has become possible only with the
discovery of nitrile reductase queF. A number of nitriles are suggested as non-natural substrates for
nitrile reductase queF in a patent by Dirk Iwata-Reuyl [93]. Besides this patent, no applications of

nitrile reductase queF in biocatalysis are available in literature.
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Figure 5.1 Set of nitriles used for initial screenings with wild type nitrile reductase queF from B. subrilis,
G. kaustophilus and E. coli.

In this thesis, a number of simple, commercially available nitriles were chosen for an initial
substrate screening. This first set of nitriles included two of the compounds suggested as substrates
in Iwata-Reuyl’s patent [93], namely phenylacetonitrile (84) and 3-cyanoindole (86), and a variety
of aromatic, aliphatic and heterocyclic nitriles, as depicted in Figure 5.1. Aromatic nitriles, like
benzonitrile (83), bear the nitrile group directly at the aromatic ring, while phenylacetonitrile (84)
has the nitrile group in an aliphatic open chain fragment in comparable distance to the natural
substrate preQ,. Cinnamonitrile (85) bears the nitrile group on a double bond in a conjugated

unsaturated sytem. Heterocyclic nitriles included 3-cyanoindole (86), resembling the bycyclic core-
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structure of the natural substrate preQ,, as well as monocyclic five- or six-membered rings.

Initial screenings were carried out with wild type nitrile reductase type I from B. subrilis, and
G. kaustophilus, and type II from E. coli. Biotransformation reactions with the natural substrate
preQ, were done as positive controls to ensure enzyme activity. Nitrile reductase from B. subtilis,
G. kaustophilus, and E. coli was found active for the reduction of preQ,. However, none of the
nitriles shown in Figure 5.1 were accepted as substrate, indicating high substrate specificity. The
substrate scope and substrate binding of nitrile reductase queF was then investigated by synthesis
and screening of structural analogues of the natural substrate preQ, and by introducing rational

mutations to the active site.

5.1.1 Geobacillus kaustopbilus nitrile reductase

Active site mutations of G. kaustophilus queF were chosen based on an active site model of B.
subtilis queF. G. kaustophilus queF shows 83% sequence identity and 93% sequence similarity with
B. subtilis queF. A homology model of B. subtilis queF was published based on the crystal structure
of E. coli GTP-CH-I. Sequence identity and similarity of B. subtilis queF with E. coli GTP-CH-
I is 14% and 26%, respectively. The location of the active site was predicted at the intersubunit
interface. In one monomer, the docked substrate interacts with two conserved side chains of Glu97
and Cys55, as well as with Phe95 and the backbone NH of His96. In the other monomer the side
chain of Ser97 and the backbone CO of Val77 were identified to interact with the substrate [73].
Additionally to substrate binding, Cys55 was proposed to play an essential role in the covalent

catalysis mechanism [13].

Figure 5.2 Homology model of nitrile reductase queF from Geobacillus kaustophilus, based on the crystal
structure of B. subtilis queF.

The crystal structure of B. subtilis queF was solved in 2012. The crystal structure of wild
type enzyme with preQ, bound (4F8B), as well as the structure of a C55A mutant (4FGC) was
published [89]. The structure reveals a homodecamer of two head-to-head facing pentamers. Based
on the crystal structures, an homology model of G. kaustophilus queF was calculated, as depicted
in Figure 5.2 [452]. The active sites are located at the intersubunit interfaces. Two of the ten active

sites in the B. subtilis queF structure were found unoccupied, providing insight into the differences
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in active site structure with or without substrate bound [89]. The model of G. kaustophilus queF,
depicted in Figure 5.3 clearly shows the conformational change associated with preQ, binding.

PreQ, binding is therefore suggested to stabilize the functional decamer.

Figure 5.3  Active site of G. kaustophilus nitrile reductase. Left: open active site, without substrate bound,
right: closed active site with preQ, bound.
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Figure 5.4 Full range of nitriles used for screening reactions with wild type and mutant nitrile reductase
queF from Geobacillus kaustophilus, including nitriles depicted in Figure 5.1

The homology model of B. subtilis queF and the crystal structure published subsequently,
suggest similar amino acid residues that interact with the substrate. In active site mutations, the
amino acids identified to interact with the substrate were replaced. His96 and Glu97, coordinating
to the keto- and amino- functionality of the natural substrate preQ,, respectively, and Phe95,
holding the substrate in place by m-m stacking, were exchanged by smaller amino acid residues.

Furthermore, Cys55 was replaced by Ala to verify its essential role in the catalytic mechanism.
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A number of structural analogues of the natural substrate preQ, were prepared in chemical
synthesis, as discussed in chapter 3. Those compounds are differing from preQ in their functional
groups. Nitriles 13 and 7 resemble the natural substrate preQ, (1) except for the keto- and
amino- substituents, respectively, on the pyrimidine ring. Nitriles 5, 14 and 12, show the
same core structure as preQg, but differ in their substituents. Compounds 5 and 14 have an
amino-functionality instead of the keto-functionality in position 4, compound 12 shows a bromo-
substituent in position 6. Additionally to these pyrrolo[2,3-d]pyrimidines, nitriles resembling only
the pyrimidine part of preQy, as compounds 54, 55 and 94, as well as resembling only the pyrrole
part, as compound 56 were prepared. The full range of nitriles screened is depicted in Figure 5.4.

Substrate screening was carried out in 96-well plates to simultaneously screen the complete
set of substrates with one variant in a multiple determinations. Screenings were carried out with
purified enzyme, as described in chapter 7. Reactions were started by addition of NADPH.
The consumption of NADPH was then monitored at 340nm on a plate reader. Subsequently,
the samples were analyzed by HPLC-MS to monitor product formation. Enzymatic activity can
therefore be detected by decrease of NADPH absorption and validated by the analysis of product
formation by HPLC-MS.
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Figure 5.5 NADPH depletion in the conversion preQ, (1, green), 5-cyanopyrrolo[2,3-d]pyrimidin-4-one
(13, red) and 2-amino-5-cyanopyrrolo[2,3-d]pyrimidine (7, blue) with wild type queF from G. kaustophilus

The natural substrate preQ, as well as two non-natural substrates were successtully reduced to
their corresponding primary amines by nitrile reductase queF from G. kaustophilus. These two
non-natural substrates 13 and 7, are the first non-natural substrates reduced by nitrile reductase
queF. Compounds 13 and 7, differ from the natural substrate preQ, in absence of the amino- or
keto-substituent on the pyrimidine ring, respectively. Conversions of substrate 13, missing the
amino-group, were comparable to those of the natural substrate preQ,, whereas conversions of
substrate 7 were significantly lower (Table 5.1). Reaction rates for the reduction of compound 13
were similar compared to those of the natural substrate preQ,, whereas the reduction of compound
7 proceeded slower, as depicted in Figure 5.5.

Based on the screening results, G. kaustophilus queF exhibits high substrate specificity. Mono-
cyclic substrates were not reduced, even those closely resembling the natural substrate, e.g.
compounds 56 or 54. The bicyclic structure of the natural substrate preQ, might be necessary

to stabilize the functional protein. However, bicyclic substrates, such as compounds 92, and 86
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were neither accepted as substrates, indicating the importance of the functional groups on the six-
membered ring for substrate binding.

Substrate analogues differing from the natural substrate preQ, in their number of ring het-
eroatoms will be used to investigate the influence of the ring heteroatoms on substrate binding.
3-Cyanopyrrolo[3,2-c]pyridines and 3-cyanopyrrolo[2,3-5]pyridines differ from the natural sub-
strate preQ, in the number of ring heteroatoms in the six membered ring. Screening of these
compounds will give insight into the influence of the pyrimidine nitrogens on substrate binding. 5-
Cyanothieno[2,3-d]pyrimidines and 5-cyanocyclopenta[d]pyrimidines were designed to probe the
influence of the pyrrole nitrogen on substrate binding. In thieno[2,3-d]pyrimidines, the NH of the
pyrrole ring of the natural substratepreQ is replaced with a sulfur in the thiophene ring, thereby
NH as a hydrogen bond donor is replaced by S as a hydrogen bond acceptor. 3-Cyanopyrazolo[3,4-
d]pyrimidines have an additional nitrogen heteroatom in the five membered ring compared to the

natural substrate preQ,.

Table 5.1 HPLC-MS based screening results of wild type and mutant nitrile reductase queF from G.
kaustophilus.

1 13 7  other substrates
wild type 95 % 100 % <5% n. c.
wild type His 85 % 40 % <5% n. c.
Tev
C55A n.c. n. d. n. d. n. d.
F95A His Tev <5% 14 % <5% n. c.
H9A 67 % 100 % <5% n. c.
H96F 29 % 32 % <5% n. c.
E97A 96 % 75 % <5% n. c.
E97S > 99 % 74 % <5% n. c.

n. c. = no conversion, n. d. = not determined.

All mutants, except Cys55Ala, were found to be active for the reduction of preQ, and nitriles
13 and 7. The Cys55Ala mutant was inactive for the conversion of all substrates, including preQ,,
proving the essential role of Cys55 in the catalytic mechanism. All other mutants accepted the
same substrates as the wild type enzyme, however conversions differed (Table 5.1). Conversions
with Phe95Ala were considerably lower, probably due to the loss of m-m stacking between Phe95
and the substrate. Two different mutations were done on His96. His96Phe exchanges the histidine
against an amino acid of comparable size, whereas His96Ala exchanges histidine against the small
amino acid alanine. His96 is proposed to coordinate to the keto-group of preQ, by main chain
interaction. His96Phe, and His96Ala should therefore still coordinate to the substrate, however,
His96Ala might increase the space available in the active site. Comparing His96Phe and His96Ala,
higher conversions were achieved with His96Ala. However, no additional substrates were found to
be accepted by the His96Ala mutant. Mutations of Glu98 in B. subtilis queF, equivalent to Glu97
in G. kaustophilus queF, were reported to potentially change substrate specificity [93]. Glu97Ala

95



CHAPTER 5. RESULTS AND DISCUSSION III
BIOCATALYTIC SCREENING REACTIONS

exchanges the charged gluatmic acid residue by the neutral residue alanine, whereas Glu97Ser
replaces the C-6 amino acid glutamic acid by the C-3 amino acid serine. Serine still provides an OH-
group and could therefore coordinate to an amino-group in the substrate. Glu97Ala and Glu97Ser
mutants of G. kaustophilus queF showed similar conversions as wild type enzyme and did not show

changed substrate specificity compared to wild type enzyme (Table 5.1).

Table 5.2 Apparent kinetic parameters for wild type nitrile reductase queF from G. kaustophilus, measured
at 55°C.

1 13 7
K, substrate [uM] 11£5 336 £37 > 1000
k., [min~!1] 39+£06  9.3+1.8 n.d.
k../K, [min~luM™1] 0.35 0.028  3.2%107%¢
K., NADPH [pM] 34+7 60£9 n.d.

2 Saturation of substrate was not achieved, therefore, initial rates were
recorded under conditions in which pseudo first-order kinetics can be

assumed. k_, /K was determined from the linear part of the Michaelis-

cat
Menten curve. n. d. = not determined.

Apparent kinetic parameters were determined for wild type nitrile reductase queF from G.
kaustophilus to compare the non-natural substrates 13 and 7 to the natural substrate preQ, (1) [449].
The non-natural substrates both showed higher K| -values than the natural substrate, indicating

weaker substrate binding in the active site. The k_,.-value of the non-natural substrate 13 is higher

cat

than for the natural substrate, possibly due to weaker substrate binding. K -and k_, - values for the

cat
natural substrate preQ, with G. kaustophilus queF are higher than those reported in literature for
B. subtilis queF [13]. The turn over number (k_, /K ) of G. kaustophilus queF is 5.5-fold increased
compared to B. subtilis queF. The higher K _-value of G. kaustophilus queF was attributed to the
higher temerature (55°C) in initial rate measurements. The high sequence homology between B.
subtilis queF and G. kaustophilus queF suggests similar substrate binding. Substrate binding is a
temperature sensitive step, as hydrophobic interactions form endothermically and are weakened by
a deacrease in temperature, whereas electrostatic interactions form exothermically and are stabilized
at low temperature [453]. The higher K, -value of G. kaustophilus queF, compared to B. subrilis
queF is therefore most likely due to weakened interactions in the substrate binding site.

Inhibition studies were performed to further evaluate the structural features necessary for
substrate binding [449]. The set of compounds chosen for inhibitor screenings is depicted in
Figure 5.6, and included monocyclic compounds resembling the natural substrate preQ, in the
functional groups (55, 94), and bicyclic compounds differing from preQ, in the number of
heteroatoms and functional groups (37, 19, 20, 92). Three inhibitors were identified, namely
compounds 60, 94, and 37. 2-Aminopyrrolo[2,3-d]pyrimidin-4-one represents the preQ,-core
structure, differing from preQ, only in the absence of the cyano-group. All three inhibitors bear
an amino-group in similar position as preQ,. Among the 15 compounds tested as inhibitors,
three possessed an amino-group in relevant position, these three compounds were all identified

as inhibitors (60, 94, 37), as summarized in Table 5.3. The amino-group in position 2 of the natural
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substrate might therefore have a significant effect on substrate binding.
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Figure 5.6 Compounds used for inhibition studies with wild type and mutant nitrile reductase queF from

G. kaustophilus

Table 5.3 Screening for G. kaustophilus nitrile reductase inhibitors. Residual activities refer to nitrile
reductase activities obtained with 10 uM preQ, (K, preQ,)

compound [mM] residual activity [%]
6-cyanopurine, 93, [0.5mM] 107
4-amino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine, 14, [5mM] 90
7-aza-3-cyanoindole, 92, [2mM] 101
3-cyanoindole, 86, [2mM] 87
3-cyano-1H-pyrrole, 56, [ 10mM] 93
2-hydroxybenzylcyanide, 55, [10mM] 100
4-aminobenzylcyanide, 94, [10mM] 0
phenylacetonitrile, 84, [20mM] 120
benzonitrile, 83, [20mM] 99
cinnamonnitrile, 95, [20mM] 122
2-amino-7H-pyrrolo[2,3-d]pyrimidine-4-one, 60, [5SmM] 17
2-amino-4-hydroxythieno[2,3-d]pyrimidine, 37, [1.67mM] 72
4-hydroxythieno[2,3-d]pyrimidine, 40, [5mM] 101
5-aza-4-hydroxyindole, 19, [5mM] 94
7-aza-4-hydroxyindole, 20, [2mM] 109
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5.1.2 Escherichia coli nitrile reductase

An homology model of E. coli queF was calculated based on the crystal structure of V. cholerae
queF 3RZQ), as depicted in Figure 5.7 [452]. Sequence identity between the two enzymes is 65%,
while sequence similarity is 76%. Although V. cholerae queF is not experimentally characterized it
is likely to possess the same enzymatic activity and is therefore considered a good model for studies
of type II nitrile reductase. V. cholerae queF crystallizes as dimer of dimers, solution data suggest
the protein is a dimer and exists in equilibrium with its monomer. The substrate is bound to each of
the four monomers in a cavity near the dimer interface. However, only one molecule of NADPH
can bind to a dimer and serves only one of the two sites occupied by substrate. Consequently, the
dimer is considered a minimal biological unit and queF should exhibit half-site reactivity [91].
According to the active site model depicted in Figure 5.7, the substrate is oriented by a series
of hydrogen bonds and a ring-stacking interaction with Phe228. The ring nitrogen in position
1 1s coordinated to the main chain of Ser90, while the Glu230 residue coordinates to the amino-
functionality in position 2, as well as to the ring nitrogen in position 3. The amino-group in
position 2 is also interacting with the main chain of Ile88. The ring-nitrogen in position 7 is
coordinated by Glu89. Finally, the keto-functionality in position 4 is interacting with His229.

These amino acid residues might therefore be involved in substrate specificity.
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Figure 5.7 Homology model of nitrile reductase queF from E. coli, based on the crystal structure of Vibrio
cholerae queF. Left: dimeric queF, right: energy minimized model of the active site of wild type nitrile
reductase queF from E. coli. The cavity is shown as transparent surface and coloured hydrophobicity values
(red hydrophobic, green less hydrophilic, blue hydrophilic). Distances to binding residues are shown as
dashed lines. Grey dashed lines indicate interactions with the main chain of the amino acid, while blue
dashed lines indicate interactions with the side chain. The magenta dashed line indicates where the active site
Cys190 should attack the substrate to form the covalent reaction intermediate.

His229, Asp197, found in its close proximity, and Cys190 are amino acids involved in the
mechanism proposed. The reduction of preQ to its corresponding primary amine requires four
protons and four electrons transferred to the substrate. The inital step of the reduction of preQ,
involves formation of a covalent adduct by nucleophilic attack of the Cys190 residue on the cyano-

residue of the substrate. This covalent bond is then postulated to hold the substrate in place while
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two molecules NADPH donate hydrides to the substrate. These two hydride transfers account for
two protons and four electrons. The inital proton is transferred to the substrate during formation
of the covalent adduct. The final proton is then provided by His229 [13, 91].

Additionally to natural substrate analogues screened with nitrile reductase queF from G.
kaustophilus, new natural substrate analogues were chosen for screening reactions with nitrile
reductase queF from E. coli, as depicted in Figure 5.8. Two non-natural substrates (13, 7) could
be identified in screenings with nitrile reductase from G. kaustophilus. These two substrates differ
from the natural substrate in the absence of the amino- or keto- functionality, respectively, on
the pyrimidine ring. Consequently, for screenings with nitrile reductase from E. coli, natural
substrate analogues bearing protecting groups on these functionalities were prepared. The keto-
functionality was substituted for a methoxy-group (9), while the amino-group was protected with
a pivaloyl-group (8). Furthermore, a natural substrate analogue missing both functional groups on

the pyrimidine ring, 5-cyanopyrrolo[2,3-d]pyrimidine (16), was prepared.
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Figure 5.8 Full set of nitriles used for screening reactions with wild type and mutant nitrile reductase queF
from Escherichia coli.

Wild type nitrile reductase queF from E. coli was found to be active for the conversion
of its natural substrate preQ, (1), as well as the two non-natural substrate 5-cyanopyrrolo[2,3-
d]pyrimidin-4-one (13) and 2-amino-5-cyanopyrrolo[2,3-d]pyrimidine (7), as summarized in Ta-
ble 5.4 and Table 5.5. While the natural substrate 1 and nitrile 13 were quantitatively reduced to
their corresponding amines, the reduction of nitrile 7 was not detectable by HPLC-MS (Table 5.4).
These results are consistent with spectrophotometric determinations of specific activities. Specific

activities for substrates 1 and 13 are in the same range, however, specific activity for substrate 7
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was found to be significantly lower. Docking simulations, depicted in Figure 5.9 indicate substrate
13 is coordinated to the active site similarly to the natural substrate preQ,. However, the Glu230
residue is coordinating to the N-3 ring heteroatom only, as the substrate differs from the natural
substrate in the absence of the amino group in position 2. In substrates 7 and 16 substrate binding
is further decreased by the absence of the keto- functionality and therefore missing coordination by
the His229 residue.

Table 5.4 HPLC-MS based screening results of wild type and mutant nitrile reductase queF from E. coli.

1 13 7,16  other substrates
wild type 100 % 100 % n. c. n. c.
E89A <2% <2% n. c. n. c.
E89L <2% <2% n. c. n. c.
S90A 100 % > 98 % n. c. n. c.
C190A n. c. n. c. n. c. n. c.
D197N n. c. n. c. n. c. n. c.
D197N + L2011 n. c. n. c. n. c. n. c.
F228W 100 % > 98 % n. c. n. c.
H229A 98 % > 98 % n. c. n. c.
E230Q <5% <5% n. c. n. c.

n. ¢. = no conversion

Substrate analogues differing from the natural substrate preQ, in their number of ring het-
eroatoms will be used to investigate the influence of the ring heteroatoms on substrate binding.
These substrate analogues include 3-cyanopyrrolo[3,2-c]pyridines, 3-cyanopyrrolo[2,3-b] pyridines,
5-cyanothieno[2,3-d]pyrimidines, 5-cyanocyclopenta[d]pyrimidines and 3-cyanopyrazolo[3,4-d]-
pyrimidines. Several amino acid residues were identified to coordinate to the ring heteroatoms.
Interaction of Glu230 with N-3, and coordination of Ser90 to N-1 and Glu89 to N-7 respectively,
are indicated in the active site model depicted in Figure 5.7.

In order to verify their proposed role in the catalytic mechanism, enzyme variants with amino
acid exchanges at Cys190, Asp197 and His229 were prepared. The substitution of the active site
nucleophile Cys190 by alanine resulted in a protein that was no longer active for the conversion of
neither the natural substrate, nor any of the non-natural substrates (Table 5.4). The essential role of
the cysteine residue was previously proven by Cys55Ala and Cys55Ser mutant of B. subrilis queF
[13]. Crystallization of a Cys55Ala mutant from B. subtilis showed non-covalently bound preQ,,
while covalently bound substrate was found in the crystal structure of the thioimide complex [89].
However, in this thesis, substitutions of the aspartic acid or histidine residue were done first. The
Asp197Asn mutation led to complete loss of activity, confirming its essential role in the catalytic
mechanism. However, the His229Ala mutant retained activity, leading to similar conversions
as wild type enzyme (Table 5.4). Specific activities, however, were approximately one order of

magnitude lower than for the wild type enzyme (Table 5.5). Based on this data, the aspartic acid
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residues seems to be essential for reduction of the substrate, while an essential role of the histidine

residue in the catalytic mechanism could not be verified.

GLU-83

- \\ ~ l‘
/ ( —
1LE-88 \,../ [

Figure 5.9 Comparison of substrates docked into the E. coli nitrile reductase model. Top left: natural
substrate preQ, (1), top right: substrate 13, bottom left: substrate 7, bottom right: substrate 16

Table 5.5 Specific activities in mU/mg of wild type and mutant nitrile reductase queF from E. colz

1 13 7 16
wild type 117 90 < 0.1 no activity
S90A 12.9 3.8 <0.1 <0.1
F228W 10.2 8.7 < 0.1 no activity
H229A 17.9 14.3  noactivity no activity
E230Q 4.4 3.0 2.2 2.0

Several amino acid residues coordinating the substrate in the active site were substituted to
investigate their influence on substrate binding. The Phe228Trp mutant retains the possibility
of ring stacking interactions with the substrate and was found active. While conversions were
comparable to those with wild type enzyme, specific activities were 90% lower for preQ, and
substrate 13. The mutation Glu230Gln exchanges two amino acid residues of similar length bearing
a carboxylic acid functionality of the glutamate against the amide functionality of the glutamine.
This mutation led to lower conversions as well as specific activities for preQ, and substrate 13.
However, this mutant showed broader substrate specificity; specific activities for substrates 13 and

16 were higher than with wild type enzyme or any other mutant. Exchanges of Glu89 by Ala
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or Leu led to a drastic loss in activity. Conversions of the natural substrate were lower than 2%,
indicating this amino acid is important for substrate binding. The Ser90Ala mutant showed similar
conversions as the wild type enzyme. Specific activities were decreased by 90%, however, four
substrates were accepted (1, 7, 13, 16). The active site model suggests main chain interactions
between Ser90 and the substrate, as depicted in Figure 5.7, consequently alterations in the side

chain might have less impact on substrate binding.
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Figure 5.10 Comparison of substrates in the energy minimized model of the binding pocket of E. coli
nitrile reductase. Top left: pivaloyl-protected preQ, (8), top right: methoxy-protected preQ, (9), centre left:
5-cyano-2,4-diaminopyrrolo[2,3-d]pyrimidine (5), centre right: 4-amino-5-cyanopyrrolo[2,3-d]pyrimidine
(14), bottom left: 2-amino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (6), bottom right: 2,6-diamino-5-
cyanomethyl-4-hydroxypyrimidine (54).

Determination of kinetic parameters for wild type nitrile reductase from E. coli showed that k_,,
values for the natural substrate 1 and the non-natural substrate 13 are in the same range, however,
the K, value for substrate 13 is considerably higher, affecting substrate specificity by a factor of
100 [449]. This is also indicated by the slightly lower specific activities for substrate 13 [449]. The
k...~ and K -values determined for preQ, and NADPH are consistent with the values reported in
literature [9, 92]. The k

--value found, is comparable with the two subsequent enzymes in the
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Table 5.6 Kinetic parameters of nitrile reductase queF from E. coli

NADPH 1 13
K, [uM] 6.0+ 0.7 6.1+£0.7 176 & 23
k., [min~!] 8.5+0.1 6.5+ 0.2 3.6 +£0.3
k.. | K, [min~tuM~] 1.1 0.020
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Figure 5.11 Comparison of substrates docked into the E. coli nitrile reductase model without productive
binding mode. First line left: pivaloyl-protected preQ, (8), first line right: methoxy-protected preQ,
9), second line left: 5-cyano-2,4-diaminopyrrolo[2,3-d]pyrimidine (5), second line right: 4-amino-5-
cyanopyrrolo[2,3-d]pyrimidine (14), third line left: 2-amino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (6),
third line right: 3-cyanoindole (86), forth line left: 2-hydroxybenzylcyanide (55), forth line right: 4-

aminobenzylcyanide (94).
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All successtully reduced non-natural substrates (13, 7, 16) contain the bicyclic pyrrolo[2,3-
d]pyrimidine ring structure, and differ from the natural substrate preQ, only in the pyrimidine
ring substituents. However, several nitriles containing the pyrrolo[2,3-d]pyrimidine ring structure
were not accepted as substrates. Comparison of the substrates in the energy minimized model of
the binding pocket of E. coli nitrile reductase (Figure 5.10) show that the pivaloyl- and methoxy-
protected structures (8 and 9) are too large to fit into the binding pocket [452]. The 4-amino
substitution in 14 and 5 may hinder binding, as it is located close to the main chain NH of
the His229 residue. Active site binding of 2-amino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine 6
and 2,6-diamino-5-cyanomethyl-4-hydroxypyrimidine 54 seem possible, however screening results
showed these compounds were not accepted as substrates.

Most of the substrates screened can not only bind to the active site in a productive binding
mode, but are also able to bind in a nonproductive complex, as depicted in Figure 5.11 [452].
Formation of a nonproductive complex may account for those compounds not being reduced by

nitrile reductase queF.

5.2 Two electron reductions

The catalytic mechanism of nitrile reductase queF indicates two reduction steps. The nitrile is
reduced to an imine in the first two electron reduction step, while in the second step the resulting
imine is reduced to the corresponding amine, as discussed in chapter 1. In this thesis, imines, and
analogous structures were investigated as substrates for nitrile reductase queF.

Imine reductase activity has been reported in literature since the 1980s, only recently, imine
reducing enzymes have been considered for biocatalysis. Dihydrofolate reductase (DHFR from
E. coli) and related enzymes convert dihydrofolate to tetrahydrofolate, by reducing an imine
to an chiral amine [454]. The protein PchG from Pseudomonas aernginosa was identified as
NADPH dependent imine reductase, catalyzing the reduction of a thiazoline to a thiazolidine
in pyochelin biosynthesis [455]. Thiazolinyl imine reductase from Yersinia enterocolitica was
crystallized [456]. Asymmetric reduction of imines has recently been reported from yeasts [457,
458] and anaerobic bacteria [459]. Enzymes possessing imine reductase activity were also found
in Streptomyces sp. in the biosynthetic pathways of sibiromycin and tomaymycin [460, 461]. In a
search for an imine reductase for the reduction of 2-methyl-1-pyrroline in 261 strains of bacteria,
117 strains of actinomycetes and 84 strains of fungi, imine reductase activity was identified in five
filamentous bacteria of Strepromyces sp. [241, 462]. Streptomyces sp. GF3587 and 3546 showed
high enantioselectivity for 2-methyl-1-pyrroline [241, 462]. The structure of NADPH dependent
imine reductase Q1EQEQ from Strepromyces kanamyceticus was solved and a catalytic mechanism
was proposed [242]. These imine reductases are, however, so far restricted to cyclic imines or
secondary imines as substrates.

In this thesis, nitrile reductase queF was preliminarily investigated as biocatalyst for the
reduction of imines and other C-N and C-O double bonds. Nitrile reductase queF exhibits high
substrate specificity. The non-natural nitriles reduced by queF all show the preQ, core structure.
An imine, oxime and aldehyde with preQ, core structure was prepared as discussed in chapter 3.
The imine (81), oxime (82) and aldehyde (66) were then used as substrate for nitrile reductase queF,
as depicted in Scheme 5.1.
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Biocatalytic imine reduction is limited by the hydrolysis of unsubstituted imines in water [242,
463-465]. In this thesis the mehtylimine 2-amino-5-methyliminopyrrolo[2,3-d]pyrimidin-4-one
(81) was chosen as imine structure. 2-Amino-5-methyliminopyrrolo[2,3-d]pyrimidin-4-one (81)
was quantitatively hydrolyzed to the aldehyde in the aqueous reaction medium. However, the

hydrolysis was not enzyme catalyzed, but occurred in blank reactions as well.
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Scheme 5.1 Reduction of aldehyde and imine substrates by nitrile reductase

2-Amino-5-formylpyrrolo[2,3-d]pyrimidine (66) could not be reduced to the corresponding al-
cohol with nitrile reductase queF. A substrate concentration of 2mM was used with 2.5 equivalents
of NADPH. No product formation was observed, neither at 30°C nor at 55°C with neither 1%
v/v nor 10% v/v DMSO and neither wild type nitrile reductase from G. kaustophilus nor the C55A
mutant. 2-Amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carbaldehyde oxime was also not reduced by

nitrile reductase queF.

5.3 Oxidations

Nitrile reductase is an oxidoreductase naturally working in reductive direction. In this thesis, 2-
amino-5-formylpyrrolo[2,3-d]pyrimidine (66) was applied as substrate for the preliminary screen-
ing reaction in oxidative direction to achieve 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylic
acid. NADP* or NAD™ was used as cofactor in excess of 2.5 equivalents or 10 equivalents. In these
preliminary experiments, the reaction conditions, e.g. buffer pH-value, were not optimized. Under

these reaction conditions no oxidation of the aldehyde to the carboxylic acid could be observed.

5.4 Nitrile hydrolysis

The enzymatic hydrolysis of the nitrile group of preQ, was investigated with commercial enzyme
preparations of bacterial nitrilases from Codexis, Inc. (NIT-101 - NIT106, NIT-108 - NIT-114) and
Prozomix Limited (PRO-E0260 - PRO-E0264). When 2mM substrate was used (2% v/v DMSO) no
conversion was observed with any of the Codexis nitrilases NIT-101 to NIT-106, and NIT-108 to
NIT-114. When the substrate concentration was decreased to 0.4mM (2% v/v DMSO) or 0.2mM
(2% DMSO), NIT-113 was found to hydrolyze preQ, to its corresponding carboxylic acid in 20%-

30% conversion after 23 hours.
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Conclusions and Outlook

In this thesis, nitrile reductase queF, a novel enzyme found in the biosynthetic pathway to the
hypermodified nucleoside queuosine, was investigated towards its application in biocatalysis.

Nitrile reductase from three different bacterial sources, B. subtilis, G. kaustophilus and E. coli,
was successfully cloned and expressed in E. coli. The nitrile reductase from G. kaustophilus was
characterized regarding its temperature, pH and co-factor dependence, as described in chapter 4.
Initial substrate screenings indicated high substrate specificity of nitrile reductase queF.

A number of structural analogues of the natural substrate preQ, was prepared in multi-step
syntheses, as described in chapter 3. These structural analogues were differently substituted
pyrrolo[2,3-d]pyrimidines, pyrrolo[2,3-b]pyridines, pyrrolo[3,2-c]pyridines, thieno[2,3-d]pyrimi-
dines, cyclopenta[d]pyrimidines, and pyrazolo[3,4-d]pyrimidines. A number of compounds was

first prepared in this thesis, as summarized in Scheme 6.1, Scheme 6.2 and Scheme 6.3.
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Scheme 6.2 Thieno[2,3-d]pyrimidines and its precursors first synthesized in this thesis.
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Scheme 6.3 Compounds first synthesized in this thesis, except for compounds 19 and 20, first reported in
Cornelia Hojnik’s master thesis [305].

A dual HPLC and photometric screening assay for the screening of nitrile reductase queF with
natural and non-natural substrates was developed. This assay is suitable for semi-high-throughput
screenings in 96-well plates. Detection of substrate conversion is possible by photometric monitor-
ing of NADPH consumption and additionally HPLC-MS based analysis of product formation.

Three non-natural substrates for nitrile reductase queF were identified. Wild type and mu-
tant nitrile reductase from G. kaustophilus catalyzed the reduction of the non-natural substrates
5-cyanopyrrolo[2,3-d]pyrimidin-4-one (13) and 2-amino-5-cyanopyrrolo[2,3-d]pyrimidine (7), as
depicted in Scheme 6.4. Wild type nitrile reductase from E. coli accepted only compound 13
as non-natural substrate. Wild type enzyme and the S90A and E230Q mutants also showed
residual activities for compound 7. Residual activities for the reduction of 5-cyanopyrrolo[2,3-
d]pyrimidine (16) were found with the S90A and E230Q mutants of E. coli queF. Determination
of the kinetic parameters, for G. kaustophilus queF and E. coli queF, showed 30-fold higher K -
values for the non-natural substrate 13 than for the natural substrate preQy, indicating weakened

substrate binding. k_,

. values for these two substrates were in the same range. Absence of the

amino-group of the substrate therefore showed an effect on substrate binding, but not on the
reaction rate. Three inhibitors (compounds 60, 37, 94) of wild type queF from G. kaustophilus were
identified in inhibitor measurements (Scheme 6.4). All three inhibitors possess an amino-group in
similar position as the natural substrate preQ,. Among the 15 compounds tested as inhibitors,
three possessed an amino-group in relevant position, these three compounds were all identified as
inhibitors. The amino-group in position 2 of the natural substrate might therefore have a significant
effect on substrate binding.

Several amino acids were identified in the homology models of G. kaustophilus and E. coli
queF to be involved in substrate binding. Two amino acid residues, D197 (E. coli queF) and
C190 (E. coli queF), and the corresponding C55 (G. kaustophilus que F) were identified as essential
for the catalytic mechanism. Mutations of His96 (G. kaustophilus queF) and His229 (E. coli
queF) respectively retained their activity, indicating this residue is not essential for the catalytic
mechanism. Glutamic acid coordinates to the amino-group of the substrate in position 2, the E97A

and E97S mutations of G. kaustophilus queF showed similar conversions as the wild type enzyme, as
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well as similar substrate specificity, whereas the E230Q mutant of E. coli queF showed much lower
conversions, however broader substrate specificity. Mutations of the phenylalanine, responsible
for m-m stacking with the substrate showed different effects. The F95A mutant of G. kaustophilus
queF increases the available space in the active site, however does not offer the possibility of m-m
stacking with the substrate. The F95A mutant was active for the conversion of substrates 1, 13 and
7, however conversions were much lower compared to those of the wild type enzyme. The F228W
mutant of E. coli, still capable of m-mt stacking with the substrate, showed similar conversions as the
wild type enzyme. Substrate specificity did not change for any of the mutations, compared to the

substrate specificity of the wild type enzyme (as discussed in chapter 5).
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Scheme 6.4 Substrates and inhibitors of nitrile reductase queF. Natural substrate (1), non-natural substrates
13, 7 for nitrile reductase from G. kautophilus and E. coli and 16) for nitrile reductase from E. coli, and
inhibitors 60, 37, 94 for wild type nitrile reductase queF from G. kaustophilus.

Screenings of substrates differing from the natural substrate in functional groups gave first
insight into the substrate scope and substrate binding of nitrile reductase queF. Screening of natural
substrate analogues differing in ring heteroatoms, such as pyrrolo[2,3-b]pyridines, pyrrolo[3,2-
c]pyridines, thieno[2,3-d]pyrimidines, cyclopenta[d]pyrimidines and pyrazolo[3,4-d]pyrimidines
will provide insight into the contribution of the ring-heteroatoms to substrate binding.

The activity of nitrile reductase queF from G. kaustophilus towards the reduction of C-N- and
C-O double bonds was preliminarily evaluated using substrates bearing the preQ, core structure.
The enzymatic reduction of imines is significantly complicated by the hydrolysis of unsubstituted
imines in aqueous media. The methyl-substituted imine was hydrolysed quantitatively in the
reaction buffer. In order to investigate enzymatic imine reduction with free imines or imines
bearing small substituents, iz situ imine formation in the reaction buffer might be a suitable
approach. An aldehyde or oxime was not reduced by nitrile reductase queF.

Nitrile reductase queF is an enzyme of high interest for biocatalysis. The first non-natural
substrates were identified in this thesis. So far the substrate scope, however, is restricted to
structural analogues of the natural substrate. In order to increase the substrate scope further
enzyme engineering will be necessary.

The Catalophore approach offers a method to search for similar enzyme activity in protein
structures [452]. In the catalophore approach, the amino acid residues essential for the catalytic
mechanism and the relevant distances in the structure are used to find similar structural features in
other proteins. In this thesis, two amino acid residues were identified as essential for the catalytic

mechanism, which might serve as a starting point for a catalophore search.
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Experimental Procedures

7.1 General remarks

Reagents and starting materials were obtained from commercial suppliers, and used without further
purification, except stated otherwise.

All manipulations of air- and/or moisture-sensitive materials were performed under inert atmo-
sphere, using a dual vacuum/nitrogen line, and standard Schlenk techniques.

The following cooling baths were used: ice-water mixtures for a temperature of 0°C, ice/NaCl

mixtures for temperatures of 0°C to -20°C, dry ice/acetone mixtures for -78°C.

7.1.1 NMR spectroscopy

'H NMR and C NMR spectra were recorded on a Bruker AVANCE III with autosampler
("H NMR 300.36 MHz, °C NMR 75.53 MHz) or on a Varian Unity Inova 500 MHz NB high
resolution FT NMR spectrometer ({H NMR 499.76 MHz, >C NMR 125.67 MHz). Chemical
shifts for '"H NMR are reported in ppm relative to Me,Si as internal standard. Signal multiplicities
are abbreviated as s (singlet), d (doublet), dd (doublet of doublet), t (triplet), dt (doublet of triplet),
q (quadruplet), quin (quintet) and m (multiplet), with the prefix b in case of broad signals. When
necessary, °C NMR resonances were assigned by APT, HSQC and HMBC experiments.

7.1.2  Chromatography

Column chromatography

Column chromatography was performed using Merck Silica Gel 60 (40pm - 63pum particle size) or
Acros Silica Gel 60 A(35um - 70um particle size).

Thin layer chromatography

Thin layer chromatography was carried out with precoated aluminium silica gel 60 F,5, plates from
Merck, spots were visualized by radiation with UV light (A = 254nm) or by treament with cerium
ammonium molybdate solution (2.0g CeSO,, 50g (NH,),MoO,, 50mL concentrated H,SO, in

400mL water) and subsequent warming with a heat gun.
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Gas chromatography

GC measurements were performed on an Agilent Technologies 6890N (G1530N) GC system
with FID detector on an Agilent 19091 J-413 capillary column (30.0m x 320pm x 0.25um, HP-
5, (5% phenyl) methyl siloxane). Inlet temperature: 250°C, injection volume 1.0uL, split mode
20/1, initial temperature 100°C, hold for three minutes, then linear ramp 25°C per minute, final
temperature 270°C. Samples were dissolved in dichloromethane and dried over magensium sulphate

before injection.

High pressure liquid chromatography (HPLC)

Semi-preparative HPLC was carried out on a Knauer Smartline Instrument with Autosampler 3800,
Manager 5000, Pump 1000, UV Diode Array Detector 2600 and Fraction Collector Teledyne Isco
Foxy Jr on a Macherey-Nagel VP 125/21 Nucleodur 100-5 C18ec column (762029.210) with a VP
20/16 Nucleodur C18ec pre-column.

Method A: flow 13mL/min, stepwise gradient starting with 90% water and 10% acetonitrile, hold
for three minutes, decrease to 30% acetonitrile in twelve minutes, hold for five minutes.

Method B: flow 13mL/min, stepwise gradient starting with 90% water and 10% acetonitrile, hold

for three minutes, decrease to 35% acetonitrile in seven minutes, hold for ten minutes.

Analytical HPLC-MS analysis was carried out on an Agilent 1200 series (G1379B Degasser,
G1312B Binary Pump SL, G1367C High Performance Autosampler SL, G1330 FC/ALS Thermo-
stat, G1316B Thermostatted Column Compartment SL, G1365C Multiple Wavelength Detector
SL) with an Agilent Technologies 6120 quadrupole LC/MS Detector with a G1918B Electrospray
Ionization Source. For analytical purposes and HPLC and/or semi-preparative HPLC, demineral-
ized water was filtered through a 0.2 pm cellulose nitrate membrane filter.

HPLC-MS methods: various gradients of acetonitrile and ammonium acetate in water were
applied for separation. The following colums and conditions were used: methods C-G: column:
phenomenex Gemini-NX 3 C18 110A (150 x 2.0mm) , flow: 0.2mL/min, oven temperature: 20°C,
method J: column: Merck SeQuant ZIC-HILIC (150 x 2.1mm, 3.5um, 2004), flow: 0.1mL/min,
oven temperature: 20°C.

Method C: stepwise gradient starting with 98% 20mM ammonium acetate in water and 2%
acetonitrile, hold for eight minutes, increase to 40% acetonitrile in five minutes, and decrease to
2% acetonitrile in two minutes.

Method D: stepwise gradient starting with 95% 20mM ammonium acetate in water and 5%
acetonitrile, hold for eight minutes, increase to 40% acetonitrile in five minutes, and decrease to
5% acetonitrile in two minutes.

Method E: stepwise gradient starting with 95% 20mM ammonium acetate in water and 5%
acetonitrile, hold for seven minutes, increase to 90% acetonitrile in seven minutes, hold for one
minute, and decrease to 5% acetonitrile in one minute.

Method F: stepwise gradient starting with 95% 20mM ammonium acetate in water and 5%
acetonitrile, hold for five minutes, increase to 50% acetonitrile in five minutes, increase to 80%
acetonitrile in five minutes, and decrease to 5% acetonitrile in one minute.

Method G: stepwise gradient starting with 95% 20mM ammonium acetate in water and 5%
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acetonitrile, increase to 10% acetonitrile in three minutes, increase to 40% acetonitrile in two
minutes, hold for one minute, increase to 80% acetonitrile in two minutes, hold for two minutes,
decrease to 10% acetonitrile in one minute, and decrease to 5% acetonitrile in two minutes.
Method H: stepwise gradient starting with 95% 20mM ammonium acetate in water and 5%
acetonitrile, increase to 40% acetonitrile in five minutes, then increase to 80% acetonitrile in five
minutes, decrease to 5% acetonitrile in two minutes.

Method I: stepwise gradient starting with 95% 20mM ammonium acetate in water and 5%
acetonitrile, hold for six minutes, increase to 40% acetonitrile in seven minutes, then increase to
80% acetonitrile in two minutes, decrease to 5% acetonitrile in one minutes.

Method J: isocratic method with 75% acetonitrile and 25% 5mM ammonium acetate in water.

7.1.3 Biotransformation reactions

Screening reactions were incubated on an Eppendorf comfort thermomixer. Absorption measure-
ments to monitor NADPH depletion were done on a Fluostar plate reader from BMG lab tech at
340nm.

Data from plate reader absorption measurements was plotted using the Python 2D plotting library
Matplotlib, linear regressions were calculated with Python library SciPy (scipy.stats) [466].
HPLC-MS data was analyzed using the Agilent LC/MSD ChemStation software.
Photospectrometric determinations of kinetic parameters and specific activities were performed on

a Beckman DU-800 spectrophotometer.

7.2 Enzyme cloning, expression, and purification

7.2.1 Nitrile reductase from G. kaustophilus

Strains, vectors and growth conditions

Geobacillus kaustophilus HTA426 was grown on LB agar medium. The pEamTA vector [467]
was used for recombinant expression. E. coli K12 Top10F’ (Invitrogen, Carlsbad, CA, USA) was
used to amplify and maintain engineered constructs and E. coli BL21 (DE3) (Invitrogen, Carlsbad,
CA, USA) for protein expression. LB medium and LB agar supplemented with ampicillin when
appropriate (100mgL ") was used for cell cultivation [447, 448].

Vector construction and preparation of mutants

The Geobacillus kaustophilus nitrile reductase was amplified from genomic G. kaustophilus DNA
employing the primers 5’-atg gca gga aga aaa g-3” and 5’-gaa ttc cta geg gtt gtc gac-3’, respectively, and
Phusion DNA polymerase (Finnzymes, Espoo, Finland) according to the manufacturer’s protocol.
All oligonucleotides used were manufactured by Integrated DNA Technologies, San Jose, CA,
USA. The amplified PCR product was purified using a preparative gel. The DNA fragment was
recovered from the gel using the QIAquick®Gel Extraction Kit (Qiagen, Hilden, Germany). The
fragment (31uL) was A-tailed by incubation with 5uL of dNTPs (2mM, each), 8u.L of magnesium
chloride (25mM), 5uL of Taq buffer and 1uL of Taq Polymerase (5UuL ™!, Fermentas, Burlington,
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Canada) at 72°C for 30 minutes. Subsequent purification with the QIAquick®PCR Purification
Kit (Qiagen, Hilden, Germany) yielded the A-tailed insert in approximately 5ngmL~! concentra-
tion. The linear pEamTA vector was prepared by digestion of 44uL of plasmid DNA (isolated
with the GeneJET " Plasmid Miniprep Kit from Fermentas, Burlington, Canada) supplemented
with 5uL Eam1105I buffer (10X) and 1uL of Eam11051 (Fermentas) at 37°C for four hours. The
DNA fragment was recovered from the gel using the QIAquick®Gel Extraction Kit (Qiagen)
yielded the linear vector in approximately 40ngmL~! concentration. The insert (110ng, 22uL)
was ligated with the vector (80ng, 2uL) in an overnight reaction at 16°C using 3uL T4 DNA ligase
buffer and 3uL T4 ligase (Promega, Madison, WI, USA). After heat inactivation (65°C, 20 minutes)
and desalting on ultradialysis membranes (Millipore, 0.025um), the entire ligation mixtures were
transformed into 180uL of electrocompetent E. coli K12 Top10F’ cells (Invitrogen) and selected on
LB-ampicillin agar plates. Colonies with correctly integrated inserts were confirmed by digestions
of plasmid DNA (isolated with the GeneJET ' Plasmid Miniprep Kit from Fermentas) with
Ndel and HindIII fast digest restriction enzymes (Fermentas) and verified by sequencing (LCG
Genomics, Berlin, Germany) using the primers pEamf1 (5’-ttgtgagcggataacaatttc-3’) or pEamrl1 (5’
tactgcegecaggeaaattet-3°). Retransformation of 1L of plasmid into chemically competent E. coli
BL21 (DE3) (Invitrogen) resulted in the wild type G. kaustophilus nitrile reductase expression strain
[447, 448].

Site specific mutagenesis

pEamTA, was employed as the template for a two stage mutagenesis reaction protocol. Briefly, 5uL
of PfuUltra HF reaction buffer (10X), the template (1L, 10ng), 1uL ANTP mix (10mM), 1uL of
forward OR reverse primer (5mM) and 1pL of PfuUltra High Fidelity DNA polymerase (2.5U
wL-1 from Stratagene (La Jolla, CA, USA) were added to 41uL of doubly distilled water (Fresenius,
Graz, Austria). The two stage PCR was conducted on a Gene Amp System 2400 thermo cycler
(Applied Biosystems, Foster City, CA) under the following conditions: 95°C for one minute,
four cycles of 50 seconds at 95°C, 50 seconds at 60°C, five minutes at 68°C, then seven minutes
at 68°C for the final elongation step. After these initial four cycles of primer extension, 25uL of
the reaction containing the forward primer was combined with 25uL of the reaction containing
the reverse primer. Additional 18 cycles were run under the above conditions. Subsequently, dpnl
(1L, Fermentas) was added to digest the template at 37°C for one hour. 2uL of the mixture were
transformed into 60uL of electrocompetent E. coli K12 Top10F cells (Invitrogen) and selected
on LB-ampicillin agar plates. The mutations were confirmed by sequencing (LCG Genomics).
Plasmids from mutants having the correct sequence were replicated and transformed into E. coli
BL21 (DE3). PAGE purified primers used for site specific mutagenesis: GKNRedC55Af 5’-c cgg agt
tta cga cgt tgg cgce caa aaa ccg gac aac cg-3’; GkKNRedC55Ar 5’-cgg ttg tee ggt tet tgg cge caa cgt cgt aaa
cte cgg-3" GkNRedF95Af 5°-¢ ttc cge aat cat gge gac geg cac gaa gac tge gte aac a-3’; GkKNRedF95Ar
5°-t gtt gac gca gtc ttc gtg cge gte gee atg att geg gaa g-3’; GkKNRedH96AL 5°-ge tte cge aat cat gge
gac ttt gee gaa gac tge gt-3’; GkINRedH96Ar 5’-ac gea gte tte gge aaa gte gee atg att geg gaa ge-3';
GkNRedH96Ff 5-gc ttc cge aat cat gge gac ttt ttc gaa gac tge gt-3’; GkKNRedH96Fr 5°-ac gea gt ttc
gaa aaa gtc gee atg att geg gaa ge-3’; GkKNRedE97Af 5°-cat gge gac ttt cac gea gac tge gte aac ate-3’;
GkNRedE97Ar 5’-gat gtt gac gea gtc tge gtg aaa gte gee atg-3’; GKNRedE97Sf 5-ge aat cat gge gac
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ttt cac tea gac tge gte aac atc att a-3’; GkNRedE97Sr 5’-t aat gat gtt gac gea gtc tga gtg aaa gte gee atg
att gc-3’ [447, 448].

Protein expression and purification for biocatalytic screening reactions

Wild type nitrile reductase from G. kaustophilus and variants were cultivated as follows: overnight
cultures (20mL LB/ampicillin, inoculated with a single colony and grown at 37°C in an orbital
shaker) were used to inoculate 500mL LB/ampicillin medium in 2L baffled Erlenmayer flasks.
These main cultures were grown at 37°C and 130rpm to an optical density of 0.7, induced
with 0.5mL of IPTG (1M) and incubated for 24 hours at 16°C and 130rpm. The cells were
harvested by centrifugation (4,000 rpm, 4°C, 10min). The pellet was resuspended in reaction buffer
(12.1gL=! Tris, 3.73gL=! KCl, 287mgL~! tris(2-carboxyethyl)phosphine hydrochloride (TCEP);
pH 7.5 adjusted with HCI 37%) and disrupted by ultrasonication. The cell debris was removed by
ultracentrifugation at 40,000 rpm for 45 minutes at 4°C. The supernatant (crude lysate) was purified
by heat precipitation of host proteins at 70°C for ten minutes and then applied to a centrifugation
step (4,000rpm, 4°C, ten minutes). The supernatant contained fairly pure nitrile reductases and was
stored at -20°C [447, 448].

Cultivation and purification of enzyme for the determination of kinetic parameters

E. coli BL21 G. kaustophilus nitrile reductase was grown in 1000mL baffled shaken flasks containing
200mL of LB media supplemented with 115mg/L ampicillin. Flasks were shaken at 120rpm
and 37°C in a Certomat®BS-1 incubator from Sartorius. Recombinant protein production
used a standard procedure in which cultures were cooled to 25°C when an optical density of
0.6 (£ 10%) was reached. Isopropylthio-f-D-galactoside (IPTG) was added in a concentration
of 1.0mM, and the cultivation time after induction was 18 hours. Cells were harvested by
centrifugation, washed with physiological NaCl solution, re-centrifuged and diluted into 100mM
Tris butfer, pH 7.5, supplemented with 50mM KCl and 1mM TCEP. Cells were disrupted by two
passages through a French press (American Instrument Company, Silver Springs, Maryland, USA)
operated at an internal cell pressure of 25,000psi. The crude cell extract obtained was clarified
by centrifugation (16,000g, 45 minutes, 4°C) prior to enzyme purification. E. coli protein was
separated from the cell-free extract by incubation at 75°C for ten minutes. Thermo-precipitated
protein was centrifuged (16,000g, ten minutes). Recombinant enzyme was further purified by ion
exchange chromatography using a QFF from GE Healthcare (bed volume 55mL). The column was
equilibrated with 100mM Tris buffer, 50mM KCI, pH 7.5. Adsorbed protein was eluted at a flow
rate of 4mLmin~! with a step gradient of 0.1M and 1M KCI. Fractions of 5mL were collected and
the 0.1M KClI peak containing most of the G. kaustophilus nitrile reductase, as judged by activity
measurements and SDS-PAGE, was pooled. The pooled fractions were concentrated in Vivaspin
20mL Concentrator tubes with 10,000 molecular weight cut off to a volume of less than 0.5mL and
re-diluted into 100mM Tris containing 50mM KCl and 1mM TCEP [449].

113



CHAPTER 7. EXPERIMENTAL PROCEDURES

7.2.2 Nitrile reductase from E. coli

Vector construction

E. coli queF (gene ID: 947270) was amplified from genomic DNA of Escherichia coli strain K-12
including the introduction of restriction sites Ncol and HindIII using Phusion®High-Fidelity
DNA polymerase (Finnzymes) and primers 5- AAT CAC CAT GGC TAT GTC TTC TTA TGC
AAA C-3 and 5-AAT CAA AGC TTT TAT TGC CGA ACC AGT C-3’, respectively. The
PCR reaction was thermally cycled: 98°C for 30 seconds, followed by 30 cycles of 98°C for ten
seconds, 55°C for 15 seconds, and 72°C for 20 seconds, then a final incubation of 72°C for five
minutes. The PCR products were gel purified with the QIAquiCk® Gel Extraction Kit (QIAGEN),
digested with Ncol and HindIII restriction enzymes (Fermentas) in Tango buffer (Fermentas) and
column purified according to QIAquick®PCR purification protocol (QIAGEN). The gene was
ligated into the pEHISTEV vector which was also digested with Ncol and HindIII [450]. The
ligation was carried out for three hours at room temperature in the presence of T4 ligase (Fermentas)
and T4 ligation buffer (Fermentas). The ligation product was transformed into electrocompetent
E. coli TOP10 Fcells and plated on LB-agar supplemented with 50 pg kanamycin/mL. The
resulting plasmid pEHISTEV:EcNRedW'T was isolated with the Gene]ETTMPlasmid Mininprep
Kit (Fermentas) and the sequence was confirmed by LGC Genomics [447, 448, 451].

Site specific mutagenesis

pEHISTEV:EcNRedWT was employed as the template for site directed mutagenesis using the
following primers: E89Afw 5-ACC AGC GTA AAT CTG ATT GCG TCG AAG AGT TTT
AAG CTC-3, E89Arv 5°-GAG C TT AAA ACT CTT CGA CGC AAT CAG ATT TAC GCT
GGT-3’, E89Lfw 5-GAT TAC ACC AGC GTA AAT CTG ATT CTG TCG AAG AGT TTT
AAG CTC TAT-3, E89Lrv 5-ATA GAG CTT AAA ACT CTT CGA CAG AAT CAG ATT
TAC GCT GGT GTA ATC-3’, S90Afw 5’- GC GTA AAT CTG ATT GAG GCG AAG AGT
TTT AAG CTC TAT C -3°, S90Arv 5- G ATA GAG CTT AAA ACT CTT CGC CTC AAT
CAG ATT TAC GC-3°, C190Afw 5’- C CTG CTG AAA TCA AAT GCC CTG ATC ACC CAT
CAA CCA G -3, C190Arv 5- C TGG TTG ATG GGT GAT CAG GGC ATT TGA TTT CAG
CAG G -3, D197Nfw 5-C CTG ATC ACC CAT CAA CCA AAT TGG GGT TCG CTC C-3’,
D197Nrv 5-G GAGCGA ACC CCA ATT TGG TTG ATG GGT GAT CAG G -3’, F228Wtw 5°-
GT CAT CAC AAC GAG TGG CAC GAA CAG TGC GTG GAA C-3’, F228Wrv 5°- G TTC
CAC GCA CTG TTC GTG CCA CTC GTT GTG ATG AC -3, H229Afw 5°- GT C AT CAC
AAC GAG TTC GCC GAA CAG TGC GTG GAA C-3°, H229rv 5°- G TTC CAC GCA CTG
TTC GGC GAA CTC GTT GTG ATG AC -3’, E230Qfw 5~ CAT CAC AAC GAG TTC CAC
CAA CAG TGC GTG GAA CGC -3’ and E230Qrv 5’- GCG TTC CAC GCA CTG TTG GTG
GAA CTC GTT GTG ATG -3". 5uL of PfuUltra HF reaction buffer (10X), the template (1pL,
10ng), 1uL ANTP mix (10mM), 1uL of forward or reverse primer (5mM) and 1pL of PfuUltra
High Fidelity DNA polymerase (2.5U pL-1 from Stratagene (La Jolla, CA, USA) were added to
41uL of doubly distilled water (Fresenius, Graz, Austria). The two stage PCR was conducted
on a Gene Amp System 2400 thermo cycler (Applied Biosystems, Foster City, CA) under the

following conditions: 95°C for one minute, 4 cycles of 50 seconds at 95°C, 50 seconds at 60°C
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and 5.5 minutes at 68°C and then seven minutes at 68°C for the final elongation step. After these
initial four cycles of primer extension, 25uL of the reaction containing the forward primer was
combined with 25uL of the reaction containing the reverse primer. Additional 25 cycles were run
under the above conditions. Subsequently, dpnl (1uL, Fermentas) was added to digest the template
at 37°C for one hour. 2uL of the mixture were transformed into 60pL of electrocompetent E.
coli K12 Top10F’ cells (Invitrogen) and selected on LB-kanamycin agar plates. The mutations
were confirmed by sequencing (LCG Genomics). Plasmids from wild type and mutants having the
correct sequence were transformed into E. coli BL21 (DE3) [447, 448, 451].

Protein expression and purification

The wild type and the mutant nitrile reductase were cultivated as follows: overnight cultures
(20mL LB/ampicillin, inoculated with a single colony and grown at 37°C in an orbital shaker)
were used to inoculate 500mL LB/ampicillin medium in 2L baffled Erlenmayer flasks. These main
cultures were grown at 37°C and 130rpm to an optical density of 0.7, induced with 0.5mL of IPTG
(1M) and incubated for 24 hours at 16°C and 130rpm. The cells were harvested by centrifugation
(4,000rpm, 4°C, 10min). The pellet was resuspended in reaction buffer (12.1gL~! Tris, 3.73gL~!
KCl, 287mgL~! tris(2-carboxyethyl)phosphine hydrochloride (TCEP); pH 7.5 adjusted with HCI
37%) and disrupted by ultrasonication. The cell debris was removed by ultracentrifugation at
40,000rpm for 45 minutes at 4°C. The cell free extract was applied to a 5mL Ni Sepharose 6
Fast Flow column (GE Healthcare, Great Britain) after filtration through a 45um syringe filter
(Milipore). The tagged enzymes were obtained by a one step purification with running buffer A
(100mM Tris, 50mM KCl, 1%v/v glycerol, pH 7.5) and elution buffer B (100mM Tris, 50mM KClI,
1%v/v glycerol, 400mM imidazole, pH 7.5). After purification, the enzyme solution was desalted
against reaction buffer (100mM Tris, 50mM KCl, 1mM TCEP; pH7.5 adjusted with HCI 37%)
using HiTrap Desalting columns (GE Healthcare, Great Britain). TCEP (1mM) was added to the
collected protein fractions which were then concentrated by Vivaspin 20 tubes (10,000MWCO,
Sartorius) [447, 448, 451].

7.3 Enzyme characterization
Reductase activity measurement and determination of pH stability

Specific reductase activity was assayed spectrophotometrically by monitoring the reduction of
NADPH at 340nm. Typically, rates of 0.05 - 0.10 AA/min were measured over a time period
of five minutes. One unit of enzyme activity refers to 1pmol of NADPH consumed per minute.
All measurements were performed with a Beckman DU-800 spectrophotometer thermostated at
55°C. The assay contained 100uM preQ, and 250uM NADPH. preQ, was dissolved in DMSO
prior to dilution into buffer to give a final DMSO concentration of 1%v/v. Unless otherwise
stated, Tris/HCI buffer, pH 7.5 supplemented with 50mM KCI was used. Reactions were always
started by the addition of cofactor. Activity measurements for pH studies were performed in either
100mM Tris buffer (pH values 5.5; 6,0; 6.5; 7.0) or Bis-Tris buffer (pH values 7.0; 7.5; 8.0; 8.5;
9.0; 10.0) supplemented with 100mM KCI. Measured rates were corrected for appropriate blank
readings accounting for non-specific decomposition of NADPH [449].
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Temperature stability

Purified enzyme was diluted to 11mgmL~! in 100mM Tris buffer, pH 7.5, containing 100mM KCI
with or without ImM TCEP. Experiments were carried out in Eppendorf tubes incubated at 55°C
and 500rpm in a Thermomixer comfort from Eppendorf. Samples were withdrawn every hour and

specific activities were determined as described above [449].

DMSO stability

DMSO stability was determined by measuring the conversions of the reduction of the natural
substrate preQj to its corresponding amine preQ, using 1% v/v DMSO to 55% v/v DMSO. A
200mM stock of preQ, in DMSO and a 250mM stock of NADPH in buffer (100mM Tris, 50mM
KCI, 1.15mM TCEP, pH 7.5 adjusted with HCI conc.) were prepared. Biotransformation reactions
contained buffer (100mM Tris, 50mM KCl, 1.15mM TCEP, pH 7.5 adjusted with HCI conc.),
enzyme (40uM), substrate 2mM) in DMSO, and additional DMSO to adjust the concentration
of DMSO to 1%v/v to 55%v/v, in a total reaction volume of 500uL. Reactions were started by
addition of cofactor (5mM) and incubated on a thermomixer at 500rpm and 30°C for 19 hours.
Reactions were stopped by addition of 200uL methanol. The enzyme was precipitated by heating to
75°C for ten minutes at 1400rpm and subsequent centrifugation. The reactions were then analysed
with HPLC-MS. Conversions were calculated by area normalisation. Double determinations were

run.

Steady-state enzyme kinetics

All experiments were carried out in 100mM Tris buffer, pH 7.5, supplemented with 50mM KCl,
and, unless otherwise stated, at 55°C. Measurements of the initial rates of substrate reduction were
performed with a Beckman DU-800 spectrophotometer monitoring the consumption of NADPH
over a time period of five minutes. Initial rate data were measured under conditions where substrate
(or cofactor) was held at a constant saturating concentration and the cofactor (or substrate) was
varied in the range 0.4 < K, < 4-10 fold. Typical reaction mixtures contained 80uM wildtype
nitrile reductase from G. kaustophilus and about 0.7uM wild type nitrile reductase from E. coli.
Kinetic parameters were obtained from unweighted non-linear least-square fits of experimental data
to equation 7.1 using the program Sigmaplot 2004 for Windows, version 9.0. In equation 7.1 v is the
initial rate, /E] is the molar concentration of the enzyme subunit (38.8 kDa), [A] is the substrate

or coenzyme concentration, k. is the turnover number (min~!) and K, is an apparent Michaelis-

cat
Menten constant [449].

_ ke E][A]
- KmA + [A]

Two NADPH consumed account for one turnover. All rates were corrected for the appropriate

7.1)

blank readings accounting for the non-specific decomposition of NADPH. Unless otherwise stated,

estimates of kinetic parameters had standard errors of < 20% [449].

k
0= =2 (K [ET+ [A]) = (Ko + [E] + [A]7 — 4{ET[AD) 72
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In case of nitrile reductase from E. coli, the used enzyme concentration of 0.7uM was in the
range of >0.1-fold of the obtained K ,-values for preQ, and NADPH. The concentration of
the free substrate is, under these conditions, the substrate concentration in the reaction mixture,
corrected for the substrate that is bound to the enzyme. We therefore calculated the K -values

according to equation 7.2.

7.4 Modelling and docking

The structure of E. coli nitrile reductase queF was modelled using the program YASARA Structure
[468, 469] by applying the standard modelling protocol. For the comparative modelling, the
structure of V. cholerae queF (PDB Code: 3RZQ) with a sequence identity of 65% and a similarity
of 76% was used as a template. The natural substrate of V. cholerae queF was retained during
modelling and energy minimization. The side chain of the proposed catalytic residue Cys190,
which is located in a loop close to the active site, was rotated in the model to match the proposed
reaction mechanism. An energy minimization of the complex was performed using the force
field AMBERO3 [470] by applying the standard YASARA energy minimization protocol. For
the docking calculations the program Glide (L.L.C. Schrédinger: Glide, version 5.8. In New
York, NY 2012) was used [471]. The substrates were prepared in Maestro (L.L.C. Schrodinger:
Maestro, version 9.3. In New York, NY 2012.) and optimized using Jaguar (L.L.C. Schrédinger:
Jaguar, version 7.9. In New York, NY 2012) with basis set 6-31G. The docking box for the grid
calculation was set to a side length of 10A with the centre of the box at the active site. The docking
was performed with extra precision and with flexible ligands. Receptor hydroxyl and thiol groups
within the docking box were allowed to rotate. All pictures were generated using PyMOL (L.L.C.
Schrodinger: The PyMOL Molecular Graphics System, version 1.41. In New York, NY 2012).
Hydrophobicity values for the visualization of the cavity surface were calculated using VASCo
[452, 472].

7.5 Biocatalytic screening reactions
Screenings of nitrile substrates with wild type and mutant nitrile reductase queF

Screening reactions were run in UV star 96 well plates using the following conditions and
concentrations: nitrile reductase (55uM of G. kaustophilus nitrile reductase (purity 60%-85%) or
45uM of E. coli nitrile reductase purity >85%, respectively ) in buffer (100mM TRIS, 50mM KCl,
1.15mM TCEP, pH 7.5 adjusted with HCI conc.), substrate in DMSO (2mM, 10%v/v DMSO),
NADPH (0.25mM in buffer), total volume 200uL. Blank reactions contained buffer, substrate
in DMSO (2mM, 10%v/v DMSO) and NADPH (0.25mM in buffer). Reactions were started by
addition of 50uL. NADPH (1.0mM stock in buffer). NADPH depletion was monitored at 30°C
for 14 hours. Subsequently, additional 4mM of NADPH was added to each well to allow full
conversion. The screening reactions were incubated on a thermomixer for 24 hours at 30°C and
500rpm. Samples were then analysed with HPLC-MS to observe possible product formation. For

all screening reactions, including blank reactions, multiple parallel determinations were run.
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Inhibitor screenings with nitrile reductase queF

Inhibitor screenings were measured spectrophotometrically by monitoring the reduction of NADPH
at 340nm. Typically, rates of 0.05 - 0.10 AA/min were measured over a time period of five minutes.
One unit of enzyme activity refers to 1umol of NADPH consumed per minute. All measurements
were performed with a Beckman DU-800 spectrophotometer thermostated at 55°C. The assay
contained 100uM preQ, and 250uM NADPH. preQ, was dissolved in DMSO prior to dilution
into buffer, to give a final DMSO concentration of 1%v/v. Unless otherwise stated, Tris/HCI
buffer, pH 7.5 supplemented with 50mM KCl was used. Reactions were always started by the
addition of cofactor. Activities were normalized to preQ, reductase activity. Assays for inhibitor
screening contained 10uM preQ, and the compounds listed in Figure 5.6. Residual activities refer
to reductase activities obtained with 10uM preQ,. Measured rates were corrected for appropriate

blank readings accounting for non-specific decomposition of NADPH [449].

Screenings of aldehyde, imine, and oxime substrates with nitrile reductase

Screening reactions were run in Eppendorf tubes using the following conditions and concentra-
tions: nitrile reductase queF from G. kaustophilus (90uM) in buffer (100mM Tris, 50mM KCl,
1.15mM TCEP, pH 7.5 adjusted with HCI conc.), substrate in DMSO (2mM, 1%v/v, 5%v/v
or 10%v/v DMSO), and NADPH (5mM in buffer). Blank reactions contained buffer, substrate
in DMSO (2mM, 1%v/v, 5%v/v or 10%v/v DMSO) and NADPH (5mM in buffer). Reactions
were started by addition of NADPH. Blank reactions contained substrate in buffer, substrate
and cofactor in buffer, enzyme and substrate, in similar concentrations as the biotransformation
reactions. Reactions were incubated on a thermomixer at 30°C or 55°C and 500rpm for 16 hours.
The protein was precipitated by addition of 200u.L methanol and subsequent centrifugation. The
supernatant was transferred to HPLC-vials and analyzed by HPLC-MS.

Screenings of oxidation reactions with nitrile reductase

Screenings of oxidation reactions were done analogously to screenings of aldehyde, imine, and

oxime substrates, except NADP' or NAD* was used as cofactor.

Screenings of preQ, with nitrilase

Screening reactions were run in 96 well plates (total reaction volume 200uL) or eppendorf tubes
(total reaction volume 500uL). Stock solutions of substrate in DMSO (10mM, 20mM, 50mM,
100mM) and lypohilized enzyme in buffer (50mM K ,HPO,, pH 8, 4.0mg/mL enzyme) were
prepared. Reactions were started by addition of substrate stock (substrate 0.2mM or 0.4mM,
DMSO 2%v/v). The screening reactions were incubated on a thermomixer at 30°C and 800rpm
for 24 hours. Subsequently, the protein was precipitated by addition of methanol (40%v/v of the
total reaction volume) and centrifugation. The supernatant was transferred in a new 96 well plate
or HPLC vials and analyzed by HPLC-MS. For all screening reactions, including blank reactions,

double parallel determinations were run.
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7.6 Substrate synthesis

7.6.1 Synthesis of pyrrolo[2,3-d]pyrimidines

Synthesis of preQ, and preQ,

2-chloro-3-oxopropanenitrile (2)

Method A: NaH (1.0g, 50% in mineral oil) was washed twice with cyclohexane and once with THF
and was then suspended in 20mL THF. The suspension was cooled to 0°C and methyl formate
(0.90mL, 14mmol) was added. Chloroacetonitrile (0.83mL, 13mmol) was added dropwise to the
stirred solution and the solution was stirred for additional 3.5 hours. Afterwards, 20mL deionised
water were added and the mixture was extracted twice with ethyl acetate. The layers were separated
and the pH value of the aqueous layer was adjusted to pH 4 with 5M HCI. The aqueous layer
was then extracted three times with diethyl ether. The combined organic phases from the second
extraction were dried over Na,SO, and reduced under pressure to yield of a brown oil which was
used for the next synthetic step without further purification.

Yield 1.142g, 85%, brown oil, M=103.5071g/mol.

Method B: 2-Chloro-3-oxopropanenitrile as prepared according to a modified literature procedure
[259, 263]. Sodium (524.0mg, 22.79mmol, 1.755eq.) was washed in cyclohexane and added
portionwise to methanol (25mL). Formation of the methoxide was complete when all sodium
was dissolved. The excess methanol was removed in vacuum. Toluene (15mL) was added to the
sodium methoxide and the resulting mixture was cooled to 0°C. Methylformate (900uL, 14.2mmol,
1.09eq.) was added to the cooled reaction mixture. Chloroacetonitrile (830uL, 13.0mmol) was
added dropwise to the stirred solution. After 4.5 hours the reaction was quenched by dropwise
addition of 15mL deionized water. The resulting mixture was twice extracted with ethyl acetate.
The pH value of the aqueous layer was adjusted to pH 4 by addition of aqueous HCI. The aqueous
layer was again extracted with ethyl acetate, three times. The combined organic layers from the
second extraction were dried over sodium sulphate and reduced in vacuum.

Yield not determined, light yellow oil, M=103.5071g/mol.

Method C: 2-Chloro-3-oxopropanenitrile as prepared according to a modified literature procedure
[260, 262]. Sodium (2.299g, 100.0mmol, 1.486eq.) was washed in cyclohexane and added
portionwise to methanol (15mL). After complete formation of the sodium methoxide, the excess
methanol was removed in vacuum. THF (63mL) was added and the resulting reaction mixture was
cooled to 0°C and stirred under nitrogen atmosphere. Methyl formate (4.60mL, 72.4mmol, 1.08eq.)
was added to the stirred reaction mixture. Subsequently, chloroacetonitrile (4.30mL, 67.3mmol)
was added dropwise over an hour and the resulting reaction mixture was stirred for additional three
hours. The reaction was quenched by addition of 7.4mL 10M aqueous HCI. The solvent was
reduced by 50% in vacuum. The resulting residue was used directly in the next synthetic step.
Yield not determined, light orange oil, M=103.5071g/mol.
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2-amino-5-cyano-7H-pyrrolo[2,3-d] pyrimidin-4-one (preQ,, 1)

O CN
HZN)\\N H
1

2-Amino-5-cyano-7H-pyrrolo [2,3-d]pyrimidin-4-one (1) was prepared according to a literature pro-
cedure [259]. Sodium acetate trihydrate (2.693g, 19.79mmol) was dissolved in 40mL deionised wa-
ter and 2-diamino-6-hydroxypyrimidine (1.225g, 9.32mmol) was added. The suspension was heated
to reflux. 2-Chloro-3-oxopropanenitrile (1.142g, 11.03mmol) was dissolved in 20mL deionised
water and added dropwise to the reaction mixture. The reaction mixture was stirred at reflux
over night. On cooling to room temperature the beige product precipitated from the solution. The
product was filtered off, washed with copious amounts of water and acetone.

Yield 840.0mg, 51%, beige to brown solid, M=175.1475g/mol.

TLC R; 0.53 (CHCL, /MeOH/aq. NH, 5/4/1)

HPLC-MS t .= 15.4min (method C)

'H NMR (DMSO-d) 5 6.39 (s, 2H, NH,), 7.62 (s, 1H, H-6), 10.72 (5, 1H, H-7), 11.99 (s, 1H, H-3).
BC NMR (DMSO-d) § 85.53 (C-5), 98.73 (C-4a), 115.87 (CN), 127.77 (C-6), 151.66 (C-7a), 153.72
(C-2), 157.56 (C-4).

2-octanoylamino-7-N-octanoylpyrrolo[2,3-d]pyrimidin-4-one (96)

2-Octanoylamino-7-N-octanoylpyrrolo[2,3-d]pyrimidin-4-one was prepared according to a modi-
fied literature procedure [266]. 2-Aminopyrrolo[2,3-d]pyrimidin-4-one (7.920g, 52.75mmol) was
dissolved in pyridine (51.0mL, 631mmol, 11.9eq.) and octanoyl chloride (26.0mL, 151mmol,
2.86eq.) was added dropwise to the stirred reaction mixture. The reaction mixture was heated
to 80°C over night, and subsequently neutralized by addition of aqueous ammonia solution. The
product was isolated by filtration and washed with ethanol and diethyl ether.

Yield 6.200g, 29.20%, beige solid, M=402.5304g/mol.

'H NMR (DMSO-dy) & 0.87 (s, 6H, H-8’, F1-8”), 1.28 (s, 16H, H-4, H-5’, H-6", H-7”, H-4”, H-5”,
H-6", H-7"), 1.65 (m, 4H, H-3’, H-3"), 2.48 (m, 4H, H-2", H-2"), 6.61 (s, 1H, H-5), 7.48 (s, 1H, H-6),
11.41 (s, 1H, H-3), 12.08 (s, 1H, NH).

BCNMR (DMSO-d;) & 13.88 (C-8°, C-8”), 22.03 (C-7°, C-77), 23.98, 24.31 (C-3’, C-3”), 28.39, 28.45,
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28.67 (C-4°, C-5°, C-4”, C-5), 31.09, 31.14 (C-6’, C-6”), 36.00, 36.59 (C-2’, C-2”), 105.29 (C-5), 107.14
(C-4a), 119.44 (C-6), 147.29 (C-2), 147.99 (C-7a), 156.37 (C-4), 171.56, 176.35 (C-1°, C-1”).

2-amino-5-methylamino-7H-pyrrolo[2,3-d]pyrimidin-4-one (preQ);, 3)

PreQ, was prepared as HPLC reference material for screening reactions.

Method A: PreQ,, 1, (1.00g, 5.7 1mmol) was dissolved in 20mL DMF. Aqueous ammonia (4.0mL,
57mmol, 10eq.), triethylamine (200pL, 1.44mmol, 0.25eq.), and Raney-Nickel catalyst were added.
The reaction mixture was stirred at 55°C under 40bar of hydrogen pressure for 24 hours. HPLC
analysis indicated approximately 60% conversion and no side product formation.

Method B: PreQ,, 1, (408.0mg, 5.709mmol) was dissolved in 40mL DMF and triethylamine
(80.0uL, 0.577mmol, 0.25eq.) and ageuous ammonia (1.52mL, 23.3mmol, 10.0eq.) were added.
The reaction mixture was stirred at 70°C under 100bar of hydrogen pressure over 54 hours.
HPLC analysis indicated approximately 40% conversion to preQ;, 15% to a by-product, and 45%
remaining preQ,. The by-product was isolated and purified by column chromatography using chlo-
roform/methanol 10/1 as eluent. The by-product was identified as 2-amino-5-methylpyrrolo[2,3-
d]pyrimidin-4-one (4) by NMR spectropscopy.
2-amino-5-methylamino-7H-pyrrolo[2,3-d]pyrimidin-4-one (preQ)

TLC R; 0.24 (CHCI, /MeOH/aq. NH, 5/4/1)

HPLC-MS t,,= 9.3min (method C)

2-amino-5-methylpyrrolo[2,3-d]pyrimidin-4-one (4)

TLC R; (CHCI,/MeOH/aq. NH, 5/4/1)

'H NMR (DMSO-dg) 3 2.17 (s, 3H, CH,, 6.07 (s, 2H, NH,,, 6.33 (5, 1H, H-6), 10.21 (s, 1H, H-7),
10.61 (s, 1H, H-3).

PCNMR (DMSO-d;) & 11.36 (CH,), 99.31 (C-4a), 112.86 (C-5), 113.59 (C-6), 151.03 (C-7a), 152.17
(C-2), 159.50 (C-4).

2-amino-4-oxo-pyrrolo[2,3-d]pyrimidin-5-carboxylic acid (98)

Q@ cooH
HN
PN
HNT N
98

2-Amino-4-oxo-pyrrolo[2,3-d]pyrimidin-5-carboxylic acid (98) was prepared from preQ, according
to a modified literature procedure [104]. 2-Amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (218.4mg,
1.247mmol) was dissolved in 15mL 6M aqueous KOH. The resulting reaction mixture was stirred

at reflux for 16 hours and subsequently at room temperature over night. The reaction mixture was

then cooled to room temperature and neutralized by addition of hydrochloric acid. The product
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precipitated from the solution, was isolated by filtration and washed with copious amounts of water
and acetone

Conversion 42%, light orange solid, M=194.1475g/mol.

HPLC-MS t .= 14.9min (method C)

Synthesis of preQ, analogues

2,4-diamino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine (5)

NH: N
N | N\
HZNJ\\N H
5

2,4-Diamino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine was prepared similar to preQ,. 2,4,6-triami-
nopyrimidine (500.0mg, 3.876mmol) and sodium acetate trihydrate (2.693g, 19.79mmol, 5.106eq.)
were suspended in 20mL deionized water and heated to 85°C. 2-Chloro-3-oxopropanenitrile (500mg,
4.831mmol, 1.246eq.) was dissolved in 10mL deionised water and added dropwise to the reaction
mixture. The reaction mixture was stirred under reflux over night. Subsequently, the reaction
mixture was cooled to 0°C. The dark brown product precipitated from the solution, was isolated
by filtration and washed with copious amounts of water and acetone.

Yield 272.0mg, 40.29%, dark brown solid, M=174.1624g/mol.

TLC R; 0.54 (dichloromethane/MeOH 4/1)

HPLC-MS t,,= 8.42min (method D), t,,,= 19.07min (method C)

'H NMR (DMSO-dq) 5 5.8 (5, 2H, NH,-2), 6.23 (5, 2H, NH,4), 7.64 (5, 1H, H-6), 11.79 (bs, 1H,
NH).

3C NMR (DMSO-dy) & 81.97 (C-5), 94.03 (C-4a), 116.77 (CN), 128.81 (C-6), 153.68 (C-74), 157.23
(C-4), 161.07 (C-2).

2-amino-4-chloro-5-cyano-7H-pyrrolo[2,3-d | pyrimidine (6)

cl cN
N | N\
HZN)\\N N
6

2-amino-4-chloro-5-cyano-7H-pyrrolo[2,3-d]pyrimidine was prepared according to a modified lit-
erature procedure [275]. PreQg, 1, (2.00g, 11.4mmol) was suspended in 12mL acetonitrile.
Triethylamine (3.2mL, 23mmol) was added and the suspension was heated to 60°C. Phosphorus
oxychloride (2.2mL, 24mmol) was slowly added to the warm reaction mixture. The reaction
mixture was stirred at 60°C over night. Subsequently, additional 10mL acetonitrile, phosphorus
oxychloride (2.2mL, 24mmol), and triethylamine (3.2mL, 23mmol) were added. The reaction was
stirred at reflux for additional 48 hours at which time HPLC-MS analysis showed full conversion.

The reaction mixture was cooled to room temperature and ice was slowly added. The pH value
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of the reaction mixture was then adjusted to pH 6 using saturated sodium carbonate solution. The
mixture was then cooled to 0°C. The brown product precipitated from the solution and was isolated
by vacuum filtration and washed with water. The product was purified by recrystallization from
methanol and dried in vacuum.

Yield 2.125g, 96.16%, brown solid, M=193.5932¢ /mol.

TLC R; 0.78 (CHCL,/MeOH/aq. NH, 5/4/1)

HPLC-MS t,..= 19.49min (method D), t .= 14.84min (method E)

'H NMR (DMSO-d) 8 6.96 (s, 2H, NH,), 8.12 (s, 1H, H-6).

BCNMR (DMSO-d,) 5 83.05 (C-5), 106.10 (C-4a), 115.05 (CN), 134.16 (C-6), 151.09 (C-7a), 154.49
(C-4), 160.38 (C-2).

2-amino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine (7)

CN
g%
NS
HNT N7 N
7

2-Amino-4-chloro-5-cyano-7H-pyrrolo[2,3-d]pyrimidine (650mg, 3.36mmol) was suspended in 80mL
ethanol. Palladium on charcoal catalyst (10%m/m, 65mg) and sodium bicarbonate (33.8mg,
4.02mmol) were added. The suspension was stirred at 500rpm at 90°C and 80bar of hydrogen
pressure in a steel autoclave for 40 hours. The catalyst was removed by filtration over celite and
washed with ethanol. The filtrate was reduced in vacuum until dryness.

Yield 440.0mg, 82.34%, brown solid, M=159.1481g/mol. An analytical sample was purified by
preparative HPLC (method B).

TLC R; 0.81 (CHCI,/MeOH/aq. NH; = 5/4/1), R; 0.62 (ethyl acetate/MeOH = 7/1)
HPLC-MS t,,,= 15.10min (method D)

Anal. calcd for C,H,N, C52.83, H 3.17, N 44.01, found: C 54.30, H 4.23, N 41.47.

'H NMR (DMSO-dq) § 6.55 (s, 2H, NH,), 8.02 (5, 1H, H-6), 8.63 (5, 1H, H-4).

BC NMR (DMSO-d) & 82.83 (C-5), 108.96 (C-4a), 115.45 (CN), 133.01 (C-6), 149.93 (C-4), 153.55
(C-73), 161.13 (C-2).

2-pivaloylamino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (8)

CN
N
8

PreQ, (500.0mg, 2.855mmol) was suspended in pyridine (5mL) and triethylamine (ImL) and heated
to 90°C. Trimethylacetyl chloride (1.07mL, 8.60mmol, 3.00eq.) was added dropwise to the stirred
solution and the reaction mixture was stirred at 90°C over night. Subsequently, the reaction

mixture was cooled to room temperature. A white precipitate was removed from the reaction
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mixture by filtration. The filtrate was concentrated in vacuum until dryness. The residue was then
resuspended in deionised water, cooled to 0°C, and the pH was adjusted to pH 7 by addition of
aqueous ammonia. The brown product precipitated from the solution and was isolated by filtration.
Yield 594.2mg, 80.28%, brown solid, M=259.2639g/mol.

TLC R; 0.89 (CHCI,/MeOH/aq. NH, = 5/4/1)

HPLC-MS t .= 14.99min (method E)

'H NMR (DMSO-d,) 5 1.19 (s, 3H, CH,), 7.87 (s, 1H, H-6), 10.93 (5, 1H, H-7), 12.05 (bs, 1H, H-3),
12.55 (s, 1H, NH-Piv).

PC NMR (DMSO-dy) & 26.27 (CH,-Piv), 35.76 (C-Piv), 86.22 (C-5), 103.04 (C-4a), 115.16 (CN),
130.18 (C-6), 148.39, 148.45 (C-2, C-7a), 155.67 (C-4), 181.09 (CO-Piv).

2-pivaloylamino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (99)
o oon
o N )I\g
|
% H )\\N H
99

2-Pivaloylamino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine was prepared according to a literature
procedure [262]. 2-Pivaloylamino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (710.0mg, 2.739mmol)
was suspended in 5mL acetonitrile. Dimethylaniline (1.7mL, 13.4mmol, 4.9eq.), triethylbenzylam-
monium chloride (368.0mg, 1.616mmol, 0.590eq.) and phosphorus oxychloride (3.0mL, 33mmol,
12eq.) were added to the stirred suspension. The resulting reaction mixture was heated to 90°C
for 1.5 hours. Subsequently, the solvent was removed in vacuum and ice water was added to the
remaining residue. The pH value was adjusted to pH 4 by addition of aqueous ammonia solution.
The brown product precipitated from the solution, was isolated by filtration, washed with copious
amounts of water and dried in vacuum.

Yield 450.0mg, 59.17%, brown solid, M=277.7096g/mol.

'H NMR (DMSO-dq) 8 1.25 (5, 3H, CH,), 8.53 (d, ]=3.8Hz, H-6), 10.33 (5, 1H, H-7), 13.41 (s, 1H,
NH-Piv).

2-amino-4-methoxy-5-cyanopyrrolo[2,3-d]pyrimidine (9)

OCH; cpn

S8

HZN)\N/ H
9

2-Amino-4-methoxy-5-cyanopyrrolo[2,3-d]pyrimidine was prepared according to a literature pro-
cedure [288]. Sodium methoxide was prepared by adding sodium (700.0mg, 30.45mmol, 4.912eq.)
to methanol (40mL) under nitrogen atmosphere. 2-Amino-4-chloro-5-cyanopyrrolo[2,3-d]pyrimi-
dine (1.200g, 6.198mmol) was then added to the stirred solution. The reaction mixture was heated

to reflux and stirred for 6 hours. Subsequently, the solvent was removed in vacuum. The remaining
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residue was purified by column chromatography using chloroform/ethyl acetate/methanol 5/1/1
as eluents.

Yield 50.40mg, 4.298%, brown solid, M=189.1714g/mol.

TLC R; 0.46 (chloroform/ethyl acetate/methanol = 5/1/1).

'H NMR (DMSO-dq) § 3.77 (s, 3H, CH,), 6.25 (s, 2H, NH,), 7.61 (s, 1H, H-6), 11.95 (s, 1H, H-7).
3C NMR (DMSO-d) 3 53.23 (CH,), 82.35 (C-5), 95.39 (C-4a), 116.11 (CN), 130.25 (C-6), 151.08
(C-72), 160.69 (C-2), 162.69 (C-4).

2-amino-5-bromo-3,4-dicyano-1H-pyrrole (10)

H
HoN— N\ _-Br

\

NC CN
10

2-Amino-5-bromo-3,4-dicyano-1H-pyrrole was prepared according to a literature procedure [291].
Tetracyanoethylene (21.00g, 160.7mmol) was added to a stirred mixture of 115mL acetone and
250mL ethyl acetate. The reaction mixture was cooled to -5°C and 118mL of a 33% solution of
hydrogen bromide in acetic acid was added dropwise over 2.5 hours during which time a pale yellow
solid precipitated from the reaction mixture. The reaction mixture was stirred for additional 30
minutes. The precipitate was collected by vacuum filtration and washed with copious amounts of
ethyl acetate. The remaining solid was suspended in 300mL of ice water. The pH of the suspension
was adjusted to pH 11 with aqueous 50% sodium hydroxide solution at which point the solid was
completely dissolved. The pH value was then adjusted to pH 5 by adding glacial acetic acid to the
cooled solution. A beige precipitate formed which was isolated by vacuum filtration.

Yield 28.29g, 83.44%, beige solid, M=211.0188g/mol.

TLC R; 0.45 (CHCI, /MeOH = 9/1 plus triethylamine)

"HNMR (acetone-dg) & 5.90 (bs, 2H, NH,), 11.14 (s, 1H, NH).

BC NMR (acetone-dy) & 73.87 (C-4), 95.64 (C-3), 102.08 (C-5), 113.91 (CN), 114.29 (CN), 149.66
(C-2).

4-amino-6-bromo-5-cyano-7H-pyrrolo[2,3-d]pyrimidine (11)

NP

N/

k\ | N—ar
11

4-Amino-6-bromo-5-cyano-7H-pyrrolo[2,3-d]pyrimidine was prepared according to a literature
procedure [292]. 2-Amino-5-bromo-3,4-dicyano-1H-pyrrole (26.65g, 126.9mmol) was dissolved in
500mL 2-ethoxyethanol. Formamidine acetate salt (26.63g, 250.8mmol) was added to the stirred
solution. The reaction mixture was heated to reflux for 41 hours. The solution was treated
with activated charcoal which was subsequently removed by filtration over celite. The filtrate

was concentrated in vacuum until dryness. The resulting brown solid was suspended in 300mL
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water, cooled to 0°C, and collected by filtration and dried in vacuum. The product was purified by
recrystallisation from DMF /methanol.

Yield 7.166g, 23.84%, beige solid, M=238.0442g /mol.

"H NMR (DMSO-d) & 7.21 (bs, 2H, NH,), 8.23 (5, 1H, H-2), 13.79 (bs, 1H, NH).

13C NMR (DMSO-d,) 5 83.89 (C-5), 103.14 (C-4a), 115.35 (CN), 124.34 (C-6), 149.03 (C-7a), 149.53
(C-2), 155.46 (C-4).

4-amino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine (14)

NH, CN
A

S
14

4-Amino-6-bromo-5-cyano-7H-pyrrolo[2,3-d]pyrimidine (1.60g, 6.72mmol) was dissolved in 300mL
ethanol and 300mL 33% aqueous ammonium hydroxide solution. Palladium on charcoal catalyst
(10% m/m) was added and the reaction mixture was stirred in hydrogen atmosphere (hydrogen
balloon) for 12 hours. The catalyst was removed by filtration over celite, and washed with hot
ethanol/ammonium hydroxide solution. The filtrate was reduced in vacuum to about one half of
the original volume. On cooling a white solid precipitated from the solution. The product was
isolated by filtration.

Yield 686.5mg, 63.86%, white solid, M=159.1481g/mol.

TLC R; 0.77 (CHCL, /MeOH/aq. NH, 5/4/1)

HPLC-MS t .= 9.40min (method D), t,.,= 19.05min (method C)

'H NMR (DMSO-dq) 3 6.75 (bs, 2H, NH,), 8.16 (5, 1H, H-6), 8.20 (s, 1H, H-2), 12.60 (bs, 1H,
NH).

BCNMR (DMSO-d,) 5 82.02 (C-5), 100.89 (C-4a), 115.96 (CN), 132.33 (C-6), 150.88 (C-7a), 153.52
(C-2), 156.89 (C-4).

6-bromo-5-cyano-7H-pyrrolo[2,3-d]pyrimidin-4-one (12)

o CN
NT N

12

6-Bromo-5-cyano-7H-pyrrolo[2,3-d] pyrimidin-4-one was prepared from 4-amino-6-bromo-5-cyano-
7H-pyrrolo[2,3-d]pyrimidine according to a literature procedure [299]. 4-Amino-6-bromo-5-
cyano-7H-pyrrolo[2,3-d]pyrimidine (1.415g, 5.944mmol) was suspended in a mixture of 30mL
deionised water and 30mL acetic acid and heated to 105°C. Sodium nitrite (4.402g, 63.80mmol) was
dissolved in 60mL deionised water and added to the reaction mixture dropwise over one hour. The
reaction mixture was then stirred at 105°C for additional two hours, cooled to room temperature

and stirred at room temperature over night. The reaction mixture was then cooled at 0°C for four
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hours. The precipitate was collected by vacuum filtration, resuspended in 60mL deionised water
and heated to 100°C for 3.5 hours. The reaction mixture was then cooled to 0°C over night. The
product was collected by vacuum filtration.

Yield 1.123g, 79.04%, beige solid, M=239.0289g/mol.

TLC R; 0.60 (CHCI,/MeOH/aq. NH, = 5/4/1)

'H NMR (DMSO-d,) 5 8.01 (s, 1H, H-2), 12.44 (bs, 1H, NH), 13.84 (bs, 1F, NH).

BC NMR (DMSO-d) & 88.82 (C-5), 108.48 (C-4a), 113.96 (C-6), 115.07 (CN), 146.40 (C-2), 148.93
(C-74), 155.82 (C-4).

5-cyano-7H-pyrrolo[2,3-d]pyrimidin-4-one (13)

5-Cyano-7H-pyrrolo[2,3-d]pyrimidin-4-one was prepared according to a literature procedure [293].
6-Bromo-5-cyano-7H-pyrrolo[2,3-d | pyrimidin-4-one (1.406mg, 5.906mmol) were dissolved in aque-
ous ammonia solution (250mL). Palladium on charcoal (10% m/m, 0.699g) in 250mL ethanol were
added to the stirred solution. The reaction was stirred at room temperature under hydrogen
(hydrogen balloon) over night. The catalyst was then removed by filtration over celite and washed
with 100mL hot ethanol/aqueous ammonia solution. The clear, light yellow solution was decreased
by one half in vacuum and cooled to 0°C at which point the product precipitated from the solution.
The white product was isolated by filtration.

Yield 552.0mg, 58.60%, white solid, M=160.1329g/mol. The product was then further purified by
preparative HPLC (method A).

TLC R; 0.62 (CHCL, /MeOH/aq. NH, = 5/4/1)

HPLC-MS t,,= 19.07min (method C)

Anal. calcd for C,H,N,O: C58.33, H 2.80, N 38.87, found: C 58.23, H 2.88, N 38.90.

'H NMR (DMSO-d,)  12.14 (bs, 1H, NH-7), 8.02 (s, 1H, H-2), 8.01 (s, 1H, H-6).

BC NMR (DMSO-d,) & 85.98 (C-5), 107.13 (C-4a), 115.24 (-CN), 130.82 (C-6), 145.85 (C-2), 148.56
(C-72), 157.07 (C-4).

6-bromo-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (15)

Cl CN
z
Nk\ | N Br
15

6-Bromo-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (1.100g, 4.602mmol) was suspended in acetonitrile
(10mL) and triethylamine (1.3mL, 9.2mmol, 2.0eq.). Phosphorus oxychloride (0.9mL, 9.7mmol,

2.1eq.) was added dropwise and the resulting reaction mixture was heated to 60°C and stirred over
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night. TLC control showed incomplete conversion, consequently additional acetonitrile (5mL),
triethylamine (1.3mL, 9.2mmol, 2.0eq.) and phosphorus oxychloride (0.9mL, 9.7mmol, 2.1eq.)
were added, and the reaction mixture was heated to 90°C. After 9 hours reaction time at 90°C
the reaction mixture was cooled to room temperature. Deionized water (5mL) was added slowly,
the pH value of the reaction mixture was then adjusted to pH 6 by addition of saturated Na,CO,
solution. The reaction volume was reduced about one half in vacuum at which point the product
precipitated from the solution. The product was isolated by filtration and washed with copious
amounts of water. The product was purified by recrystallization from methanol.

Yield 455.4mg, 38.43%, brown solid, M=257.4746g/mol.

TLC R;0.90 (CHCL,/MeOH/aq. NH, = 5/4/1)

'H NMR (DMSO-dy) § 8.74 (s, 1H, H-2).

13C NMR (DMSO-d,) 5 86.24 (C-5), 112.40 (C-4a), 113.23 (CN), 126.07 (C-6), 149.21 (C-7a), 152.01
(C-2), 152.36 (C-4).

5-cyanopyrrolo[2,3-d]pyrimidine (16)

CcN
7
0
N
NTH

6-Bromo-4-chloro-5-cyanopyrrolo[2,3-d]pyrimidine (400.0mg, 1.554mmol) was suspended in etha-
nol (60mL). NaHCO, (287.0mg, 3.418mmol, 2.2eq.) and Pd/C (10%m/m, 80mg) were added to
the suspension. The reaction mixture was stirred in a steel autoclave at 70°C and 100bar hydrogen
pressure for 24 hours. Afterwards, the catalyst was removed by filtration over celite. The solvent
was removed in vacuum until dryness.

Yield 111.6mg, 49.83%, beige solid, M=144.1335g/mol.

TLC R; 0.82 (CHCI,/MeOH/aq. NH, = 5/4/1)

HPLC-MS t,,= 11.46min (method D)

'H NMR (DMSO-dy) 5 8.58 (s, 1H, H-6), 8.96 (s, 1H, H-2), 9.22 (s, 1H, H-4), 13.27 (bs, 1H, NH).
13C NMR (DMSO-dy) § 83.06 (C-5), 114.53 (C-4a), 117.15 (CN), 137.27 (C-6), 148.81 (C-4), 150.85
(C-5), 152.86 (C-2).

7.6.2 Synthesis of pyrrolo[2,3-b]pyridines and pyrrolo[3,2-c]pyridines

2-amino-4-azidopyridine (22)

2-Amino-4-azidopyridine was prepared according to a literature procedure for the preparation of 2-

azido-4-aminopyridine [310, 311]. 2-Amino-4-chloropyridine (5.000g, 37.73mmol) was dissolved in
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40mL DMF and stirred under nitrogen atmosphere. Sodium azide (5.100g, 77.66mmol, 2.05%q.)
and ammonium chloride (4.200g, 78.52mmol, 2.081eq.) were added to the stirred solution. The
resulting reaction mixture was heated to 120°C and stirred over night. Subsequently, the reaction
mixture was cooled to room temperature and quenched with 85mL saturated sodium bicarbonate
solution. The resulting light brown precipitate was removed by filtration. The filtrate was
extracted with ethyl acetate three times. The combined organic layers were then washed with
water, dried over sodium sulphate and reduced in vacuum until dryness. The product was purified
by recrystallization from cyclohexane/ethyl acetate.

Yield 2.700g, 52.96%, beige solid, M=135.1267g/mol.

'H NMR (DMSO-d) 5 6.15 (s, 1H, NH,), 6.18 (d, 1H, H-3, J=1.9Hz), 629 (dd, 1H, H-5,
J1=5.5Hz, ]2=2.0Hz), 7.91 (d, 1H, H-6, 5.5Hz).

13C NMR (DMSO-dy) § 96.51 (C-3), 103.12 (C-5), 148.44 (C-4), 149.59 (C-6), 161.12 (C-2).

2,4-diaminopyridine (23)

2-Amino-4-azidopyridine (100.0mg, 0.7400mmol) was dissolved in 10mL acetic acid. Platinum on
charcoal catalyst (10% m/m) was added. The reaction was stirred under hydrogen atmosphere
(hydrogen balloon) for one hour at which point TLC indicated full conversion. The catalyst was
removed by filtration over celite, and the filtrate was reduced in vacuum until dryness.

Yield 88.00mg, crude product, contains traces of acetic acid, black resin, M=109.1292g/mol.

'H NMR (DMSO-dy) 85.39 (bs, 1H, H-3), 5.69 (bs, 1H, H-5), 6.22 (bs, 2H, NH,), 6.8 (bs, 2H,
NH,), 7.13 (bs, 1H, H-6).

BC NMR (DMSO-d¢) 5 88.94 (C-3), 101.47 (C-5), 140.16 (C-6), 157.14 (C-4), 175.21 (C-2).

2-amino-4-methoxypyridine (21)

2-Amino-4-chloropyridine (970.0mg, 7.178mmol) was dissolved in 50mL methanol. Sodium meth-
oxide was prepared iz situ, by adding sodium (450.0mg, 19.57mmol, 2.727eq.) in portions to
the stirred solution. The reaction mixture was then stirred under reflux for 48 hours at which
point TLC-control indicated complete conversion. The reaction mixture was then cooled to room
temperature and 10% aqueous hydrochloric acid was added until pH 8. The solvent was removed in
vacuum and the remaining residue was resuspended in diethyl ether and the insoluble components
were removed by filtration. The solvent was removed in vacuum.

Yield 511.2mg, 57.36%, brown solid, M=124.1405g/mol.
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'H NMR (DMSO-dq) & 3.72 (s, 3HCH,), 5.86 (bs, 2H, NH,), 5.98 (d, J=2.2Hz, H-2), 6.14 (dd,
J=2.3Hz, ]=5.9Hz, 1H, H-4), 7.72 (d, J=5.9Hz, 1H, H-5).

3C NMR (DMSO-dg) § 54.60 (OCH,), 91.14 (C-5), 100.89 (C-3), 148.37 (C-4), 161.34 (C-6), 166.30
(C-2).

1,2-bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (24)

2-Amino-4-azidopyridine (4.400g, 32.56mmol) and sodium acetate trihydrate (9.000g, 66.14mmol,
2.031eq.) were suspended in 90mL deionized water and heated to reflux. Chloroacetaldehyde
(50%m/m aqueous solution, 5.2mL, 33mmol, 1.0eq.) diluted with 30mL deionized water was added
to the reaction mixture over 30 minutes. The reaction was stirred at reflux for three hours and
then at room temperature over night. The solvents were removed in vacuum and the remaining
residue was resuspended in methanol and filtered over silica gel to remove the remaining salts. The
filtrate was reduced in vacuum and the remaining residue was resuspended in boiling toluene. All
remaining solids were filtered off in a hot filtration. The product precipitated from the filtrate and
was purified by recrystallization from toluene.

Yield 3.000g, 53.83%, beige solid, M=342.3176g/mol.

'H NMR (DMSO-dg) & 6.74 (dd, J=2.1Hz, J=7.3Hz, 1H, H-5), 7.29 (d, J=1.9Hz, 1H, H-3), 7.56
(d, J=0.7Hz, 1H, H-2), 7.92 (s, 1H, H-8), 8.58 (d, J=7.3Hz, 1H, H-6).

13C NMR (DMSO-dy) 5 104.44 (C-3), 106.12 (C-5), 113.11 (C-8), 128.23 (C-6), 133.82 (C-2), 136.63
(C-4), 144.64 (C-7a).

1,2-bis(4-azido-3-bromopyrrolo[2,3-b]pyridin-1-yl)ethene (25)

Br

1,2-Bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (98.3mg, 0.287mmol) was dissolved in 5mL THF
and cooled to 0°C. N-Bromosuccinimide (62.6mg, 0.352mmol, 1.22eq.) was added portionwise to
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the stirred reaction mixture. After stirring at room temperature over night, TLC control indicated
incomplete conversion. Additional N-bromosuccinimide (15.3mg, 0.0859mmol, 0.30eq.) was added
to the reaction mixture and the reaction mixture was stirred for additional 2.5 hours at room
temperature. Subsequently, the reaction was quenched by the addition of 15mL deionised water.
The product precipitated from the reaction mixture and was isolated by filtration and washed with
copious amounts of deionized water.

Yield 70.1mg, 48.81%, beige solid, M=500.1097g/mol.

'H NMR (DMSO-dy) & 6.89 (dd, ]=7.3Hz, J=2.0Hz, 1H, H-5), 7.40 (d, J=1.4Hz, 1H, H-2), 7.71
s, 1H, H-8), 8.35 (d, ]=7.3Hz, 1H, H-6).

13C NMR (DMSO-d,) § 94.46 (C-3), 104.94 (C-5), 107.71 (C-8), 125.67 (C-6), 134.14 (C-2), 137.48
(C-4), 145.36 (C-7a).

1,2-bis(4-azido-3-chloropyrrolo[2,3-b]pyridin-1-yl)ethene (26)

1,2-Bis(4-azidopyrrolo[2,3-b]pyridin-1-yl)ethene (404.4mg, 1.18mmol) was dissolved in 5mL THF
and cooled to 0°C. N-Chlorosuccinimide (372.4mg, 2.73mmol, 2.31eq.) was added portionwise to
the stirred reaction mixture. The reaction mixture was stirred at room temperature over night.
Subsequently, the reaction was quenched by the addition of 30mL saturated sodium bicarbonate
solution. The product precipitated from the reaction mixture and was isolated by filtration and
washed with copious amounts of deionized water.

Yield 390.0mg, 78.12%, beige solid, M=411.2077g/mol.

'H NMR (DMSO-dy) 5 6.95 (d, J=6.3Hz, 1H, H-5), 7.4 (s, 1H, H-2), 7.73 (s, 1F, H-8), 8.41 (d,
J=6.9Hz, 1H, H-6).

13C NMR (DMSO-d,) § 86.36 (C-3), 105.05 (C-5), 107.64 (C-8), 124.70 (C-6), 130.73 (C-2), 137.42
(C-4), 144.12 (C-72).
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1,2-bis(4-aminopyrrolo[2,3-b]pyridin-1-yl)ethene (27)

The reaction was carried out analogously to a literature proceudure [315]. 1,2-Bis(4-azidopy-
rrolo[2,3-b]pyridin-1-yl)ethene (500.0mg, 1.156mmol) was dissolved in 20mL ethanol and 50mg
palladium on charcoal (10%m/m) was added. The reaction was stirred in a steel autoclave at 30°C
under 25bar hydrogen pressure over night. Subsequently, the catalyst was removed by filtration
over celite and the filtrate was reduced in vacuum until dryness. The product was purified by
column chromatography using a gradient of ethyl acetate/methanol 9/1 to 5/1 as eluent.

Yield 330.2mg, 88.04%, orange solid, M=324.3124g/mol.

'H NMR (DMSO-dq) 5 5.61 (bs, 2H, NH,), 6.34-6.40 (m, 2H, H-3, H-5), 7.18 (d, ]=0.8Hz, 1H,
H-6), 7.51 (s, 1H, H-8), 8.15 (m, 1H, H-2).

13C NMR (DMSO-d,) § 92.31 (C-5), 106.40 (C-3), 110.30 (C-8), 126.67 (C-6), 131.36 (C-2), 146.30
(C-4), 147.07 (C-7a).

1,2-bis(4-azido-3-formylpyrrolo[2,3-b]pyridin-1-yl)ethene (29)

N3 =0
B
NT N
8/
N
N
N3
29

1,2-Bis(4-azidopyrrolo[2,3-b] pyridin-1-yl)ethene (2.362g, 6.900mmol) was dissolved in 40.0uL DMF
and stirred under nitrogen atmosphere. Phosphorus oxychloride (4.6mL, 23mmol, 3.3eq.) was
added to the stirred reaction mixture over 1.5 hours. The reaction mixture was then heated to 70°C
and stirred over night. Subsequently, the reaction mixture was heated to 80°C for one hour. The
reaction was then cooled in an ice bath and quenched by slow addition of 150mL of deionised water.
The product was precipitated by adjusting the pH value to pH 10 by addition of sodium hydroxide.
The product was isolated by filtration and washed with copious amounts of water. An additional
product fraction was obtained by extracting the filtrate with dichloromethane. The product was

dissolved in dichloromethane and the combined organic layers were washed with 0.05M aqueous
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hydrochloric acid to remove not reacted starting material. The combined organic layers were dried
over sodium sulphate and reduced in vacuum until dryness.

Yield 1.5985mg, 53.59%, beige solid, M=432.3276g/mol.

'H NMR (DMSO-dy) & 7.05 (dd, J=2.0Hz, J=7.3Hz, 1H, H-5), 7.53 (d, J=1.6Hz, 1H, H-8), 8.44
(s, 1H, H-2), 9.25 (d, J=7.3Hz, 1H, H-6), 9.81 (s, 1H, CHO).

13C NMR (DMSO-dy) § 105.29 (C-8), 109.54 (C-5), 124.61 (C-3), 129.16 (C-6), 142.46 (C-4), 148.06
(C-2), 149.42 (C-7a), 178.31 (CHO).

1,2-bis(4-azido-3-(hydroxyiminomethyl)pyrrolo[2,3-b]pyridin-1-yl)ethene (30)

1,2-Bis(4-azido-5-formylpyrrolo[2,3-b]pyridin-1-yl)ethene (106.0mg, 0.2452mmol) and hydroxyl-
amine hydrochloride (76.00mg, 1.094mmol, 4.461eq.) were dissolved in 4mL ethanol and 1.9mL
0.64M aqueous sodium hydroxide solution was added. The resulting reaction mixture was stirred
at room temperature over night. The reaction mixture was then heated to 65°C for two hours.
Subsequently, the solvent was removed in vacuum until dryness. The remaining residue was
resuspended in deionized water and isolated by filtration. The product was washed with copious
amounts of ice water and dried in vacuum.

Yield 93.11mg, 82.13%, (E)/(Z)=1/0.63, orange solid, M=462.3569g/mol.
(Z)-1,2-bis(4-azido-5-(hydroxyiminomethyl)pyrrolo[2,3-5]pyridin-1-yl)ethene

'H NMR (DMSO-dy) 5 6.84 (dd, J=2.0Hz, J=7.3Hz, 1H, H-5), 7.32 (d, J=1.7Hz, 1H, H-8), 8.06
(s, 1H, H-2), 8.29 (s, 1H, CHNOH), 8.84 (d, J=7.4Hz, 1H, H-6), 11.74 (s, 1H, CHNOH).

BC NMR (DMSO-d¢) & 104.89 (C-8), 107.24 (C-5), 116.97 (C-3), 126.58 (C-6), 132.47 (C-2), 138.58
(C-4), 140.14 (CHNOH), 145.02 (C-7a).

(E)-1,2-bis(4-azido-5-(hydroxyiminomethyl)pyrrolo[2,3-b] pyridin-1-yl)ethene

'H NMR (DMSO-dy) & 6.94 (dd, J=2.1Hz, J=7.4Hz, 1H, H-5), 7.36 (d, J=1.6Hz, 1H, H-8), 8.39
(s, 1H, CHNOH), 8.99 (d, J=7.4Hz, 1H, H-6), 11.18 (s, 1H, CHNOH).

13C NMR (DMSO-dy) 5 104.96 (C-8), 107.70 (C-5), 118.41 (C-3), 128.81 (C-6), 138.27 (C-4), 138.47
(C-2), 139.72 (CHNOH), 147.03 (C-7a).
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1,2-bis(4-azido-3-cyanopyrrolo[2,3-b]pyridin-1-yl)ethene (31)

CN

Method A: A mixture of (E)- and (Z)-1,2-bis(4-azido-5-(hydroxyiminomethyl)pyrrolo[2,3-b]pyridin-
1-yl)ethene (2.295g, 7.077mmol) was dissolved in 20mL acetic anhydride and stirred at 70°C for
six hours and then at room temperature over night. Subsequently, the reaction mixture was
cooled to 0°C and quenched by addition of 200mL of deionised water. The reaction mixture
was neutralized by addition of sodium hydroxide. The product precipitated from the reaction
mixture at neutral pH. The product was isolated by filtration. An additional product fraction was
isolated by extracting the filtrate with dichloromethane. The crude product was then redissolved
in dichloromethane and the combined organic layers washed with 0.05M aqueous HCl. The
organic layer was dried over sodium sulphate and reduced in vacuum to dryness. The isolated
product consisted of 1,2-bis(4-azido-3-cyanopyrrolo[2,3-b]pyridin-1-yl)ethene and O-acetylated (E)-
1,2-bis(4-azido-5-(hydroxyiminomethyl)pyrrolo[2,3-5] pyridin-1-yl)ethene which were separated by
column chromatography using ethyl acetate/cyclohexane 10/1 as eluent.

Yield 462.8mg, 16.67%, yellow solid, M=392.3365g/mol.

Method B: A mixture of O-acetylated (E)-1,2-bis(4-azido-5-(hydroxyiminomethyl)pyrrolo[2,3-b]-
pyridin-1-yl)ethene (97) and 1,2-bis(4-azido-3-cyanopyrrolo[2,3-b]pyridin-1-yl)ethene (31) was then
dissolved in acetic acid and refluxed for three hours. Subsequently, the reaction mixture was cooled
to room temperature and neutralized by addition of sodium hydroxide. The product precipitated
from the reaction mixture and was isolated by filtration. The crude product was then redissolved in
dichloromethane and the combined organic layers washed with 0.05M aqueous HCI. The organic
layer was dried over sodium sulphate and reduced in vacuum to dryness.

Yield not determined, yellow solid, M=392.3365g/mol.
1,2-bis(4-azido-3-cyanopyrrolo[2,3-b]pyridin-1-yl)ethene (31)

'H NMR (CDCL) 5 6.74 (dd, J=7.2Hz, J=2.0Hz, 1H, H-5), 7.33 (d, J=15Hz, 1H, H-8), 8.07 (s,
1H, H-2), 8.22 (d, J=7.2Hz, 1H, H-6).

3C NMR (CDCL,) § 99.97 (C-3), 105.91 (C-8), 109.39 (C-5), 110.88 (C-3a), 115.99 (CN), 126.57
(C-6), 142.00 (C-72), 143.40 (C-2), 147.08 (C-4).
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O-acetylated (E)-1,2-bis(4-azido-5-(hydroxyiminomethyl)pyrrolo[2,3-b]pyridin-1-yl)ethene (97)
'H NMR (CDCL,) § 2.17 (s, 3H, H-3’), 6.72 (dd, ]=2.0Hz, ]=7.3Hz, 1H, H-5), 7.28 (d, ]=1.6Hz,
1H, H-2), 7.87 (s, 1H, H-1’), 8.49 (s, 1H, H-8), 9.19 (d, J=7.3Hz, 1H, H-6).
3C NMR (CDCL,) 5 18.46 (C-3"), 104.05 (C-8), 107.52 (C-5), 115.27 (C-3), 129.73 (C-6), 140.08
(C-4), 141.65 (C-1°), 144.27 (C-2), 148.33 (C-7a), 166.98 (C-2").

1,2-bis(4-amino-3-cyanopyrrolo[2,3-b]pyridin-1-yl)ethene (32)

NHz N

B

P
N

CN

Method A: 1,2-Bis(4-azido-3-cyanopyrrolo[2,3-5]pyridin-1-yl)ethene (101.3mg, 0.296mmol) was
dissolved in acetic acid. Pt/C (10%m/m, 10.8mg) was added to the stirred reaction mixture. The
resulting reaction mixture was stirred under hydrogen atmosphere over night (hydrogen balloon).
Subsequently, the catalyst was removed by filtration over celite. The pH value of the filtrate was
adjusted to pH 9 by addition of sodium carbonate and then extracted with dichloromethane, to
remove unreacted starting material, and subsequently with ethyl acetate to extract the product.
The combined ethyl acetate layers were dried over sodium sulphate and reduced in vacuum until
dryness.

Yield 18.5mg, 18.37%, beige solid, 340.3415g/mol.

Method B: 1,2-Bis(4-azido-3-cyanopyrrolo[2,3-b]pyridin-1-yl)ethene (706.3mg, 2.063mmol) was
suspended in 25mL THEF in an ultrasonic bath. Pd/C (10%m/m, 70.7mg) was added to the stirred
reaction mixture. The resulting reaction mixture was stirred under hydrogen atmosphere over
night (hydrogen balloon). Subsequently, the catalyst was removed by filtration over celite. The
celite pad was washed with ethyl acetate. The resulting filtrate was dried over sodium sulphate and
reduced in vacuum until dryness.

Yield 610.9mg, 86.99%, beige solid, 340.3415g/mol.
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'H NMR (DMSO-d,)  6.34 (s, 2H, NH,), 6.62 (d, J=1.5Hz, 1H, H-2), 6.71 (dd, ]=7.2Hz, 1.8Hz,
1H, H-5), 8.14 (s, 1H, H-8), 8.27 (d, J=7.2Hz, 1H, H-6).

BC NMR (DMSO-d,) § 93.17 (C-8), 94.41 (C-3), 108.33 (C-5), 112.68 (CN), 126.48 (C-6), 143.37
(C-2), 149.86 (C-4), 149.93 (C-7a).

4-amino-3-cyanopyrrolo[2,3-b]pyridine (33)

1,2-Bis(4-amino-3-cyanopyrrolo[2,3-b]pyridin-1-yl)ethene (32, 691.6mg, 2.032mmol) was dissolved
in acetonitrile/deionised water 1/1 (19mL). Sodium chlorite (918.8mg, 8.127mmol, 4.00eq.) and
sodium periodate (437.0mg, 2.043mmol, 1.005eq.) were added to the reaction mixture. Subse-
quently, osmium tetroxide (catalytic amount) was added to the reaction mixture, which was stirred
at room temperature for three hours. The reaction was then quenched by addition of sodium
bisulfite (1.1048g, 10.62mmol, 5.308¢eq.). The product was precipitated from the reaction mixture
by neutralizing the reaction mixture by addition of sodium carbonate. The product was isolated by
filtration and washed with deionised water. The crude product was then redissolved in ethyl acetate
and washed with saturated sodium thiosulphate solution and subsequently with deionized water.
The organic layer was dried over sodium sulphate and reduced in vacuum to dryness.

Yield 368.1mg, 57.27%, light brown solid, M=158.16g/mol.

'H NMR (DMSO-dy) 5 6.63 (s, 2H, NH,), 6.85 (d, J=7.2Hz, 1H, H-5), 8.20 (s, 1H, H-2), 8.30 (d,
J=7.2Hz, 1H, H-6).

13C NMR (DMSO-d,) § 96.66 (C-3), 97.93 (C-3a), 107.73 (C-5), 111.95 (CN), 125.11 (C-6), 143.23
(C-2), 145.29 (C-4), 146.44 (C-7a).

4-amino-3-cyanopyrrolo[2,3-b]pyridine (34)

CN
fﬁf\g
P~ N
H

N

34

4-Amino-3-cyanopyrrolo[2,3-b]pyridine (33, 350.7mg, 2.217mmol) was dissolved in acetic acid/de-
ionized water 1/1 (30mL). The solution was heated to 100°C. Subsequently, sodium nitrite (1.9648g,
28.48mmol, 12.84eq.) in 30mL water was added dropwise to the stirred solution. After complete
addition (approximately two hours), the reaction mixture was stirred at 100°C for additional two
hours. Subsequently, the reaction mixture was cooled to room temperature and neutralized by
addition of sodium hydroxide. The product precipitated from the reaction mixture, was isolated by
filtration and washed with deionized water. A second product fraction was obtained by extracting

the filtrate with dichloromethane. The combined organic phases were dried over sodium sulphate
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and reduced in vacuum until dryness.
Yield 306.3mg, 86.80%, brown solid, M=159.1448g/mol.
'H NMR (DMSO-d,) 5 7.28 (d, J=7.4Hz, 1H, H-5), 7.47 (d, J=7.4Hz, 1H, H-6), 8.32 (s, 1H, H-2).

4-azidopyrrolo[2,3-b]pyridine (28)

N3

I
NS
28

The reaction was carried out under inert atmosphere. 1,2-Bis(4-azidopyrrolo[2,3-b]pyridin-1-
yl)ethene (995.8mg, 2.909mmol) was suspended in acetonitrile/deionised water 1/1 (16mL). Sodium
chlorite (1.0542g, 9.325mmol, 3.21eq.) and sodium periodate (643.1mg, 3.007mmol, 1.033eq.) were
added to the reaction mixture. Subsequently, osmium tetroxide (catalytic amount) was added to
the reaction mixture, which was stirred at room temperature for 25 hours. The reaction was then
quenched by dropwise addition of sodium bisulfite solution (2.0mL, 5.9M aqueous solution) and
stirred over night. The product was precipitated from the reaction mixture by neutralizing the
reaction mixture by addition of aqueous sodium hydroxide solution. The product was isolated by
filtration and washed with deionised water. The crude product was then redissolved in ethyl acetate
and washed with saturated sodium thiosulphate solution. The organic layer was dried over sodium
sulphate and reduced in vacuum to dryness.

Yield 499.0mg, 53.89%, beige solid, M=159.1481g/mol.

'H NMR (CDCI3) § 6.58 (dd, J=7.3Hz, [=2.0Hz, 1H, H-5), 7.17 (d, [=1.4Hz, 1H, H-3), 7.45 (s,
1H, H-2), 7.95 (d, J=7.3Hz, 1H, H-6).

3C NMR (CDCI3) § 104.35 (C-3), 106.52 (C-5), 116.83 (C-3a), 122.68 (C-6), 129.79 (C-2), 136.98
(C-4), 143.59 (C-7a).

4-hydroxypyrrolo[3,2-c]pyridine (19)

OH
| N
N
H

19

4-Hydroxypyrrolo[3,2-c]pyridine was prepared by Cornelia Hojnik [305]. 4-Amino-2-hydrox-
ypyridine (600.0mg, 5.449mmol) and sodium acetate trihydrate (2.400g, 17.64mmol, 3.237eq.) were
suspended in 27mL deionised water and heated to 80°C. Chloroacetaldehyde (50%m/m in water,
840uL, 5.35mmol, 0.982eq.) in 6mL deionized water, was added dropwise to the reaction mixture,
and the resulting mixture was stirred under reflux for 18 hours. Subsequently, the reaction mixture
was cooled to room temperature and neutralized by addition of aqueous ammonia solution. The
reaction mixture was then extracted with ethyl acetate three times. The combined organic layers

were dried over sodium sulphate, and concentrated in vacuum until dryness. The product was
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purified by column chromatography using dichloromethane/methanol 20/1 as eluent.

Yield 77.00mg, 10.54%, brown solid, M=134.1353g/mol.

TLC R; 0.66 (ethyl acetate/ethanol/acetone/deionized water 20/2/2/1)

'H NMR (DMSO-dy) § 6.37 (d, J=5.6Hz, 1H, H-6), 6.59 (bs, OH), 7.00 (d, ]=2.4Hz, H-3), 7.68 (d,
J=2.4Hz, 1H, H-2), 7.76 (d, J=5.6Hz, 1H, H-7).

13C NMR (DMSO-d) § 103.33 (C-3), 104.28 (C-7), 140.55 (C-3a), 144.58 (C-2), 149.83 (C-7a),
163.36 (C-6), 172.10 (C-1).

1-(2-chloroethenyl)-4-hydroxypyrrolo[2,3-b]pyridine (20)

OH
\N N
Z/
20 <l

7-(2-Chloroethenyl)-4-hydroxypyrrolo[2,3-5]pyridine was prepared in Cornelia Hojnik’s master
thesis [305]. 2-Amino-4-hydroxypyridine (500.0mg, 4.541mmol) and sodium acetate trihydrate
(2.200g, 16.17mmol, 3.560eq.) were suspended in 25mL deionised water and heated to 80°C.
Chloroacetaldehyde (50%m/m in water, 700.0uL, 4.459mmol, 0.9819¢q.) was added dropwise
to the stirred reaction mixture. The reaction mixture was stirred under reflux for 24 hours and
subsequently cooled to room temperature. The reaction mixture was neutralized by addition of
aqueous ammonia solution and the solvent was evaporated until dryness. The remaining residue
was purified by column chromatography using dichloromethane/methanol 20/1 as eluent.

Yield 58.11mg, 6.57%, yellow solid, M=194.6177g/mol.

TLC R; 0.33 (ethyl acetate/ethanol/acetone/deionized water 20/2/2/1)

'H NMR (DMSO-dy) 5 4.48 (dd, J=2.1Hz, J=10.5Hz, 1H, (E}H-2’), 4.71 (m, 1H, (2)}H-2’), 5.64
(d, J=5.1Hz, 1H, H-1°), 6.83 (d, J=7.3Hz, 1H, H-5), 7.49 (d, J=0.9Hz, 1H, H-3), 7.92 (d, J=1.1Hz,
1H, H-2), 8.5 (d, J]=7.3Hz, 1H, H-6).

3C NMR (DMSO-dg) § 69.23 (C-1°), 80.27 (C-2°), 100.87 (C-3), 110.99 (C-3a), 112.67 (C-6), 129.22
(C-2), 132.06 (C-5), 142.93 (C-7a), 157.82 (C-4).

7.6.3 Synthesis of thieno[2,3-d]pyrimidines

bis(2-amino-6-hydroxypyrimidin-4-yl)disulfide (35)

NH,
N|)§N
HO s )\/k
W ~s7 NP op
N*N
NH
35
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2-Amino-6-chloropyrimidin-4-one (3.280g, 22.54mmol) was suspended in 15mL ethylene glycol.
Sodium hydrosulfide (6.030g, 107.6mmol, 4.773eq.) was added in portions over 1.5 hours. The
resulting reaction mixture was heated to 130°C for 6.5 hours. 15mL of each, ethanol and acetic acid,
were added. The resulting mixture was stirred at room temperature over night. Subsequently, the
reaction mixture was cooled to 0°C and the product precipitated from the solution. The product
was isolated by filtration and used in the next synthetic step without further purification.

Yield: crude product, contained ethylene glycol 3.330g, light yellow solid, M=284.3181g/mol.
TLC R; 0.67 (ethyl acetate/ethanol /acetone/deionized water = 20/2/2/1)

"HNMR (DMSO-d) & 5.47 (s, 1H, H-5), 7.49 (bs, NH,), 11.32 (bs, 1H, OH/NH).

13C NMR (DMSO-dy) § 97.97 (C-5), 152.75 (C-2), 161.77 (C-4), 175.75 (C-6).

2-amino-6-hydroxy-4-mercaptopyrimidine (36)

OH

N
Sy
H,NT N7 sH
36

Method A: 2-Amino-6-hydroxy-4-mercaptopyrimidine was prepared according to a literature pro-
cedure [337]. 2-Amino-6-chloropyrimidin-4-one (500.0mg, 3.435mmol) and sodium hydrosulfide
(770.0mg, 13.73mmol, 3.998eq.) were suspended in 2mL ethylene glycol and stirred under nitrogen
atmosphere at 135°C for seven hours. The product was not isolated and used directly for the next
synthetic step.

Method B: The cleavage of the disulfide bond was achieved in a procedure similar to those
described by Yui et al [473]. Bis(2-amino-6-hydroxypyrimidin-4-yl)disulfide (1.015g, 3.570mmol)
was suspended in 15mL DMF. Sodium borohydride (71.40mg, 1.887mmol, 2.115eq.) in 10mL
DMF were added to the stirred reaction mixture. After 30 minutes at room temperature the
reaction mixture was acidified to pH 3 by addition of 2M HCI and stirred for further 15 minutes.
Subsequently, the reaction mixture was neutralised by addition of potassium carbonate and used
for the next synthetic step without further purification.

Dark yellow to greenish liquid. M=143.1670g/mol.

TLC R; 0.34 (chloroform/methanol/aqueous ammonia = 5/4/1)

2-amino-4-hydroxythieno[2,3-d]pyrimidine (37)
OH
N
1R
HzN)\\ N S
37

Method A: Sodium acetate trihydrate (0.900g, 6.614mmol, 1.925eq.) was dissolved in 12.9mL
deionized water. The reaction mixture of the previous synthetic step, containing 2-amino-6-
hydroxy-4-mercaptopyrimidine, was added to the stirred solution. Chloroacetaldehyde (50%m/m

solution in water, 540uL, 3.44mmol, 1.00eq.) was added dropwise to the reaction mixture. The
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reaction mixture was stirred under nitrogen at 100°C over night. Subsequently, ethyl acetate was
added to the reaction mixture and the remaining solids were removed by filtration. The filtrate
was reduced in vacuum until dryness. The crude product was purified by column chromatography
using chloroform/methanol/aqueous ammonia 5/4/1 as eluent.

Yield not determined, dark brown solid, M=167.1884g/mol.

Method B: Potassium carbonate (1.100g, 7.959mmol, 1.115eq.) was added to the reaction mixture
containing 2-amino-6-hydroxy-4-mercapopyrimidine, prepared according to method B. Chloroacet-
aldehyde (50%m/m solution in water, 900uL, 5.73mmol, 0.803eq.) were added dropwise to the
stirred solution. After complete addition the suspension was heated to 40°C for one hour and then
to 90°C for 4.5 hours. Subsequently, the reaction mixture was cooled to room temperature. The
solvent was removed in vacuum and the crude product was purified by column chromatography
using dichloromethane/methanol 10/1 as eluent.

Yield 210mg, 21.91%, M=167.1884g/mol.

TLC R; 0.67 (ethyl acetate/ethanol /acetone/deionized water = 20/2/2/1)

'H NMR (DMSO-dg) 5 6.55 (5, 2H, NH,), 6.97 (d, ] =5.8Hz, 1H, H-5), 7.11 (d, J=5.9Hz, 1H, H-6),
10.93 (bs, 1H, NH).

BCNMR (DMSO-d;) & 115.62 (C-4a), 116.32 (C-5), 121.24 (C-6), 153.10 (C-2), 158.25 (C-4), 168.25
(C-7a).

4-hydroxy-2-pivaloylaminothieno[2,3-d]pyrimidine (37)

H
38

2-Amino-4-hydroxythieno[2,3-d]pyrimidine (479.0mg, 2.865mmol) was dissolved in 5mL DMF
und 15mL pyridine. Triethylamine (2.8mL, 20mmol, 7.0eq.) was added. The resulting solution
was cooled to 0°C and pivaloylchloride (1.2mL, 9.6mmol, 3.4eq.) was added dropwise over five
minutes. The reaction mixture was warmed to room temperature and was then stirred at 50°C for
30 minutes and subsequently at 85°C for 3.5hours. For work-up, the reaction solvent was removed
in vacuum and 20mL deionized water were added to the remaining residue. The pH value of the
mixture was adjusted to pH 2. The aqueous mixture was then extracted with ethyl acetate three
times. The combined organic layers were dried over sodium sulphate and reduced in vacuum until
dryness. The crude product was purified by column chromatography using cyclohexane/ethyl
acetate 3/1 as eluent.

Yield 270.0mg, 33.03%, white solid, M=285.2946g/mol.

'H NMR (DMSO-d) 5 1.26 (s, 3H, CH,), 7.33 (d, J=5.8Hz, 1H, H-5), 7.41 (d, J=5.8Hz, 1H, H-6),
11.20 (bs, 1H, H-3), 12.21 (bs, 1H, NH-Piv).

PC NMR (DMSO-d;) § 26.24 (CH,-Piv), 40.00 (C-Piv), 120.26 (C-4a), 121.36 (C-5), 121.59 (C-6),
148.11 (C-2), 156.27 (C-4), 164.70 (C-7a), 181.24 (CO-Piv).
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4-chloro-2-pivaloylaminothieno[2,3-d]pyrimidine (39)
cl
o N7
N
%NJ\\)NI?
H
39

4-Hydroxy-2-pivaloylaminothieno[2,3-d]pyrimidine (121.4mg, 0.4255mmol) was dissolved in phos-
phorous oxychloride (5mL, 24.87mmol, 58.44eq.) and stirred under nitrogen atmosphere. DMF
(75.0uL, 0.9688mmol, 2.277¢eq.) was added dropwise to the stirred reaction mixture. The resulting
reaction mixture was heated to 55°C for 1.5 hours. The solvents were removed in vacuum and ice
water was added to the remaining residue. The resulting mixture was neutralized by addition of
aqueous ammonia solution. The aqueous phase was then extracted with ethyl acetate four times.
The combined organic layers were dried over sodium sulphate and the solvent removed in vacuum.
The crude product was purified by column chromatography using dichloromethane/methanol
60/1 as eluent.

Yield 31.10mg, 23.33%, M=313.3047g/mol.

'H NMR (DMSO-dg) 3 1.26 (s, 3H, CH,), 7.36 (d, J=6.0Hz, 1H, H-5), 7.73 (d, J=6.0Hz, 1H, H-6),
8.59 (bs, 1H, NH-Piv).

PC NMR (DMSO-d,) & 28.23 (CH,-Piv), 38.06 (C-Piv), 119.33 (C-5), 122.92 (C-4a), 125.66 (C-6),
153.49 (C-2), 162.30 (C-7a), 169.35 (C-4), 171.82 (CO-Piv).

4-hydroxythieno[2,3-d]pyrimidine (40)

OH

g8
40

4-Hydroxythieno[2,3-d]pyrimidine was prepared according to a literature procedure [188]. Methyl
2-aminothiophene-3-carboxylate (5g, 30.85mmol) and ammonium formate (6.318g, 100.2mmol,
3.3eq.) were added to formamide (25mL, 625.7mmol, 20eq.) and the resulting mixture was heated
to 150°C for six hours. The reaction mixture was then cooled to room temperature and stored at
4°C over night. The brown product precipitated from the reaction mixture and was isolated by
filtration. The product was purified by recrystallization from acetone/water.

Yield 2.753g, 56.8%, brown solid, M=152.1738g/mol.

TLC R; 0.67 (ethyl acetate/ethanol/acetone/deionized water = 20/2/2/1)

HPLC-MS t,,= 10.12min (method G), t .= 8.98min (method F)

'H NMR (DMSO-d,) & 7.41 (d, 1H, J=5.8Hz, H-5), 7.59 (d, 1H, J=5.8Hz, H-6), 8.14 (5, 1H, H-2),
12.51 (bs, 1H, NH/OH).

13C NMR (DMSO-dq) § 121.60 (C-5), 123.80 (C-6), 124.59 (C-4a), 145.58 (C-2), 157.46 (C-4), 164.20
(C-72)
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5-chloromercurio-4-hydroxythieno[2,3-d|pyrimidine (43) and 5,6-dichloromercurio-4-hydroxy-
thieno[2,3-d]pyrimidine (100)

OH  pgal OH  pgal
NZ NF
L 0 L D—rec
N S SN S

43 100

The chloromercurio-substituted thieno[2,3-d]pyrimidine was prepared similar to a literature pro-
cedure for thieno[2,3-d]pyrimidines, and for pyrrolo[2,3-d]pyrimidines [183, 348]. 4-Hydroxy-
thieno[2,3-d]pyrimidine (1.001g, 6.578mmol) was dissolved in 15mL acetic acid and mercury(Il)
acetate (3.141g, 9.856mmol, 1.50eq.) was added. The reaction mixture was stirred under nitrogen at
100°C for three hours. Subsequently the reaction was cooled to room temperature and 15mL brine
was added. Twenty minutes after the addition of brine, the precipitate was isolated by filtration and
washed with water and cyclohexane. The product was dried in vacuum.

Yield not determined, 43/100=1/0.64, brown solid,

M(43)=387.2088g/mol, M(100)=622.2439g/mol.

'H NMR (DMSO-d) § 7.53 (5, 0.5H, H-6), 8.06 (s, 1H, H-2), 12.30 (bs, 1H, OH/NH).

4-hydroxy-5-iodothieno[2,3-d]pyrimidine (44) and 4-hydroxy-5,6-diiodothieno[2,3-d]pyrimi-
dine (101)

OH| OH|
N7 N“
2R
NT TS NT TS
44 101

The iodo-substituted thieno[2,3-d]pyrimidine was prepared similar to a literature procedure for
differently substituted thieno[2,3-d]pyrimidines, and for pyrrolo[2,3-d]pyrimidines [183, 348].
The product mixture of the previous reaction step consisting of 5-chloromercurio-4-hydroxy-
thieno[2,3-d]pyrimidine and 5,6-dichloromercurio-4-hydroxythieno[2,3-d]pyrimidine (619.0mg,
1.302mmol1/0.6) was suspended in 8mL chloroform in a flask protected from light and iodine
(609.0mg, 2.399mmol, 1.90eq.) was added. The reaction mixture was stirred at 50°C over night.
Subsequently, the solvent was removed in vacuum. The remaining residue was resuspended in 2N
ageuous sodium thiosulphate solution. The product was isolated by filtration and dried in vacuum.
Yield 367.0mg, 86.78%, 44/101=1/0.64, beige solid,

M(44)=278.0703g /mol, M(101)403.9668=g/mol.

4-hydroxy-5-iodothieno[2,3-d]pyrimidine (44)

'H NMR (DMSO-d,) 57.66 (s, 1H, H-6), 8.10 (s, 1H, H-2), 12.63 (s, OH).

13C NMR (DMSO-d) § 76.28 (C-5), 126.65 (C-4a), 130.80 (C-6), 145.99 (C-2), 155.76 (C-7a), 168.31
(C-4).

4-hydroxy-5,6-diiodothieno[2,3-d]pyrimidine (101)

'H NMR (DMSO-dq) 5 8.16 (5, 1H, H-2), 12.63 (s, OH)
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BC NMR (DMSO-d,) & 88.45 (C-6), 89.74 (C-5), 124.56 (C-4a), 146.02 (C-2), 154.99 (C-7a), 167.98
(C-4).

4-chlorothieno[2,3-d]pyrimidine (41)

Cl
G
\N 5
41

4-Hydroxythieno[2,3-d]pyrimidine (1.000g, 6.571mmol) was suspended in 3.9mL acetonitrile.
Triethylamine (1.83mL, 13.12mmol, 2.00eq.) was added dropwise to the stirred reaction mixture.
Subsequently, phosphorus oxychloride (1.26mL, 13.48mmol, 2.051eq.) was added dropwise. The
reaction mixture stirred at 100°C for one hour and then cooled to room temperature. The reaction
was quenched by addition of ice water. The product precipitated from the solution and was isolated
by filtration.

Yield 785.0mg, 70.01%, beige solid, M=170.6194g/mol.

'H NMR (DMSO-d,) 5 7.61 (d, J=6.0Hz, 1H, H-5), 8.16 (d, J=6.0Hz, 1H, H-6), 8.97 (s, 1H, H-2).
13C NMR (DMSO-d) § 119.67 (C-5), 129.06 (C-4a), 130.68 (C-6), 152.78 (C4), 153.94 (C-7a),
168.42 (C-2).

4-methoxythieno[2,3-d]pyrimidine (42)

OCH;

N= N\

Al

42

4-Methoxythieno[2,3-d]pyrimidine was prepared according to a literature procedure [474]. A
solution of sodium methoxide in methanol was prepared by adding sodium (348.0mg, 15.14mmol,
2.996¢eq.) to methanol. 4-Chlorothieno[2,3-d]pyrimidine (862.0mg, 5.052mmol) was then dissolved
in 5mL methanol and the sodium methoxide solution was added dropwise over 15 minutes. The
resulting reaction mixture was stirred at reflux for four hours. The methanol was then removed in
vacuum and deionized water (5.1mL) was added to the remaining residue. The product precipitated
from the mixture, was isolated by filtration and washed with ice water.

Yield 744.0mg, 88.60%, beige solid, M=166.2003g/mol.

"H NMR (DMSO-dg) & 4.15 (s, 3H, CH,), 7.52 (d, ]=5.9Hz, 1H, H-5), 7.90 (d, J=5.9Hz, 1H, H-6),
8.75 (s, 1H, H-2).

PC NMR (DMSO-d;) & 54.02 (CH,), 118.36 (C-5), 118.38 (C-4a), 126.40 (C-6), 153.17 (C-2), 163.57
(C-72), 167.80 (C-4).
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3-chloro-2-oxopropyl acetate (45)

0
3 1
CI/\[T/\O)]]_-\Z
0
45

Method A: 3-Chloro-2-oxopropyl acetate was prepared from 1,3-dichloroacetone according to
a modified literature procedure [358]. 1,3-Dichloroacetone (10.46g, 78.26mmol) and potassium
acetate (9.70g, 98.8mmol, 1.2eq.) were dissolved in 100mL acetic acid. The reaction mixture
was heated to 70°C for four days. The reaction was monitored with GC, after four days GC
indicated 51% conversion and no formation of any side products. Subsequently, the reaction
mixture was heated to 130°C over night. The amount of product formed did not increase,
however 2-oxopropane-1,3-diacetate was formed. According to GC analysis 19.3% of remaining
1,3-dichloroacetone, 51.4% of the desired product 3-chloro-2-oxopropyl acetate, and 29.3% of 2-
oxopropane-1,3-diacetate was found in the reaction mixture. The reaction was cooled to room
temperature and the solvent was removed in vacuum. The resulting dark brown residue was purified
by vacuum distillation.

Yield 5.30g, 40.90%, purity (GC) 79.8%, dark orange oil, M=132.1146g/mol.

Method B: 3-Chloro-2-oxopropyl acetate was prepared from 2-chloro-2-propen-1-ol according to
a modified literature procedure [359]. 2-Chloro-2-propen-1-ol (1.000g, 9.728mmol) was added
to mixture of 20mL acetone, 8mL acetic acid and sodium hypochlorite solution (10%-15% in
water, 5.5mL, 11mmol, 1.leq.). The resulting reaction mixture was stirred at 0°C for 12 hours
and subsequently at room temperature for 6 days. The reaction was monitored by GC. When
GC analysis indicated complete conversion, the 50mL saturated sodium bicarbonate solution was
added to the reaction mixture. The reaction mixture was then diluted with dichloromethane,
until two layers were visible. The layers were separated and the aqueous layer was extracted with
dichloromethane twice. The combined organic layers were dried over sodium sulphate and reduced
in vacuum until dryness. The product was purified by vacuum distillation.

Yield not determined, dark orange oil, M=132.1146g/mol.

GCt,, (45)=4.64min, t, (2-chloro-2-propen-1-ol)= 2.40min, t . (dichloroacetone)= 3.27min, t .. (2-
oxopropane-1,3-diacetate)= 6.30min.

'H NMR (CDCL,) § 2.1 (5, 3H, H-2), 4.10 (2H, H-3), 4.84 (5, 2H, H-1).

3C NMR (CDCL) 5 20.36 (C-2), 45.64 (C-3), 66.41 (C-1), 170.20 (C-1°), 196.44 (C-2).

methyl 2-amino-4-hydroxymethylthiophene-3-carboxylate (46)

O

\o OH
I\
H,N

S
46

Methyl 2-amino-4-hydroxymethylthiophene-3-carboxylate was prepared according to a literature
procedure [360, 361]. Methyl cyanoacetate (2.8mL, 31.42mmol, 0.98eq.) was dissolved in 40mL
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methanol and sodium sulfide nonahydrate (8.48g, 35.31mmol, 1.10eq.) was added. The reaction
mixture was cooled to 0°C. 3-Chloro-2-oxopropyl acetate (4.23g, 32.01mmol) was added dropwise
to the stirred reaction mixture. After complete conversion, the ice bath was removed and
triethylamine (4.8mL, 34.44mmol, 1.1eq.) was added dropwise. The reaction mixture was stirred
at room temperature over night. Subsequently, the reaction mixture was diluted with deionised
water and extracted with ethyl acetate. Brine was added to facilitate separation of the layers. The
combined organic layers were dried over sodium sulphate and reduced in vacuum until dryness.
Yield 3.487g, 59.29%, brown solid, M=187.2163g/mol.

'H NMR (DMSO-dq) 5 3.41 (5, 3H, CH,), 3.93 (d, J=6.2Hz, OH), 5.08 (s, 2H, CH,), 6.31 (s, 1H,
H-5), 7.44 (s, 2H, NH,).

PCNMR (DMSO-d) & 50.55 (CH,), 62.24 (CH,), 101.61 (C-3), 104.78 (C-5), 133.95 (C-4), 164.72
(C-2), 165.54 (COOCH,).

4-hydroxy-5-hydroxymethylthieno[2,3-d]pyrimidine (47)

OH OH

lﬁ\g

N S
47

Methyl 2-amino-4-hydroxymethylthiophene-3-carboxylate (240.0mg, 1.282mmol) and ammonium-
formate (261.4mg, 4.145mmol, 3.233eq.) were dissolved in formamide (4.2mL, 82mmol) and heated
to 180°C for six hours and then at room temperature over night. Subsequently, the reaction mixture
was diluted with deionised water and any insoluble material was filtered off. The filtrate was
extracted with dichloromethane four times. The combined organic layers were washed with brine,
dried over sodium sulphate and reduced in vacuum until dryness. The crude product contained
impurities, visible on TLC and NMR.

Yield 62.90mg, 26.93%, yellow oil, M=182.1997g/mol. TODO

'H NMR (DMSO-dg) § 5.22 (s, 2H, CH,), 5.79 (s, 1H, OH), 7.53 (s, 1H, H-6), 8.61 (d, J=0.9Hz,
1H, H-2), 11.40 (OH/NH). TODO

PCNMR (DMSO-d;) & 61.66 (CH,), 120.54 (C-6), 132.46 (C-4a), 145.91 (C-2), 147.26 (C-5), 157.73
(C-4), 163.73 (C-7a).

7.6.4 Synthesis of cyclopenta[d]pyrimidines

2-amino-6,7-dihydrocyclopenta[d]pyrimidin-4-one (48)

o)
HN |
PN
H,NT N
48

2-Amino-6,7-dihydrocyclopenta[d]pyrimidin-4-one was prepared according to a literature proce-

dure [194]. Sodium ethoxide was prepated iz sitw by adding sodium (68.0mg, 2.96mmol) to
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5mL ethanol. Guanidine hydrochloride (284.0mg, 2.973mmol) was added to the solution. The
resulting solution was stirred for ten minutes. Subsequently, ethyl 2-oxocyclopentanecarboxylate
(500uL, 3.04mmol) was added to the reaction mixture. The reaction mixture was stirred at room
temperature over night and subsequently refluxed for five hours. The reaction mixture was then
cooled to room temperature and the product precipitated from the reaction mixture. The product
was isolated by filtration and washed with water.

Yield 155.4mg, 34.76%, white solid, M=151,1659g/mol.

'"HNMR (DMSO-dy) 5 1.91 (quin, J=7.3Hz, 2H, H-6), 2.55 (m, 4H, H-5, H-7), 6,44 (bs, 2H, NH,),
10.64 (NH).

2-mercapto-6,7-dihydrocyclopenta[d]pyrimidin-4-one (49)

(0]

HN |
HS)\\N

49

2-Mercapto-6,7-diyhdrocyclopenta[d]pyrimidin-4-one (49) was prepared according to a literature
procedure [192]. Sodium methoxide was prepared by adding sodium (1.860g, 2.660mmol, 2.67¢q.)
portionwise to 20mL methanol. Formation of the methoxide was complete when all sodium was
dissolved. Ethyl 2-oxocyclopentanecarboxylate (5mL, 30mmol) and thiourea (12.160g, 159.7mmol,
5.253eq.) were added to the stirred solution. The resulting reaction mixture was stirred under reflux
for 20 hours. Subsequently, 70mL ice water were slowly added to the reaction mixture. Ethanol
was removed in vacuum. The product was precipitated from the aqueous solution by adjusting the
pH value to pH 4 by addition of acetic acid. The product was isolated by filtration and purified by
recrystallization from water.

Yield 4.3716g, 85.45%, white solid, M=168.2162g/mol.

TLC R; 0.69 (chloroform/methanol 9/1)

'H NMR (DMSO-dy) § 1.97 (quin, J=7.1Hz, 2H, H-6), 249 (t, J=6.8Hz, 2H, H-5), 2.70 (,
J=7.1Hz, 2H, H-7), 12.20, 12.58 (SH, NH).

3C NMR (DMSO-dg) § 20.78 (C-6), 26.59 (C-5), 30.97 (C-7), 115.53 (C-4a), 156.44 (C-2), 159.50
(C-7a), 175.57 (C-4).

6,7-dihydrocyclopenta[d]pyrimidin-4-one (50)

10

N
50

6,7-Dihydrocyclopenta[d]pyrimidin-4-one (50) was prepared according to a literature procedure
[192]. 2-Mercaptocyclopenta[d]pyrimidin-4-one (80.2mg, 0.487mmol) was dissolved in 1mL de-
ionized water and Raney nickel in water was added. The reaction was stirred under reflux for three

hours at which time TLC indicated complete conversion. The Raney-nickel catalyst was removed
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by filtration over celite. The filtrate was dried in vacuum until dryness. The remaining residue
was recrystallized from ethanol. The product can be further purified by converting it into the
corresponding potassium salt by dissolving the product in 5M potassium hydroxide solution and
reprecipitating it by neutralizing the solution by addition of hydrochloric acid.

Yield 62.2mg, 93.72%, white solid, M=136.1512g/mol.

TLC R; 0.46 (chloroform/methanol 9/1)

HPLC-MS t,,= 11.36min (method H)

'H NMR (DMSO-dy) & 1.96 (quin, J=7.3Hz, 2H, H-6), 2.63 (t, J=6.5Hz, 2H, H-5), 7.75 (,
J=7.0Hz, 2H, H-7), 8.03 (s, 1H, H-2), 11.87 (bs, 1H, NH).

13C NMR (DMSO-dy) § 20.47 (C-6), 27.12 (C-5), 34.15 (C-7), 124.40 (C-4a), 149.14 (C-2), 159.89
(C-7a), 168.56 (C-4).

7.6.5 Synthesis of pyrazolo[3,4-d]pyrimidines

5-amino-4-cyano-3-(methylthio)pyrazole (102)

NC_  SCHs
\
&
N
H
102

HoN

5-amino-4-cyano-3-(methylthio)pyrazole was prepared according to a literature procedure [396]. 2-
[Bis(methylthio)methylene]malononitrile (5.000g, 28.49mmol) was dissolved in 100mL methanol.
Hydrazine hydrate (50%-60%, 3.5mL, 56mmol, 2.0eq.) was added and the resulting reaction
mixture was heated to reflux for three hours. Subsequently, the solvent was removed in vacuum.
The remaining residue was recrystallized from methanol.

Yield 3.907¢g, 88.95%, beige solid, M=154.1929g/mol

'H NMR (DMSO-d) 8 245 (s, 3H, CH,), 6.46 (bs, 2H, NH,), 11.97 (bs, 1H, NH).

3C NMR (DMSO-dg) § 13.90 (CH,), 72.63 (C-4), 114.66 (CN), 147.16 (C-3), 154.41 (C-5).

4-amino-3-(methylthio)pyrazolo[3,4-d]pyrimidine (103)

NHz  gcp,

5-amino-4-cyano-3-(methylthio)pyrazole (3.800g, 24.64mmol) was suspended in formamide (4.0mL,
50mmol, 2.0eq.) and heated to 180°C. The reaction mixture was stirred at 180°C for four hours and
subsequently at 150°C for additional 24 hours. The reaction mixture was then cooled to 0°C and
the product precipitated. The product was isolated by filtration and washed with water.

Yield 3.330g, 74.56%, beige solid, M=181.2183g/mol

HPLC-MS t,.,= 14.1min (method I

'H NMR (DMSO-d) 3 2.62 (s, 3H, CH,), 7.14 (bs, 2H, NH,), 8.20 (s, 1H, H-6), 13.50 (bs, 1H,
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NH).
3CNMR (DMSO-dg) § 15.50 (CH,), 98.77 (C-3a), 139.07 (C-3), 156.03 (C-7a), 156.20 (C-6), 157.58
(C-4).

5-amino-3,4-dicyanopyrazole (51)

CcN
NC
|
/
HNT N
51

5-Amino-3,4-dicyanopyrazole was prepared according to a literature procedure [379]. Semicar-
bazide hydrochloride (8.726g, 76.67mmol) was dissolved in 150mL ethanol and triethylamine
(10.9mL, 78.15mmol) was added. The resulting solution was stirred for 90 minutes at romm
temperature and subsequently cooled to 0°C. Tetracyanoethylene (10.00g, 76.51mmol) was added
to the reaction mixture. The reaction mixture was stirred at 0°C for three hours, at which time TLC
indicated complete conversion. The reaction mixture was heated to reflux for 30 minutes. A beige
solid, 5-amino-3,4-dicyanopyrazol-1-carboxamide, precipitated from the solution upon cooling to
room temperature, was isolated by filtration, and washed with cold ethanol. Deionized water was
heated to reflux and 5-amino-3,4-dicyanopyrazol-1-carboxamide was added in small portions. The
resulting mixture was refluxed for 15 minutes. Upon cooling to 0°C, the product precipitated from
the solution and was isolated by filtration. The product was purified by recrystallization from
dioxane.

Yield 3.74g, 36.69%, white solid, M=133.1108g/mol.

"HNMR (DMSO-d) & 7.03 (s, 2H, NH,), 13.18 (s, 1H, NH).

BC NMR (DMSO-d¢) & 75.24 (C-4), 112.40, 112.56 (CN), 125.20 (C-3), 153.28 (C-5).

7.6.6 Synthesis of monocyclic compounds

5-(2,2,2-trichloroacetyl)-1H-pyrrole-3-carbonitrile (58)

CN

58

5-(2,2,2-Trichloroacetyl)-1H-pyrrole-3-carbonitrile was prepared according to a literature procedure
[404]. 2-(Trichloroacetyl)pyrrole (2.000g, 9.319mmol) was dissolved in 10mL acetonitrile and the
solution was cooled to 0°C. Chlorosulfonyl isocyanate (2.0mL, 22mmol, 2.4eq.) in 3mL acetonitrile
was added dropwise, over a period of fifteen minutes, to the stirred solution. When addition
was completed, the brown reaction mixture was warmed to room temperature and stirred over
night. The reaction mixture was then again cooled to 0°C and 20mL DMF were slowly added. The

resulting mixture was then stirred at 50°C for one hour and subsequently at room temperature over
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night. The orange/brown solution was then poured onto ice (115g) and extracted with chloroform
three times. The combined organic layers were then twice washed with deionised water and once
with saturated NaHCO, solution. The organic layer was dried over sodium sulphate and reduced
in vacuum. The resulting dark orange oil was used for the next step without further purification.
Yield (crude product) 7.640g, >100 %, dark orange oil, M=237.4705¢/mol.

TLC R; 0.55 (cyclohexane/ethyl acetate 2:1)

'H NMR (CDCL,) § 7.54 (m, 1H, H-2), 8.09 (m, 1H, H-4), 11.67 (bs, 1H, NH).

4-cyano-1H-pyrrole-2-carboxylic acid (59)

CN

| N\
N
H

HO

(6]
59

4-Cyano-1H-pyrrole-2-carboxylic acid was prepared according to a literature procedure [404]. 5-
(2,2,2-trichloroacetyl)-1H-pyrrole-3-carbonitrile (6.800g, 28.64mmol) was added to 2M aqueous
NaOH cooled to 0°C. After complete addition, the cloudy orange solution was stirred at room
temperature for two hours. The solution was then acidified to pH 1 by dropwise addition of
aqueous HCI. The solution was cooled to 0°C and the light brown, solid product precipitated
from the solution. The product was isolated by filtration and washed with water. The light brown
product was dried at 80°C over the weekend.

Yield 2.249¢g, 57.70%, light brown solid, M=136.1082g/mol.

'H NMR (DMSO-d,) & 7.13 (s, 1H, H-3), 7.77 (s, 1H, H-5), 12.40 (H-1).

BC NMR (DMSO-d;) & 92.78 (C-4), 114.86 (CN), 117.03 (C-3), 124.92 (C-2), 130.50 (C-5), 160.89
(COOH).

1H-pyrrole-3-carbonitrile (56)

1H-Pyrrole-3-carbonitrile was prepared according to a literature procedure [404]. 4-Cyano-1H-
pyrrole-2-carboxylic acid (450.0mg, 3.306mmol) and 300mg copper chromite catalyst in 3mL
quinoline were heated to 160°C and stirred at 160°C for three hours. Subsequently, the reaction
mixture was cooled to room temperature and 50mL diethyl ether were added. The catalyst was
removed by filtration. The filtrate was washed with 1M aqueous HCI three times. The organic
phase was then washed with saturated sodium bicarbonate solution, dried over sodium sulphate
and reduced to dryness. The resulting brown oil was purified by column chromatography using
cyclohexane/ethyl acetate/triethyl amine 5/1/0.025 as eluent.

Yield 114.0mg, 37.44%, orange oil, M=92.0987g/mol.
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TLC R; 0.25 (cyclohexane/ethyl acetate = 3/1)
"HNMR (CDCL,) & 6.40 (m, 1H, H-4), 6.73 (m, 1H, H-5), 7.24 (m, 1H, H-2).
PCNMR (CDCL) 5 91.59 (C-3), 110.57 (C-4), 116.19 (CN), 118.19 (C-5), 124.88 (C-2).

2-hydroxybenzylcyanide (55)

OH

©ACN

55

2-Hydroxybenzylcyanide was prepared according to a literature procedure, except potassium
cyanide was used instead of sodium cyanide [401, 402]. A similar procedure using potassium
cyanide was recently described. [403]. 2-Hydroxybenzylcyanide (5.000g, 39.87mmol) and potas-
stum cyanide (3.240g, 48.26mmol, 1.2eq.) were dissolved in 65mL DMF and heated to 130°C.
The reaction was stirred at 130°C over night. The reaction mixture was then cooled to room
temperature and an aqueous solution of NaOH (20%m/m, 10mL) was added. The resulting
mixture was reduced in vacuum to a volume of 20mL. The residue was then diluted with deionized
water and acidified by addition of acetic acid to pH 4. The HCN gas was captured by two successive
traps of aqueous NaOH (20%m/m). The solution was then stirred in a fume hood over night.
The residue was then extracted with chloroform three times, and the combined organic layers
were washed with deionized water. The organic phase was then dried over sodium sulphate and
reduced in vacuum until dryness. The crude product was purified by column chromatography
using cyclohexane/ethyl acetate = 5/1 as eluent.

Yield 2.089¢g, 39.3%, grey solid, M=133.1473g/mol

TLC R; 0.49 (cyclohexane/ethyl acetate = 2/1)

HPLC-MS t,.,= 9.46min (method F)

'"H NMR (DMSO-dg) 5 3.79 (s, 2H, CH,), 6.83 (m, J=7.5Hz, 1H, H-4), 6.88 (d, J=7.6Hz, 1H,
H-3), 7.18 (m, J=7.5Hz, 1H, H-5), 7.26 (d, ]=7.6Hz, 1H, H-6), 9.95 (s, 1H, OH).

3C NMR (DMSO-dg) § 17.79 (CH,), 115.09 (C-6), 117.39 (CN), 118.98 (C-2), 119.21 (C-4), 129.08
(C-3), 129.46 (C-5), 159.96 (C-1).

2,4-diamino-5-cyanomethyl-6-hydroxypyrimidine (54)

2,4-Diamino-5-cyanomethyl-6-hydroxypyrimidine was prepared according a modified literature
procedure [399]. 2,4-Diamino-6-hydroxypyrimidine (1.04g, 7.92mmol) and sodium acetate trihy-
drate (2.24g, 16.5mmol) were dissolved in deionised water (20mL) and heated to 85°C. Bromo-
acetonitrile (650uL, 9.07mmol) was added dropwise to the solution. The reaction mixture was

stirred at 85°C for two days. Subsequently, solvent was removed in vacuum. Water and acetic
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acid were removed as azeotrops by addition of toluene and water respectively. The residue was
then resuspended in deionised water (25mL) and the pH value was adjusted to pH 7 by addition of
aqueous ammonia solution. The beige product precipitated from the solution and was isolated by
filtration. The crude product was purified by recrystallization from water/ethanol.

Yield 725.0mg, 55.45%, beige solid, M=165.1527g/mol

TLC R; 0.46 (CHCL,/MeOH/aq. NH, = 5/4/1)

HPLC-MS t,.,= 11.9min (method ])

'H NMR (DMSO-d,) § 3.13 (s, 2H, CH2), 6.15 (bs, 2H, NH2), 6.32 (bs, 2H, NH2), 10.09 (bs,1H,
NH or OH).

13C NMR (DMSO-d,) § 16.48 (CH2), 87.45 (C-5), 119.54 (CN), 153.07 (C-2), 163.11, 163.35 (C-4
and C-6).

7.6.7 Synthesis of the 2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one

3-((tert-butyldiphenylsilyl)oxypropan-1-ol (67)

3-((tert-Butyldiphenylsilyl)oxypropan-1-ol was prepared according to a modified literature proce-
dure [428, 429]. 1,3-Propanediol (480uL, 6.51mmol) was added dropwise to a stirred solution of
triethylamine (920pL, 6.60mmol, 1.01leq.) in 5mL dry dichloromethane. The resulting solution
was stirred for twenty minutes at room temperature and subsequently cooled to 0°C. A solution
of tert-butyldiphenylsilylchloride (1.74mL, 6.69mmol, 0.973eq.) in 5mL dry dichloromethane
was added dropwise to the stirred solution. After two hours at 0°C, the reaction mixture was
warmed to room temperature and stirred at room temperature over night. Subsequently, 40mL of
dichloromethane were added to the reaction mixture and the reaction mixture was washed with
saturated sodium bicarbonate solution and brine. The organic layer was then dried over sodium
sulphate and the solvent evaporated in vacuum until dryness. The crude product was purified by
column chromatography using cylcohexane/ethyl acetate 8/1 as eluent.

Yield 1.440g, 70.34%, colourless oil, M=314.4940g/mol.

'H NMR (CDCI,) 5 0.98 (s, 9H, CH,), 1.73 (quin, J=5.6Hz, 2H, H-2), 2.22 (bs, 1H, OH), 3.7 (t,
J=5.6Hz, 4H, H-1, H-3), 7.28-7.40 (m, 6H, H-3’, H4’, H-5"), 7.57-7.64 (m, 4H, H-2", H-6").

PC NMR (CDCl,) & 18.06 (C-17), 25.80 (CH,), 33.22 (C-2), 60.95 (C-3), 62.26 (C-1), 126.74 (C-3’,
C-5), 128.76 (C-4’), 132.22 (C-1°), 134.53 (C-2", C-6)).
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3-((tert-butyldiphenylsilyl)oxy)propanal (68)
43
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3-((tert-Butyldiphenylsilyl)oxypropanal was prepared according to a literature procedure [434].
Oxalyl chloride (2.20mL, 25.6mmol, 2.16eq.) was dissolved in 108mL dichloromethane and cooled
to -78°C. DMSO (3.75mL, 52.8mmol, 4.44eq.) was added dropwise to the stirred solution. After
complete addition the solution was stirred for further 30 minutes at -78°C. Subsequently, 3-
((tert-butyldiphenylsilyl)oxypropan-1-ol (3.740g, 11.89mmol) in 13mL dichloromethane was added
dropwise to the reaction mixture. After additional 45 minutes at -78°C triethylamine (13.3mlL,
95.4mmol, 8.02eq.) was added to the reaction mixture. The reaction mixture was kept at -78°for
turther 30 minutes. The reaction mixture was then warmed to room temperature and 120mL
deionized water were added. The resulting layers were separated and the aqueous layer was extracted
twice with dichloromethane. The combined organic layers were washed with water and brine, dried
over sodium sulphate and concentrated in vacuum until dryness. The crude product was purified
by column chromatography using cyclohexane/ethyl acetate 8/1 as eluent.

Yield 3.260g, 87.73%, light yellow oil, M=312.4782¢g/mol.

'H NMR (CDCL) 5 0.99 (s, 3H, CH,), 2.53 (dt, J=2.1Hz, J=6.0Hz, 2H, H-2), 3.95 (t, |=6.0Hz,
2H, H-3), 7.25-7.40 (m, 6H, H-3", H-4’, H-5"), 7.55-7.67 (m, 4H, H-2", H-6"), 9.74 (s, 1H, H-1).

3C NMR (CDCL,) § 18.11 (C-1), 25.72 (CH,), 45.34 (C-2), 57.27 (C-3), 126.74 (C-3, C-5°), 128.79
(C-4%), 133.77 (C-1°), 134.52 (C-2°, C-67), 200.89 (C-1).

2-amino-5-((tert-butyldiphenylsilyl)oxymethyl)pyrrolo[2,3-d]pyrimidin-4-one (72)

3-((tert-Butyldiphenylsilyl)oxypropanal (524mg, 1.677mmol) was dissolved in 3mL of dry diethyl
ether and dioxane (5.5uL, 0.064mmol, 0.038eq.). The resulting solution was cooled to 0°C and
bromine (80.0pL, 1.56mmol, 0.931eq.) was added. The reaction mixture was stirred at 0°C for five
minutes and subsequently warmed to room temperature. When TLC control indicated complete
conversion, saturated sodium carbonate solution was added. The layers were separated and the
organic layer was dried over sodium sulphate and concentrated in vacuum until dryness. The
resulting product was used in the next synthetic step without further purification.

Yield 458.0mg, 69.78%, yellow oil, M=391.3742g /mol.
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2-Amino-5-((tert-butyldiphenylsilyl)oxymethyl)pyrrolo[2,3-d]pyrimidin-4-one was prepared as de-
scribed in literature [425]. 2-Bromo-3-((tert-butyldiphenylsilyl)oxy)propanal (1.10g, 2.811mmol)
in 20mL acetonitrile was added dropwise to a suspension of 2,6-diamino-4-hydroxypyrimidine
(812.0mg, 6.181mmol, 2.19%¢q.) and sodium acetate trihydrate (1.170g, 8.598mmol, 3.059%q.)
in 20mL water. The resulting reaction mixture was stirred at room temperature over night.
Subsequently, the solvent was removed in vacuum and the product was purified by column
chromatography using dichloromethane/methanol 10/1 as eluent.

Yield 180mg, 15.30%, white solid, M=418,5636g/mol.

'H NMR (DMSO-dg) 5 1.00 (s, 3H, CH,), 4.8 (s, 1H, H-17), 6.05 (5, 2H, NH,), 6.56 (5, 1H, H-6),
7.427.51 (m, 6H, H-3’, H-4’, H-5"), 7.66-7.73 (m, 4H, H-2", H-6"), 10.24 (s, 1H, H-7), 10.86 (s, 1H,
H-3).

3-benzyloxy-1-propanal (69)
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0 .
041\2/3\0 3
6 4

69 5'

3-Benzyloxy-1-propanal was prepared according to a literature procedure [426]. A similar proce-
dure starting from 2-bromo-3-benzyloxypropanal is also described in literature [425]. 3-Benzyloxy-
1-propanol (960pL, 5.88mmol) was dissolved in 35mL dichloromethane and the resulting solution
was cooled to 0°C. TEMPO (129.0mg, 0.0809mmol, 0.0138eq.) was added to the reaction mixture.
After further ten minutes at 0°C, the reaction mixture was warmed to room temperature. The
reaction mixture was stirred at room temperature for 30 minutes and subsequently filtered over
celite. The filtrate was washed with 1N HCI, saturated sodium carbonate solution and brine. The
organic layer was dried over sodium sulphate and reduced in vacuum until dryness. The resulting
product was used for the next synthetic step without further purification.

'"H NMR (CDCL,) § 2.62 (dt, J=1.8Hz, J=6.1Hz, 2H, H-2), 3.74 (t, J=6.1Hz, 2H, H-3), 4.46 (s,
2H, H-17) 7.17-7.31 (m, 5H, H-2", H-3", H-4’, -5, H-6"), 7.72 (¢, ]=1.8Hz, 1H, F-1).

2-amino-5-(benzyloxy)methylpyrrolo[2,3-d]pyrimidin-4-one (73)
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2-Amino-5-(benzyloxy)methylpyrrolo[2,3-d]pyrimidin-4-one was prepared according to a litera-
ture procedure [426]. 3-Benzyloxy-1-propanal was dissolved in 18mL acetonitrile and the resulting
solution was cooled to 0°C. DMSO (290uL, 4.08mmol, 0.695eq.) and trimethylsilylbromide
(850uL, 5.55mmol, 0.705eq.) was added to the stirred solution. The reaction mixture was stirred

over night during which time the reaction mixture warmed to room temperature. Subsequently,
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2,6-diamino-4-hydroxypyrimidine (544.0mg, 4.14mmol, 0.705eq.) and sodium acetate trihydrate
(896.8mg, 6.590mmol, 1.12eq.) were suspended in 18mL deionized water and the suspension was
added to the reaction mixture. The reaction mixture was stirred at room temperature for six hours.
Afterwards, the solvents were removed in vacuum and the crude product was purified by column
chromatography using dichloromethane/methanol 10/1 as eluent.

Yield 82.0mg, 5.162% over three steps, light yellow solid, M=270.2866g/mol.

'H NMR (DMSO-dg) 3 4.45 (5, 2H, H-17), 4.51 (5, 2, H-2"), 6.00 (s, 2H, NH,), 6.55 (d, ]=2.0Hz,
H-6), 7.24-7.29 (m, 5H, H-2", H-3’, H-4’, H-5, H-6"), 10.20 (s, 1H, H-7), 10.85 (s, 1H, H-3).

BC NMR (DMSO-d;) & 64.29 (C-17), 70.80 (C-2”), 98.43 (C-4a), 115.02 (C-6), 115.61 (C-6), 127.14
(C-4), 127.39 (C-2, C-67), 128.11 (C-3", C-57), 138.99 (C-1°), 151.29 (C-7a), 152.33 (C-2), 159.04
(C-4).

2-amino-7H-pyrrolo[2,3-d]pyrimidin-4-one (60)

m
H,N SN N
60

Sodium acetate trihydrate (22.50g, 165.3mmol) and the pyrimidine precursor 2,6-diaminopyrimidin-
4-one (10.00g, 76.12mmol) were suspended in 310mL deionised water. The reaction mixture was
heated to 85°C at which point most of the solids dissolved. Chloroacetaldehyde (12mL, 76.43mmol,
50%m/m solution in deionised water) in 140mL deionised water was added dropwise to the stirred
reaction mixture. The reaction was stirred over night at 85°C. After cooling to room temperature
the pH value of the reaction mixture was adjusted to pH 7.5 using aqueous ammonia solution. The
purple product precipitated from the solution and was isolated by vacuum filtration.

Yield 5.910g, 51.71%, purple solid, M=150.1380g/mol.

TLC R; 0.65 (CHCI,/MeOH/aq. NH, 5/4/1)

'H NMR (DMSO-dg) 8 6.09 (s, 1H, NH,), 6.20 (dd, J1=1.1 Hz, ]2=2.2Hz, 1H, H-5), 6.63 (dd,
J1=1.1 Hz, J2=2.2Hz, 1H, H-6), 10.29 (s, 1H, H-7), 11.00 (s, 1H, H-3).

BCNMR (DMSO-d;) & 99.83 (C-4a), 101.56 (C-5), 116.66 (C-6), 151.13 (C-7a), 152.20 (C-2), 158.92
(C-4).

2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (62)

(0]
NN
62

2-Pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one was prepared according to a modified literature
procedure [286]. 2-Aminopyrrolo[2,3-d]pyrimidin-4-one (3.530g, 23.51mmol) was suspended in
pyridine (35.3mL, 437mmol, 18.6eq.) and triethyl amine (7.1mL, 51mmol, 2.2eq.). The reaction
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mixture was heated to 90°C and pivaloylchloride (8.7mL, 70mmol, 3.0eq.) was added dropwise to
the stirred reaction mixture. The reaction mixture was stirred at 90°C over night and then cooled to
room temperature. All solids were removed by filtration and the filtrate was neutralized by addition
of aqueous ammonia solution. The solvent was removed in vacuum until dryness. The resinous
residue was resuspended in diethyl ether. The product was isolated by filtration and washed with
diethyl ether.

Yield 3.775g, 68.54%, beige solid, M=234.2545g /mol.

HPLC-MS t .= 14.84min (method E)

'H NMR (DMSO-dg) 5 1.19 (s, 9H, (CH,),), 6.36 (5, 1H, H-5), 6.90 (s, 1H, H-6), 10.73 (s, H-7),
11.52 (s, 1H, H-3), 11.78 (s, 1H, NHPiv).

PC NMR (DMSO-d,) & 26.38 (CH,),), 102.20 (C-5), 103.86 (C-4a), 119.69 (C-6), 146.47 (C-2),
147.77 (C-7a), 157.01 (C-4), 180.84 (C-Piv).

4-chloro-2-pivaloylaminopyrrolo[2,3-d]pyrimidine (63)

Cl
LoD
> S
63

2-Pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (1.800g, 7.684mmol) was suspended in dimethyl-
formamide (1.2mL, 15mmol, 2.0eq.) and phosphorus oxychloride (44.7mL, 490mmol, 63.7eq.) was
added. The resulting reaction mixture was stirred at 55°C over night. The solvent was removed
in vacuum and ice water was added slowly to the resulting residue. The resulting suspension
was refluxed for one hour and subsequently the pH value was adjusted to pH 5 by addition of
aqueous ammonia solution. The product precipitated from the aqueous solution and was isolated
by filtration.

Yield 1.18g, 60.77%, brown solid, M=252.7007g/mol.

HPLC-MS t,,= 15.34min (method E)

'H NMR (DMSO-dq) 8 1.25 (5, 3H, CH,), 8.53 (d, ]=2.8Hz, H-6), 10.33 (5, 1H, H-7), 13.41 (s, 1H,
NH-Piv).

PC NMR (DMSO-d,) & 26.87 (CH,), 98.63 (C-4a), 113.20 (C-5), 127.37 (C-6), 150.21 (C-7a), 151.32
(C-2), 152.71 (C-4), 175.88 (C-Piv).

4-chloro-5-iodo-2-pivaloylaminopyrrolo[2,3-d]pyrimidine (64)

ca

e

> S
64

4-Chloro-5-i0do-2-pivaloylaminopyrrolo[2,3-d]pyrimidine was prepared according to a literature

procedure [339]. 4-Chloro-2-pivaloylaminopyrrolo[2,3-d]pyrimidine (500.0mg, 1.979mmol) was
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dissolved in dry THF under nitrogen atmosphere. The flask was covered in aluminium foil to
exclude light from the reaction mixture. N-Iodosuccinimide (490.0mg, 2.069mmol, 1.046eq.) was
added to the stirred solution. After one hour at room temperature the reaction mixture was diluted
with dichloromethane and deionized water was added. The layers were separated and the ageuous
layer was extracted with dichloromethane. The combined organic layers were dried over sodium
sulphate and reduced in vacuum until dryness. The resulting crude product was purified by column
chromatography using a gradient of dichloromethane to dichloromethane/methanol 10/1 as eluent.
Yield 168.5mg, 22.49%, light yellow solid, M=378.5967g/mol.

HPLC-MS t .= 16.04min (method E)

'H NMR (DMSO-d) 5 1.24 (s, 9H, (CH,),), 7.78 (d, J=2.2Hz, 1H, H-6), 10.14 (5, 1H, H-7), 12.72
s, 1H, NH-Piv).

3C NMR (DMSO-dq) § 26,82 ((CH,),)), 51.64 (C-5), 112.33 (C-4a), 132.74 (C-6), 150.67 (C-7a),
151.42 (C-4), 152.52 (C-2), 175.82 (C-Piv).

5-iodo-2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (65)

o [
X
>HJ\H N H
65

2-Pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (500.0mg, 2.134mmol) was suspended in dry THF
under nitrogen atmosphere. The flask was covered in aluminium foil to exclude light from the
reaction mixture. N-Iodosuccinimide (528.0mg, 2.230mmol, 1.045eq.) was added to the stirred
reaction mixture. After stirring at room temperature over night, the reaction mixture was diluted
with dichloromethane and deionized water. The layers were separated and the aqueous layer
was extracted with dichloromethane. The combined organic layers were dried over magnesium
sulphate and reduced in vacuum until dryness. The resulting crude product was purified by
column chromatography using a gradient of dichloromethane to dichloromethane/methanol 100/1
as eluent.

Yield 107.1mg, 13.93%, light yellow solid, M=360.1510g/mol.

TLC R; 0.44 (cyclohexane/ethyl acetate/ethanol = 6/5/1)

'H NMR (DMSO-dg) 5 1.29 (s, 9H, (CH,),), 7.22 (d, ]=2.2Hz, 1H, H-6), 10.91 (s, 1H, H-7), 11.89
(s, 1H, H-3), 11.99 (s, NHPiv).

PC NMR (DMSO-dg) & 26.33 ((CH,),), 54.15 (C-5), 103.81 (C-4a), 124.91 (C-6), 146.85 (C-2),
147.85 (C-7a), 156.48 (C-4), 180.91 (C-Piv).

methyl 2-chloro-3-oxopropionate (74)

O%)YO\
0
74
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Methyl 2-chloro-3-oxo-propionate was prepared according to a modified literature procedure [259].
NaH (5.0g) was washed with cyclohexane and THF and subsequently suspended in 50mL THEF.
The suspension was cooled to 0°C. Methylformate (3.5mL, 55mmol, 0.97eq.) was added to the
stirred solution. Methyl chloroacetate (5.0mL, 56mmol) in 20mL THF were added dropwise to
the reaction mixture over ten minutes. The resulting mixture was stirred for five hours at 0°C.
Subsequently, 50mL deionized water was added and the mixture was extracted twice with diethyl
ether. The pH value of the resulting aqueous phase was adjusted to pH 4 by addition of concentrated
HCIL. The aqueous layer was extracted with diethyl ether three times. The combined organic phases
were dried over sodium sulphate and reduced in vacuum until dryness. The resulting yellow oil was
used for the next synthetic step without further purification.

Yield 6.37g, 84.73%, yellow oil, M=136.5337g/mol.

Methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate (76) and methyl 2,4-diaminofuro-
[2,3-d]pyrimidin-5-carboxylate (75)

o, /
(0] O NH,
HN NZ O
Ay I
HoN N H H,N N (e) o—
76 75

Methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate (76) and methyl 2,4-diaminofuro[2,3-
d]pyrimidin-5-carboxylate (75) were prepared according to a literature procedure [259, 277].
Sodium acetate trihydrate (2.99g, 22.0mmol, 0.52eq.) and 2,4-diamino-6-hydroxypyrimidine (5.540g,
42.17mmol) were suspended in 50mL deionized water and heated to 75°C. Methyl 2-chloro-3-oxo-
propionate (6.00g, 44.0mmol, 1.04eq.) in 20mL deionized water was added dropwise to the stirred
solution. After 75 minutes, the reaction mixture was cooled to room temperature, and the product
was isolated by filtration. The precipitate was washed with copious amounts of deionized water,
acetone, and diethyl ether. The off-white solid was dried in vacuum. The amount of methyl 2,4-
diaminofuro[2,3-d]pyrimidin-5-carboxylate (75) formed in the reaction remained between 32% and
39% 75 when reaction temperatures between 72°C to 100°C were used and work-up was done either
directly afterwards or after stirring at room temperature over night.

Yield 4.63g, 52.70% (75/76=1/2.13), beige to greenish solid, M=208.1741g/mol.

TLC R; 0.47 (76), 0.81 (75) (CHCI, /MeOH aq. NH, = 5/4/1)

methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate (76)

'H NMR (DMSO-dg) § 3.69 (5, 3H, CH,), 6.25 (s, 2H, NH,), 7.37 (d, = 2.6Hz, 1H, H-6), 10.40
(s, 1H, H-7), 11.67 (s, 1H, H-3).

13C NMR (DMSO-dg) § 50.69 (CH,), 93.07 (C-4a), 109.76 (C-6), 124.92 (C-5), 152.86 (C-2), 153.21
(C-7a), 157.36 (C-4), 169.54 (COOCH,).

methyl 2,4-diaminofuro[2,3-d]pyrimidin-5-carboxylate (75)

'H NMR (DMSO-dg) 3 3.81 (s, 3H, CH,), 6.57 (5, 2H, NH,), 7.34 (s, 2H, NH,), 7.65 (5, H-5).

3C NMR (DMSO-dq) § 51.66 (CH,), 97.37 (C-4a), 113.98 (C-5), 136.14 (C-6), 158.84 (C-2), 159.68
(COOCH,), 163.17 (C-7a), 163.43 (C-4).
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Methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate (77)

A mixture of methyl 2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate (76) and methyl 2,4-
diaminofuro[2,3-d]pyrimidin-5-carboxylate (75) (1.980g, 9.511mmol, 75/76=1/1.56) was dissolved
in 20mL pyridine and triethylamine (4.0mL, 29mmol, 3.0eq.) was added. The resulting mixture
was heated to 90°C. Pivaloylchloride (5.0mL, 40mmol, 4.2eq.) was added dropwise to the reaction
mixture and the reaction mixture was stirred at 90°C over night. Upon cooling to room tem-
perature, the product precipitated from the reaction mixture. The product was resuspended in
deionized water and the pH was adjusted to pH 7 with aqueous ammonia solution. The product
was isolated by filtration and washed with copious amounts of deionized water. Methyl 2-amino-
4-oxopyrrolo[2,3-d]pyrimidin-5-carboxylate (77) was purified by column chromatography using
cyclohexane/ethyl acetate 1/1 as eluent.

Yield 2.900g, 33.81% beige solid, M=292.2905¢g/mol.

'H NMR (DMSO-dg) 3 1.12 (s, 9H, Piv—(CH,),), 3.91 (s,3H, CH,), 7.70 (s, 1H, H-6), 10.18 (5, 1H,
F-7), 10.68 (5, 1H, H-3), 12.03 (bs, 1H, Piv-NH).

PC NMR (DMSO-dy) & 26.53 (C(CH,),), 37.67 (C(CH,),), 52.45 (COOCH,), 103.69 (C-4a),
115.76 (C-6), 140.51 (C-5), 155.05 (C-2), 155.74 (C-7a), 158.51 (C-4), 168.47 (COOCH,), 179.33
(CO-Piv).

5-formyl-2-pivaloylaminopyrrolo[2,3-d]pyrimidin-4-one (61)

2-Pivaloylamino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one (8) (160mg, 0.617mmol) was suspended in
pyridine/acetic acid/deionized water 2/1/1. Alternatively, acetic acid/deionized water 1/1 can be
used as reaction solvent. Sodium hypophosphite dihydrate (400.0mg, 3.774mg, 6.115eq.) was added.
The resulting reaction mixture was stirred under nitrogen at 55°C for two hours. Subsequently,
Raney-Ni (200mg, suspension in water) was added. After four hours TLC indicated complete
conversion. The catalyst was removed by filtration over celite. The filtrate was reduced in
vacuum until dryness. The remaining residue was redissolved with methanol and the product was
precipitated by addition of diethyl ether.

Yield 117.18mg, 36.2%, beige solid, M=262.2646g/mol.

HPLC-MS t .= 17.0min (method E)
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2-amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one (66)

Method A: PreQy (555.4mg, 3.171mmol) and Na,H,PO, dihydrate (1.087g, 10.25mmol, 3.233¢q.)
were dissolved in 15mL pyridine/acetic acid/deionized water 2/1/1 and stirred under nitrogen
atmosphere. Raney-Ni catalyst (slurry in water, approx. 500mg) was added to the stirred reaction
mixture. Upon addition of Raney-Ni the brown reaction mixture started to foam. The reaction
mixture was stirred under nitrogen over night. Subsequently, the catalyst was removed by filtration
over celite. The resulting filtrate was reduced in vacuum under addition of first methanol, and
secondly toluene to remove acetic acid and water, respectively, as azeotropic mixtures. The
remaining brown slurry was dissolved in 6M aqueous potassium hydroxide solution and filtered.
The resulting filtrate was cooled to 0 °C and neutralized by addition of concentrated aqueous HCI.
The product precipitated from the solution and was isolated by filtration. A second fraction of
product precipitated from the solution after reducing the solvent volume in vacuum. The product
was washed with ice water. An analytical sample was redissolved in 6M aqueous potassium solution
and treated with charcoal. Charcoal was removed by filtration over celite, and the product was
precipitated from the solution by neutralizing the filtrate by addition of concentrated ageuous HCL.
Yield 175.5mg, 31.07%, brown solid, M=178.1481g/mol.

Method B: PreQ, (807,8mg, 4.612mmol) and Na,H,PO, dihydrate (1.4359g, 13.55mmol, 2.937¢q.)
were dissolved in 15mL pyridine/acetic acid/deionized water 2/1/1 and stirred under nitrogen
atmosphere. Raney-Ni catalyst (slurry in water, approx. 500mg) was added to the stirred reaction
mixture. The resulting reaction mixture was heated to 50°C for 5 hours. Subsequently, the reaction
mixture was cooled to room temperature. Work-up was done analogously as described above for
method A. The product was washed with water and acetone.

Yield 769.9mg, 93.67%, brown solid, M=178.1481g/mol.

TLC R; 0.47 (CHCL, /MeOH/aq. NH, = 5/4/1)

HPLC-MS t .= 10.0min (method C)

'H NMR (DMSO-dq) 5 6.35 (bs, 2H, NH,), 7.49 (s, 1H, H-6), 10.04 (s, 1H, CHO), 10.72 (bs, 1H,
H-7), 11.96 (bs, 1H, H-3).

BCNMR (DMSO-d,) & 98.36 (C-5), 120.34 (C-6), 124.50 (C-4a), 153.40 (C-2), 153.83 (C-7a), 159.02
(C-4), 185.47 (CHO).

2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carbaldehyde phenylhydrazone (78)
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2-Amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one is prepared as described above. When phenylhy-
drazine (2eq.) is added to the reaction mixture, complete conversion to 2-amino-4-oxopyrrolo[2,3-
d]pyrimidin-5-carbaldehyde phenylhydrazone (78) is observed on TLC. When the Raney-Ni cata-
lyst was removed by filtration over celite, the product degraded to 2-amino-5-formylpyrrolo[2,3-
d]pyrimidin-4-one and phenylhydrazine, which are both clearly visible on TLC. Therfore, the
product was not isolated.

Yield not determined, M=268.2740g/mol.

TLC R; 0.77 (chloroform/methanol/ageuous ammonia 5/4/1)

7.6.8 Synthesis of the 2-amino-5-methyliminopyrrolo[2,3-d]pyrimidin-4-one and 2-
amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carbaldehyde oxime

2-amino-5-methyliminopyrrolo[2,3-d]pyrimidin-4-one (81)

o] —NCHjs

HNJEE\g
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2-Amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one (280.0mg, 1.572mmol) was suspended in 5mL
ethanol and stirred under nitrogen atmosphere. Methylamine (33%m/m in ethanol, 163uL,
17.3mmol, 1.10eq.) was added dropwise to the reaction mixture. The reaction mixture was stirred
at room temperature for 44 hours. Subsequently, the reaction mixture was cooled on an ice bath
and the product precipitated from the reaction mixture. The product was isolated by filtration and
washed with deionised water and aceton.

Yield 169.3mg, 56.34%, beige solid, M=191.1900g/mol.

TLC R; 0.47 (CHCI,/MeOH/aq. NH, = 5/4/1)

HPLC-MS t .= 16.8min (method C)

2-amino-4-oxopyrrolo[2,3-d]pyrimidin-5-carbaldehyde oxime (82)

82

2-Amino-5-formylpyrrolo[2,3-d]pyrimidin-4-one (450.0mg, 2.526mmol) and hydroxylamine hy-
drochloride (210.6mg, 3.031mmol, 1.20eq.) were suspended in 5mL ethanol and stirred under
nitrogen atmosphere. Aqueous sodium hydroxide solution (5M, 606uL, 3.03mmol, 1.20eq.) was
added to the stirred reaction mixture. After 30 minutes at room temperature, the reaction mixture
was heated to 50°C over night. Subsequently, the reaction mixture was cooled first to room
temperature and then to 0°C. The product precipitated from the reaction mixture and was isolated

by filtration. The product was washed with copious amounts of water and acetone and dried in
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vacuum.

Yield 372.1mg, 76.26%, brown solid, M=227.1526g/mol.
TLC R; 0.38 (CHCI,/MeOH/aq. NH, = 5/4/1)
HPLC-MS t,,= 15.6min, 16.7min (method C)

7.7 HPLC analysis of commercially available compounds

Several commercial nitriles were used for screening reactions. The HPLC-methods applied are

summarized in Table 7.1.

Table 7.1 HPLC-MS methods for commercially available compounds

compound name HPLC method retention time
benzonitrile (83) method E 18.42min

method F 17.67min
phenylacetonitrile (84) method F 17.93min
cinnamonitrile (85) method F 19.06min
3-cyanoindole (86) method G 11.23min
2-cyanopyrimidine (87) method D 7.24min

method G 7.27min
cyanopyrazine (88) method D 6.75min

method G 6.67min
2-cyanopyridine (89) method D 11.67min

method G 10.70min
3-cyanopyridine (90) method D 9.29min

method G 9.10min
2-cyanopyrrole (91) method G 12.57min
3-cyano-7-azaindole (92) method G 10.47min
6-cyanopurine (93) method C 11.50min
4-aminobenzylcyanide (94) method F 9.17min
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Targeting the Substrate Binding Site of E. coli Nitrile Reductase QueF by
Modeling, Substrate and Enzyme Engineering
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Abstract: Nitrile reductase QueF cata-
lyzes the reduction of 2-amino-5-
cyanopyrrolo[2,3-d]pyrimidin-4-one

(preQ,) to 2-amino-5-aminomethyl-
pyrrolo[2,3-d]pyrimidin-4-one (preQ;)
in the biosynthetic pathway of the hy-
permodified nucleoside queuosine. It is
the only enzyme known to catalyze a
reduction of a nitrile to its correspond-
ing primary amine and could therefore
expand the toolbox of biocatalytic re-
actions of nitriles. To evaluate this new
oxidoreductase for application in bio-

report here an investigation of the
active site binding properties and the
substrate scope of nitrile reductase
QueF from Escherichia coli. Screenings
with simple nitrile structures revealed
high substrate specificity. Consequently,
binding interactions of the substrate to
the active site were identified based on
a new homology model of E. coli QueF
and modeled complex structures of the

Keywords: active site model
amines - biocatalysis - enzyme catal-

natural and non-natural substrates. Var-
ious structural analogues of the natural
substrate preQ, were synthesized and
screened with wild-type QueF from
E. coli and several active site mutants.
Two amino acid residues Cys190 and
Aspl197 were shown to play an essen-
tial role in the catalytic mechanism.
Three non-natural substrates were
identified and compared to the natural
substrate regarding their specific activi-
ties by using wild-type and mutant ni-
trile reductase.

catalytic reactions, investigation of its
substrate scope is prerequisite. We

Introduction

Nitrile reductase QueF shows the unique enzymatic activity
of reducing the nitrile group of 7-cyano-7-deazaguanine (2-
amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one, preQ,) to its
corresponding primary amine preQ; (Scheme 1). This
enzyme was found in the biosynthetic pathway to the modi-
fied nucleoside queuosine (Q) and represents the first exam-
ple of a biological conversion of a nitrile to the correspond-
ing amine."

Currently, two types of nitrile reductase QueF are known;
type I, single-domain proteins, first found in Bacillus subtilis
(YkvM), and type II, two-domain proteins, found, for exam-
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ACIB GmbH, c/o Institute of Organic Chemistry
Graz University of Technology, Stremayrgasse 9, 8010 Graz (Austria)
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Graz University of Technology, Petersgasse 12, 8010 Graz (Austria)
[d] Dr. G. Steinkellner, Dr. A. Lyskowski, Prof. K. Gruber
ACIB GmbH, c/o Institute of Molecular Biosciences
University of Graz, Humboldtstrasse 50/111, 8010 Graz (Austria)
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Scheme 1. Enzymatic reduction of 2-amino-5-cyanopyrrolo[2,3-d]pyrimi-
din-4-one preQ,,

ple, in E. coli and Vibrio cholerae (YqcD).l"? Both types of
nitrile reductase QueF belong to the T-fold superfamily. The
structure of QueF from V. cholerae was determined at
1.53 A resolution and was found to crystallize as a tetramer,
a dimer of dimers.”! The structure of B. subtilis QueF, deter-
mined at 2.5 A, revealed a homodecamer of two-head to
head-facing pentamers.**

These crystal structures provide additional insight into the
catalytic mechanism. Three amino acid residues, Asp197,
His229 and Cys190 are considered to be involved in the cat-
alytic mechanism proposed. The initial step is a nucleophilic
attack of Cys190 on the cyano functionality of the substrate
to form a thioimide intermediate, as proven by a crystal
structure of this intermediate from B. subtilis QueF.* This
covalent bond of the cysteine residue to the substrate is
then proposed to hold the substrate in place, whereas two
molecules of NADPH consecutively donate hydrides to the
substrate. The mechanism requires two protons in addition
to the two hydrides from NADPH. The initial proton is
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transferred to the substrate during formation of the covalent
adduct. The final proton is discussed to be either provided
by His229™ or by Asp197.F!

An enzymatic process allows the reduction of nitriles at
ambient temperatures and physiological pH values and
could therefore be a valuable alternative to chemical nitrile
reduction. Chemical nitrile reduction generally involves
either molecular hydrogen under pressure in the presence of
metal catalysts, such as Pt, Pd, or Raney-Ni, or expensive
borane or hydride reagents, for example, NaBH, or
LiAIH,® Furthermore, a nitrile reductase could expand the
toolbox of biocatalytic reactions of nitriles, for example, hy-
drolysis by nitrilases and nitrile hydratases,”) and synthesis
of a-hydroxynitriles by hydroxynitrile lysases.®!

We recently reported the first application of nitrile reduc-
tase QueF from thermophilic origin in biocatalytic screening
reactions. Two non-natural substrates, structural analogues
of the natural substrate preQ,, were found to be reduced to
their corresponding amines by Geobacillus kaustophilus ni-
trile reductase QueF.")

Here, the substrate scope of E. coli QueF is investigated
by synthesis and screening of several natural substrate ana-
logues, as well as design and screening of active site mutants.
The active site was modeled and modeled complex struc-
tures including the natural as well as non-natural substrates
were investigated.

Results and Discussion

Cloning, expression and purification: Wild-type (WT) nitrile
reductase and eight active site mutants were cloned, overex-
pressed in E. coli and purified, as described in the experi-
mental section. The thus prepared enzymes were used di-
rectly after purification for screening reactions and determi-
nation of kinetic parameters, as activity decreased during
storage. Wild-type enzyme retained only around 1% activity
after twelve months of storage at —70°C.

Active site model: A homology model of QueF from E. coli
was built based on the crystal structure of the enzyme from
V. cholerae and a docking simulation of the natural substrate
preQ, (1) was performed. The sequence identity and the se-
quence similarity to the template were found to be 65 and
76 %, respectively.

According to the active site model, the substrate is orient-
ed by a series of hydrogen bonds and a ring-stacking inter-
action with Phe228 (Figure 1). The side chain of Glu89 and
the main chain of Ser90 coordinate the ring nitrogen atoms
in positions 7 and 1, respectively."”’ The carboxylate group
of Glu230 interacts with the heteroatom in position 3, as
well as the amino-functionality in position 2. The main chain
of His229 coordinates the keto-functionality in position 4.
These amino acids may therefore be involved in substrate
specificity.
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Figure 1. Energy minimized model of the active site of wild-type nitrile
reductase QueF from E. coli. The cavity is shown as a transparent surface
and is colored by hydrophobicity values (red hydrophobic, green less hy-
drophilic, blue hydrophilic). Grey dashed lines indicate interactions with
the main chain of the amino acid, whereas blue dashed lines indicate in-
teractions with the side chain. The magenta dashed line indicates where
the active site Cys190 should attack to form the covalent reaction inter-
mediate.

Screening reactions: Screening reactions of wild-type and
mutant nitrile reductase from E. coli with the natural sub-
strate preQ, (1) and non-natural substrates (2-14) were ana-
lyzed by spectrophotometric monitoring of NADPH deple-
tion, as well as by HPLC-MS based measurements of prod-
uct formation. Specific activities were assayed spectrophoto-
metrically (see the Experimental Section).

Simple, commercially available nitriles used in screening
reactions were not accepted as substrates by wild-type nitrile
reductase from E. coli. These nitriles included aromatic ni-
triles, like benzonitrile, aliphatic nitriles, for example, phe-
nylacetonitrile, as well as a variety of heterocyclic nitriles,
including 2-cyanopyrrole, 3-cyanoindole, and cyanopyri-
dines. The full range of commercially available nitriles used
for screening reactions is depicted in Figure S1 in the Sup-
porting Information.

Consequently, the range of substrates investigated in
screening reactions with wild-type and mutant nitrile reduc-
tase from FE. coli were focused on natural substrate ana-
logues. Natural substrate analogues 2, 3, and 4 differ from
preQy in the number of functional groups on the pyrimidine
ring. 5-Cyanopyrrolo[2,3-d]pyrimidin-4-one (2) and 2-
amino-5-cyanopyrrolo[2,3-d]pyrimidine (3) are devoid of the
amino- and the keto-substituent, respectively, whereas 5-
cyanopyrrolo[2,3-d]pyrimidine (4) has neither amino- nor
keto-substituent. Furthermore, the amino- and keto-func-
tionality were protected by a pivaloyl- (5), and methyl-pro-
tecting group (6). Nitriles 8 and 10 differ from preQ, in the
substituent in position 4. The keto-substituent is replaced by
an amino- (8) and chloro-substituent (10), respectively. 4-
Amino-5-cyanopyrrolo[2,3-d]pyrimidine (9) shows only one
substituent on the pyrimidine ring, an amino group in posi-
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tion 4. 2,4-Diamino-5-cyanomethyl-6-hydroxypyrimidine (7)
resembles the natural substrate preQ, (1) in its substitution
pattern on the pyrimidine ring, however, bears the nitrile
functionality on an open chain fragment. 2-Hydroxybenzyl-
cyanide (13) and 4-aminobenzylcyanide (14) are additionally
devoid of the ring nitrogen atoms. 3-Cyano-7-azaindole (11)
and 3-cyanoindole (12) show the bicyclic ring structure of
the substrate, however, are devoid of the functional groups
and one or both nitrogen atoms in the six-membered ring
(Figure 2).

CN O ¢N cN CN
3 M4 4o
HN HN N N
Ly Gy Ay Gy
H,N"2 N 7 H7 NT Ol H,N™ N NT N
1 2 3 4
o}
CN OCH; cN OH
O HN
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Figure 2. Range of natural substrate analogues screened with wild-type
and mutant nitrile reductase QueF from E. coli.

Wild-type nitrile reductase QueF from E. coli was found
to be active for the conversion of its natural substrate preQ,
(1), as well as the two non-natural substrates 5-
cyanopyrrolo[2,3-d]pyrimidin-4-one  (2) and 2-amino-5-
cyanopyrrolo[2,3-d]pyrimidine (3). Specific activities for the
natural substrate 1 and non-natural substrate 2 are in the
same range, whereas the specific activity for non-natural
substrate 3 is significantly lower and was not detectable by
HPLC-MS (Tables1 and 2). These results are consistent
with previous screenings in which two non-natural substrates
(2 and 3) were identified to be accepted as substrates by
wild-type and mutant nitrile reductase from G. kaustophi-
Ius.

Nitriles 5-14 were not accepted as substrate by wild-type
or any mutant nitrile reductase from E. coli (Table 1). All
successfully reduced substrates contain the bicyclic pyrrolo-
[2,3-d]pyrimidine ring system, differing in their pyrimidine
ring substituents. Although substrates 2 and 3, differing in
the missing amino- and keto-functionality on the pyrimidine
ring, respectively, were accepted as substrates, nitriles 5 and
6 bearing protecting groups on these functionalities were
not converted. Neither nitrile differing from the guanine-
substitution pattern, as in substrates 8-10, or monocyclic ni-
triles, including 2,4-diamino-5-cyanomethyl-6-hydroxypyrim-
idine (7), were accepted as substrate.
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Table 1. HPLC-MS based screening results, conversions based on area
normalization.?)

1 2 3-14
wild type +++ +++ -
Glu89Ala + + -
Glu89Leu + + —
Ser90Ala +++ +++ -
Cys190Ala — - -
Aspl97Asn - - -
Phe228Trp +++ +++ -
His229Ala +++ +++ -
Glu230GIn ++ ++ -

[a]+ + +, conversion over 95%; + +, conversion 2-10%; 4+, conversion
<2%; —, no conversion.

In order to verify their proposed role in the catalytic
mechanism, enzyme variants with amino acid exchanges at
Cys190, Asp197 and His229 were prepared. The substitution
of the active site nucleophile Cys190 by alanine resulted in a
protein that was no longer active for the conversion of nei-
ther the natural substrate, nor any of the non-natural sub-
strates (Table 1). The essential role of the cysteine residue
was previously proven by Cys55Ala and CysS55Ser variants
of B.subtilis QueF. Crystallization of a Cys55Ala variant
from B. subtilis showed preQ, to be bound noncovalently,
whereas covalently bound substrate was found in the crystal
structure of the thioimide complex.”! Additionally, a
Cys55Ala variant of G. kaustophilus QueF was also inactive
for the conversion of preQ,.'") However, so far no mutations
of the aspartic acid or histidine residue are available in the
literature. The Asp197Asn mutation led to complete loss of
activity, confirming its essential role in the catalytic mecha-
nism. However, the His229Ala mutant retained activity,
leading to similar conversions as wild-type enzyme
(Table 1). Specific activities, however, were approximately
one order of magnitude lower than for the wild-type
enzyme (Table 2). Based on these data, an essential role of
this histidine residue in the catalytic mechanism could not
be verified.

Several amino acid residues coordinating the substrate in
the active site were exchanged to investigate their influence
on substrate binding. The Phe228Trp variant retains the pos-
sibility of ring stacking interactions with the substrate. This
variant was found to be active. Although conversions were
comparable to wild-type enzyme, specific activities were
90% lower for substrate 1 and 2. The mutation Glu230Gln
exchanges two amino acid residues of similar length, ex-

Table 2. Specific activities [mUmg '] determined in spectrophotometric
measurements.

1 2 3 4
wild type 117 90 <0.1% -
Ser90Ala 12.9 3.8 <0.1 <0.11
Phe228Trp 10.2 8.7 <0.11 -
His229Ala 17.9 14.3 - -
Glu230GIn 4.4 3.0 2.2l 2.0

[a] Specific activities for substrates 3 and 4 were significantly lower than
for substrates 1 and 2, therefore no product could be detected by HPLC-
MS for substrates 3 and 4.
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changing the carboxylic acid functionality of the glutamate
with the amide functionality of the glutamine. This mutation
led to lower conversions as well as specific activities for sub-
strates 1 and 2. However, this variant showed marginally
broader substrate specificity; specific activities for substrates
3 and 4 were higher than with wild-type enzyme or any
other variant. Exchanges of Glu89 by Ala or Leu mutations
led to a drastic loss in activity. Conversions of the natural
substrate (1) were lower than 2 %, indicating that this amino
acid is important for substrate binding. The Ser90Ala var-
iant showed similar conversions as the wild-type enzyme.
Specific activities were decreased by 90 %, however, nitriles
1-4 were accepted as substrate. The active site model sug-
gests main-chain interactions between Ser90 and the sub-
strate (Figure 1), consequently alterations in the side chain
might have less impact on substrate binding.

Determination of kinetic parameters for wild-type nitrile
reductase from E. coli showed that k_, values for substrate 1
and 2 are in the same range, however, the K value for sub-
strate 2 is considerably higher, affecting substrate specificity
by a factor of 100 (Table 3). This is also indicated by the
slightly lower specific activities for substrate 2. Comparable
k., values were obtained when preQ, (or NADPH) was
held at a constant saturating concentration and the NADPH
(or preQ,) was varied, proving internal consistency of kinet-
ic parameters. The K, value determined for NADPH
(Table 3) is consistent with the values found in the litera-
ture.!"

Table 3. Apparent kinetic parameters for wild-type nitrile reductase
from E. coli.

NADPH 1 2

Ky [1m] 6.0+0.7 6.1+1.1 176 +23

Koy [min'] 8.5+0.1 6.5+02 3.6+03
Conclusion

Type II nitrile reductase QueF from E. coli was cloned, ex-
pressed, purified, and investigated regarding its active site
binding properties and substrate scope. A homology model,
calculated based on the crystal structure of V. cholerae and
modeled complex structures allowed the identification of
several active site residues coordinating the substrate. To
gain insight into active site binding, variants of the amino
acid residues considered important for substrate binding
were prepared and screened with various synthesized natu-
ral substrate analogues. Several structural elements were
found to be essential for binding. All three non-natural sub-
strates converted contain the pyrrolo[2,3-d]pyrimidine ring
core structure. Substrate 2, containing the keto-functionality
in position 4 showed comparable specific activities to the
natural substrate preQ, (1). Monocyclic nitriles 7, 13, and 14
were not accepted as substrates, even though nitrile 7 con-
tained similar functional groups and ring hetero-atoms as
the natural substrate, indicating the importance of the
pyrrolo[2,3-d]pyrimidine ring for binding. The active site
variant Glu230Gln showed a broader substrate scope than
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wild-type enzyme, was, however, still restricted to pyrrolo-
[2,3-d]pyrimidine substrates.

Three amino acids Cys190, Asp197, and His229 were pro-
posed to partake in the catalytic mechanism. The essential
role of the cysteine residue was proven previously for type I
QueF in screenings of Cys55 variants of B. subtilis and
G. kaustophilus QueF. The screening results of this study
support an essential role of Cys190 and Asp197 in nitrile re-
ductase type II, however, could not confirm the essential
role of His229.

The present work verifies the catalytic mechanism pro-
posed and provides insight into structural properties of pos-
sible substrates and is therefore a first step towards applica-
tion of nitrile reductase in biocatalytic reactions.

Experimental Section

General procedures: Reagents and starting materials were obtained from
commercial suppliers, and used without further purification. Thin layer
chromatography was carried out with precoated aluminium silica gel 60
F,s4 plates and column chromatography with Merck silica gel 60 (0.040—
0.063 mm). '"H and '*C NMR spectra were recorded on a Bruker Avan-
ce III with autosampler ("HNMR 300.36 MHz, C NMR 75.53 MHz).
Chemical shifts for "H NMR are reported in ppm relative to Me,Si as in-
ternal standard. Screening reactions were run on an Eppendorf comfort
thermomixer. Absorption measurements were obtained with a Fluostar
plate reader (BMG Lab Tech) at 340 nm, and HPLC-MS analysis was
carried out with an Agilent 1200 series by using a phenomenex Gemini-
NX3 C18 110 A (150 mmx2.0 mm) column and ammonium acetate
(20 mm) in water and acetonitrile as eluents, except for 2,4-diamino-5-cy-
anomethyl-6-hydroxypyrimidine (7) for which a Merck SeQuant ZIC-
HILIC column (150 mmx2.1 mm, 3.5 um, 200 A) with ammonium ace-
tate (5 mM) in water and acetonitrile as eluents was used.

Enzyme cloning, expression and purification: E. coli queF (gene ID:
947270) was amplified from the genomic DNA of E. coli str. K-12 with
the introduction of restriction sites Ncol and HindIII by using Phusion”
High-Fidelity DNA polymerase (Finnzymes) and primers 5-AAT CAC
CAT GGC TAT GTC TTC TTA TGC AAA C-3 and 5-AAT CAA
AGC TTT TAT TGC CGA ACC AGT C-3/, respectively. The PCR reac-
tion was thermally cycled: 98°C for 30 s, followed by 30 cycles of 98°C
for 10's, 55°C for 15 s, and 72°C for 20 s, then a final incubation of 72°C
for 5 min. The PCR products were gel purified with the QIAquick® gel
extraction kit (Qiagen), digested with Ncol and HindIII restriction en-
zymes (Fermentas) in Tango buffer (Fermentas), and column purified ac-
cording to the QIAquick® PCR purification protocol (Qiagen). The gene
was ligated into the pEHISTEV vector,™® which was also digested with
Ncol and HindIII. The ligation was carried out for 3 h at room tempera-
ture in the presence of T4 ligase (Fermentas) and T4 ligation buffer (Fer-
mentas). The ligation product was transformed into electrocompetent
E. coli TOP10 F’ cells and plated on LB-agar supplemented with 50 pug
kanamycin per mL. The resulting plasmid pEHISTEV:EcNRedWT was
isolated with the GeneJET™ plasmid mininprep kit (Fermentas) and the
sequence was confirmed by LGC Genomics.

pEHISTEV:EcNRedWT was employed as the template for site directed
mutagenesis with the following primers (exchanged nucleotides under-
lined): E89Afw, 5-ACC AGC GTA AAT CTG ATT GCG TCG AAG
AGT TTT AAG CTC-3; E89Arv, 5-GAG CTT AAA ACT CTIT CGA
CGC AAT CAG ATT TAC GCT GGT-3; E89Lfw, 5-GAT TAC ACC
AGC GTA AAT CTG ATT CTG TCG AAG AGT TTT AAG CTC
TAT-3"; E89Lrv, 5-ATA GAG CTT AAA ACT CTT CGA CAG AAT
CAG ATT TAC GCT GGT GTA ATC-3'; S90Afw, 5-GC GTA AAT
CTG ATT GAG GCG AAG AGT TTT AAG CTC TAT C-3'; S90Arv,
5'-G ATA GAG CTT AAA ACT CTT CGC CTC AAT CAG ATT TAC
GC-3; C190Afw, 5-C CTG CTG AAA TCA AAT GCC CTG ATC
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ACC CAT CAA CCA G-3; C190Arv, 5'-C TGG TTG ATG GGT GAT
CAG GGC ATT TGA TTT CAG CAG G-3'; D197Nfw, 5-C CTG ATC
ACC CAT CAA CCA AAT TGG GGT TCG CTC C-3'; D197Nry, 5-G
GAG CGA ACC CCA ATT TGG TTG ATG GGT GAT CAG G-3;
F228Wfw, 5-GT CAT CAC AAC GAG TGG CAC GAA CAG TGC
GTG GAA C-3'; F228Wrv, 5'-G TTC CAC GCA CTG TTC GTG CCA
CTC GTT GTG ATG AC-3'; H229Afw, 5'-GT CAT CAC AAC GAG
TTC GCC GAA CAG TGC GTG GAA C-3'; H229rv, 5-G TTC CAC
GCA CTG TTC GGC GAA CTC GTT GTG ATG AC-3'; E230Qfw, 5'-
CAT CAC AAC GAG TTC CAC CAA CAG TGC GTG GAA CGC-3;
and E230Qrv, 5-GCG TTC CAC GCA CTG TTG GTG GAA CTC
GTT GTG ATG-3'. Briefly, PfuUltra HF reaction buffer (5 uL; 10x),
the template (1 pL, 10 ng), dNTPs mix (1 uL;10 mm), either forward or
reverse primer (5 mm; 1 puL) and PfuUltra High Fidelity DNA polymer-
ase (1pL; 2.5UuL™Y; Stratagene, La Jolla, CA, USA) were added to
doubly distilled water (41 pL; Fresenius, Graz, Austria). The two-stage
PCR was conducted on a Gene Amp System 2400 thermo cycler (Ap-
plied Biosystems, Foster City, CA) under the following conditions: 95°C
for 1 min, 4 cycles of 50s at 95°C, 50s at 60°C, 5 min 30s at 68°C, and
then 7 min at 68°C for the final elongation step. After these initial four
cycles of primer extension, the reaction containing the forward primer
(25 pL) was combined with the reaction containing the reverse primer
(25 uL). Additional 25 cycles were run under the above conditions. Sub-
sequently, Dpnl (1 pL, Fermentas) was added to digest the template at
37°C for 1 h. An aliquot of the mixture (2 pL) was transformed into elec-
trocompetent E. coli K12 ToplOF cells (60 uL; Invitrogen). SOC
medium (500 uL) was added to the cells immediately after transforma-
tion. After regeneration for 45 min at 37°C, 50 pL + 510 pL of the
transformation mixture were plated on LB/kanamycin agar plates for se-
lection of positive transformants. The mutations were confirmed by se-
quencing (LCG Genomics). Plasmids from WT and mutants with the cor-
rect sequence were transformed into E. coli BL21 (DE3). The WT and
the mutant nitrile reductase were cultivated as follows: overnight cultures
(20 mL LB/kan, inoculated with a single colony and grown at 37°C in an
orbital shaker) were used to inoculate LB/kan medium (500 mL) in baf-
fled Erlenmeyer flasks (2L). These main cultures were grown at 37°C
and 130 rpm to an OD of 0.7, induced with IPTG (0.5 mL; 1m) and incu-
bated for 18-20 h at 37°C and 130 rpm. The cells were harvested by cen-
trifugation (2800 g, 4°C, 10 min). The pellet was resuspended in buffer
(10 mm Tris, 50 mm KCl, 1% v/v glycerol; pH 7.5 adjusted with HCI
37 %) and disrupted by ultrasonication. Cell debris was removed by ultra-
centrifugation at 164 400 g for 45 min at 4°C. The cell-free extract was
applied to an Ni Sepharose 6 fast flow column (5 mL; GE Healthcare,
UK). The tagged enzymes were obtained by a one-step purification by
using the buffers recommended in the manual. After purification, the
enzyme solution was desalted against reaction buffer (100 mm Tris, S0 mm
KCL, 1 mm TCEP, 1% v/v glycerol; pH 7.5 adjusted with HCl 37%) by
using HiTrap Desalting columns (GE Healthcare, UK). The collected
protein fractions were concentrated tenfold by Vivaspin 20 tubes (10000
MWCO, Sartorius) and then used for enzymatic assays without inter-
mediate freezing steps.

Modeling and docking: The structure of E. coli nitrile reductase QueF
was modeled by using the program YASARA Structure!'!! by applying
the standard modeling protocol. For the comparative modeling, the struc-
ture of V. cholerae QueF (PDB ID: 3RZQ) with a sequence identity of
65% and a similarity of 76 % was used as a template. The natural sub-
strate of V. cholerae QueF was retained during modeling and energy min-
imization. The side chain of the proposed catalytic residue Cys190, which
is located in a loop close to the active site, was rotated in the model to
match the proposed reaction mechanism. An energy minimization of the
complex was performed by using the force field AMBERO03!"? by apply-
ing the standard YASARA energy minimization protocol. For the dock-
ing calculations the program Glide!"¥ was used. The substrates were pre-
pared in Maestrol' and optimized by using Jaguar!"! with basis set 6-
31G. The docking box for the grid calculation was set to a side length of
10 A with the center of the box at the active site. The docking was per-
formed with extra precision and with flexible ligands. Receptor hydroxyl
and thiol groups within the docking box were allowed to rotate. Sub-
strates 1-14 were docked into the model. Compounds 1 and 2 as well as
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4, 8 and 11 showed reasonable binding modes consistent with the pro-
posed reaction mechanism with 1 and 2 yielding the best docking scores
(Figures S2 and S3 in the Supporting Information). All pictures were gen-
erated by using PyMOL.""! Hydrophobicity values for the visualization of
the cavity surface were calculated with VASCo.!"”!

Substrate synthesis: 7-Aza-3-cyanoindole (11), 3-cyanoindole (12) and
aminobenzylcyanide (14) are commercially available and were purchased
from  Sigma—Aldrich. 2-Amino-5-cyanopyrrolo[2,3-d]pyrimidin-4-one
(preQ,, 1), 5-cyanopyrrolo[2,3-d|pyrimidin-4-one (2), 2-amino-5-cyano-
pyrrolo[2,3-d]pyrimidine  (3),  2,4-diamino-5-cyanomethyl-6-hydroxy-
pyrimidine (7), 24-diamino-5-cyanopyrrolo[2,3-d]pyrimidine (8), 4-
amino-5-cyanopyrrolo[2,3-d]pyrimidine  (9), 2-amino-4-chloro-5-cyano-
pyrrolo[2,3-d]pyrimidine (10) and 2-hydroxybenzylcyanide (13) were pre-
pared according to previously published procedures.”) Syntheses of 5-
cyano-2-pivaloylaminopyrrolo[2,3-d]|pyrimidin-4-one (5), and 2-amino-5-
cyano-4-methoxypyrrolo[2,3-d|pyrimidine (6) are described in the Sup-
porting Information.

5-Cyanopyrrolo[2,3-d]pyrimidine (4): 6-Bromo-4-chloro-5-cyanopyrrolo-
[2,3-d]pyrimidine (400 mg, 1.554 mmol) was suspended in ethanol
(60 mL). NaHCO; (2.2 equiv, 3.418 mmol, 287 mg) and 10% Pd/C
(80 mg) were added to the suspension. The reaction mixture was stirred
in a steel autoclave at 70°C and 100 bar hydrogen pressure for 24 h. Af-
terwards, the catalyst was removed by filtration over Celite. The solvent
was removed in vacuum until dryness to obtain the beige, solid product.
Yield 111.6 mg, 49.83%. R;=0.82 (CHClyMeOH/aq. NH;); 'H NMR
([Dg]DMSO): 6=8.58 (s, 1H, H-6), 8.96 (s, 1H, H-2), 9.22 (s, 1H, H-4),
13.27 ppm (bs, 1 H, NH); "C NMR ([D,]DMSO): 6 =83.06 (C-5), 114.53
(C-4a), 117.15 (CN), 137.27 (C-6), 148.81 (C-4), 150.85 (C-5), 152.86 ppm
(C-2); elemental analysis calcd (%) for C;H,N,: C 58.33, H 2.80, N 38.87;
found C 52.90, H 3.31, N 34.56.

Screening reactions of natural and non-natural substrates: Screening re-
actions were run in UV star 96-well plates by using the following condi-
tions and concentrations: nitrile reductase (45 um, purity >85%) in
buffer (100 mm Tris, 50 mm KCl, 1.15mm TCEP, pH 7.5 adjusted with
HCI conc.), substrate in DMSO (2mm, 10% v/v DMSO), NADPH
(025 mMm in buffer), total volume 200 pL. Blank reactions contained
buffer, substrate in DMSO (2mm, 10%v/v DMSO) and NADPH
(025 mMm in buffer). Reactions were started by addition of NADPH
(50 uL; 1.0 mm stock in buffer). NADPH depletion was monitored at
30°C for 14 h. Subsequently, more NADPH (4 mm) was added to each
well to allow full conversion. The screening reactions were incubated on
a thermomixer for 24 h at 30°C and 500 rpm. Samples were then ana-
lyzed with HPLC-MS to observe product formation. For all screening re-
actions, including blank reactions, multiple parallel determinations were
obtained.

Determination of specific activities: Specific reductase activity was as-
sayed spectrophotometrically by monitoring the oxidation of NADPH at
340 nm. Typically, rates of 0.01-0.10 AA min"' were measured over a time
period of 5 to 60 min. One unit of enzyme activity refers to 1 pmol of
NADPH consumed per minute. All measurements were performed with
a Beckman DU-800 spectrophotometer thermostated at 30°C. The assay
contained preQ, (100 um) and NADPH (250 pum). PreQ, was dissolved in
DMSO prior to dilution into buffer to give a final DMSO concentration
of 1% (v/v). Unless otherwise stated, Tris/HCl buffer, pH 7.5 supple-
mented with KCl (50 mm) was used. Reactions were always started by
the addition of cofactor. Measured rates were corrected for appropriate
blank readings accounting for nonspecific decomposition of NADPH.

Steady-state enzyme Kkinetics: All experiments were carried out in Tris
buffer (100 mm), pH 7.5, supplemented with KCl (50 mm) and, unless
otherwise stated, at 30°C. Measurements of the initial rates of substrate
reduction were performed with a Beckman DU-800 by monitoring the
consumption of NADPH over a time period of 5-10 min. Two equiv
NADPH consumed account for one turnover. Initial rate data were
measured under conditions in which substrate (or coenzyme) was held at
a constant saturating concentration and the coenzyme (or substrate) was
varied. Reaction mixtures contained wild-type nitrile reductase (0.7 um)
from E. coli. Blank readings accounting for the nonspecific decomposi-
tion of NADPH were <10 % under these conditions and were neglected.
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The kinetic parameters were obtained from unweighted nonlinear least-
square fits of experimental data to Equation (1) by using the program
Sigmaplot 2004 (for Windows, version 9.0):

_ kcul ) [E] ) [A]
R ereay v

where v is the initial rate, [E] is the molar concentration of the enzyme
dimer (71.8 kDa), [A] is the substrate or coenzyme concentration, k., is
the turnover number, and Ky, is an apparent Michaelis-Menten con-
stant.

The used enzyme concentration of 0.7 um was in the range of >0.1-fold
the obtained Ky, values for preQ, and NADPH. The concentration of
the free substrate is, under these conditions, the substrate concentration
in the reaction mixture reduced by the substrate that is bound to the
enzyme.

We, therefore, calculated the Ky, values according to Equation (2):

V=

ke

5 (K + [E] + [A]) - \/(KM +[E]+[A])’ -4 [A] - [E]) @
Unless otherwise stated, estimates of kinetic parameters had standard
errors of <25%.
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Abstract: The cloning, expression and characteriza-
tion of a nitrile reductase (NRed) from the thermo-
phile Geobacillus kaustophilus is reported. The
enzyme shows a 12-fold increase in activity in re-
sponse to a temperature change from 25°C to 65°C.
The substrate scope regarding its biocatalytic applic-
ability was investigated by testing a range of
common nitriles. The narrow substrate range ob-
served for the wild-type enzyme prompted the ra-
tional design of GkNRed active site mutants based
on a previously published homology model from Ba-
cillus subtilis. The activities of the mutants and the
wild-type enzyme were investigated in their struc-

ture-function relationship regarding the natural sub-
strate 7-cyano-7-deazaguanine (preQ,) as well as
a range of synthesized preQy-like substrate struc-
tures. A distinct dependence of the wild-type enzyme
activity on specific structural modifications of the
natural substrate was observed. Two non-natural ni-
triles derived from preQ, could be reduced to their
corresponding amino compounds.

Keywords: active site mutants; amines; 7-cyano-7-
deazaguanine reductase; enzyme catalysis; Geobacil-
lus kaustophilus; nitrile reductase; nitriles; thermo-
stability

Introduction

Recently, a novel enzymatic activity has been report-
ed as part of the biosynthetic pathway to the modified
nucleosides queuosine Q and archaeosine G*. The nu-
cleosides share an unusual 7-deazaguanine core struc-
ture and are among the most complex modified nu-
cleosides in tRNA. They are ubiquitous in prokar-
yotes and eukaryotes (Q) and archaea (G*). The new
protein 7-cyano-7-deazaguanine reductase QueF in-
volved in the nitrile metabolism catalyzes the
NADPH-dependent reduction of the nitrile group to
its corresponding amine and is so far the only enzyme
known to be capable of reducing a nitrile group to
the primary amine (Scheme 1). The genes from B.
subtilis (Bacillus subtilis) and E. coli (Escherichia coli)
were recently cloned and the recombinant enzymes
were characterized.!"

There are two related sequence subfamilies of
QueF enzymes known: type I single domain enzymes

Adv. Synth. Catal. 2012, 354, 2191-2198

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(YkvM subfamily) found in B. subtilis and type 11 two
domain proteins (YqcD subfamily) found in E. coli.
Both proteins show sequence similarity to the family
of GTP cyclohydrolases L' Recently, a high resolu-
tion crystal structure together with molecular simula-
tion studies of the NRed from Vibrio cholerae (a type
II subfamily enzyme) was published providing further
insight into the catalytic mechanism.”

Chemical nitrile reduction generally involves ex-
pensive or dangerous chemicals, such as LiAlH,,

o) o NH,

CN
nitrile reductase
HN | A (QueF) HN | N\
_
HzNJ\\N N NADPH ) )\\ N

H
1
Scheme 1. Reduction of 7-cyano-7-deazaguanine (preQ,) to

7-aminomethyl-7-deazaguanine (preQ;) depicted as substep
from the biosynthetic pathway of queuosine.
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borane or molecular hydrogen under high pressure in
presence of Pt, Pd, Ru or Raney-Ni catalysts."!

Hence, a nitrile reductase would be a valuable con-
tribution to the currently available biocatalytic tools
of nitrile transforming enzymes (i.e., oxynitrilases,*!
nitrilases and nitrile hydratases'™).

Recently, the isolation of an old yellow enzyme
(OYE) from the thermophile G. kaustophilus (Geoba-
cillus kaustophilus) has been reported.”) This prompt-
ed us to search for nitrile reductase activity in this or-
ganism with all the benefits in enzyme isolation and
purification of a thermostable enzyme.

Here we wish to report the cloning, expression and
characterization of the first nitrile reductase from
thermophilic origin. The enzyme from G. kaustophilus
belongs to the type I enzyme subfamily and showed
an 82% sequence homology with BsNRed (B. subtilis
nitrile reductase). The substrate scope of GkNRed
(Geobacillus kaustophilus nitrile reductase) was inves-
tigated regarding its biocatalytic applicability by test-
ing a range of common nitriles. These investigations
were supported by the rational design of GkNRed
active site mutants based on a previously published
homology model from B. subtilis. Compounds struc-
turally derived from the natural substrate preQ, were
synthesized and tested with wild-type enzyme and
mutants.

Results and Discussion
Cloning and Expression

The WTNRed (wild-type) and six NRed mutants
from G. kaustophilus were cloned, heterologously ex-
pressed in E. coli and purified to homogeneity as de-
scribed in the Experimental Section. The thus pre-
pared protein was used throughout the characteriza-
tion studies, whereas for bioreduction reactions, a less
tedious purification by thermoprecipitation was found
to be sufficient.

Enzyme Characterization

Specific reductase activities of GkNRedWT and mu-
tants were assayed spectrophotometrically by moni-
toring the depletion of NADPH and by an HPLC-
based activity measurement method using the natural
substrate preQ,. The same methods were applied for
all screenings with non-natural substrates (see Experi-
mental Section).

The overall behaviour of the new GkNRed in
terms of optimum pH and pH stability does not differ
significantly from that of B. subtilis NRed, thus exhib-
iting a bell-shaped pH profile within a range of
pH 5.5 to 10 with maximal activity at 7.5 (see the Sup-

2192 asc.wiley-vch.de
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porting Information, Figure S4). The enzymatic activ-
ity increased 12-fold in response to a change in tem-
perature from 25 to 65°C. Half life times of 43 h and
15 h were determined at 55°C, the latter with tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) (Sup-
porting Information, Figure S5).

The apparent kinetic parameters of GkNRedWT of
preQ, reduction are given in Table S1 (Supporting In-
formation). Thus the K, values of GkNRed for preQ,
and NADPH are 11 uM and 34 pM, respectively. The
K nappu 1S comparable to a value of 19 uM found in
the literature for BsNRed. The corresponding
BsNRed K,,p.q, value is 0.24 uM and therefore 46-
fold smaller as that determined for GkNRed. For
GkNRred a turnover number of 3.9 min™' was ob-
tained, a 5.5-fold increase as compared to published
data for BsNRed.'® The increased k. and higher
Kipreq, Values of GkNRred are ascribed to the 25°C
higher temperature in initial rate measurements.
GkNRed activities were determined spectrophoto-
metrically by monitoring NADPH depletion at 55°C
(a 2:1 stoichiometry of NADPH:preQ, is required in
a 4-electron reduction). The k, was calculated ac-
cording to the previous assumption that the minimal
biological unit is a dimer of 38.8 kDa.l'#l

Screening of GKNRedWT

An initial substrate screening of different aliphatic, ar-
omatic and heterocyclic nitriles (for structures see
Figure S1 in the Supporting Information) with wild-
type QueF from Geobacillus kaustophilus as well as
the previously reported Escherichia coli and Bacillus
subtilis QueF has revealed that these enzymes are
highly specific for their natural substrate 7-cyano-7-
deazaguanosine (1, Scheme 1)."

In a recent publication a three-dimensional homol-
ogy model of the B. subtilis QueF active site has been
presented based on sequence alignment with the
structure of GTP cyclohydrolase 1 from E. coli,®
however, a crystal structure is not yet available. The
active site model shows a conserved Glu and an invar-
iant Cys residue shared between QueF and GTP-CH
I. The Cys residue is considered as relevant for the
covalent catalytic mechanism postulated. Other resi-
dues presumably important for binding were identi-
fied as Glu97 and His96, both involved in hydrogen
bonding to the 6-oxo and 2-amino substituents of 7-
cyano-7-deazaguanine (preQ,).*!

With this model at hand, we made a sequence com-
parison of B. subtilis and G. kaustophilus QueF, (both
type 1 enzymes) by using ClustalW2 multiple se-
quence alignment, which revealed an 82% sequence
identity between the enzymes. These facts have sug-
gested the design and expression of several active site
mutants of G. kaustophilus QueF (Table 1).

Adv. Synth. Catal. 2012, 354, 2191-2198
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Table 1. Screening results of wild-type and mutant QueF
from Geobacillus kaustophilus.

G. kaustophilus 1 28 30 49
wild-type +++ ++ + -
His 96 Ala ++ ++ + -
His 96 Phe ++ ++ + -
Glu97Ala ++ ++ + -
Glu97Ser ++ ++ + -
Phe95 Ala ++ ++ + -
Cys55Ala —

[l Activities observed were in an equal range of magnitude
to those of the natural substrate 1.

bl Activities observed were significantly lower compared to
substrates 1 and 2.

We chose the initial replacement of Phe95, His 96
and Glu97 by Ala with the intention to broaden the
enzyme’s substrate specificity by reducing strong
polar residues in the putative binding site. The
Cys 55 Ala mutation was intended to verify the Cys55
residue to be essential for covalent catalysis as de-
scribed for B. subtilis QueF.l""!

The subsequent screening of all nitriles depicted in
Figure S1 (Supporting Information) has revealed that
all QueF mutants tested were active with respect to
the natural substrate 1. To our disappointment, how-
ever, no reaction could be detected with any of the
remaining non-natural substrates.

This prompted us to address the problem from
a substrate-based approach as well. Thus, we synthe-
sized compounds structurally closely related to the
parent natural substrate preQ, (1) to systematically
study the impact of these structural changes on bind-
ing and catalytic activity. The analogues are depicted
in Figure 1.

The structural changes in analogues 2 and 3 were
made regarding their purine ring substituents, in par-
ticular the the 2-amino (2) and 6-oxo (3) functionali-
ty,”) both substituents assumedly essential for binding
to the Glu97 and His 96 residues. The 6-oxo group in
compound 4 was replaced by an amino group and the

CN O N CN NH2 N
HN |\ HN TN N\ N~
J\\ N k\ N HNJ\ N k
H H 72 H
4
OH
g Cﬁ O
N N HoN
H H

Figure 1. Substrate analogues for wild-type and mutant
GkNRed characterization studies.
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pyrimidine ring in compound 5 was replaced by ben-
zene. Compound 6, devoid of the pyrimidine ring, is
supposed to represent the pyrrole part of the bicyclic
structure. Nitriles 7 and 8 are analogues bearing the
presumably essential substituents of the pyrimidine
ring in identical positions in a phenyl ring, but carry
the nitrile group in an open chain fragment of compa-
rable distance to the parent structure 1. Analogue 9 is
identically substituted to the natural substrate but has
no pyrrole ring.

The syntheses of compounds 1, 2, 4, 6, 7 and 9 have
been described, modifications made by us to previous-
ly published procedures are given in the Experimental
Section. Compound 3 has not yet been reported in
the literature. All experimental and spectroscopic
data are given in the Experimental Section. The
BC NMR data for some of the literature known com-
pounds have not been published so far; these data are
therefore included in the Experimental Section to-
gether with their corresponding spectra in the Sup-
porting Information.

Investigation of the Substrate Scope

The results given in Table 1 suggest the indispensable
presence of an appropriately substituted pyrimidine
ring for binding. An estimate of the activities of com-
pounds 2 and 3, differing from the natural substrate
only in one functional group suggests that the impact
of the 6-oxo functionality seems to be more important
than that of the 2-amino group (Table 1) since the
conversion of nitrile 3 was significantly lower. This
can also be deduced from comparison of the respec-
tive K., and k, values. While k_, (for compound 2) is
in an equal range of magnitude compared to the natu-
ral substrate 1, the active site binding is diminished,
as indicated by the K, value (Table S1 in the Support-
ing Information). Interestingly, replacement of the 6-
oxo functionality by an amino group (nitrile 4) result-
ed in a complete loss of activity. In addition to that,
the reduction of preQ, by GkNRed was not inhibited
by 4 (Table S2 in the Supporting Information) further
suggesting the 6-oxo group as essential anchor for
substrate binding. The phenyl-replaced nitriles 7 and
8 — both have the oxo or amino group placed in
equivalent ring positions compared to the pyrimidine
ring in the natural substrate 1 — are not accepted as
substrates, neither is analogue 9, though this com-
pound has exactly the substitution pattern of the nat-
ural substrate. These facts indicate that the ring nitro-
gen atoms of the pyrimidine and pyrrole rings are
probably necessary for active site binding. Interesting-
ly, compound 8 showed strong inhibition on preQ, re-
duction, while compound 7 did not inhibit it (Support-
ing Information, Table S2). Nitrile 6 representing the
pyrrole ring fragment of the parent deazapurine as

asc.wiley-vch.de 2193
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well as indole-3-carbonitrile 5 with the complete bicy-
clic system but devoid of both substituents and pyri-
midine ring nitrogens are neither accepted as sub-
strates nor do they act as inhibitors. A range of addi-
tional nitriles (see Figure S2 in the Supporting Infor-
mation) was screened with the mutants but they were
not accepted as substrates.

Conclusions

The cloning, expression and characterization of an
NRed from G. kaustophilus — the first nitrile reduc-
tase from a thermophile — was accomplished. The sub-
strate scope regarding its biocatalytic applicability
was investigated by testing a range of common ni-
triles. The narrow substrate tolerance observed for
the wild-type enzyme prompted the rational design of
active site mutants based on a previously published
homology model from B. subtilis.

The activities of the mutants and the wild-type
enzyme were investigated in their structure-function
relationship regarding a range of synthesized sub-
strates, which were structurally closely related to
preQ,. A distinct dependence of specific structural el-
ements on catalytic activity of GkNRedWT and mu-
tants could be observed, in particular the presence of
the 6-oxo group in the pyrimidine ring was recognized
to be essential for a reduction reaction just as any
fragmentation of the parent deazapurine ring resulted
in complete loss of catalytic activity (compounds 6
and 9). Two non-natural nitriles (2 and 3) differing in
their substitution pattern of the pyrimidine ring could
be reduced to the corresponding amino compounds.

Studies are in progress to elucidate the role of the
individual ring nitrogen atoms, in particular of posi-
tion N-9 (purine numbering), since the homology
model is suggesting a possible binding interaction.
However, to draw a clear picture of the GkNred
active site an exact crystal structure of the enzyme is
needed. Consequently, work is in progress in this di-
rection.

Given the generally low (water) solubility of all
substrates with the 7-deazapurine core structure, an
enhanced thermostabilty of the enzyme can be very
useful. Apart from this specific solubility behaviour of
this compound class, the possibility of running a bio-
catalytic reaction at elevated temperature is often
beneficial in terms of higher k., values."”!

The present work has demonstrated a straightfor-
ward preparation of a nitrile reductase capable of re-
ducing nitriles closely related to the natural substrate
as well as first insights into the demands regarding
the structural properties of possible substrates. Never-
theless, further investigations including different ap-
proaches in catalyst design will be necessary to gener-
ate a more broadly applicable biocatalyst.
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Experimental Section

Chemicals, Strains and General Procedures

NADPH (sodium salt; > 97% pure) was obtained from
Roth (Karlsruhe, Germany). All other chemicals were pur-
chased from Sigma-Aldrich/Fluka (Gillingham, Dorset,
U.K.) or Roth (Karlsruhe, Germany), and were of the high-
est purity available. The microorganism used was E. coli
BL21 (DE3).

Reagents and starting materials used for substrate synthe-
sis were obtained from commercial suppliers, and used with-
out further purification. Substrates 5 and 8 were obtained
from Sigma-Aldrich in the highest purity available. Synthe-
ses of substrates 6" and 7,/ as well as other substrates
screened, and their precursors,”! were done according to lit-
erature procedures and can be found in the Supporting In-
formation. Thin layer chromatography was carried out with
precoated aluminium silica gel 60 F.s, plates, column chro-
matography with Merck Silica Gel 60 (0.040-0.063 mm).
"H NMR and “C NMR spectra were recorded on a Bruker
AVANCE 1III with autosampler (‘HNMR 300.36 MHz,
BC NMR 75.53 MHz). Chemical shifts for "H NMR are re-
ported in ppm relative to Me,Si as internal standard.
Screening reactions were run on an Eppendorf comfort ther-
momixer. Absorption measurements were done on a Fluo-
star plate reader from BMG lab tech at 340 nm and HPLC-
MS analysis on an Agilent 1200 series using a phenomenex
Gemini-NX 3 C18 110 A (150x2.0 mm) column and 20 mM
ammonium acetate in water and acetonitrile as eluents.

Preparation of Wild-Type and Mutant NRed for
Screening Reactions

Strains, vectors and growth conditions: Geobacillus kausto-
philus HTA426 was grown on LB agar medium. The
pEamTA vector! was used for recombinant expression. E.
coli K12 ToplOF’ (Invitrogen, Carlsbad, CA, USA) was
used to amplify and maintain engineered constructs and E.
coli BL21 (DE3) (Invitrogen, Carlsbad, CA, USA) for pro-
tein expression. LB medium and LB agar supplemented
with ampicillin when appropriate (100 mgL™") was used for
cell cultivation.

Vector construction and preparation of mutants: The Ge-
obacillus kaustophilus nitrile reductase (GkNRed) was am-
plified from genomic G. kaustophilus DNA employing the
primers GkNred TA f: 5'-atg gca gga aga aaa g-3'; GkNred
TA r1: 5-gaa ttc cta gcg gtt gtc gac-3' and Phusion DNA
polymerase (Finnzymes, Espoo, Finland) according to the
manufacturer’s protocol. All oligonucleotides used were
manufactured by Integrated DNA Technologies, San Jose,
CA, USA. The amplified PCR product was purified using
a preparative gel. The DNA fragment was recovered from
the gel using the QIAquick® Gel Extraction Kit (Qiagen,
Hilden, Germany). The fragment (31 uL) was A-tailed by
incubation with 5 pL of dNTPs (2 mM, each), 8 uL. of mag-
nesium chloride (25 mM), 5 uL of Tag buffer and 1 uL of
Taq Polymerase (5 U pL~!, Fermentas, Burlington, Canada)
at 72°C for 30 min. Subsequent purification with the QIA-
quick® PCR Purification Kit (Qiagen, Hilden, Germany)
yielded the A-tailed insert in approx. 5 ng mL~! concentra-
tion. The linear pEamTA vector was prepared by digestion
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of 44 uL. of plasmid DNA (isolated with the http://www.fer-
mentas.com/en/products/all/nucleic-acid-purification/kits/
k050-genejet-plasmid-miniprep from Fermentas, Burlington,
Canada) supplemented with 5 uL Eam11051 buffer (10X)
and 1 pL of Eam1105I (Fermentas) at 37°C for 4 h. The
DNA fragment was recovered from the gel using the QIA-
quick® Gel Extraction Kit (Qiagen) yielded the linear
vector in approx. 40ng mL~' concentration. The insert
(110 ng, 22 uL) was ligated with the vector (80 ng, 2 uL) in
an overnight reaction at 16°C using 3 uL T4 DNA ligase
buffer and 3 pL. T4 ligase (Promega, Madison, WI, USA).
After heat inactivation (65°C, 20 min) and desalting on ul-
tradialysis membranes (Millipore, 0.025 um), the entire liga-
tion mixtures were transformed into 180 pL of electrocom-
petent E. coli K12 ToplOF’ cells (Invitrogen) and selected
on LB-ampicillin agar plates. Colonies with correctly inte-
grated inserts were confirmed by digestions of plasmid
DNA (isolated with the http://www.fermentas.com/en/prod-
ucts/all/nucleic-acid-purification/kits/k050-genejet-plasmid-
miniprep from Fermentas) with Ndel and HindlIlI fast digest
restriction enzymes (Fermentas) and verified by sequencing
(LCG Genomics, Berlin, Germany) using the primers
pEam fl (5'-ttgtgagcggataacaatttc-3’) or pEam rl (5-
tactgccgecaggeaaattct-3'). Retransformation of 1 uL of plas-
mid into chemically competent E. coli BL21 (DE3) (Invitro-
gen) resulted in the GKNRedWT expression strain.

Site specific mutagenesis: pEamTA GkNRedWT, was
employed as the template for a two stage mutagenesis reac-
tion protocol. Briefly, 5 uL. of PfuUltra HF reaction buffer
(10X), the template (1 pL, 10 ng), 1 uL. ANTP mix (10 mM),
1 uL of forward OR reverse primer (SmM) and 1 uL of
PfuUltra High Fidelity DNA polymerase (2.5U pL™! from
Stratagene (La Jolla, CA, USA) were added to 41 pL of
doubly distilled water (Fresenius, Graz, Austria). The two-
stage PCR was conducted on a Gene Amp System 2400
thermo cycler (Applied Biosystems, Foster City, CA) under
the following conditions: 95°C for 1 min, 4 cycles of 50 s at
95°C, 50s at 60°C and 5 min at 68°C and then 7 min at
68°C for the final elongation step. After these initial 4
cycles of primer extension, 25 pL. of the reaction containing
the forward primer were combined with 25 pLL of the reac-
tion containing the reverse primer. Additional 18 cycles
were run under the above conditions. Subsequently, dpnl
(1 pL, Fermentas) was added to digest the template at 37°C
for 1 h. 2 uL. of the mixture were transformed into 60 puL of
electrocompetent E. coli K12 Top10F’ cells (Invitrogen) and
selected on LB-ampicillin agar plates. The mutations were
confirmed by sequencing (LCG Genomics). Plasmids from
mutants having the correct sequence were replicated and
transformed into E. coli BL21 (DE3). PAGE purified pri-
mers used for site specific mutagenesis: GkNRedC55Af 5'-
c cgg agt tta cga cgt tgg cge caa aaa ccg gac aac cg-3;
GkNRedC55Ar 5'-cgg ttg tcc ggt ttt tgg cge caa cgt cgt aaa
ctc cgg-3” GkKNRedF95Af 5'-c ttc cge aat cat gge gac geg cac
gaa gac tgc gtc aac a-3'; GkNRedF95Ar 5'-t gtt gac gca gtc
ttc gtg cge gtc gee atg att geg gaa g-3'; GkNRedHI96Af 5'-gc
ttc cge aat cat ggc gac ttt gec gaa gac tge gt-3'; GkNRed-
H96Ar 5'-ac gca gtc ttc gge aaa gtc gee atg att gcg gaa ge-3';
GkNRedH96Ff 5'-gc ttc cgc aat cat ggc gac ttt ttc gaa gac
tge gt-3'; GKNRedH96Fr 5'-ac geca gtc ttc gaa aaa gtc gee atg
att gcg gaa gc-3'; GkKNRedE97Af 5'-cat gge gac ttt cac gea
gac tgc gtc aac atc-3'; GkNRedE97Ar 5'-gat gtt gac gea gtc
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tgc gtg aaa gtc gee atg-3'; GKNRedE97Sf 5'-gc aat cat gge
gac ttt cac tea gac tge gtc aac atc att a-3'; GkKNRedE97Sr 5'-t
aat gat gtt gac gca gtc tga gtg aaa gtc gec atg att ge-3'.

Protein expression and purification: The wild-type
GkNRedWT and the mutants were cultivated as follows:
overnight cultures (20 mL LB/Amp, inoculated with a single
colony and grown at 37°C in an orbital shaker) were used
to inoculate 500 mL LB/Amp medium in 2-L baffled Erlen-
mayer flasks. These main cultures were grown at 37°C and
130 rpm to an OD of 0.7, induced with 0.5 mL of IPTG
(1M) and incubated for 24 h at 16°C and 130 rpm. The cells
were harvested by centrifugation (4,000 rpm, 4°C, 10 min).
The pellet was resuspended in reaction buffer [12.1 gL~
Tris, 3.73 gL' KCI, 287 mgL™" tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP); pH 7.5 adjusted with HCI
37%] and disrupted by ultrasonication. The cell debris was
removed by ultracentrifugation at 40,000 rpm for 45 min at
4°C. The supernatant (crude lysate) was purified by heat
precipitation of host proteins at 70°C for 10 min and then
applied to a centrifugation step (4,000 rpm, 4°C, 10 min).
The supernatant contained fairly pure nitrile reductases and
was stored at —20°C.

Enzyme Characterization and Determination of
Kinetic Parameters

Cultivation: E. coli BL21 GkNR was grown in 1000-mL
baffled shaken flasks containing 200 mL of LB media sup-
plemented with 115 mg/L. ampicillin. Flasks were shaken at
120 rpm and 37°C in a Certomat® BS-1 incubator from Sar-
torius. Recombinant protein production used a standard
procedure in which cultures were cooled to 25°C when an
optical density of 0.6 (=10% ) was reached. Isopropylthio-f3-
D-galactoside (IPTG) was added in a concentration of
1.0 mM, and the cultivation time after induction was 18 h.
Cells were harvested by centrifugation, washed with physio-
logical NaCl solution, re-centrifuged and diluted into
100 mM Tris buffer, pH 7.5, supplemented with 50 mM KCl
and 1 mM TCEP. Cells were disrupted by two passages
through a French press (American Instrument Company,
Silver Springs, Maryland, USA) operated at an internal cell
pressure of 25,000 psi. The crude cell extract obtained was
clarified by centrifugation (16,000 g, 45 min, 4°C) prior to
enzyme purification.

Enzyme purification: E. coli protein was separated from
the cell-free extract by incubation at 75°C for 10 min,
thermo-precipitated protein was centrifuged (16,000 g,
10 min).

Recombinant enzyme was further purified by ion ex-
change chromatography using a QFF from GE Healthcare
(bed volume 55mL). The column was equilibrated with
100 mM Tris buffer, 50 mM KCI, pH 7.5. Adsorbed protein
was eluted at a flow rate of 4 mLmin~' with a step gradient
of 0.1M and 1M KCIl. Fractions of 5 mL were collected and
the 0.1M KCI peak containing most of the GKNR, as judged
by activity measurements and SDS-PAGE, was pooled. The
pooled fractions were concentrated in Vivaspin 20-mL Con-
centrator tubes with 10,000 molecular weight cut off to
a volume of less than 0.5 mL and re-diluted into 100 mM
Tris, 50 mM KCI and 1 mM TCEP.

Reductase activity measurement: Specific reductase activ-
ity was assayed spectrophotometrically by monitoring the
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reduction of NADPH at 340 nm. Typically, rates of 0.05-
0.10 AA/min were measured over a time period of 5 min.
One unit of enzyme activity refers to 1 pmol of NADPH
consumed per minute. All measurements were performed
with a Beckman DU-800 spectrophotometer thermostated
at 55°C. The assay contained 100 uM preQ, and 250 uM
NADPH. preQ, was dissolved in DMSO prior to dilution
into buffer to give a final DMSO concentration of 1% (v/v).
Unless otherwise stated, Tris/HCI buffer, pH 7.5 supple-
mented with 50 mM KCl was used. Reactions were always
started by the addition of coenzyme. Activity measurements
for pH studies were performed in either 100 mM Tris buffer
(pH values 5.5; 6,0; 6.5; 7.0) or Bis-Tris buffer (pH values
7.0; 7.5; 8.0; 8.5; 9.0; 10.0) supplemented with 100 mM KCI.
Measured rates were corrected for appropriate blank read-
ings accounting for non-specific decomposition of NADPH.

Enzyme stability: Purified enzyme was diluted to
11 mgmL™ in 100mM Tris buffer, pH 7.5, containing
100 mM KCI with or without 1 mM TCEP [tris(2-carboxye-
thyl)phosphine]. Experiments were carried out in Eppen-
dorf tubes incubated at 55°C and 500 rpm in a Thermomixer
comfort from Eppendorf. Samples were withdrawn every
hour and specific activities were determined as described
above.

Steady-state enzyme kinetics: All experiments were car-
ried out in 100 mM Tris buffer, pH 7.5, supplemented with
50 mM KCI, and, unless otherwise stated, at 55°C. Measure-
ments of the initial rates of substrate reduction were per-
formed with a Beckman DU-800 monitoring the consump-
tion of NADPH over a time period of 5 min. Initial rate
data were measured under conditions where substrate (or
coenzyme) was held at a constant saturating concentration
and the coenzyme (or substrate) was varied in the range
0.4 < K, <4- to 10-fold. Typical reaction mixtures contained
80 uM GkNRed wild-type. Kinetic parameters were ob-
tained from unweighted non-linear least-square fits of exper-
imental data to Eq. (1) using the program Sigmaplot 2004
(for Windows, version 9.0). In Eq. (1),

v is the initial rate, [E] is the molar concentration of the
enzyme subunit (38.8 kDa), [A] is the substrate or coenzyme
concentration, k., is the turnover number (min~') and K, 5
is an apparent Michaelis-Menten constant. Two NADPH

V= Kea EIAV(Km A + [A]) (1)

consumed account for one turnover. All rates were correct-
ed for the appropriate blank readings accounting for the
non-specific decomposition of NADPH. Unless otherwise
stated, estimates of kinetic parameters had standard errors
of <20%.

Substrate Screening

Photometric assays for substrate screening were carried out
as described for preQ,. Activities were normalized to preQ,
reductase activity. Assays for inhibitor screening contained
10 uM preQ, and the compounds listed in the Supporting In-
formation, Table S2. Residual activities refer to reductase
activities obtained with 10 uM preQ,. Measured rates were
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corrected for appropriate blank readings accounting for
non-specific decomposition of NADPH.

Substrate Synthesis

2-Chloro-3-oxopropanenitrile: NaH (1.0 g, 50% in mineral
oil) was washed twice with cyclohexane and once with THF
and was then suspended in 20 mL THF. The suspension was
cooled to 0°C and methyl formate (0.90 mL, 14 mmol) was
added. Chloroacetonitrile (0.83 mL, 13 mmol) was added
dropwise to the stirred solution and the solution was stirred
for additional 3.5h. Afterwards, 20 mL deionized water
were added and the mixture was extracted twice with ethyl
acetate. The layers were separated and the pH value of the
aqueous layer was adjusted to pH4 with 5M HCIL The
aqueous layer was then extracted three times with diethyl
ether. The combined organic phases from the second extrac-
tion were dried over Na,SO, and concentrated under re-
duced pressure to afford a brown oil which was used for the
next synthetic step without further purification; yield:
1.142 g (85%).
2-Amino-5-cyano-7H-pyrrolo[2,3-d]pyrimidin-4-one
(preQ, D: Sodium acetate trihydrate (2.693 g,
19.79 mmol) was dissolved in 40 mL deionized water and 4-
diamino-6-hydroxypyrimidine (1.225g, 9.32 mmol) was
added. The suspension was heated to reflux. 2-Chloro-3-oxo-
propanenitrile (1.142 g, 11.03 mmol) was dissolved in 20 mL
deionized water and added dropwise to the reaction mix-
ture. The reaction mixture was stirred at reflux overnight.
On cooling to room temperature the beige product precipi-
tated from the solution. The product was filtered off,
washed with copious amounts of water and acetone. After
drying, the product was obtained; yield: 840 mg (51%).
"H NMR (DMSO-d): 6=6.39 (s, 2H, NH,), 7.62 (s, 1 H, H-
6), 10.72 (s, 1H, NH-7), 11.99 (s, 1H, H-3); "CNMR
(DMSO-dy): 0=85.53 (C-5), 98.73 (C-4a), 115.87 (CN),
127.77 (C-6), 151.66 (C-7a), 153.72 (C-2), 157.56 (C-4).
4-Amino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine (4): 4-
Amino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine was prepared
analogous to a literature procedure.® 4-Amino-6-bromo-5-
cyano-7H-pyrrolo[2,3-d]pyrimidine (1.60 g, 6.72 mmol) was
dissolved in 300 mL ethanol and 300 mL 33% aqueous am-
monium hydroxide solution. 10% palladium on charcoal cat-
alyst was added and the reaction mixture was stirred in a hy-
drogen atmosphere (hydrogen balloon) for 12 h. The cata-
lyst was removed by filtration over celite, and washed with
hot ethanol/ammonium hydroxide solution. The filtrate was
concentrated under vacuum to about one half of the original
volume. On cooling a white solid precipitated from the solu-
tion. The product was isolated by filtration. After drying the
product was obtained; yield: 686.5mg (64%). 'HNMR
(DMSO-dy) 6 6.75 (bs, 2H, NH,), 8.16 (s, 1H, H-6), 8.20 (s,
1H, H-2), 12.60 (bs, 1H, NH); *C NMR (DMSO-d,): 6=
82.02 (C-5), 100.89 (C-4a), 115.96 (CN), 132.33 (C-6), 150.88
(C-7a), 153.52 (C-2), 156.89 (C-4).
5-Cyano-7H-pyrrolo[2,3-d]pyrimidin-4-one (2):!" Start-
ing from 6-bromo-5-cyano-7H-pyrrolo[2,3-d] pyrimidin-4-
one (836 mg, 3.50 mmol), the product was obtained; yield:
200 mg (36% ). Anal. calcd. for C;H,N,O: C 58.33, H 2.80, N
38.87; found: C 58.23, H 2.88, N 38.90; 'H NMR (DMSO-
dg): 0=12.14 (bs, 1H, NH-7), 8.02 (s, 1H, H-2), 8.01 (s, 1H,
H-6); *C NMR (DMSO-d,): 6=85.98 (C-5), 107.13 (C-4a),
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115.24 (-CN), 130.82 (C-6), 145.85 (C-2), 148.56 (C-7a),
157.07 (C-4).

2-Amino-4-chloro-5-cyano-7H-pyrrolo[2,3-d]pyrimi-
dine:  2-Amino-4-chloro-5-cyano-7H-pyrrolo[2,3-d]pyrimi-
dine was prepared according to a modified literature proce-
dure.™™ PreQ,, 1, (2.00g, 11.42 mmol) was suspended in
12 mL acetonitrile. Triethylamine (3.2 mL, 23 mmol) was
added and the suspension was heated to 95°C. Phosphoryl
chloride (2.2 mL, 24 mmol) was slowly added to the warm
reaction mixture. The reaction mixture was allowed to stir
at 95°C overnight. The reaction mixture was then allowed
to cool to 65°C and an additional 10 mL acetonitrile, phos-
phoryl chloride (22mL, 24 mmol), and triethylamine
(3.2 mL, 23 mmol) were added. The reaction was allowed to
stir at 65°C for additional 48 h at which time HPLC-MS
analysis showed full conversion. The reaction mixture was
cooled to room temperature and ice was slowly added. The
mixture was then heated to 75°C for 15 min and subse-
quently the precipitate was filtered off. The pH value of the
filtrate was adjusted to pH 2 using aqueous ammonia solu-
tion. The filtrate was then cooled to 0°C. The product pre-
cipitated from the solution and was isolated by vacuum fil-
tration. After washing with water and drying the product
was isolated as a brown solid; yield: 807.7 mg (37%).
'H NMR (DMSO-d;): 6=6.96 (s, 2H, NH,), 8.12 (s, 1H, H-
6); BCNMR (DMSO-d;): 6=83.05 (C-5), 106.10 (C-4a),
115.05 (CN), 134.16 (C-6), 151.09 (C-7a), 154.49 (C-4),
160.38 (C-2).

2-Amino-5-cyano-7H-pyrrolo[2,3-d]pyrimidine ~ (3): 2-
Amino-4-chloro-5-cyano-7H-pyrrolo[2,3-d]pyrimidine
(650 mg, 3.36 mmol) was suspended in 80 mL ethanol. 10%
palladium on charcoal catalyst (65 mg) and sodium bicar-
bonate (33.8 mg, 4.02 mmol) were added. The suspension
was stirred at 500 rpm at 90°C and 80 bar of hydrogen pres-
sure in a steel autoclave for 40 h. The catalyst was removed
by filtration over celite and washed with ethanol. The fil-
trate ws concentrated under vacuum until dryness. 2-Amino-
5-cyano-7H-pyrrolo[2,3-d]pyrimidine was obtained as brown
solid; yield: 440 mg (82%). Anal. calcd. for C;H;N5 C 52.83,
H 3.17, N 44.01: found: C 54.30, H 4.23, N 41.47; 'H NMR
(DMSO-d;): 6=6.55 (s, 2H, NH,), 8.02 (s, 1 H, H-6), 8.63 (s,
1H, H-4); ®*C NMR (DMSO-d,): 6 =82.83 (C-5), 108.96 (C-
4a), 115.45 (CN), 133.01 (C-6), 149.93 (C-4), 153.55 (C-7a),
161.13 (C-2).

Screening Reactions

Screening reactions were run in 96-deep well plates using
the following conditions and concentrations: nitrile reduc-
tase (55 uM, purified by heat precipitation, purity between
60% and 85%) in buffer (100 mM Tris, 50 mM KClI,
1.15mM TCEP, pH 7.5 adjusted with conc. HCI), substrate
in DMSO (2 mM, 10% v/v DMSO), NADPH (0.25 mM in
buffer), total volume 200 uL. Blank reactions contained
buffer, substrate in DMSO (2 mM, 10% v/v DMSO), and
NADPH (0.25 mM in buffer). Reactions were started by ad-
dition of NADPH, and NADPH depletion was monitored at
30°C on a plate reader for 14 h. Subsequently, additional
4 mM of NADPH were added to each well and the screen-
ing reactions were placed on a thermomixer at 30°C and
500 rpm for 24 h to allow full conversion. Samples were
then analyzed with HPLC-MS to observe possible product
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formation. In the case of the natural substrate preQ,, addi-
tionally, a synthetic reference material was used to verify
the HPLC-MS results. For all screening reactions, including
blank reactions, multiple parallel determinations were run.
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