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Thesis Abstract

Drug-resistant infections pose a significant threat to human health with studies predicting
they will become the leading cause of death in the next 30 years. There is therefore an urgent
need to find new antimicrobial agents. Unfortunately, the antimicrobial drug-discovery and
development pipeline is sparse, obscuring hopes of finding new drugs in the near future. The
methylerythritol (MEP) pathway used mainly by pathogenic microorganisms has emerged as
a source of promising new drug targets for the discovery of anti-infective agents, yet it remains
underexplored. This thesis presents a comprehensive study of MEP pathway enzymes with a
focus on 1-deoxy-D-xylulose 5-phosphate synthase (DXPS) and 4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase (IspE) from selected pathogens. We obtained, for the first time,
crystal structures of DXPS from Pseudomonas aeruginosa and Klebsiella pneumoniae and
explored their structural differences including conformational changes upon binding to the
co-factor thiamine diphosphate (ThDP). These findings were instrumental in understanding
how the enzyme works and how it could be inhibited. We went on to explore potential
inhibition strategies against these enzymes and profiled novel classes of inhibitors, the first
was thiamine monophosphate (ThMP) analogues as ThDP competitive inhibitors of DXPS,
supported by binding mode analyses by obtaining a co-crystal structure with K. pneumoniae
DXPS. Second, we present a promising breakthrough in DXPS inhibition by targeting an
allosteric binding site and provide experimental evience in the form of a co-crystal structure
of an allosteric inhibitor with P. aeruginosa DXPS. Furthermore, we analyzed the kinetics and
structural variances among IspE kinase homologs. We explored the potential impact of these
structural differences on the binding mode of inhibitors, substantiating our findings through
co-crystal structures with various inhibitors. This approach offers valuable insights into
potential strategies for designing inhibitors. Overall, this work presents novel findings with
promising potential to guide antimicrobial drug discovery targeting drug-resistant pathogens

and employing underexplored enzyme inhibition approaches.

Vil



Vil



Zusammenfassung

Arzneimittelresistente Infektionen stellen eine erhebliche Bedrohung fiir die menschliche
Gesundheit dar. Studien prognostizieren, dass sie in den nachsten 30 Jahren die fiihrende
Todesursache werden kdnnten. Daher besteht ein dringender Bedarf, neue antimikrobielle
Wirkstoffe zu entdecken. Leider ist die Pipeline fiir die Entdeckung und Entwicklung
antimikrobieller Medikamente dinn gesat, was die Hoffnung auf die baldige Entdeckung
neuer Medikamente triibt. Der Methylerythritol (MEP)-Weg, der hauptsachlich von
pathogenen Mikroorganismen genutzt wird, hat sich als vielversprechende Quelle neuer
Wirkstoffziele fiir die Entdeckung von antiinfektiven Substanzen erwiesen, bleibt jedoch
unterexploriert. Diese Dissertation prasentiert eine umfassende Studie zu Enzymen des MEP-
Wegs mit Schwerpunkt auf 1-Deoxy-D-xylulose-5-phosphat-Synthase (DXPS) und
4-Diphosphocytidyl-2-C-methyl-D-erythritol-Kinase (IspE) aus ausgewahlten Pathogenen.
Zum ersten Mal erhielten wir Kristallstrukturen von DXPS aus Pseudomonas aeruginosa und
Klebsiella pneumoniae und erforschten ihre strukturellen Unterschiede, einschlieRlich
konformationeller Veranderungen bei der Bindung an den Cofaktor Thiamindiphosphat
(ThDP). Diese Erkenntnisse waren entscheidend, um zu verstehen, wie das Enzym funktioniert
und wie es gehemmt werden kénnte. Wir untersuchten dann potenzielle Hemmstrategien
gegen diese Enzyme und profilten neuartige Klassen von Inhibitoren. Die erste umfasste
Thiaminmonophosphat (ThMP)-Analoga als ThDP-konkurrenzfahige Inhibitoren von DXPS,
unterstlitzt durch Bindungsmodusanalysen durch Erlangen einer Co-Kristallstruktur mit
K. pneumoniae DXPS. Zweitens prasentieren wir einen vielversprechenden Durchbruch in der
Hemmung von DXPS durch die Ausrichtung auf eine allosterische Bindungsstelle und liefern
experimentelle Beweise in Form einer Co-Kristallstruktur eines allosterischen Inhibitors mit
P. aeruginosa DXPS. Dariliber hinaus analysierten wir die Kinetik und strukturellen
Unterschiede zwischen IspE-Kinase-Homologen. Wir erforschten das potenzielle
Auswirkungen dieser strukturellen Unterschiede auf den Bindungsmodus von Inhibitoren und
untermauerten unsere Erkenntnisse durch Co-Kristallstrukturen mit verschiedenen
Inhibitoren. Dieser Ansatz bietet wertvolle Einblicke in potenzielle Strategien zur Gestaltung
von Inhibitoren. Insgesamt prasentiert diese Arbeit neuartige Erkenntnisse mit
vielversprechendem Potenzial, die antimikrobielle Wirkstoffentwicklung zur Bekampfung von
resistenten Pathogenen zu lenken und unterexplorierte Ansatze zur Enzymhemmung zu
nutzen.
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Abbreviations

Listed in their order of appearance in the text:

DXPS = 1-deoxy-D-xylulose-5-phosphate synthase

GAP = glyceraldehyde 3-phosphate

ThDP = thiamine diphosphate,

IspC = 1-deoxy-D-xylulose-5-phosphate reductoisomerase
NADPH =nicotinamide adenine dinucleotide phosphate

IspD = 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
CTP = cytidine triphosphate

IspE = 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
CDP-ME = 4-diphosphocytidyl-2-C-methylerythritol

ATP = adenosine triphosphate

ADP = adenosine diphosphate

IspF = 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase
CMP = cytidine monophosphate

CDP-MEP = 4-diphosphocytidyl-2-C-methylerythritol

IspG = 4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase
IspH = 4-hydroxy-3-methylbut-2-enyl diphosphate reductase
MECcDP = 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
HMBDP = 4-hydroxy-3-methyl-but-2-enyl diphosphate

IDP = isopentenyl diphosphate

DMADP = dimethylallyl diphosphate
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1 INTRODUCTION

1 INTRODUCTION

The rise of resistant strains among different types of pathogens has resulted in globally
untreatable diseases classified by the WHO (1, 2). There is a growing consensus among
scientists and policymakers to adopt fresh scientific and logistic strategies for anti-infective
treatment. The 2C-Methyl-D-erythritol 4-phosphate (MEP) pathway was recently discovered
and recognized as prospective anti-infective target, due to its role in the production of
isoprenoids, especially in pathogenic microorganisms (3-6).

1.1 The 2C-Methyl-D-erythritol 4-phosphate (MEP) pathway

Isoprenoids, a broad category of natural products, include a wide variety of substances, are
present in all living organisms and they play an essential role in cellular and biochemical
processes, e.g. cell-wall bio-synthesis, signaling, post translational modification of signaling
proteins and synthesis of vitamins. Isoprenoids are also integral to plant defense mechanisms.
With over 55,000 known members, they constitute a large group of natural substances found
in all areas of life (7, 8).

These compounds are produced from either isopentenyl diphosphate (IDP) or dimethylallyl
diphosphate (DMADP). Isoprenyl diphosphate synthases are enzymes responsible for
combining IDP with allylic primer substrates, biosynthesis involves regulated chain elongation
reactions that occur sequentially and stop at specific chain lengths, resulting in the formation
of the fundamental linear structures found in all isoprenoid compounds. These compounds
can be categorized based on their carbon chain lengths, which include monoterpenes,
sesquiterpenes, diterpenes, and triterpenes (9).

The Mevalonate pathway was long considered to be the only source of isoprene units, in spite
numerous conflicting observations, particularly in bacteria and plants e.g., the synthesis of
mono and diterpenes, and carotenoids (10, 11). However, in the early 1990s, the MEP pathway
was discovered as distinct route for the biosynthesis of isoprenoids in plants and bacteria (3).

The MEP pathway is predominantly used by the chloroplasts in phototrophic organisms and
is also the primary biosynthetic route for IDP and DMADP in many pathogenic bacteria and
malaria parasites (3, 12, 13). Although the majority of microorganisms depend on the MEP
pathway for synthesizing these precursors, this pathway is notably lacking in humans.
Consequently, the enzymes from this pathway hold great promise as targets for the
development of selective inhibitors. The recent understanding of the MEP pathway has
unlocked opportunities for devising novel strategies against microbial pathogens and creating
specialized inhibitors with broad-spectrum antimicrobial properties (12, 14, 15).

The MEP pathway is a collective route made up of seven enzymes (illustrated in scheme 1 Fig.
1) (16). Of all the enzymes in the MEP pathway, DXPS holds particular significance due to its
dual role in catalysis and regulation, it has the highest flux-control coefficient among the

1



1 INTRODUCTION

enzymes of the MEP pathway (17). The product DXP not only participates in the MEP pathway
but also contributes to the production of thiamine (vitamin B1) and pyridoxine (vitamin B6).
Therefore, targeting DXPS for inhibition offers an effective double sided approach compared
to other interventions (18, 19). Targeting MEP pathway enzymes by small-molecule inhibitors
has been demonstrated through the antibiotic fosmidomycin which primarily inhibits the
second step in this pathway and has been applied to treat malaria in mice infected with
Plasmodium vinckei. Furthermore, fosmidomycin is in clinical trials for evaluation as a
treatment for acute Falciparum malaria in humans as part of combination therapy (20-23).
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Scheme 1 : MEP pathway. The MEP pathway begins with DXPS, which serves as the rate-controlling
step. DXP is formed through the condensation of pyruvate and D-GAP. MEP is subsequently produced
from DXP in a reduction reaction catalyzed by IspC. Following this, MEP undergoes a sequence of
phosphorylation and cyclization reactions, facilitated successively by IspD, IspE, and IspF, resulting in
the production of MRcPP. MRcPP is then converted by IspG through a double one-electron transfer
reaction into HMB-PP. HMB-PP is further reduced to IDP/DMADP by IspH. Enzymes and substrates full
names are shown in the abbreviation section.
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1.2 1-Deoxy-D-xylulose 5-phosphate synthase (DXPS)

The gene responsible for encoding DXPS was initially identified in E. coli and labeled as dxs.
The product of the dxs gene was found to share sequence similarities with transketolase
protein family and later identified as a member of this family. DXP synthase was subsequently
recognized as being responsible for catalyzing the production of 1-deoxy-D-xylulose (DXP),
which is the first product in the MEP pathway. Furthermore, DXP was acknowledged as a
precursor for other essential molecules such as vitamin B1 and B6 (24).

1.2.1 Structure of 1-deoxy-D-xylulose 5-phosphate synthase

DXPS belongs to the thiamine diphosphate (ThDP)-dependent enzyme subfamily within the
transketolase family. Like other ThDP-dependent enzymes, DXPS operates as a dimer. In its
structural configuration, each monomer within this dimer consists of three linearly arranged
domains, although there is a slight bend. Each of these domains is characterized by an o/B
fold, with a helices enveloping central, parallel, five to six-stranded B-sheets.

In contrast to other transketolase family members, which position their dimers in a twisted
configuration, the DXPS protein forms nearly parallel and interconnected dimers. This means
that the domains of one monomer are directly linked to those in the adjacent monomer. This
distinction in how the catalytic center is organized, whether within a single molecule or
between molecules, serves as a distinguishing feature of ThDP-dependent enzymes. It's
essential to note, however, that the ThDP binding site and pocket geometry remain
remarkably consistent across the ThDP-dependent enzyme family (25-27).

The ThDP-binding site is positioned at the interface of domains | and domain Il, domain Il is
oriented towards the pyrimidine ring, while domain | faces the diphosphate moeity. ThDP
binds in a bent configuration, the pyrimidine ring of ThDP forms a m-mt stacking interaction
with phenylalanine, N3 makes a direct bonding interaction with the serine/alanine backbone
of DXPS. Although ThDP is mostly buried inside the active site, the middle thiazolium ring,
particularly position C2, which represent the reactive part of ThDP, is exposed to the solvent,
allowing for pyruvate and glyceraldehyde 3-phosphate (D-GAP) required interaction. On the
other hand the diphosphate group interacts with several polar residues in domain | and
contributes to the sequestering of a magnesium ion (Fig. 1) (28, 29).
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Domain |

Domain I

Domain llI

Figure 1: Overview of DXPS from Escherichia coli, dimer and domain organization and a zoomed in
view of the catalytic center and ThDP binding, positioned between domain | and I, ThDP binds to DXPS
mainly through stacking of the thiamine moiety in a hydrophobic pocket and the coordination of the
diphosphate moiety and the magnesium (shown as a green sphere) within a network of polar residues.

1.2.2 Unique catalysis of 1-deoxy-D-xylulose 5-phosphate synthase

In 2011, Brammer et al. presented a detailed description of DXPS's catalytic mechanism,
introducing a novel random, sequential kinetic model, which is unique within this enzyme
category. According to their findings, D-GAP and pyruvate independently and reversibly bind
to DXP synthase (30). This discovery marked a significant departure from the previously
proposed ordered or ping-pong mechanisms that had been associated with DXPS catalysis. (4,
31). Asubsequent research endeavor uncovered that the enzyme is able to stabilize the ThDP-
bound pre-decarboxylation intermediate, specifically the C2a-lactylThDP (LThDP), even when
GAP is absent. The decarboxylation step is dependent on the formation of a tertiary complex
where both LThDP and GAP are bound, then the LThDP-DXPS complex reacts with GAP to
generate DXP. Subsequent investigations have also revealed that this phenomenon can be
induced by the presence of oxygen (0O2) (32, 33). Overview of the reaction catalyzed by DXPS
is depicted in scheme 2.

DXPS exhibits an impressive ability to stabilize the catalytic intermediate LThDP within its
active site. Mutagenesis investigations conducted on Deinococcus radiodurans DXPS have
shed light on the specific functions of certain amino acids in binding substrates and
intermediates during catalysis. Notably, in domain |l, Arg-423, Asp-430, and His-434 have been
identified as playing unique roles in stabilizing intermediates, distinct from their counterparts
in transketolase. Additionally, these mutagenesis studies have unveiled a potential backup
mechanism involving His-82 and His-304 during the catalytic process (34, 35). Subsequent x-
ray crystallography studies of DrDXPS-bound intermediates have illustrated how these
histidine residues collaborate to support the stability of the catalytic intermediates (36).
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Scheme 2. DXPS unique mechanism. DXPS mediates the transfer of an acetaldehyde group from
pyruvate to D-GAP, which functions as the acceptor molecule. Production of DXP is accompanied by
the release carboxylic group of pyruvate in the form of carbon dioxide (CO,).

1.2.3 Targeting 1-deoxy-D-xylulose 5-phosphate synthase

DXPS is notably significant due to its dual role in both catalyzing and regulating the MEP
pathway. The product, DXP, not only plays a crucial role in the MEP pathway but also
contributes to the synthesis of thiamine (vitamin B1) and pyridoxine (vitamin B6).
Consequently, targeting DXPS for inhibition presents a highly effective approach with dual
benefits when compared to other interventions (18, 19).

Ketoclomazone, a hydrophilic small molecule, derived from the herbicide clomazone, was
among the first reported inhibitors of DXPS in both E. coliand Haemophilus influenzae. Studies
were not able to identify its mode of binding, but could show an uncompetitive inhibition
against pyruvate, specifically binding to the holoenzyme complex rather than the apo enzyme.
In addition, a validation test using DXP, confirmed that ketoclomazone targets the DXPS
intracellularly (31, 37).

Earlier DXPS Inhibitors were developed to target the cofactor binding site using ThDP
analogues and derivatives (38—40). The use of ThDP analogues as competitive inhibitors lacks
high selectivity among different enzyme types. However, DXPS, stands out due to its distinct
catalytic behavior and substrate binding site. Targeting this substrate-binding pocket holds
promise for achieving selective inhibition. Recently, acylphosphonates have been employed
as DXPS inhibitors with high selectivity. These inhibitors effectively engage with DXPS and
could potentially extend their reach to the substrates, pyruvate and D-GAP, binding site,
resulting in bi-substrate inhibitors achieving selectivity over other ThDP dependent enzymes.
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Subsequent optimizations of these inhibitors class have led to the development of enamine
prodrugs of acetylphosphonates. The aim was to enhance active uptake of the compound
inside bacteria via the oligopeptide permease, resulting in a significant improvement in their
in-vivo activity against Gram-negative pathogens (41-43). These recent developments suggest
a shift from considering alkylphosphonates as mere tools for studying the enzymatic
mechanism of DXPS to viewing them as candidates with more drug-like properties (Fig. 2).

o) o)
ol JR LN
N o o0 Mo”7\

Cli
Ketoclomazone Butylacetylphosphonate (BAP)
MIC =8 pM MIC =5 uyM
0\\ 0 N
' \)L H Q0 o o _\/\E\\,N
H;*N N N\n/p\ _\/\\\ (o) N
H (o)
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o-
o
Enamine prodrug of acetylphosphonate D-Phe TrAp (bi-substarte inhbitor)
MIC = 0.2 uyM MIC =1 mM

Figure 2: activity values of some of available DXPS inhbitors tested against Eschericia coli.

1.2.4 The challenge of DXPS crystallization:

In 2007, the initial structural insights into DXS from E. coli and D. radiodurans, and its
interaction with the cofactor ThDP were obtained. The DXPS structure was resolved at a 2.4 A
resolution, employing the selenomethionyl anomalous diffraction method. Notably, the
successful crystallization of DXPS depended on in situ proteolysis performed by a fungal
protease. It was later observed that two segments of the enzyme, which are the connecting
loops between its three domains, did not exhibit any electron density. Analyzing the remaining
portions of the enzyme, including their molecular weights and species observed in SDS gels of
the protein, confirmed that these two absent segments had been removed by the fungal
protease. These segments are indicative of flexible loops in the structure (25).

Further research has indicated that when parts of these flexible segments are eliminated from
DXPS in D. radiodurans, it maintains its enzymatic activity while reducing protein degradation,
and improving crystallization characteristics (Fig. 3) (44). Consequently, this protein
engineering method has enabled the successful crystallization of DXPS truncated constructs,
facilitating obtaining structural information from pathogenic species that were previously
resistant to crystallization (26, 45, 46).
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Figure 3: DXPS monomer structure showing the truncated loop. Sequence alighment of the published structures
from Deinococcus radiodurans and Mycobacterclosis tuberculosis and E. coli shows low sequence conservation
in the loop region. The truncated part is highlighted in red in both structure and sequence.

1.3 4-Diphosphocytidyl-2-C-methyl-D-erythritol (IspE) kinase

IspE kinase is another essential enzyme within the MEP pathway. In 2000, The YchB gene in
E. coli was identified as the responsible gene for the production of IspE. The enzyme was then
identified to catalyze the ATP-dependent phosphorylation of its substrate CDP-ME. In addition
IspE plays a central role in a three-step reaction that converts MEP to the cyclic diphosphate,
MECcDP, alongside the enzymes IspD and IspF (47, 48).

1.3.1 Structure of the 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase

The IspE structure was fully characterized in 2003 through the analysis of crystal structures
obtained from two sources: Thermus thermophilus and E. coli. The enzyme primarily consists
of two domains: the N-terminal domain, which contains the ATP cofactor binding site, and the
C-terminal domain, responsible for accommodating the substrate, CDP-ME. Both domains
exhibit a characteristic o/B fold. The catalytic pocket, notably wide and exposed to the solvent,
is positioned between these two domains. This arrangement allows for the close proximity of
the cofactor and substrate, facilitating the phosphorylation of CDP-ME (Fig. 6) (49, 50).
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The binding sites for both CDP-ME and ATP show remarkable conservation in terms of their
residues and overall shape. Notably, the cytosine moiety of CDP-ME is situated between two
highly conserved aromatic residues with a specific affinity for cytosine, meaning that
molecules with adenosine or uridine substituting the cytosine moieties cannot act as
substrates. Additionally, the hydroxy group of erythritol forms essential hydrogen bonds with
conserved lysine and aspartate side chains, believed to play a crucial role in deprotonation
and phosphorylation during catalysis (49, 50).

The ATP binding site is situated in the N-terminal domain, with the adenine base located
within an aliphatic crevice, the adenine is maintained into a less favorable syn-conformation
through a network of hydrogen bonds. Both the ribose and phosphate components of ATP are
exposed to the solvent. The ribose is surrounded by a network of hydrogen bonds, while the
phosphate is encircled by a phosphate-binding loop rich in glycine (P-loop). It is worth noting
that this P-loop is one of the three highly conserved motifs within the GHMP superfamily, with
the other two motifs playing significant roles in shaping the catalytic cavity (Fig. 4) (49-52).

In general, IspE exhibits catalytic mechanism similar to other GHMP family members, the
catalysis of IspE involves substrate and cofactor binding in their respective domain’s active
sites, enabling direct phosphate transfer. Although binding kinetics remain less explored, it
likely follows an ordered-sequential process, as seen in similar kinases, where the substrate
CDP-ME binds first and the phosphorylated product exits first (53).

ATP-binding domain

ATP

Motif A
(Glycine loop)

CDP-ME

Motif C

CDP-ME-binding domain

Motif B

Figure 4 : EclspE kinase monomer structure. Highlighting the GHMP conserved motifs.



1 INTRODUCTION

1.3.2 Targeting 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase

IspE provides two distinct pockets as potential targets in our search for inhibitors: ATP binding
site in addition to the substrate binding site, along with nearby sub-pockets. In the context of
targeting the ATP binding site, Tang et al. described early ATP competitive inhibitors, they
utilized a library of existing GHMP kinases inhibitors. Subsequent studies have adopted similar
approaches to identify non-substrate-like inhibitors for IspE. This involved examining existing
GHMP kinases inhibitors and employing structure-based drug design coupled with virtual
high-throughput screening, utilizing available IspE structures. These efforts led to the
discovery of two promising compounds featuring benzene sulfonamide and acetamide
moieties (54, 55) (Fig. 5). Over the years, our group has dedicated efforts to investigate both
of these pockets. Recently, we conducted a virtual screening on the ATP binding pocket,
followed by a Structure-Activity Relationship (SAR) study that resulted in hits with improved
pharmacodynamic properties (56). Unfortunately, endeavors thus far haven't yielded highly
selective IspE inhibitors specifically targeting the kinase pocket.

o W o, / e L,
\ /_Q i s )
HN)_S S s \N’0
OH

IC50 = 20 uM ICs = 18 pM ICs50 =5 UM

Figure 5: Chemical structures of IspE inhibitors with dual GHMP kinase and IspE activity. Tested against
E. coli IspE.

IspE inhibitors targeting the substrate pocket appear more promising for further development.
In 2007, Hirsch et al. identified compounds with low micromolar ICsp values that target this
substrate pocket. The Hirsch group played a pioneering role in this area. Their designed
inhibitors specifically bound to the cytidine binding site in addition to a deep hydrophobic
pocket near phosphate binding site. Importantly, these inhibitors possessed drug-like
properties and demonstrated improved activities. Structure—Activity Relationship (SAR)
studies revealed the usefulness of this hydrophobic cavity within the CDP-ME binding site,
unoccupied by CDP-ME itself. Inhibitor showing highest potency from this class featured a
tetrahydrothiophene ring as a ribose substitute, along with a sulfonamide as phosphate
substituent attached to a hydrocarbon group to occupy the deep hydrophobic pocket. A
co-crystal structure of Aquifex aeolicus IspE with one of these compounds confirmed their
binding in the substrate-binding pocket (57-59). Subsequently, the group successfully
employed bioconjugation to polymer peptide to enhance the solubility and potency of these
compounds (Fig. 6) (60).
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Figure 6: structures of the most potent substrate competitive inhibitors reported by Hirsch et.al (59). ICso
measured against E. coli.

1.3.3 Co-crystallizing identified IspE kinase inhibitors is a challenging task

A substantial limitation in advancing medicinal chemistry projects aimed at targeting IspE is
the absence of a co-crystal structures with pathogenic microorganisms. This is in contrast to
the available co-crystal structure with the non-pathogenic bacterium A. aeolicus. This can be
attributed, at least in part, to the structural conformation of the protein in the asymmetric
unit. While experimental findings confirm that IspE kinase predominantly occurs as a
monomer in solution (49, 52, 61), during crystallization, there is variability in the number of
protein units found in the asymmetric unit. For instance, some IspE structures, such as those
from M. tuberculosis, crystallize with a single protein unit in the asymmetric unit (52), while
others, like two E.coli IspE structures (PDB: 10J4, 2WW4), display two protein units in the
asymmetric unit. Importantly, for 2WW4 the crystal arrangement lacks symmetry, where a
loop from each unit obstructs the active site, specifically the CDP-ME binding site of the other
(Fig. 7). Subsequent investigations suggest that this crystalline arrangement is an artifact
resulting during the crystallization process instead of it being a representation of natural
dimerization (62). This common crystalline arrangement, observed in other enzyme
homologues as well, presents a considerable challenge for drug design endeavors aiming to
co-crystallize or soak IspE inhibitors. Especially those designed to target the substrate binding
site, as this pocket becomes inaccessible in this crystalline form, making it difficult to elucidate
their binding mode.

Figure 7: E.coli IspE crystal structure different conformations. A; PDB:10j4, symmetry. B; (PDB:
2ww4) asymmetry.
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1.4 Aim of the thesis

The methylerythritol phosphate (MEP) pathway enzymes are promising targets for
anti-microbial drugs. Pathogenic microorganisms heavily depend on this pathway to produce
vital biological precursors crucial for their cellular processes. Importantly, this pathway is
missing in humans, providing the needed selectivity for treating human infections. The main
goal of this study is to investigate MEP pathway enzymes as targets for drug design using
biochemical and structural biology approaches.

The first three chapters focus on the first enzyme of the MEP pathway, DXPS, which also serves
as the rate-limiting step, determining the overall rate of reactions in the pathway. Our aim is
to optimize constructs of DXPS to obtain crystal structures from pathogenic organisms,
specifically Pseudomonas aeruginosa and Klebsiella pneumoniae and subsequently acquire
co-crystal structures with inhibitors to understand their binding mode, supporting our drug
design and discovery projects.

In addition to DXPS we also work with another essential enzyme from the MEP pathway, the
IspE kinase. This enzyme catalyzes the fourth step of isoprenoid biosynthesis. Our objective is
to investigate the kinetics of IspE from the pathogenic bacteria: Escherichia coli,
Klebsiella pneumoniae, and Acinetobacter baumannii. We also concentrate on obtaining and
optimizing crystallization conditions and to acquire co-crystal structures with identified hit
compounds, aiming to analyze the binding site interactions of IspE in these three homologues,
along with their respective inhibitors.

11
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2 RESULTS AND DISCUSSIONS

The results and discussions chapter will be divided into the four sections listed
below. The first two and the last parts have been published or submitted to a
journal, and they will be presented in accordance with the formatting of their
respective journals. Part three, which is part of an ongoing work, will be presented
as a short report.

2.1 1-Deoxy-D-xylulose-5-phosphate synthase from Pseudomonas aeruginosa and
Klebsiella pneumoniae reveals conformational changes upon cofactor binding

2.1.1 Supplementary information

2.2 Design of thiamine analogues for inhibition of thiamine diphosphate (ThDP)-
dependent enzymes: Systematic investigation through Scaffold-Hopping and
C2-Functionalisation

2.2.1 Supplementary information

2.3 Allosteric Inhibition of DXPS: A New Approach in Drug Discovery

2.4 |spE Kinase Homologues: Characterization and crystal Structures enable
structure-based design of novel inhibitors

2.4.1 Supplementary information
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The ESKAPE bacteria are the six highly virulent and
antibiotic-resistant pathogens that require the most urgent
attention for the development of novel antibiotics. Detailed
knowledge of target proteins specific to bacteria is essential to
develop novel treatment options. The methylerythritol-
phosphate (MEP) pathway, which is absent in humans, repre-
sents a potentially valuable target for the development of novel
antibiotics. Within the MEP pathway, the enzyme 1-deoxy-D-
xylulose-5-phosphate synthase (DXPS) catalyzes a crucial, rate-
limiting first step and a branch point in the biosynthesis of the
vitamins B1 and B6. We report the high-resolution crystal
structures of DXPS from the important ESKAPE pathogens
Pseudomonas aeruginosa and Klebsiella pneumoniae in both
the co-factor-bound and the apo forms. We demonstrate that
the absence of the cofactor thiamine diphosphate results in
conformational changes that lead to disordered loops close to
the active site that might be important for the design of potent
DXPS inhibitors. Collectively, our results provide important
structural details that aid in the assessment of DXPS as a po-
tential target in the ongoing efforts to combat antibiotic
resistance.

The widespread use of antibiotics over the past five decades
has caused bacteria to develop resistance mechanisms to evade
the detrimental effect of these agents (1, 2). This effect is
especially critical for infections caused by ESKAPE pathogens,
which are difficult to treat and result in increasing fatality
rates. Pseudomonas aeruginosa and Klebsiella pneumoniae are
both Gram-negative pathogens with the ability to integrate
exogenous DNA to obtain antibiotic resistance (horizontal
gene transfer) (3). Both organisms can adapt to the environ-
ment of human airways (4) and are major causes of opportu-
nistic infections, predominantly, pneumonia and sepsis in
hospitalized patients and patients with cystic fibrosis (5, 6).
Measures such as the antibiotic stewardship program to
improve the way antibiotics are prescribed, and the synthesis

* For correspondence: Anna K. H. Hirsch, anna.hirsch@helmholtz-hips.de.
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of novel chemical entities with new modes of action need to be
implemented to tackle the antimicrobial-resistance crisis.

The methylerythritol-phosphate (MEP) pathway has
attracted attention as it represents a rich source of potentially
attractive anti-infective drug targets. The MEP pathway, also
called the mevalonate-independent pathway, is considered to
be the main pathway for the synthesis of isoprenoid building
blocks in most bacteria, plants, and protozoa (7-9). Its
absence in humans makes the enzymes of this pathway,
particularly interesting targets for anti-infective drug discov-
ery. The complete pathway consists of seven enzymes, each of
which could be targeted individually. 1-Deoxy-D-xylulose-5-
phosphate synthase (DXPS) catalyzes the first rate-limiting
step of the MEP pathway. The enzyme is responsible for the
formation of 1-deoxy-D-xylulose 5-phosphate (DXP) by
condensation of pyruvate and glyceraldehyde 3-phosphate (D-
GAP) in the presence of thiamine diphosphate (ThDP),
Figure 1. DXP, in and of itself, is an important metabolite in
not only the biosynthesis of isoprenoid precursors but also in
vitamin Bl (thiamine) and vitamin B6 (pyridoxine) biosyn-
thesis (10). DXPS is a promising anti-infective drug target
(11-13).

The first DXPS structures of Deinococcus radiodurans and
Escherichia coli were solved via X-ray crystallography and
published in 2007 (14). Subsequent studies on these structures
have shown that DXPS undergoes a number of conforma-
tional changes during catalysis which takes place near the
substrate-entry site (15—-17). The ThDP-bound enzyme, in the
presence of pyruvate, forms a pre-decarboxylation interme-
diate, lactyl thiamine diphosphate (LThDP) (15, 18). The
enzyme adopts a closed conformation when bound to LThDP
and exposure to D-GAP or DXP triggers a conformational
change to an open conformation, which seemingly initiates
LThDP decarboxylation (17, 19). Chen et al. coined the name
spoon-fork motif to describe the shape of the region that
shows conformational changes during catalysis. They have
shown that binding of LThDP results in a closed conforma-
tion of the spoon motif that opens when the subsequent in-
termediate enamine is formed (17). These results highlight the
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important role of conformational changes in DXPS catalysis.
Further investigation is needed to expand our knowledge
about the dynamic catalysis and structural differences of this
unique enzyme.

Given that the binding site of the cofactor ThDP is the most
promising site for drugs targeting ThDP-dependent enzymes
including DXPS (16, 20, 21), it is also vital to understand the
precise location of ThDP and the general three-dimensional
shape of the pocket. It is also considered the main druggable
pocket in DXPS enzymes (22). Thus far, few experimentally
determined structures of DXPS have been reported (23), but
due to the generally conserved active sites, the available crystal
structures of DXPS are used as models for structure-based
drug design (16, 20, 21). However, this has proven to be very
limiting, as three-dimensional active sites can typically not be
deduced from sequence homology alone. To improve our
understanding of DXPS active-site architecture and to provide
a better framework for drug-discovery efforts addressing this
promising target, we determined the crystal structures of both
the apo and the cofactor-bound forms from the ESKAPE
pathogens P. aeruginosa and K. pneumoniae. We demonstrate

2 J Biol. Chem. (2023) 299(9) 105152
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that the binding of ThDP leads to conformational changes
involving a loop in domain I, which alters the ThDP biding site
and contributes to the binding of the ThDP diphosphate.
Together with the structure of P. aeruginosa DXPS bound to
the less reactive 2-acetylThDP, we provide a firm basis for
future drug design and -discovery efforts targeting this
important enzyme from the MEP pathway (2).

Results and discussion
Expression, purification, and kinetic characterization of DXPS

Our group recently reported a truncated D. radiodurans
DXPS (drDXPS) construct in which a flexible loop has been
modified to produce a protein that crystallizes readily and
yields high-quality crystals that diffract to a resolution better
than 2.0 A (24). This loop typically has very low evolutionary
conservation and neither shapes the active site nor is it
involved in the formation of a secondary structure (24). Our
construct served as a blueprint for the alteration in DXPS
enzymes from different organisms (23). After multiple
sequence alignments of published sequences, we identified the
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loop to be corresponding to residues 206 to 245 in paDXPS
and residues 197 to 240 in kpDXPS (Fig. S1) and replaced
them with a six glycine unit. We then heterologously expressed
the enzymes in E. coli, purified and analyzed them as detailed
in the Experimental procedures section. Next, we analyzed the
activity of new homolog constructs, evaluated, and compared
the enzyme kinetics for both versions of the enzyme ie.
truncated and full-length, of the enzyme. The results sum-
marized in Table 1 demonstrate comparable activities of the
native and truncated paDXPS, both versions of the enzyme
show similar affinities for the substrate and co-factor.
Although native kpDXPS was not tested, the truncated
version is showing comparable kinetics for both substrates. No
kinetics values for ThDP were reported for other homologs,
which makes our data impossible to compare to literature
values. However, kpDXPS shows a slightly higher affinity for
the substrates and elevated catalytic activity in comparison to
paDXPS, which may be due to the different shape of the
binding site. The kinetic parameters remain within a similar
range for paDXPSs, and the preserved enzymatic activity of
kpDXPS suggests that the truncation does not affect any
catalytically significant residues. These results allowed us to
use these optimized and more stable constructs for biological
testing as well as structure determination. After confirming the
identity and activity of our purified enzymes, we opted to
elucidate the structures of these novel homologs from ESKAPE
pathogens.

Structure determination of DXPS from K. pneumoniae and P.
aeruginosa

The optimized constructs of DXPS from K. pneumoniae and
P. aeruginosa were used for crystallization trials. The struc-
tures were determined using molecular replacement with the
published DXPS structure of E. coli (PDB ID: 201s) as a search
model. The two proteins in the asymmetric unit form the
expected biological dimer known from other DXPS enzymes,
which was supported by native MS measurements for paDXPS
(Fig. S2). The low solubility of kpDXPS precluded native MS
data acquisition, but an analysis of the dimer observed in the
crystal structure using the PISA server (25) and analytical gel
filtration (Fig. S3) confirmed a stable dimer interface, which is
highly similar between all DXPS structures. Although we
determined a comparable affinity for ThDP, we can only
observe electron density for ThDP in one of the two protomers
of the dimer of kpDXPS with low occupancy. This may be the
result of the longer crystal formation time of 20 days and the

Table 1

consequent degradation of the cofactor. Intriguingly, the N-
terminus of this protomer extends into the cofactor binding
site of the dimer partner up to Ser186. Given that this would
lead to an inactive enzyme and the absence of this arrange-
ment from the apo structures (see below), we consider this
arrangement a crystallographic artifact representing a low-
energy state of this particular crystal form. The addition of
ThDP was essential to obtain this crystal form, and we thus
screened new conditions to obtain an apo structure. Crystals of
apo kpDXPS were obtained at a considerably higher concen-
tration than the cofactor-bound version and crystals grew
more quickly. They belonged to space group C 222; and a
complete 2.1 A dataset was collected at ESRF beamline ID23 to
1. The structure was solved using molecular replacement with
a refined ThDP-bound kpDXPS structure as the search model.
Similar to kpDXPS, we chose an optimized construct to
obtain a crystal structure of DXPS from P. aeruginosa
(paDXPS). The structure was determined to 2.0 A with mo-
lecular replacement using the published structure of drDXPS
(PDB ID: 60UV) as a search model. Subsequently, a refined
paDXPS structure was used as the search model for the mo-
lecular replacement of structures of ThDP-bound paDXPS
(2.3 A), a structure with 2-acetylThDP (2.0 A), and a co-crystal
structure with a selected ThDP analog (2.2 A). In general,
paDXPS crystallized in orthorhombic crystal form, space
group P2;2,2;. The asymmetric unit of all paDXPS structures
consisted of six protomers, four of which formed dimers with
proteins within the asymmetric unit, while the remaining two
protomers formed dimers with symmetry mates. In most ob-
tained paDXPS structures, approximately the first 30 N-ter-
minal residues are disordered. Native MS data on paDXPS
confirmed that the enzyme exists as a dimer in solution
(Fig. S2), which is consistent with the crystallographic results
and suggests that the dimer is the biological unit in vive. All
data collection and refinement statistics can be found in
Table S2, and the structures were deposited in the PDB.

Structural comparison of kpDXPS and paDXPS

kpDXPS and paDXPS share high sequence homology with
previously identified homologs from E. coli (ecDXPS) and
D. radiodurans (drDXPS) and Mycobacterium tuberculosis
(mtDXPS) (14, 23). kpDXPS and paDXPS share 62.5% sequence
identity and 84.3% sequence similarity. Consequently, the
structures are also highly similar with a C,-RMSD of only 0.716
when comparing both ThDP-bound crystal structures. Each
DXPS monomer in all structures we determined consists of three

The steady-state kinetics parameters of ThDP, pyruvate, and D-GAP for the wild-type and mutated paDXPS and mutated kpDXPS

Native paDXPS Truncated paDXPS Truncated kpDXPS
Enzyme 0.15 pmol/L 0.15 pmol/L 0.20 umol/L
Pyruvate K,,: 184 + 25 uM K,: 122 + 8.2 EIM K,,;: 113 + 34 yM
Ko 1.6 £ 0.01 x 10° min™* Ko 1.2 £ 0.02 x 10° min™* Keue 2.1 £ 0.03 x 10° min™t
D-GAP K, 357 + 77 uM K,,: 336 + 98.0 K, 170 + 43 uM
K 1.8 + 0.02 x10° min ™ Koy 1.5 + 0.03 x 10° min™! Kue 24 + 001 x 10° min~!
ThDP K, 70 + 9.0 nM K, 965 + 14 nM K,,: 110 + 17.0 nM

Ko 1.6 + 0.01 x 10% min™*

Kzt 0.94 + 0.01 x 10> min™* Ko 2.6 = 0.03 x 10° min™"

When measuring K,,, the other substrate and/or cofactor concentrations were kept in excess to ensure the enzyme reaches maximum velocity.

SASBMB
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Figure 2. Overview of the overall structures of paDXPS and kpDXPS. A, domain organization; domain | (cyan; residues 1-306) contains a five-stranded
parallel B-sheet, domain Il (violet; residues 317-493) contains a six-stranded parallel 3-sheet, domain Ill (green; residues 496-620) contains a five-stranded f3-
sheet, in paDXPS, aligned with kpDXPS structure in gray. B, comparison of ThDP-bound kpDXPS and paDXPS structures highlighting differences in the active
site. paDXPS is shown in cyan, overlaid with kpDXPS in gray, different residues from kpDXPS are labeled in blue. C and D, important interactions with ThDP in
paDXPS and kpDXPS, respectively. Interactions are shown as black, dashed lines (below 5 A). All figures of this type were created in PyMol.

domains. The domain organization is shown in Figure 2A4 and is
highly similar to the other homologs. The loop connecting do-
mains I and II (residues 307-315 in paDXPS) is highly flexible
and appears to be disordered in most structures. Similar to other
reported homologs, the binding site of ThDP is located at the
interface between domains I and II with the pyrimidine ring
facing domain II and the diphosphate moiety pointing toward
domain I. ThDP adopts a chair-like conformation; the pyrimi-
dine ring is perpendicular to the thiazole ring, which is, in turn,
perpendicular to the diphosphate. In the paDXPS structure, the
pyrimidine ring of ThDP is nt-1t stacked against Phe395, while N3
of the pyrimidine is forming a backbone hydrogen bond (2.9 A)
with Ser158. Residues His115, Asp187, Alal189, Asn214, Asn216,
and Lys286 are coordinating the diphosphate/Mg”* part of
ThDP (Fig. 2D). The active site of kpDXPS shows an almost
identical binding mode of ThDP, and similar residues are
involved in binding. The diphosphate is coordinated in an
asparagine-rich region, with the contribution of Ser52, which
forms an H bond with the diphosphate. This residue is an alanine
in the paDXPS structure. Among other structurally character-
ized DXPS homologs, paDXPS, together with mtDXPS, seem to
be the only homologs in which this hydrogen bond cannot be
formed. In mtDXPS, this residue is changed to proline (Fig. S4).
Further comparison of the two DXPS structures, reveals a key
difference in the active site. His115, in paDXPS, is positioned to
form a hydrogen bond with the diphosphate of ThDP (Fig. 2B).
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This interaction cannot be formed in kpDXPS as the histidine
side chain is now 7 A away from the diphosphate (Fig. 2B). This
may be caused by Ser52 preventing His80 from adopting the
conformation seen in paDXPS (steric hindrance). The H
bonding interaction with His115 specific to paDXPS seems to be
compensating for the loss of the interaction with diphosphate
caused by the change from serine to alanine in position 87
(Fig. 2D). This residue might be an important distinction for drug
design, as the hydroxyl group of serine adds a targetable nucle-
ophilic moiety to the active site. Fig. S4 shows the active site
differences between the structures of the published DXPS ho-
mologs from E. coli, D. radiodurans, and M. tuberculosis and our
structures. Of these, the most noteworthy is the change of Ala189
placed to make direct backbone interaction with the N2 of the
pyrimidine in the homolog from the non-pathogenic bacterium
D. radiodurans to serine (Serl58 in paDXPS and Ser123 in
kpDXPS, Fig. 2, C and D) as well as the homologs from the
pathogenic E. coli, where the hydroxyl group of the serine side
chain can again be targeted by hydrogen bonding with a ligand.

Structural analysis of the conformational difference in the
binding site between ThDP-bound and apo DXPS

The influence of cofactor binding on the shape of the active
site was evaluated by obtaining structural information on the
apo paDXPS and kpDXPS and comparing it to the cofactor-
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bound proteins. The loop spanning from Asn216 to Trp250,
contributing to the ThDP binding site, exhibits a conforma-
tional change between the holo and the apo structure of
paDXPS (Fig. 3A). In the cofactor-bound version, residues
As217, Met218, Ser219, and Ile220 fold around the diphos-
phate moiety (Fig. 3). The coordination of the co-factor bound
Mg** by the side chain of Asn216 and the main chain of
Met218 appear to stabilize the loop. The ThDP-bound struc-
ture also shows the participation of the ser219 and Ile220 side
chains, with the latter showing the potential to form an arene-
H interaction with the thiazole ring (Fig. 3D). Most other DXPS
structures exhibit disorder in this particular region. Further-
more, our study presents the first report of an apo DXPS
structure, making it challenging to directly compare our results
with those of other homologs. In the kpDXPS structure regions
near the active site seem to undergo various conformational
changes. We observe loop rearrangement around the active
site: Three loops are partially occluding the active site in the
apo structure, and appear to get displaced by the bound co-
factor, resulting in larger movements averaging around 4 A
(Fig. 4). The loop belonging to the domain I of DXPS (amino
acids 91-124) is completely disordered in the apo structure of
kpDXPS, leading to a more open conformation towards the
other side of the substrate entrance channel (pale green region
in (Fig. 4, A and B). Unfortunately, this part of the protein could

A

not be resolved sufficiently to allow us to compare it to the
structure of paDXPS. Furthermore, while the structure ob-
tained for the apo kpDXPS has a Rfree value of 20%, indicating
a reasonable fit to the experimental data, it is important to state
that the Wilson B factor is relatively high at 35 A This could
be linked to the disordered regions observed in the absence of
the cofactor, showcasing the role of ThDP in stabilizing the
overall structure of DXPS. The distinct behavior of the loops
surrounding the active sites of the two homologs may have
important implications for inhibitor design, as a different three-
dimensional fold needs to be targeted.

The structure of paDXPS with thiamine analog provides
evidence for the contribution of the diphosphate moiety in
stabilizing a loop close to the active site

Thiamine analogs were previously reported as potent in-
hibitors of ThDP-dependent enzymes (26, 27). Several thiamine
analogs had been synthesized in our group as inhibitors of
DXPS (27, 28). We used one of these compounds to co-
crystalize with our homologs as a diphosphate-free version of
ThDP. The compounds were tested against paDXPS and
kpDXPS. The co-crystalized thiamine analog compound (2-{3-
[(4-Amino-2-Methylpyrimidin-5-Yl)methyl]phenyl}ethanol)
showed a half-maximal inhibitory concentration (ICso) of

Closed conformation

Figure 3. Diphosphate loop movement in in the active site of paDXPS. A, structure of ThDP-bound paDXPS in yellow is superimposed with the structure
of apo paDXPS in cyan, showing the conformational change of the active site in the bound and unbound state. B, loop in the ThDP bound structure
extending from Asn216 to Trp250, in orange exhibiting a closed conformation; C, the open conformation of the same loop. D, highlighting residues, Asn216,
Asp217, and Met218, involved in the coordination with the diphosphate. Interactions are shown as black, dashed lines (below 5 A). All figures of this type

were created in PyMol.
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Figure 4. Loops rearrangement close to the active site in kpDXPS. A, the two versions of kpDXPS are visualized as a cartoon representation in light blue
(ThDP-bound) and light orange (apo). An N-terminal disordered loop in apo kpDXPS (amino acids 91-124) is shown in pale green. B, comparison of the
surface representation of the kpDXPS active site, with the same color-coding as in (A). Loop movement leads to a much narrower pocket in apo kpDXPS,
however, the missing N-terminal loop opens up a tunnel on the other side of the cofactor-binding site.

197 uM for paDXPS and 94 pM for kpDXPS. To further study
the conformational changes in the active site loop, we set out to
obtain an X-ray structure of either paDXPS or kpDXPS with
the thiamine analog. We were unsuccessful to generate coc-
rystals for kpDXPS with the inhibitor. We were, however, able
to obtain a 2.2 A co-crystal structure of paDXPS (PDB ID:
8A4D).

As anticipated, the binding of this analog is similar to the
binding of the thiamine moiety of ThDP (pyrimidine and
thiazole) with the pyrimidine ring stacking against Phe395.
However, the phenyl ring is showing a slight deviation from
the plane of thiazole binding seen with ThDP. The hydroxyl
group of the ligand is pointing toward the entry site of the
substrates while the flexibility of the hydroxyethyl group
resulted in poor density for this part of the inhibitor. None-
theless, it is surrounded by a histidine-rich region and shows
the potential of H bonding to these residues (Fig. 5B). Com-
pounds with shorter hydroxyl linkages show less activity (re-
sults not shown). Interestingly, the binding of this inhibitor
excludes the part of Domain I that is involved in coordinating
the diphosphate/Mg*?; the diphosphate loop shows the same
open conformation as seen in the apo enzyme (Fig. 5A4). This
adds to the notion that this loop is stabilized by the interaction
with this specific part of ThDP. This is an especially critical
observation for drug discovery, as a different three-
dimensional shape of the active site could enable the explo-
ration of different regions of the DXPS in search for inhibitors.

Structure of paDXPS in the presence of the substrate analog
fluoropyruvate shows the binding of acetylated ThDP and
competitive inhibition

Fluoropyruvate is an analog of the natural substrate pyru-
vate; it was also described as the first inhibitor of DXPS from
P. aeruginosa (9). DXPS decarboxylates pyruvate in an inter-
action mediated by ThDP in a stepwise manner: pyruvate first
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interacts with ThDP to form the intermediate lactyl ThDP
(LThDP), this intermediate was shown to be stabilized by a
histidine network near the C2 of ThDP. This reaction pro-
motes a closed conformation of a loop close to the active site
and the addition of D-GAP leads to a more open conforma-
tion, which eventually encourages decarboxylation (15, 17).

We performed an inhibition assay and a mode-of-inhibition
(MOI) study on paDXPS using fluoropyruvate. In the inhibi-
tion assay, fluoropyruvate inhibited the enzyme with an (ICs)
value of around 27 pM. The MOI study indicated competitive
inhibition with the natural substrate pyruvate (Table S3).
Fluoropyruvate has also been reported to inactivate the E1
subunit of the pyruvate dehydrogenase complex, a mammalian
ThDP-dependent enzyme. It was originally proposed that the
fluoropyruvate interaction with the ThDP-bound enzyme re-
sults in a modification of a sulthydryl group in the active site
(8). Ilustrated in Figure 1 is the interaction of fluoropyruvate
with ThDP-bound paDXPS as compared to pyruvate. To
determine whether the inhibition of the enzyme is the result of
the acetylation of a reactive residue in the active site after the
addition of fluoropyruvate, we performed intact MS mea-
surements to detect the acetylation of the enzyme by mass
shift, intact mass results show similar masses for fluoropyr-
uvate treated and untreated proteins (Fig. S5). These results,
together with the MOI assay, suggest that no covalent modi-
fication is involved in inhibition by fluoropyruvate.

We then opted to get structural information on the
fluoropyruvate-treated paDXPS. The enzyme was incubated
and crystallized with excess fluoropyruvate in the presence of
ThDP and MgCl,. The structure was solved using molecular
replacement and refined to 2.0 A (PDB ID: 8A45). We found
no evidence of an acetylated residue within the active site. On
the other hand, we observed convincing electron density for
the reaction intermediate 2-acetyl-ThDP in the active site
(Fig. 5), consistent with the proposed reaction mechanism
(Fig. 1). These findings indicate that inhibition with
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Figure 5. Binding of the thiamine analog and 2-acetyl-ThDP with paDXPS. A, thiamine analog bound structure in gray (loop in orange) and 2-acetyl
ThDP structure in cyan (loop in yellow). B, zoomed in view of the Interactions between thiamine analog (orange) and binding residues of paDXPS, the
structure shows the hydroxyethyl part of the ligand pointing towards a histidine-rich region in the substrate binding site. The diphosphate loop shows an
open conformation in the thiamine-bound structure, in orange. C, interactions between 2-acetyl-ThDP (cyan) and binding residues of paDXPS, the structure
shows a closed diphosphate loop conformation, in yellow. Interactions are shown as black, dashed lines (below 5 A).

fluoropyruvate results rather from the acetylated ThDP, which
is expected to be less reactive than ThDP and competes with
the reactive enamine formed with pyruvate.

The structure of paDXPS in the presence of fluoropyruvate
provides a high-resolution view of acetylThDP-bound enzyme,
a reaction product related to the enamine intermediate. The
pyrimidine and diphosphate moiety of 2-acetyl-ThDP is bound
in a highly similar way to ThDP (Fig. 54), with the diphosphate
loop also stabilized by coordinating residues Asp187, Asn216,
and Met218 to the diphosphate/Mg part. Hydrogen bonds are
formed between His-431 and the carbonyl of acetyl-ThDP.
This histidine residue is conservatively preserved in other
ThDP-dependent enzymes and has been shown to contribute
to a relaxed/packed state, that ultimately drives decarboxyl-
ation (29). The conformation of this region is different in the
structure of mtDXPS. M. tuberculosis replaces this interaction
with a network of water-coordinated histidine, serine, and
tyrosine (23). Interestingly, the carbonyl is also involved in
coordinating water molecules with Asp427 and His84, while
preserving the his431 conformation (Fig. 5C). The presence of
these interactions results in a tetrahedral geometry around C2
of 2-acetylThDP, causing it to deviate from the plane of the
thiazole, enabled by the single bond in the acetyl-ThDP
compared to the double bond in the enamine. Our structure
also shows the presence of His301, adding a positive charge to
the pocket, which is missing in the structure with enamine in
drDXPS. This histidine is replaced by tyrosine in ecDXPS (14).
His301 is also part of the spoon-fork motif, the flexibility of
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this site facilitates binding to the substrates and stabilizes in-
termediates (17). This region is significantly different from the
DXPS structures. Figure 6 shows only some differences within
the aligned fork motifs of the 2-acetyl ThDP paDXPS structure
and drDXPS structure. In kpDXPS residues 246 to 284 are
disordered and are also part of the spoon-fork motif. These
differences might result in even more different conformational
changes in this region during catalysis.

Conclusion

This study introduces the first apo structures of DXPS from
P. aeruginosa and K. pneumoniae, along with their cofactor
ThDP-bound structures. These findings contribute to
expanding our understanding of this important enzyme class
and provide crucial structural insights for the advancement of
innovative drug development targeting ESKAPE pathogens.

Upon ThDP binding, DXPS undergoes conformational
changes that lead to an open and closed loop conformation
near the active site. In the paDXPS structure, the closed
conformation is stabilized by interactions of the ThDP
diphosphate/Mg?>* moiety with an asparagine-rich region of
near the active site. In contrast, an open conformation is seen
when this interaction is lost in the apo structure. This hy-
pothesis was also confirmed by analyzing the crystal structure
of paDXPS with a thiamine analog lacking the diphosphate
moiety, in which the same loop adopts the open conformation
seen with the apo enzyme. The DXPS structure from
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Figure 6. Spoon-fork motif of paDXPS. A, spoon-fork motif in paDXPS in the presence of 2-acetyl THDP colored yellow, superimposed with drDXPS in the
presence of PLThDP, colored in orange showing the open conformation of the spoon motif in both structures. B, zoomed-in view of the fork motif
highlighting changes in residues involved in stabilizing conformational changes in this region. Residues from drDXPS are labeled in orange, from paDXPS in

black.

K. pneumonia also shows loop movement deep in the active
site, which leads to a much narrower pocket in the absence of
ThDP.

From a drug-design perspective, these results open the door
to different modes of DXPS inhibition. Our structures reveal
the important role of the diphosphate moiety of ThDP in
stabilizing part of the active site. Targeting specific residues in
this loop may prevent the enzyme from binding to ThDP by
not providing enough space for ThDP to bind, especially with
the rearrangement of the loops in kpDXPS. In paDXPS, one
strategy could be to prevent the diphosphate-binding loop
from closing, thereby preventing the enzyme from entering its
active conformation. This could perhaps be achieved by using
the pyrimidyl ring present in ThDP as a warhead and opti-
mizing the rest of the compound to bind to the loop in its
“open” conformation. Additionally, the binding mode of the
thiamine analog indicates that it is also possible to explore
compounds that target the substrate-binding channel in
addition to the ThDP binding pocket. Following this approach,
a three-headed inhibitor could perhaps be developed, which
would likely show increased selectivity for DXPS over other
ThDP-dependent enzymes due to the exploitation of DXPS’s
unique binding-site geometry. Furthermore, we demonstrated
that a competitive inhibition could be achieved by blocking
further interactions of ThDP-bound enzyme with molecules
that can form direct, less reactive intermediates with ThDP,
therefore trapping the enzyme in this rate-determining kinetic
step and preventing subsequent interactions with the natural
substrates. These additional DXPS X-ray crystal structures
from important ESKAPE pathogens lay the foundation for
future structure-based drug design of potent and selective
small-molecule inhibitors with a novel mode of action to treat
bacterial infections.
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Experimental procedures
Protein expression and purification
paDXPS

The construct genes were synthesized commercially, cloned
into pET28a, and transformed into BL21(DE3) for over-
expression. The transformed cells were grown in a selective LB
medium supplemented with Kanamycin (50 mg/ml) up to an
OD600 of 0.6, then induced with 1 mM isopropyl-L-D-
thiogalactoside (IPTG) and were subsequently grown at 18 °C
for 16 h. The harvested cells were then disrupted in a micro-
fluidizer after resuspension in a washing buffer consisting of
50 mM HEPES, 100 mM NaCl, 20 mM imidazole, and 2 mM [-
mercaptoethanol (100 ml buffer per 25 g of wet cell pellet). After
centrifugation, the supernatant was loaded onto a 5 ml HisTrap
HP column equilibrated in washing buffer. After an extensive
washing step with 30 column volumes of washing buffer, the
bound fraction was then eluted with 50 mM HEPES, 100 mM
NaCl, 300 mM Imidazole, and 2 mM B-mercaptoethanol. His-tag
purification was followed by size-exclusion chromatography in
20 mM HEPES, 200 mM NaCl, and 2 mM f-mercaptoethanol.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and protein mass spectrometry were used to
confirm the purity of protein purifications.

kpDXPS

The construct gene was synthesized commercially, cloned into
pET28b+, and transformed into Lemo21(DE3) for over-
expression. The transformed cells were grown in a selective LB
medium at 37 °C supplemented with kanamycin (50 mg/ml) and
chloramphenicol (34 mg/ml) up to an ODgy of 0.9, then induced
with 0.1 mM isopropyl-L-D-thiogalactoside (IPTG), and were
subsequently grown at 18 °C for 16 h. The harvested cells were
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then disrupted in a microfluidizer after resuspension in a washing
buffer consisting of 20 mM Tris pH 8.0, 200 mM NaCl, 20 mM
Imidazole pH 8.0, and 5% glycerol (100 ml buffer per 25 g of wet
cell pellet). After centrifugation, the supernatant was loaded onto
a 5 ml HisTrap HP column equilibrated in washing buffer. After
an extensive washing step with 30 column volumes of washing
buffer, the bound fraction was then eluted with an elution buffer
consisting of 20 mM Tris pH 8.0, 200 mM NaCl, 250 mM
imidazole pH 8.0, and 5% glycerol. Eluted protein was passed over
a Hiprep 26/10 desalting column equilibrated in washing buffer
to remove excess imidazole, after which TEV digestion was car-
ried out by adding TEV protease in a 1:10 protein: TEV ratio and
incubating the solution at 4 °C for 16 h. The N-terminal 6x
His-Tag was removed by passing the protein over a 5 ml His-Trap
HP column and collection of the flow-through. Purification was
finalized by size-exclusion chromatography in 20 mM Tris,
200 mM Nadl, final pH 8.0 for apo kpDXPS and 10 mM HEPES,
200 mM NaCl, 5% glycerol, final pH 7.4 for ThDP-bound
kpDXPS. SDS-PAGE and protein mass spectrometry were used
to confirm the purity of protein purifications.

Crystallization
paDXPS

Crystallization trials were carried out with a protein solution
containing 15 mg/ml paDXPS in a storage buffer using
commercially available screens from NeXtalbiotech. Ligand-
bound structures were obtained after incubating paDXPS with
an excess amount of the ligand for 2 h at RT. In every case, crystals
were grown in hanging drops with a reservoir solution consisting
0of 100 mM HEPES, 12% PEG-8000, and 200 mM calcium acetate.
Plates were observed every 3 days and optimization of the iden-
tified conditions was carried out. 32% Glycerol was added as a
cryo-protectant before the crystals were mounted in a cryo-loop
and stored in liquid nitrogen until data collection.

kpDXPS

Crystallization trials were carried out with a protein solution
containing 12.5 mg/ml kpDXPS (ligand-bound) and 47.5 mg/
ml kpDXPS (apo) in the respective storage buffer using
commercially available screens from NeXtalbiotech. Ligand-
bound structures of kpDXPS were obtained by the addition
of 1 mM ThDP/MgCl, and incubating the solution for 4 h on
ice before setting up the crystallization plates. For the protein
complex, crystals were grown in sitting-drop optimization
plates at 18 °C with a reservoir solution consisting of 100 mM
HEPES pH 7.0 to 7.5 and 18 to 28% PEG-3000. For the apo
version, crystals were grown in hanging-drop optimization
plates at 18 °C with a reservoir solution consisting of 200 to
400 mM MgCl2, 100 mM HEPES pH 7.5, and 14 to 18% PEG-
8000. In both cases, 15% 2R,3R-butanediol was added as a
cryoprotectant before the crystals were mounted in a cryo-
loop and stored in liquid nitrogen until data collection.

Data collection and refinement

X-ray diffraction data for DXPS structures were collected at
the Swiss Light Source located at the Paul Scherrer Institute in

SASBMB

28

Switzerland. Specific information about each beamline can be
found in the specific sections, all data collection and refine-
ment statistics can be found in Table S2. Data reduction and
scaling were done using AIMLESS (30) in CCP4i (31). Struc-
tures were solved using molecular replacement using the
program Phaser.MR (32) in Phenix software (33). Repetitive
cycles of refinement were done in COOT (34) and Phenix
refine (35) to obtain final structures (Tables S1 and S2).
Structures were validated using the Molprobity server and all
figures were rendered using PyMoL.

Kinetics and inhibition assays

To measure DXPS activity and kinetic parameters, a coupled
spectrophotometric enzyme assay was adapted from the assay
protocol described in the literature (36). A continuous kinetic
photometric assay was used to measure DXPS activity. NADPH
consumption by the auxiliary enzyme 1-deoxy-D-xylulose 5-
phosphate reductoisomerase (IspC) was measured in a micro-
plate reader (PHERAstar), monitoring the absorbance at
340 nm. In all cases (IspC) concentration was kept in excess
(1 uM) to ensure DXPS is the only rate-limiting enzyme in the
reaction mix. In the inhibition assays, in the case of the thiamine
analog inhibitor, ThDP concentration was kept around 4X K,
(400 nM) to ensure the enzyme reaches maximum velocity
while allowing competitive inhibition. In the case of fluo-
ropyruvate, pyruvate concentration was also kept at 4X K,
(500 uM) for the same reason. For inhibition studies, DXPS
activity was analyzed at RT for 30 min as follows; reaction
mixture A (100 mM HEPES pH 7.5, 100 mM NaCl, 1 mM
MgCl,, 0.5 uM NAPDH, 1 pM IspC, 400 nM ThDP, and
0.15 pM and 0.2 pM paDXPS and kpDXPS respectively) was
pre-incubated with different concentrations of inhibitor for
5 min at 37 °C in 10% DMSO. The reaction was then started by
adding mixture B (100 mM HEPES pH 7.5, 100 mM NaCl,
2 mM DL-glyceraldehyde-3-phosphate and 2 mM pyruvate
(thiamine analog inhibitor) and 500 pM pyruvate (fluoropyr-
uvate). For kinetic assays, the cofactor ThDP and substrates
pyruvate and D-GAP were used in varying concentrations.
When a substrate or cofactor was kept constant, a concentra-
tion of 400 nM was used for ThDP and 2 mM for pyruvate and
D-GAP. Blank correction and linear fitting of the absorption
data were performed using the program Origin 2019 (Origin-
Lab). The initial velocities obtained were plotted against the
substrate concentrations, and the K, values were determined by
nonlinear curve fitting using the Michaelis—Menten model of
the enzyme kinetics, Figs. S6 and S7.

Data availability

Data supporting this study are included within the article
and/or supporting materials.
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DXPS conformational changes upon cofactor binding

Table S1: Primary amino acid sequences of proteins used in this study.

Construct

Primary amino acid sequence

Native paDXPS

MGSSHHHHHHSSGLVPRGSMENLYFQSHMPKTLHEIPRERPATPLLDRASSPAELRRLGEADLE
TLADELRQYLLYTVGQTGGHFGAGLGVVELTIALHYVFDTPDDRLVWDVGHQAYPHKILTERREL
MGTLRQKNGLAAFPRRAESEYDTFGVGHSSTSISAALGMAIAARLQGKERKSVAVIGDGALTAG
MAFEALNHASEVDADMLVILNDNDMSISHNVGGLSNYLAKILSSRTYSSMREGSKKVLSRLPGA
WEIARRTEEYAKGMLVPGTLFEELGWNYIGPIDGHDLPTLVATLRNMRDMKGPQFLHVVTKKGK
GFAPAELDPIGYHAITKLEAPGSAPKKTGGPKYSSVFGQWLCDMAAQDARLLGITPAMKEGSDL
VAFSERYPERYFDVAIAEQHAVTLAAGMACEGMKPVVAIYSTFLQRAYDQLIHDVAVQHLDVLFAI
DRAGLVGEDGPTHAGSFDISYLRCIPGMLVMTPSDEDELRKLLTTGYLFDGPAAVRYPRGSGPN
HPIDPDLQPVEIGKGVVRRRGGRVALLVFGVQLAEAMKVAESLDATVVDMRFVKPLDEALVRELA
GSHELLVTIEENAVMGGAGSAVGEFLASEGLEVPLLQLGLPDYYVEHAKPSEMLAECGLDAAGIE
KAVRQRLDRQ

Mutated paDXPS

MGSSHHHHHHSSGLVPRGSMENLYFQSHMPKTLHEIPRERPATPLLDRASSPAELRRLGEADLE
TLADELRQYLLYTVGQTGGHFGAGLGVVELTIALHYVFDTPDDRLVWDVGHQAYPHKILTERREL
MGTLRQKNGLAAFPRRAESEYDTFGVGHSSTSISAALGMAIAARLQGKERKSVAVIGDGALTAG
MAFEALNHASEVDADMLVILNDNDMSISHNVGGLSNYLAKIGGGGGGPGTLFEELGWNYIGPIDG
HDLPTLVATLRNMRDMKGPQFLHVVTKKGKGFAPAELDPIGYHAITKLEAPGSAPKKTGGPKYSS
VFGQWLCDMAAQDARLLGITPAMKEGSDLVAFSERYPERYFDVAIAEQHAVTLAAGMACEGMK
PVVAIYSTFLQRAYDQLIHDVAVQHLDVLFAIDRAGLVGEDGPTHAGSFDISYLRCIPGMLVMTPS
DEDELRKLLTTGYLFDGPAAVRYPRGSGPNHPIDPDLQPVEIGKGVVRRRGGRVALLVFGVQLA
EAMKVAESLDATVVDMRFVKPLDEALVRELAGSHELLVTIEENAVMGGAGSAVGEFLASEGLEV
PLLQLGLPDYYVEHAKPSEMLAECGLDAAGIEKAVRQRLDRQ

Mutated kpDXPS

MSFDIAKYPTLALVDSTQELRLLPKESLPKLCDELRRYLLDSVSRSSGHFASGLGTVELTVALHYV
YNTPFDRLIWDVGHQAYPHKILTGRRDKIGTIRQKGGLHPFPWRGESEYDVLSVGHSSTSISAGI
GVAIAAAKEDKQRRAVCVIGDGAITAGMAFEAMNHAGDIKPDLLVVLNDNEMSISENVGALNNHL
AGGGGGGGPGTLFEELGFNYIGPVDGHDVLGLVSTLKNMRDLKGPQFLHIMTKKGRGYEPAEK
DPITFHAVPKFDHTSGVLPKSSGGLPSYSKIFGDWLCETAAKDNKLMAITPAMREGSGMVEFSKK
FPDRYFDVAIAEQHAVTFAAGLAIGDYKPVVAIYSTFLQRAYDQVIHDVAIQKLPVLFAIDRAGIVGA
DGQTHQGAFDLSFLRCIPDMVVMTPSDENECROQMLYTGYHYSDGPCAVRYPRGSGTGATLEPL
ASLPIGKGVVKRQGEKIAILNFGTLLPEAAAVADKLNATLYVDMRFVKPLDTALILQLAGEHDALVTL
EENAIMGGAGSGVNEVLMAHRRAVPVLNIGLPDYFIPQGTQEEIRADLGLDAAGIEAKIRDWLA
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DXPS conformational changes upon cofactor binding

Table S2: Data collection and refinement statistics of all X-ray structures shown in the manuscript. Statistics for the highest-resolution shell are shown in

parentheses.
paDXPS — Thiamine ThDP-bound
Apo paDXPS ThDP-bound paDXPS | paDXPS — 2-acetyl-ThDP analog kpDXPS Apo kpDXPS
PDB code 8A29 8A5K 8A45 8A4D 8A9C 8A8Y
Resolution range 48.59-2.2 46.29-2.37 48.59-2.0 48.54-2.2 43.37-1.8 91.87-2.1
Space group P21 2121 P21 2121 P21 2121 P21 2121 P21 C2221
Unit el 116.44 137.63 116.82A 137.06A 116.618 137.618 89.67 72.56 91.44 |  119.16 144.25
abc [A] 23208 231.44 117.12 138.01 231.63 231.681 90.00 108.46 142.91
aBvy[ . 90 90 90 90.00 90.00 90.00 ) ' ’ )
90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.0 90.0 90.0
Total reflections 376678 (37313) 325476 (32403) 501348 (49688) 371083 (36366) 557529 (75397) 323919 (45609)
Unique reflections 188736 (18663) 164247 (16316) 187627 (18663) 188257 (18546) 100675 (14606) 71565 (10344)
Multiplicity 7.1(7.3) 2.0 (2.0 12.2 (12.3) 4.5 (4.5) 5.5 (5.2) 4.5 (4.4)
Wavelength 0.97 0.97 0.97 0.97 0.97 0.97
Completeness (%) 99.9 (100) 99.46 (99.83) 99.34 (99.50) 99.63 97.9 (97.6) 99.6 (99.6)
Mean I/ sigma (1) 11.09 (2.65) 6.52 (2.48) 14.56 (3.47) 6.86 (1.65) 13.4 (2.5) 9.9 (2.2)
Wilson B-factor 19.66 25.62 19.67 25.24 25.41 35.38
R-merge 0.140 (0.953) 0.07279 (0.3303) 0.150 (1.187) 0.1092 (0.5661) 0.066 (0.561) 0.089 (0.720)
R-work 0.1896 0.1825 0.1948 0.1996 0.1593 0.1749
R-free 0.2254 0. 238 0.2261 0.2323 0.1902 0.1987
k']\'“mber of non- 27762 27348 28232 28005 8837 7781
ydrogen atoms
Macromolecules 25575 25645 25744 25672 7984 7384
Ligands 70 280 296 213 26
Solvent 2157 1527 2300 2222 827 397
Protein residues 3357 3370 3384 3366 1043 970
RMS (bonds) 0.003 0.019 0.005 0.002 0.006 0.003
RMS (angles) 0.63 0.93 0.70 0.55 0.79 0.56
Average B-factor 25.78 30.88 29.70 31.57 32.6 48.29
Macromolecules 26.85 30.86 29.30 29.40 31.84 48.42
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Figure S1: Sequence alignment of DXPS homologs: from p. aeruginosa, K. pneumonia, d.

was calculated

using the four aligned sequences. Amino acids in the active site are indicated by red boxes. The

truncated loop is underlined with bold blue line.

’

radiodurans and E.coli. The identity, shown as a bar graph above the sequences
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DXPS conformational changes upon cofactor binding

Native Mass Spectrometry

Purified paDXPS was buffer-exchanged into 10 mM ammonium acetate solution (pH 7.0) by repeated
ultracentrifugation using 10K centrifugal filters. The protein was diluted to 5 uM to obtain the highest
sensitivity in the mass spectrometer. Native MS analysis was conducted on a Bruker SolariX XR 7T
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer equipped with a high-
resolution electrospray ionization (HRESI) source (Bruker Daltonics, Billerica, MA, USA) by direct
infusion of the mixture at a flow rate of 2 uL/min. Source parameters were set to 500V end-plate
offset, 4000 V capillary voltage, 3 bar nebulizer gas pressure, 5 L/min dry gas, and 200 °C dry gas
temperature. The instrument was calibrated using an Agilent ESI-L low-concentration tuning mix
(G1969-85000). Profile spectra were recorded in positive ion mode with a mass range from 150 to
5000 m/z. Each spectrum was a sum of 128 transients composed of 512k data points. The pulse

sequence control and data acquisition was controlled by ftms control software in a Windows operating
system.

Intens.
x108 paDXS: +MS, Deconvoluted (MaxEnt, 150.48-5999.61, 1, 0.002)

1.5

128641.45717

1.0

0.5

| ‘:
M.JMMMJM&MJ kumw" LMMMMWWMWWW

115000 120000 125000 130000 135000 140000 145000 m/z

Figure S2: Native Ms analysis of paDXPS. The full mass of the paDXPS protein can be observed
with a m/z of 128641 showing the presence of paDXPs as a dimer in solution, the mass corresponds
to 2 paDXPS monomers (~ 63965 Da), 2 ThDP units. The MS parameters on the Orbitrap EMR were
optimized specifically for the m/z window of paDXPS protein.

A B
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Molecular weight (KDa) [Log] Bl [\ RN

Figure S3: A: Calibration curve used to estimate molecular weights for DXPS. Size exclusion
chromatography column S200 16/600 was calibrated using Thyroglobulin (670 KDa), y-Globulin (158
KDa), ovalbumin (44 kDa), Myoglobin (17 KDa), and Vitamin B12 (1,350 KDa). The calibration curve
was plotted using the elution volume/ column void volume (Ve/VO0) versus logarithm of the molecular
weight. Straight line is the calibration curve calculated from the data for molecular weight standards.
Red dots correspond to the positions of Ve/Vo values for DXPS. Linear equation, from the calibration
curve was used to calculate the experimental molecular weights reported in this study. B: elution
profile of kpDXPS showing elution in two peaks (UV spectra) corresponding to the monomer and the
dimer in SEC.
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DXPS conformational changes upon cofactor binding

Ala189 /Ala154 [Ser156
Ser158 /Ser123 /Ala125

33 ¢
g

Ala87 /Ser52 /Ser54

Ala87 /Ser52 fSer52
6

ThoP BEREX]

His301 /Tyr288

Ala87/Ser52 [Pro71

Phe142/Phe107 /Tyr126

Figure S 4: DXPS homologs active site comparison: showing residues involved in binding to
ThDP, highlighting differences in residues in/near the active site. A paDXPS in cyan overlaid with
kpDXPS in grey and the model homolog from drDXPS in magenta, different residues between
structures are labeled using the same color coding. B paDXPS in cyan overlaid with kpDXPS in grey
and ecDXPS in green. The difference in residues between structures is labeled using the same color
coding. C paDXPS in cyan overlaid with kpDXPS in grey and mtDXPS in orange, differences in
residues between structures are labeled using the same color coding. Residue atoms are shown as
sticks (C, cyan; O, red; N, blue; P, orange; S, yellow). Hydrogen bonds are shown as yellow dashed

lines, and distances are calculated in Angstrom.
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DXPS conformational changes upon cofactor binding

LC-MS spectroscopy:

LC-MS measurements to determine the intact protein mass were performed using a Dionex Ultimate
3000 RSLC system equipped with an Aeris Widepore XB-c8 (150 x 2.1 mm, 3.6 um patrticle
diameter(dp)) column (Penomenex, USA). The LC was coupled to a maXis 4G high-resolution time-
of-flight (HR-ToF) mass spectrometer (Bruker Daltonic, Germany) using an Apollo electrospray
ionization (ESI) source. Separation of 5 pL protein sample on the LC was achieved by a linear
gradient from solvent A (H20 plus 0.1% formic acid) to solvent B (acetonitrile plus 0.1% formic acid)
as follows: 0 — 0.5 min (2%), 0.5 — 10.0 min (2 — 75%), 10.0 — 13.0 min (75%), 13.0 — 18.0 min (2%).
The following conditions were used for mass spectrometry: capillary voltage 4,000 V, temperature 200
°C, dry gas flow rate 5 L / min and nebulizer 14.5 psi. Data were recorded in a mass range of 150 —
2,500 m/z. Sodium formate clusters were used for calibration of the maXis 4G spectrometer before
every injection to avoid mass drift.

Intens. { 67009.9667 PaDX5_apo
x105 ]
1.0

0.8
0.6+
0.4+

0.2+ 65725.2107
|64465.0044 P\ 66204.2620

0.0 A A —

X105E 67009.6990 PaDX5_F_pyr

1.25;
1.007
0.75§
0.50
025E 65723.8698

164464.0177
0.00-

65000 66000 67000 68000 69000 " m/z

Figure S5: Mass spectra of paDXPS before and after incubation with fluoropyruvate. No
change in mass between treated and untreated protein in desaturated conditions indicates
no covalent modification.
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DXPS conformational changes upon cofactor binding
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Figure S6: Michaelis-Menten kinetics analysis, Kn values of paDXPS and kpDXPS enzymes,

analysis was conducted by varying pyruvate, D-GAP or ThDP concentration, enzyme concentration
used: 150nM and 200 nM respectively. When a substrate or cofactor was kept constant, a
concentration of 400nM was used for ThDP and 2 mM for pyruvate and D-GAP

Table S3: MOI of fluoropyruvate: ICso values calculated with varying concentrations of pyruvate (0.8—
10 fold Km), increasing in IC50 with increasing concentration of pyruvate indicating competitive
inhibition. D-GAP and ThDP were kept at 2mM and 400nM in all measurements, respectively.

[Pyruvate]
(mM)

Fluoropyruvate
IC50 (uM)

4

154.9+8.2

2

774+98

1

426+1.0

0.5

30.3+13

0.25

27.0+28

0.125

259+13

0.0625

229+32
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Figure S7: Inhibitory dose-response curves to determine the ICsp for each inhibitor on paDXPS and
kpDXPS. The curves were fit using non-linear regression analysis program in OriginPro. In the case
of the thiamine analog inhibitor ThDP concentration was kept at 4Xkm (400nM) to insure the enzyme
reaches maximum velocity while allowing competitive inhibition. In the case of fluoropyruvate,
pyruvate concentration was also kept at 4X km (500uM) for the same reason, 2mM D-Gap was used

in both cases.
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ARTICLE INFO ABSTRACT

Keywords: Thiamine diphosphate (ThDP), the bioactive form of vitamin By, is an essential coenzyme needed for processes of
Thiamine diphosphate cellular metabolism in all organisms. ThDP-dependent enzymes all require ThDP as a coenzyme for catalytic
fnhzime activity, although individual enzymes vary significantly in substrate preferences and biochemical reactions. A
nhibition

popular way to study the role of these enzymes through chemical inhibition is to use thiamine/ThDP analogues,
which typically feature a neutral aromatic ring in place of the positively charged thiazolium ring of ThDP. While
ThDP analogues have aided work in understanding the structural and mechanistic aspects of the enzyme family,
at least two key questions regarding the ligand design strategy remain unresolved: 1) which is the best aromatic
ring? and 2) how can we achieve selectivity towards a given ThDP-dependent enzyme? In this work, we syn-
thesise derivatives of these analogues covering all central aromatic rings used in the past decade and make a
head-to-head comparison of all the compounds as inhibitors of several ThDP-dependent enzymes. Thus, we
establish the relationship between the nature of the central ring and the inhibitory profile of these ThDP-
competitive enzyme inhibitors. We also demonstrate that introducing a C2-substituent onto the central ring to
explore the unique substrate-binding pocket can further improve both potency and selectivity.

Crystal structure
1-deoxy-p-xylulose 5-phosphate synthase

5-phosphate synthase [7-13] (DXPS) and 2-oxoglutarate dehydrogenase
complex E1-subunit [14,15], (OGDH E1) (Fig. 1b). Despite the different

1. Introduction

Thiamine (I, vitamin B;) is a water-soluble vitamin essential for
energy metabolism. Thiamine deficiency leads to disorders such as
beriberi and Wernicke-Korsakoff syndrome [1]. In the majority of
mammalian tissues, thiamine diphosphate (II, ThDP) is the most abun-
dant thiamine derivative, accounting for approximately 80% of total
thiamine (Fig. 1a) [2-3]. The remainder consists of free thiamine (I),
thiamine monophosphate (III, ThMP), thiamine triphosphate (IV,
ThTP), adenosine thiamine diphosphate and adenosine thiamine
triphosphate. ThDP (the bioactive form of I) is a coenzyme of ThDP-
dependent enzymes [4], an extensive family of enzymes that includes
pyruvate dehydrogenase complex E1-subunit [5,6], (PDH E1), pyruvate
decarboxylase [6] (PDC), pyruvate oxidase [7] (PO), 1-deoxy-p-xylulose

* Corresponding author.
E-mail address: fjll @cam.ac.uk (F.J. Leeper).

https://doi.org/10.1016/j.bioorg.2023.106602

reactions catalysed, these enzymes all share a similar general mecha-
nism, outlined in Fig. 1a, in which a catalytically active ThDP-ylide V
(formed by deprotonation at C2 of the thiazolium ring) chemically
converts the substrate and regenerates itself upon product release in an
iterative cycle [4,16-17]. Unlike the ThDP-binding pocket, which is
structurally similar in all ThDP-dependent enzymes [4], the substrate
pocket where substrates bind and chemistry takes place is different for
the various enzymes (Fig. 1).

A common strategy in studying ThDP-dependent enzymes lies in the
use of thiamine/ThDP analogues for chemical inhibition [18-22] (a
pharmacophore is outlined in Fig. 1c). Such analogues are ThDP-
competitive inhibitors and generally feature a neutral central aromatic
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ring to capture the strong stabilising interactions between the enzyme’s
hydrophobic region and the catalytically active high-energy ThDP-ylide
V [23-30]. There are also reported thiamine/ThDP analogues having
the central aromatic ring replaced with a saturated heterocycle [31] or
with a planar non-aromatic motif [32-36] but the principle is still to
capture the hydrophobic interactions. In the past decade, over 300 such
analogues as ligands of thiamine/ThDP-dependent enzymes and/or
proteins have been reported in 27 research articles, and even more in
patents [29-30,32,36-59]. Despite differing significantly in the sub-
structures on the pyrimidine (R) and the hydroxyethyl tail (R’), the
derivatives feature a limited number of central rings. The relative
inhibitory activities of the different central rings is difficult to ascertain
due to the different assay conditions used and different groups attached.
Triazole-based thiamine/ThDP analogues (Fig. 1c), first reported by us
in 2008 [27], are the most represented scaffold, due to the ease of
constructing the triazole through click chemistry. In our recent paper,
several matched molecular pairs revealed that changing the central ring
from triazole to furan consistently improved binding affinities [58]. This
prompted us to look into the role of the central ring of thiamine/ThDP
analogues in inhibiting ThDP-dependent enzymes.

In the current study, we develop ThMP analogues as ThDP-
competitive enzyme inhibitors. Using these, we investigate the link

Bioorganic Chemistry 138 (2023) 106602

between the central ring and the level of enzyme inhibition by evalu-
ating the inhibition by all the aromatic central rings of thiamine/ThMP/
ThDP analogues, reported in the literature since 2013, on multiple
ThDP-dependent enzymes. We also demonstrate that introduction of C2-
substituents onto the central ring can improve affinity and selectivity
towards particular ThDP-dependent enzymes by probing the substrate-
binding pocket. Our findings provide valuable structure-activity rela-
tionship (SAR) information to guide chemical biologists and medicinal
chemists to develop inhibitors for ThDP-dependent enzymes.

2. Results and discussion

2.1. Identity of the central ring affects binding affinity towards ThDP-
dependent enzymes

Derivatives of five central scaffolds have been reported in the past
decade: thiophene (a) [25,40,60], furan (b) [29,58], triazole (c) [27],
pyrrole (d) [30] and meta-disubstituted benzene (e) [26,40] (Scheme 1).
In this work, we synthesised anew the thiamine analogues of these
scaffolds (1a-e) according to Schemes S1-5, improving the yields in
some cases. We also prepared a new para-disubstituted benzene-based
thiamine analogue 1f (Scheme S6) to explore what effect the angle
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Fig. 1. (a) Schematic depiction of the active site and general mechanism of thiamine diphosphate (ThDP)-dependent enzymes. [15] (b) Reactions catalysed by the
enzymes studied in this work. (¢) Pharmacophore of thiamine/ThDP analogues and number of papers and analogues of each type reported in the last decade (patents

are excluded).
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Scheme 1. Tail modifications of thiamine analogues. Reagents and conditions: i) p-TsCl, pyridine, 0 °C or RT; ii) (BuyN)3HP,0,, MeCN, 0 °C or RT; iii) p-
chlorobenzoic acid, DCC, DMAP, DMF, RT; iv) POCl3, RT. Thiamine analogues 1a-f were obtained as shown in Schemes S1-6.

Table 1
Summary of inhibitory activities (K;) of compounds 1-4."
Compound K;
Tail Ar PDH E1 PDC PO OGDH E1
Thiophene a 18 nM 63 pM 24 pM 7.6 pM
% Furan b 110 nM 78 pM 83 pM 10 pm>®
—OH Triazole ¢ 150 nM 190 uyM 170 pM ND
1a-f Pyrrole d 96 nM 72 pM 20 pM ND
m-Benzene e 25 nM 67 pM 38 M ND
p-Benzene f 34 nM 70 pM 45 pM ND
Thiophene a 33 pM 100 nM 1.7 nM 5-6 nM2°
o ° Furan b 59 pM 570 nM 92 nM 78 nM
YN Lo, £ oo Triazole ¢ 67 pM 680 nM 150 nM 95 nM
u Pyrrole d NA NA NA NA
2a-f m-Benzene e 37 pM 140 nM 7.8 nM ND
p-Benzene f 46 pM 220 nM 19 nM ND
Thiophene a 8.0 nM
Furan b 20 nM 3a-f are selective to PDH E1.
Triazole ¢ 60 nM When tested under assay conditions with [ThDP]: [compound] = 1:5, percentage inhibition was < 10%
Pyrrole d 17 nM
m-Benzene e 11 nM
p-Benzene f 14 nM
Thiophene a 3.8 nM 44 pM 2.5 M 2.9 M
Furan b 19 nM 60 pM 18 yM 8.3 yM
Triazole ¢ 33 nM 130 pM 29 pM 17 pM
Pyrrole d NA NA NA NA
m-Benzene e 4.5 nM 33 uM 1.8 yM 4.6 M
p-Benzene f 6.6 nM 51 pM 10 pM 5.8 yM

@ Data are the means of measurements in three technical replicates. Since all compounds are thiamine diphosphate (ThDP)-competitive enzyme inhibitors, their Ky
values were calculated using to the enzyme’s Ky for ThDP: 0.05 uM (PDH E1), 15 uM (yeast PDC), 5 uM (PO) and 3 uM (OGDH E1). Refer to Figures S1-4 for details
(including margins of error and assay conditions). Affinities of compounds from previously reported studies were re-determined in the current study for consistency,
except where indicated. NA, not available because the syntheses of 2d and 4d were unsuccessful. ND, not determined.

between the two substituents has on the inhibition of the enzymes.
Modification (phosphorylation or esterification) of the hydroxyethyl
tail of thiamine analogues 1a-f generally leads to stronger binders to-
wards ThDP-dependent enzymes (Scheme 1). Thiamine and its ana-
logues are weak binders, as the tight binding of ThDP to the enzymes is
largely through the ionic interactions with the Mg?* cation in the
diphosphate pocket (Fig. 1a). Thiamine analogues 1a—f were tosylated
and then di-phosphorylated to yield ThDP analogues 2, coupled with p-
chlorobenzoic acid to yield esters 3a-f (as we have recently identified 3b
as a potent and selective PDH E1l inhibitor) [58], and
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monophosphorylated to yield ThMP analogues 4 (the first reported
ThMP analogues). The syntheses of pyrro-ThDP (2d) and pyrro-ThMP
(4d) were unsuccessful, presumably due to the electron-rich pyrrole
ring making these compounds (and the intermediates) unstable.

ICsp values of the 22 derivatives were determined for inhibition of
four ThDP-dependent enzymes, namely PDH E1, PDC, PO and OGDH E1
(Table 1 and Figures S1-4). Analogues 1-4 were validated as ThDP-
competitive inhibitors because their apparent inhibition decreased
with increasing levels of ThDP (see SI and previous reports)
[26-27,29-30,58]; therefore, their K values were calculated based on
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Fig. 2. Suggested explanation of the data in Table 1. (a) Hydrophobicity of
the heterocyclic rings. The more hydrophobic the ring the better the binding
(cLogP from MarvinSketch 21.1). (b) Crystal structure (PDB 1NI4) of ThDP-
bound to human PDH E1; ThDP-binding pocket shown as surface. The thiazo-
lium ring of ThDP is anchored in a central hydrophobic region (green surface)
between the polar aminopyrimidine (left) and diphosphate (right) pockets. (c)
Comparison of the substituent angles of the thiophene and benzenes. Binding
affinity is higher if the angle matches that of thiamine (see Figure S5).

the measured Ky of ThDP for each individual enzyme (PDH E1, 0.05 pM;
yeast PDC, 15 pM; PO, 5 uM; OGDH E1, 3 uM) and the [ThDP] used in
each assay (ICso/[ThDP] = Ki/Km(rhpp))-

The affinity of the analogues increases with the negative charges of
the tail of thiamine/ThMP/ThDP analogues 1, 2 and 4 due to the elec-
trostatic interactions with the Mg?* in the diphosphate pocket, consis-
tent with our previous findings [27]. ThMP analogues 4 bind more
strongly than thiamine analogues 1 but much more weakly than ThDP
analogues 2. This trend is consistent for all enzymes and with all scaf-
folds a—f (Table 1). The K; values of the ThMP analogues 4 (typically in
the low-micromolar range) are comparable to the affinities of ThDP,
suggesting that the gain in binding energy from the hydrophobic in-
teractions of the neutral central ring compensates for the weakened
interactions with the Mg?" cation. As expected, esters 3a—f are all se-
lective for PDH E1 over the other enzymes, probably because only PDH
E1 has a large enough diphosphate pocket to accommodate the ester tail
[58].

Affinity of the analogues to all the enzymes tested increases with the
hydrophobicity of the central ring due to hydrophobic interactions with
the enzyme. The trend of affinity among the five-membered rings is in all
but one case: thiophene a > pyrrole d > furan b > triazole c. The one
exception is 1d, which has a Kj marginally (though not significantly)
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lower than 1a for PO. The central ring of analogues 1-4 occupies a
hydrophobic region (green in Fig. 2b) in the ThDP pocket that forms
strong hydrophobic interactions with the catalytically active high-
energy ThDP-ylide V. The dielectric constant of this hydrophobic re-
gion has been estimated to be 13-15 [61], which explains why the more
hydrophobic rings (as indicated by the cLogP values of the methyl-
substituted rings shown in Fig. 2a) bind better.

Binding affinity also seems to be, to some extent, a function of the
geometry of the disubstituted central ring. Table 1 shows a general trend
in affinity: thiophene a > meta-benzene e > para-benzene f. As the hy-
drophobicities of the thiophene and the two benzenes are similar, we
attribute the higher affinity of the thiophene to the smaller deviation of
its angle between the two substituents from the corresponding angle for
the thiazolium ring of thiamine, which is 137.9° (Figure S5). Exceptions
to this trend are found for the monophosphates 4a and 4e, with 4e
inhibiting PDC and PO slightly more than 4a. Molecular docking
(Figure S6) suggested that the different substituent angle for 4e allowed
the phosphate to be a bidentate ligand for the Mg?" for PDC and PO,
whereas for 4a only monodentate coordination was possible. Of the two
factors, hydrophobicity and geometry of the central ring, the former
seems to play the larger role: the more hydrophobic para-benzene ana-
logues f bind more strongly in all cases than any of the equivalent more
polar furan b or triazole ¢ analogues.

2.2. Functionalisation of the central ring improves selectivity towards
particular members of ThDP-dependent enzymes

All ThDP-dependent enzymes require the coenzyme ThDP for ac-
tivity so using ThDP-competitive analogues that are close in structure to
ThDP is not expected to lead to selectivity towards individual types of
enzymes. However, individual types of enzyme differ significantly in
terms of their substrates and catalytic action (Fig. 1b). Targeting the
substrate-binding pocket might, therefore, result in selective inhibition;
this strategy is recently exemplified by the use of acylphosphonates as
DXPS inhibitors showing greater than 15,000-fold selectivity over other
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Table 2
K; values of compounds 4a and 8a-h and their affinities relative to that of ThDP."
NH, PDH E1 yeast PDC bacterial PDC PO DXPS
E)
N~ N o
‘ \ Oy ©Compound
N s ~p-O

N~ O /

/

o}

R 8a-h
K vs ThDP K vs ThDP K vs ThDP K vs ThDP K vs ThDP
Deaza-ThMP 4a 3.8 nM 13 44 uM 0.34 0.7 uM 0.50 2.5 M 2.0 1.1puM 0.046
8aR =Me 3.2nM 16 42 pM 0.36 0.5 pM 0.68 1.3 pM 3.8 80 nM 0.63
8bR =FEt 2.1 nM 24 Insoluble 0.6 yM  0.59 3.4 M 1.5 60 nM 0.83
8cR =Pr 1.1 nM 46 Insoluble 1.8 yM 0.19 28 pM 0.18 310 nM 0.16
8d R =Bu 1.3 nM 39 Insoluble >3.5 yM <0.1 33 pM 0.15 370nM  0.14
8e R =iBu 1.9 nM 27 Insoluble >3.5 uM <0.1 46 pM 0.11 90 nM 0.56
8f R = CHycPent 2.0 nM 25 Insoluble >3.5 yM <0.1 >50 pM <0.1 100nM  0.50
8 g R = CH,CH,cPent 2.3nM 22 Insoluble >3.5 M <0.1 >50 pM <0.1 4.0 yM 0.012

8 h R = p-NO,Ph 6.0nM 8 Insoluble >3.5 uM <0.1 >50 pM <0.1 330nM  0.15

@ Data are the means of measurements in three technical replicates for all enzymes, except for DXPS in two technical replicates. ICs, values were determined at
[ThDP] = 10 uM (PDH E1), 150 uM (yeast PDC), 10 uM (bacterial PDC), 60 uM (PO) and 0.5 uM (DXPS) and affinity relative to that of ThDP is given by [ThDP]/ICs,. K;
is calculated using [ThDP1/ICsp = Kncrhpp)y/Kr. Kmcrhop) is 350 nM for bacterial PDC and 50 nM for DXPS. Refer to Figures S7-11 for details (including margins of error

and assay conditions).

ThDP-dependent enzymes [62]. We therefore aimed to introduce sub-
stituents onto the position equivalent to C2 of ThDP (which is where the
substrates bind) of our ThMP analogue 4a. We synthesised eight acyl
deaza-ThMP derivatives 8a-h through Friedel-Crafts acylation re-
actions on acetate ester 5, followed by ester hydrolysis and phosphor-
ylation (Scheme 2). We chose to functionalise deaza-ThMP 4a because
thiophene a is the most potent among the five-membered rings and it
only has one free position on the thiophene, so acylation cannot lead to a
regioisomeric mixture. The acyl groups were chosen to explore the
length of the substrate-binding pocket (linear alkyl chains 8a-d) and its
breadth (by including branched and cyclic chains 8e-h).

Table 2 (a summary of the data in Figures S7-11) shows the Kj values
of derivatives 8a-h for PDH E1, PDC, PO and DXPS. Hydrophobic
compounds 8b-h were not sufficiently soluble for the assay conditions of
yeast PDC, so a bacterial PDC (from Zymomonas mobilis) was also used,
due to the better assay conditions (lower [ThDP] needed to saturate the
enzyme in the absence of inhibitors) that avoid solubility problems. As
the inhibitors are competitive with ThDP, the degree of inhibition is not
determined by the [inhibitor] and the Kj value alone but the [ThDP] and
the Ky value of ThDP must also be taken into account. Accordingly, the
affinity of the inhibitor relative to that of ThDP (=[ThDP]/ICso = Ky
(rhopry/Kp) is important and is also shown in Table 2. To assess the
selectivity of an inhibitor for one enzyme over another, it is these rela-
tive affinity values that should be compared as the [ThDP] is the same
for both enzymes. Notably, pyruvate is the acyl donor substrate for all
these enzymes, so part of the substrate pocket is likely to be similar
among the enzymes, making selective inhibition more challenging, but
the acyl acceptor substrates differ markedly. The data in Table 2 show
that, even without the C2 acyl group, these ThMP analogues are selec-
tive for PDH E1 over the other enzymes — for 4a the selectivities for PDH
El are 26, 6.5 and 283-fold over bacterial PDC, PO and DXPS respec-
tively. On all tested enzymes, a two-carbon acetyl group (8a) enhances
affinity by mimicking the ThDP-pyruvate intermediate after decarbox-
ylation (Fig. 1a). However, a branched, bulky group (as in 8e) favours
binding to PDH E1 and DXPS but virtually abolishes the activity on PDC
and PO, with the selectivity for PDH E1 being over 200-fold for both. The
natural acyl acceptor substrates of PDC and PO are much smaller than
for PDH El, so the enhanced selectivity is probably because the C2 acyl
group is too large to be accommodated in their substrate pocket. For
DXPS the best inhibitor is 8b, with the three carbon propionyl group: for
this analogue the selectivity for PDH E1 over DXPS has been reduced to
only 25-fold.

The key finding from Table 2 is that using C2-functionalised ana-
logues to occupy the ThDP pocket and probe the substrate pocket
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a)

b)

Fig. 3. (a) Reported structure of 2-acetyl ThDP bound to Deinococcus
radiodurans DXPS (PDB: 60UW). (b) Crystal structure of 8b bound to
Klebsiella pneumoniae DXPS obtained in this work (PDB: 8BZX). ThDP-
binding pocket shown as surface.

simultaneously is one way to enhance selectivity for particular ThDP-
dependent enzymes. However, to achieve target-specificity, C2-func-
tionalisation alone may not be enough. In recent research, we applied
C2-functionalisation to ester 3b and obtained several derivatives that
showed nanomolar activities towards PDH E1 but were inactive on other
ThDP-dependent enzymes [58]; this type of inhibitor has potential as a
cellular probe and/or treatment for cancer cell lines that overexpress
PDH [63-64].

As DXPS is essential to many pathogenic microorganisms, but is
absent in mammals, there has been considerable interest in addressing
DXPS as an antimicrobial target in recent years [11-13]. To gain
structural insights to aid ligand development, we recently solved the
first crystal structures of DXPS from Klebsiella pneumoniae [65]. In this
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work, we obtained an X-ray crystal structure of the binary complex
between the KpDXPS and 8b. As a reference, Fig. 3a shows a reported
structure [11] of a DXPS holoenzyme (from Deinococcus radiodurans) in
which a 2-acetyl ThDP coenzyme is bound: the coenzyme shows the
characteristic V-shaped conformation (between the aminopyridine and
the thiazolium ring) and the acetyl group defines the position of the
substrate pocket. Fig. 3b shows that ThMP analogue 8b binds in the
ThDP pocket with the same characteristic V-shaped conformation,
confirming that it is ThDP-competitive. Furthermore, the 5-acyl group
occupies the position of the acetyl group, thus supporting our expected
pharmacophore where this C2-group extends into the substrate pocket
(Fig. 1c). The monophosphate 8b interacts with the Mg?" cation with
two of the oxygen atoms of the phosphate (bond distances 1.9 and 2.9
A), whereas 2-acetyl ThDP interacts with one oxygen atom from each
phosphoryl group (bond distances 2.0 and 2.1 A). Selected compounds
were computationally docked into the active sites of PDH E1, PDC and
PO (Figure S12), and all these structures showed very similar binding
modes to that found in this crystal structure.

We have here introduced ThMP analogues 4 as ThDP-competitive
inhibitors, and used them to investigate the effects of switching the
central scaffold (4a—f in Table 1) and C2-functionalisation (8a-h in
Table 2) on affinity and to obtain a crystal structure. We envision that
they may have potential to be applied in cell-based systems because,
firstly, there are no (identified) biological targets for thiamine mono-
phosphate in humans (other than transporter SLC19A1 for ThMP and
ThDP efflux), which reduces the likelihood of ThMP analogues causing
off-target effects. Secondly, ThMP analogues, though probably not very
cell-permeable, are more amenable to being administered as prodrugs
than ThDP analogues. There are many clinically approved drugs that are
prodrugs masking monophosphates, whereas development of prodrugs
for diphosphates is slow [66].

2.3. Scaffold-hopping and C2-functionalisation of ThDP analogues: From
sub-micromolar to low-nanomolar affinities

We were interested in discovering whether adding a C2-acyl group
could improve the affinity of the ThDP analogues such as deazaThDP 2a
(as well as the ThMP analogues described above). The C2-acetyl deriv-
ative of deazaThDP 9 was synthesised by a second phosphorylation of
deazaThMP 8a (Scheme S7). The K; values of 9 for PDC and PO are
shown in Fig. 4 (summarising data from Figure S13). Triazole-based
ThDP analogue 2c is a strong inhibitor, but deaza-ThDP 2a and its C2-
acetylated derivative 9 are much more potent inhibitors. C2-
acetylated 9 is the most potent of the ThDP analogues and binds about
9 times and 125 times more strongly than 2c¢ to PDC and PO, respec-
tively. Although the triazole scaffold is easy to make, the data in Ta-
bles 1-2 and Fig. 4 show that switching to a more hydrophobic scaffold
that bears an accessible C2-position and introducing a suitable C2-
substituent can enormously improve both affinity (due to the stronger
hydrophobic interactions) and selectivity (due to the different steric
effects).

3. Conclusions

Thiamine/ThDP analogues have long been established as ThDP-
competitive inhibitors of ThDP-dependent enzymes [26-27,29-30,58];
in this work, we report novel thiamine monophosphate analogues as
ThDP-competitive inhibitors with affinities similar to those of ThDP. We
also report a crystal structure of an enzyme (DXPS) with one of one of
these ThMP analogues bound. The lack of (known) intracellular ThMP
binding targets [21] and the synthetically accessible prodrugs for
monophosphates collectively increase the applicability of ThMP ana-
logues in cell-based systems to study/manipulate ThDP-dependent en-
zymes and their pathways.

Using the ThMP analogues, we show that the triazole scaffold, which
is the most represented in the literature, has the lowest affinity amongst
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Fig. 4. Summary of inhibition constants (K;) of compounds 2a, 2¢ and 9.
Data are the means of measurements in three technical replicates. Since all
compounds are ThDP-competitive enzyme inhibitors, their inhibition constants
(Kp) are calculated from the measured ICso and the Ky, for ThDP of 15 uM (yeast
PDC) and 5 uM (PO). Refer to Figure S13 for details (including margins of error
and assay conditions).

the six aromatic scaffolds. We propose that the affinity of the central ring
is mainly a function of the hydrophobicity and secondarily of the sub-
stituent geometry. We also demonstrate that adding a C2-substituent to
explore the unique substrate pocket, based on the substrates of a
particular ThDP-dependent enzyme, can improve not only affinity, but
also selectivity, even between enzymes that utilise the same donor
substrate. While these concepts have been exemplified with five en-
zymes, they could in theory be extended to other ThDP-dependent en-
zymes because thiamine/ThMP/ThDP analogues all share the same
principle of enzyme inhibition.

We anticipate that our findings will convince researchers that
although derivatives based on the triazole scaffold are easy to prepare,
switching to another more hydrophobic scaffold that bears an available
C2-position may lead to compounds with an improved inhibition profile.
Having said that, the triazole and the thiophene scaffolds (and others as
well) are not in competition, but are complementary: the easy-to-make
triazole-based analogues can be used to get preliminary insights into
the target ThDP-dependent enzyme (e.g. its polarity, thus aqueous sol-
ubility, makes obtaining a crystal structure easier), and then scaffold-
hopping and C2-functionalisation can be explored in the lead optimi-
sation process. We believe that the insights into the relationship between
the structure and the inhibitory profile will aid development of better
analogues, ultimately expanding our toolbox for studying ThDP-
dependent enzymes.
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Synthetic Schemes S1-8
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Scheme S1. Synthesis of deazathiamine 1a.'™ Reagents and conditions: i) s-Buli, Et,0, -78 °C, then
qguenched with MeOH; ii) n-BulLi, ethylene oxide, Et,O'BFs, Et,0, RT; iii) i-PrMgCl, n-BulLi, THF, -40 °C,

then DMF, RT; iv) B-anilinopropionitrile, MeONa/MeOH, DMSO, 45 °C; v) acetamidine hydrochloride,
EtONa/EtOH, reflux.
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Scheme S2. Synthesis of furan-thiamine 1b.>® Reagents and conditions: i) TBDMS-CI, imidazole, DCM,
RT; ii) TBDMS-CI, imidazole, DMF, RT; iii) n-Buli, THF, RT; iv) TBAF, THF, RT; v) Hg(OTf),, MeCN, RT; vi)
activated MnO,, CHCls, RT; vii) B-anilinopropionitrile, MeONa/MeOH, DMSO, 45 °C; viii) acetamidine
hydrochloride, EtONa/EtOH, reflux.
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Scheme S3. Synthesis of triazole-thiamine 1c.>'° Reagents and conditions: i) NaNs, Na,SOs, H,0, 65
°C; ii) 3-butyn-1-ol, CuSO4'5H,0, sodium ascorbate, t-BuOH, H,0, RT.
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Scheme S4. Synthesis of pyrrothiamine 1d.!* Reagents and conditions: i) NaH, THF, allyl bromide, RT;
ii) LIOH monohydrate, THF, H,0, 40 °C; iii) benzoyl chloride, pyridine, 40 °C; iv) Method a: Ozone, zinc
dust, AcOH, DCM, RT; Method b: AD-mix-a, methanesulfonamide, t-BuOH, H,0, RT, then, NalO,,
acetone, H,O, RT; v) DMF, 45 °C; vi) K,CO3, MeOH, 30 °C.
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Scheme S5. Synthesis of meta-phenyl-thiamine 1le.>* Reagents and conditions: i) i-PrMgCl, n-BulLi,
THF, -40 °C, then DMF, RT; ii) B-anilinopropionitrile, MeONa/MeOH, DMSO, 45 °C; v) acetamidine
hydrochloride, EtONa/EtOH, reflux.
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phenyl]ethan-1-ol)

Scheme S6. Synthesis of para-phenyl-thiamine 1f. Reagents and conditions: i) LiAlH4, THF, 50 °C; ii)
activated Mn0O,, CHCls, RT; iii) B-anilinopropionitrile, MeONa/MeOH, DMSO, 45 °C; iv) acetamidine
hydrochloride, EtONa/EtOH, reflux.
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LCMS showed a species with MW = 752.16 in the
reaction mixture of the activation step; this species
may possibly correspond to the dimer side-product.

Scheme S7. a) Attempted synthesis of 5-acetyl deaza-ThDP 9 from a tosylate intermediate. Preparing
5-acyl deaza-ThDP derivatives by this scheme failed as the tosylation conditions favours the E1-cB
elimination reaction of the tosylate species. b) Preparation of 9 from an imidazolide intermediate 10.
The monophosphate precursor 8a was activated and then displaced by a nucleophilic phosphorus
species. The yield was poor, and several issues associated with the activation step were then identified:
1) the conversion rate of the monophosphate to the activated imidazolide was low; 2) the reactivity
of the imidazolide species resulted in hydrolytic degradation (back to the starting material) in the
work-up procedures; 3) some unreacted 8a coupled to the imidazolide intermediate to form a dimer.
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Enzyme Inhibition Assays — Methods and Results (Figures S1-4, S7-11 and S13)

Evaluation of the inhibitory activity of compounds against Porcine PDH E1 in vitro

Porcine PDH E1 was purchased from Sigma. Porcine PDH E1 activity was determined by monitoring
2,6-dichlorophenolindophenol (DCPIP) reduction at 600 nm using a microplate reader (CLARIOstar)
and conducted as our previously described methods with some modifications.® The reaction buffer
(50 mM KH,PO4 and 1 mM MgCl,, pH 7) contained thiamine pyrophosphate (ThDP) at 10 uM, 0.25 mM
2,6-dichlorophenolindophenol (DCPIP), and 2 mg/ml porcine PDH E1. The reaction mixture was prein-
cubated with inhibitors at 37 °C for 30 min, then reaction was initiated by adding pyruvate to a final
concentration of 50 mM. The percentage inhibition of compounds against porcine PDH E1 was assayed
at [ThDP]:[inhibitor] of 1:1 (10:10 uM) and 20:1 (200:10 uM); percentage inhibition of 4a-c, e, and f
dropped from 90-63% (10:10 uM) to 41-7% (200:10 uM). To determine the half-maximal inhibitory
concentration (ICso), ThDP concentration was set at 10 uM (with the exception of testing 2a-f where
ThDP was set at 60 uM) with varying inhibitor concentrations. Specific activity was calculated using
the molar extinction coefficient of DCPIP, 21 mM™* cm™.2213 K\, of ThDP was reported to be 0.05 uM.**
The enzyme ICso values were calculated from non-linear regression curve fitting using GraphPad Prism.

Evaluation of the inhibitory activity of compounds against S. cerevisiae PDC in vitro

S. cerevisiae PDC was purchased from Sigma. S. cerevisiae PDC activity was determined by monitoring
2,6-dichlorophenolindophenol (DCPIP) reduction at 600 nm using a microplate reader (CLARIOstar)
and conducted as described above with some modifications.® The reaction buffer (50 mM KH,PO4 and
1 mM MgCl,, pH 7) contained ThDP at 150 uM, 0.27 mM DCPIP, and 0.15 mg/ml S. cerevisiae PDC. The
reaction mixture was preincubated at 37 °C with inhibitors for 60 min, then reaction was initiated by
adding pyruvate to a final concentration of 70 mM. The percentage inhibition of compounds against
S. cerevisiae PDC was assayed at [ThDP]:[inhibitor] of 1:1 (150:150 uM) and 20:1 (3000:150 uM); per-
centage inhibition of 4a-c, e, and f dropped from 32-11% (150:150 uM) to <4% (3000:150 uM). To
determine the half-maximal inhibitory concentration (ICsp), ThDP concentration was set at 150 uM
with varying inhibitor concentrations. Specific activity was calculated using the molar extinction coef-
ficient of DCPIP, 21 mM™ cm™.2213 K, of ThDP was found to be 15 uM with the assay conditions above
in the absence of inhibitor compounds and varying ThDP concentration. The enzyme ICso values were
calculated from non-linear regression curve fitting using GraphPad Prism.

Evaluation of the inhibitory activity of compounds against Z. mobilis PDC in vitro

Z. mobilis PDC was expressed and purified following a published method.”? Z. mobilis PDC activity was
determined by monitoring reduced nicotinamide adenine dinucleotide (NADH) consumption at 340
nm using a microplate reader (CLARIOstar) and conducted as described by with some modifications.”®
The reaction buffer (50 mM MES-KOH and 5 mM MgCl;, pH 6.5) contained ThDP at 10 uM, 150 uM
NADH, 10 U/ml alcohol dehydrogenase (ADH) and 0.5 uM of active sites of Z. mobilis PDC. To deter-
mine the half-maximal inhibitory concentration (ICso), ThDP concentration was set at 10 uM with var-
ying inhibitor concentrations. The reaction mixture was preincubated at 37 °C with inhibitors for 60
min, then reaction was initiated by adding pyruvate to a final concentration of 10 mM. Ky of ThDP was
reported to be 0.35 pM.* The enzyme ICso values were calculated from non-linear regression curve
fitting using GraphPad Prism.
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Evaluation of the inhibitory activity of compounds against E. coli OGDH E1 in vitro

E. coli OGDH E1 was from material donated by R. Frank. Activity was determined by monitoring 2,6-
dichlorophenolindophenol (DCPIP) reduction at 600 nm using a microplate reader (CLARIOstar) and
conducted as described with some modifications.>® The reaction buffer (50 mM KH,PO4 and 2 mM
MgCl,, pH 7) contained ThDP at 30 uM, 0.5 mM DCPIP, and 6.7 mg/ml E. coli OGDH E1. The reaction
mixture was preincubated at 37 °C with inhibitors for 60 min, then reaction was initiated by adding a-
ketoglutarate to a final concentration of 10 mM. The percentage inhibition of compounds against E.
coli OGDH E1 was assayed at [ThDP]:[inhibitor] of 1:1 (30:30 uM) and 20:1 (600:30 uM); percentage
inhibition of 4a-c, e, and f dropped from 53-19% (30:30 uM) to <5% (600:30 uM). To determine the
half-maximal inhibitory concentration (ICso), ThDP concentration was set at 30 uM (with the exception
of testing 2a-f where ThDP was set at 60 uM) with varying inhibitor concentrations. Specific activity
was calculated using the molar extinction coefficient of DCPIP, 21 mM?* cm™.2213 Ky, of ThDP was re-
ported to be 3 uM.2 The enzyme ICso values were calculated from non-linear regression curve fitting
using GraphPad Prism.

Evaluation of the inhibitory activity of compounds against A. viridans Pyruvate Oxidase in vitro

A. viridans pyruvate oxidase and horseradish peroxidase were purchased from Sigma. A. viridans py-
ruvate oxidase activity was determined by monitoring appearance of quinoneimine dye at 550 nm
using a microplate reader (CLARIOstar) and conducted as described with some modifications.®® The
reaction buffer (50 mM KH,PO, and 10 mM MgCly, pH 5.9) contained ThDP at 60 uM, 10 uM flavin
adenine dinucleotide (FAD), 0.15% 4-aminoantipyrine, 0.3% N-ethyl-N-(2-hydroxy-3-sulfopropyl)-m-
toluidine (EHSPT), 50 ug/mL horseradish peroxidase and 0.35 U/mL A. viridans pyruvate oxidase. The
reaction mixture was preincubated at 37 °C with inhibitors for 30 min, then reaction was initiated by
adding pyruvate to a final concentration of 50 mM. The percentage inhibition of compounds against
A. viridans pyruvate oxidase was assayed at [ThDP]:[inhibitor] of 1:1 (60:60 uM) and 20:1 (1200:60
KUM); percentage inhibition of 4a-c, e, and f dropped from 74-22% (60:60 uM) to <10% (1200:60 uM).
To determine the half-maximal inhibitory concentration (ICso), ThDP concentration was set at 60 uM
with varying inhibitor concentration. 1 unit of pyruvate oxidase activity is defined as the production
of 1 umol of hydrogen peroxide per minute. Ky of ThDP was reported to be 5 pM.2° The enzyme ICso
values were calculated from non-linear regression curve fitting using GraphPad Prism.

Evaluation of the inhibitory activity of compounds against DXP synthase (DXPS) in vitro

DXPS and DXP reductoisomerase were obtained from K. pneumoniae and E. coli respectively. DXPS
activity was determined by monitoring consumption of NADPH at 365 nm using a microplate reader
(CLARIOstar) and conducted as described with some modifications.'”"*® The reaction mixture con-
tained 40 mM Tris-HCI (pH 7.5), 0.3 mM NADPH, 1 mM MgCI2, 0.5 uM ThDP, 6 mM DL-glyceraldehyde
3-phosphate, 3 mM pyruvate, 1 mM 2-mercaptoethanol, 100 mM NaCl, 27 pg (=1 U) of E. coli DXP
reductoisomerase and 3 pg of DXPS from K. pneumoniae in a total volume of 600 pL. To determine
the half-maximal inhibitory concentration (ICso), reaction mixtures were preincubated with varying
inhibitor concentrations for 5 min at 37 °C and started by addition of pyruvate. Ky of ThDP was re-
ported to be 0.05 uM.® The enzyme ICs values were calculated from non-linear regression curve fit-
ting using GraphPad Prism.
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Figure S1. ICso values for compounds (labelled in x-axis) on PDH E1. Measurements were made in
three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S2. ICso values for compounds (labelled in x-axis) on yeast PDC. Measurements were made in
three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S3. IC5o values for compounds (labelled in x-axis) on A. viridans PO. Measurements were made
in three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S4. ICso values for compounds (labelled in x-axis) on E. coli OGDH. Measurements were made
in three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Determination of Substituent Angles — Methods and Results (Figure S5)

. B
fi\@ Extrapolation of line AB until JoLRCE RIS
N reaching the intersection point C E
137.9° /\
e Extrapolation of line EF until
s o reaching the intersection point C
T

Figure S5. General approach to determining £BCE which corresponds to the exit vector geometry
of the disubstituted five-membered aromatic rings. Firstly, CDCC Mogul 1.8.4 was used to display
the structure of deazathiamine and thiamine and measure 2ABD, 2DEF and £BDE.

Then £BCE = £ABD + 2DEF — £BDE.

For the thiophene ring (deazathiamine):

The Refcode of deazathiamine in CDCC Mogul 1.8.4 is XEMDAU.!

Refcode: XEMDAU Data Library: CSD 5.41

Identifier XEMDAU

Literature Reference  D.Hawksley, D.A.Griffin, F.J.Leeper, J.Chem.Soc, Perkin Trans.1 (2001), 144, doi:10.1039/b006962k
Formula Cq3 Hqi7 N; O S,0.5(H; O)

Compound Name  2-Hydroxyethyl-3-methyl-4-((4'-amino-2-methyl-5-pyrimidyl)methyl)-thiophene hemihydrate
Synonym Deazathiamine hemihydrate; PDB Chemical Component code: 0YN

Space Group C2/c (15)

Cell Lengths a47.033(2) b 11.2180(7) ¢ 10.5570(5)

Cell Angles « 90 B 92.501(4) y 90

Cell Volume 5564.74

Zr Z:16 Z":2

R-Factor (%) 8.51

Disorder The hydroxyethyl group is disordered over two sites with occupancies 0.67:0.33.

Polymorph

£ABD (at C3) = 122.1°, ~DEF (at C5) = 128.6° and £BDE = 112.9°.
So £BCE=122.1°+128.6°-112.9°=137.8°
For the thiazolium ring (thiamine):

The Refcode of thiamine in CDCC Mogul 1.8.4 is GEYXOX.?°

Refcode: GEYXOX Data Library: CSD 5.41

Identifier GEYXOX

Literature Reference  D.A.Clemente, A.Marzotto, G.Valle, J.Crystallogr.Spectrosc.Res. (1988), 18, 147, doi:10.1007/BF01181906
Formula Ci2Hiz N,OS*.Cl-

Compound Name  Thiamine chloride

Synonym

Space Group P 2:/a (14)

Cell Lengths a 18.929(4) b 11.663(2) € 6.376(2)

Cell Angles @ 90 B 96.72(8) y 90

Cell Volume 1397.95

27 Z:427:1

R-Factor (%) 4.21

Disorder Hydrogen atoms of C17 are disordered; only three retained.
Polymorph

£ABD (at N3) = 121.4°, 2DEF (at C5) = 128° and £BDE = 111.5°.

So «BCE=121.4°+128°-111.5°=137.9°
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Computational Docking — Methods and Results

Docking of compounds were executed using CCDC GOLD docking program with PDB: 6CFO, 1VPD and
1V5F for human PDH E1, Saccharomyces cerevisiae PDC (ScPDC) and Aerococcus viridans PO (AvPO)
respectively. The ThDP or equivalent ligand were selected as the binding site. Our molecules were
generated using Mercury. GA runs were set at 30 and was user defined with population size of 200
and 200000 number of operations. No early termination was permitted. Scaffold constraint to the
original ligand was implemented on our compounds to mimic their binding positions. CHEMPLP and
GoldScore were the docking scoring and rescoring respectively. For all other GOLD-specific docking
options the default settings were used.?

Figure S6. Molecular docking of 1a and 1d in AvPO (PDB: 1V5F) (top), 4a and 4e in AvPO (PDB: 1V5F)

(middle) and 4a and 4e in ScPDC (PDB: 1PVD) (bottom); Mg?* shown as a yellow-green sphere; ThDP-

binding pocket shown as surface. The experimentally determined affinity of 1a and 1d on PO was too

close to be explained by computational docking as the suggested binding poses were almost identical.

In the cases of PO and PDC, molecular modelling suggested that the phosphate moiety of 4e (bidentate)
was placed closer to the Mg?* than that of 4a (monodentate) possibly due to the different substituent

angles of 4a and 4e.
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Figure S7. ICso values for compounds (labelled in x-axis) on PDH E1. Measurements were made in
three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S8. ICso values for compounds (labelled in x-axis) on yeast PDC. Measurements were made in
three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S9. ICs values for compounds (labelled in x-axis) on bacterial PDC. Measurements were made
in three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S10. ICso values for compounds (labelled in x-axis) on A. viridans PO. Measurements were
made in three technical replicates under assay conditions as described. Where the error bars are not
visible, they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S11. ICso values for compounds (labelled in x-axis) on DXPS. Measurements were made in
three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Figure S12. Molecular docking of 8c in human PDH E1 (PDB: 6CFO) (top), 8a in ScPDC (PDB: 1PVD)
(middle) and 8a in AvPO (PDB: 1V5F) (bottom); Mg?* shown as a yellow-green sphere; ThDP-binding
pocket shown as surface. In all cases, the C2-substituent was shown to extend into the substrate
pocket.
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Figure S13. ICsq values for compound 9 on yeast PDC and A. viridans PO. Measurements were made
in three technical replicates under assay conditions as described. Where the error bars are not visible,
they are smaller than the symbols. Best-fit nonlinear regression curves are shown.
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Crystallography Data

Data collection and refinement statistics of KoDXPS co-crystal with monophosphate 8b

PDB code 8BZX
Resolution range 46.79 -2.05(2.123 -2.05)
Space group c2221
Unit cell 119.249 150.969 142.145 90 90 90
Unique reflections 80381 (7953)
Completeness (%) 99.84 (99.40)
Mean I/sigma(l) 1.6
Wilson B-factor 34.97
R-merge 0.069
Re_ﬂectlons used in 80274 (7908)
refinement
Reflections used for R-free 3953 (391)
R-work 0.2170 (0.4197)
R-free 0.2624 (0.4367)
Number of non-hydrogen 8770
atoms
macromolecules 8485
ligands 95
solvent 230
Protein residues 1113
RMS(bonds) 0.007
RMS(angles) 0.84
Ramachandran favored (%) 95.73
Ramachandran allowed (%) 3.63
Ramachandran outliers (%) 0.64
Rotamer outliers (%) 2.48
Clashscore 9.70
Average B-factor 49.17
macromolecules 49.34
ligands 42.99
solvent 44.27
Number of TLS groups 1

*Statistics for the highest-resolution shell are shown in parentheses.
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General Synthesis Methods

Oxygen- and moisture-sensitive reactions were carried out in flame-dried glassware under a nitrogen
atmosphere. Unless otherwise stated, all chemicals and reagents were purchased from commercial
suppliers and used without further purification. Reaction progress was monitored by analytical thin-
layer chromatography (TLC). TLC was conducted using Merck glass plates with silica Kieselgel 60 F254
of thickness 0.25 mm and visualised under 254 nm UV lamp or potassium permanganate staining
solution (with gentle heating). Flash column chromatography was carried out in the indicated solvent
system using prepacked silica gel cartridges for use on the Biotage Purification System. All solvents
were removed under reduced pressure using a Blichi rotary evaporator with dry ice traps. Reverse-
phase HPLC was used to purify mono-phosphorylated compounds: 0-100% MeOH in water (with 0.1%
formic acid) and di-phosphorylated compounds: 0-100% MeOH in water (with 10 mM ammonium
bicarbonate).

Allyields refer to chromatographically and spectroscopically pure compounds unless otherwise stated.
Known compounds were characterised by *H NMR spectroscopy and *C NMR spectroscopy. New
synthetic intermediates were characterised by, at minimum, *H NMR spectroscopy, 3C NMR
spectroscopy and ESI-MS unless otherwise stated. Compounds subjected to biological assays were
characterised by, at minimum, *H NMR spectroscopy, *C NMR spectroscopy and HRMS.

'H NMR spectra were recorded at 400 MHz or 700 MHz in CDCl3, D,0, CD30D or CD3sSOCDs solution on
a Bruker 400 MHz or 700MHz spectrometer and chemical shifts were recorded in parts per million
(ppm). 3C NMR spectra were recorded on either a Bruker 400 MHz or 700 MHz spectrometer. 3!P
NMR spectra were recorded on either a Bruker 400 MHz or 700 MHz spectrometer. Resonances are
described using the following abbreviations: s (singlet), d (doublet), t (triplet), g (quartet), gn (quintet),
sext (sextet), m (multiplet), br (broad), etc. Coupling constants (J) are given in Hz and are rounded to
the nearest 0.1 Hz. All NMR data were collected at 25 °C. Mass spectra used electrospray ionisation
(ESI). Melting points of compounds were measured using a Reichert machine and are uncorrected.

Experimental Procedures — Synthesis and NMR spectra

Preparation of deazathiamine 1la:

2,3,5-Tribromo-4-methylthiophene
Despite being commercially available, it is cheaper to prepare from 3-methylthiophene:

6

Br. 4
Bry, DCM, 3
T\ 0°C, 6-8 hours / \\5
> Br g Br

S > 90%

To a stirred solution of 3-methylthiophene (6.48 g, 66 mmol) in DCM (77 mL, 0.85 M) at 0°C under
dark conditions was added Br, (11.8 mL, 231 mmol) dropwise. The resultant mixture was stirred at 0
°C and the flask was covered with Aluminium foil for 6-8 h. The reaction mixture was quenched with
sat. aq. K2COs5 (250 mL) slowly at 0°C and then extracted with DCM (3 x 300 mL). The combined organic
phases were dried over MgSQ,, filtered, and evaporated under reduced pressure to yield 2,3,5-
tribromo-4-methylthiophene as a thick yellow oil/semisolid (21 g, 95%), which was used in the next
step without further purification.

H NMR (400 MHz, CDCls) & 2.26 (s, 3H, H-5).

13C NMR (100 MHz, CDCl3) & 137.2 (C-4), 116.2 (C-3), 109.1 (C-5), 107.9 (C-2), 16.8 (C-5).
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2,4-Dibromo-3-methylthiophene 11

To a stirred solution of 2,3,5-tribromo-4-methylthiophene (6 g, 17.9 mmol) in dry Et,0 (72 mL, 0.25 M)
under nitrogen at -78 °C was added s-Buli (1.3 M in cyclohexane, 13.8 mL, 17.9 mmol) dropwise. The
resultant mixture was stirred at -78 °C for 10 min, quenched with MeOH (28 mL) at -78 °C, stirred at
r.t. for 5 min, concentrated under reduced pressure, diluted in Et,O (150 mL), and washed with sat.
aq. NH4Cl (70 mL) and then water (70 mL). The organic phase was dried over MgSQ,, filtered, and
evaporated under reduced pressure. The residue was purified by silica flash chromatography (0-5%
EtOAc in hexane) to yield 11 as a colourless oil (4.1 g, 90%).

'H NMR (400 MHz, CDCl5) § 7.25 (s, 1H, H-5), 2.23 (s, 3H, H-6).
13C NMR (100 MHz, CDCls) 6 136.4 (C-3), 122.4 (C-5), 112.0 (C-4), 109.1 (C-2), 15.4 (C-6).
Analytical data are consistent with those previously reported.®*

'H NMR in CDCls:

{8006 ==
|
—
L

|=8.0488

T T T T T
8 8 a 2 [ppm]
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2-(4-Bromo-3-methylthiophen-2-yl)ethan-1-ol 12

To a stirred solution of 11 (5.6 g, 21.8 mmol) in dry Et,0 (110 mL, 0.2 M) under nitrogen at -78 °C was
added n-Buli (1.6 M in hexane, 13.7 mL, 21.8 mmol) dropwise. The resultant mixture was stirred at -
78°C for 15 min, treated with ethylene oxide (2.5-3.3 M in THF, 9.6 mL, 24 mmol) dropwise, stirred at
-78°C for 10 min, treated with boron trifluoride diethyl etherate (2.7 mL, 21.8 mmol) dropwise, and
warmed to and stirred at r.t. for 2 h. The reaction mixture was quenched with MeOH (45 mL),
concentrated under reduced pressure, diluted in Et,O (100 mL), and washed with sat. ag. NaHCOs; (50
mL) and then water (50 mL). The organic phase was dried over MgSQ,, filtered, and evaporated under
reduced pressure. The residue was purified by silica flash chromatography (30% EtOAc in hexane) to
yield 12 as a pale-yellow oil (3.4 g, 71%).

1H NMR (400 MHz, CDCl3) 8 7.11 (s, 1H, H-6), 3.83 (t, 2H, J = 6.4 Hz, H-1), 3.03 (t, 2H, J = 6.4 Hz, H-2),
2.18 (s, 3H, H-7).

13C NMR (100 MHz, CDCl3) & 134.0 (C-3), 133.3 (C-4), 119.6 (C-6), 113.3 (C-5), 62.9 (C-1), 32.3 (C-2),
13.7 (C-7).

Analytical data are consistent with those previously reported.>*

'H NMR in CDCls:

41683,

T T T T T T T T T T T T T T T
10 8 6 4 2 0 ppm]
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5-(2-Hydroxyethyl)-4-methylthiophene-3-carbaldehyde 13

0]

5 1
. /s\ 3 ; OH

To a stirred solution of 12 (2.2 g, 10 mmol) in dry THF (100 mL, 0.1 M) under nitrogen at 0°C was added
i-PrMgCl (2 M in THF, 6 mL, 12 mmol) dropwise. The resultant mixture was stirred at 0°C for 10 min
and then at-78°Cfor 5 min, treated with n-BuLi (1.6 M in hexane, 13.8 mL, 22 mmol) at -78 °C dropwise,
and stirred at -78 °C for 10 min and then at -40 °C for 1 h. The reaction mixture was cooled to -78 °C
for 10 min, treated with dry DMF (12.2 mL, 150 mmol) at -78 °C dropwise, stirred at r.t. overnight,
qguenched with sat. aq. NH4Cl (50 mL), and extracted with Et,O (2 x 100 mL). The combined organic
phases were washed with water, dried over MgSQy, filtered, and evaporated under reduced pressure.
The residue was purified by silica flash chromatography (50% EtOAc in hexane) to yield 13 as a
colourless oil (1.28 g, 75%).

'H NMR (400 MHz, CDCl5) 6 9.93 (s, 1H, H-8), 7.94 (s, 1H, H-6), 3.87 (t, 2H, J = 6.4 Hz, H-1), 3.04 (t, 2H,
J=6.4Hz, H-2),2.42 (s, 3H, H-7).

13C NMR (100 MHz, CDCl3) 6 186.2 (C-8), 141.4 (C-5), 137.2 (C-3), 137.1 (C-6), 133.6 (C-4), 62.9 (C-1),
30.9 (C-2), 12.8 (C-7).

Analytical data are consistent with those previously reported.®*

'H NMR in CDCls:

15785
 §
1.000;
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Deazathiamine 1a

To a stirred solution of 13 (1.7 g, 10 mmol) and B-anilinopropionitrile (1.9 g, 13 mmol) in dry DMSO
(33 mL, 0.3 M) under nitrogen at 40 °C was added a freshly prepared solution of NaOMe (2.5 M in dry
MeOH, 6 mL, 15 mmol) dropwise. The resultant mixture was stirred at 45 °C overnight. The reaction
mixture was quenched with ice water (100 mL) at 0 °C and left in the fridge overnight. The resultant
precipitate was filtered under reduced pressure and dried in vacuum to yield the product as a brown
solid, which was used in the next step without further purification. To a stirred solution of the resultant
solid product and acetamidine hydrochloride (2.08 g, 22 mmol) in dry EtOH (20 mL, 0.5 M) under
nitrogen was added a freshly prepared solution of NaOEt (1 M in EtOH, 42 mL, 42 mmol) dropwise.
The reaction mixture was stirred at 85 °C for 3 days and then concentrated under reduced pressure.
The residue was purified by silica flash chromatography (5% MeOH in DCM) to yield 1a as a brown
solid (1.7 g, 65% yield over two steps).

'H NMR (400 MHz, CD;0D) 6 7.59 (s, 1H, H-6"), 6.80 (s, 1H, H-5’), 3.72 (t, 2H, J = 6.9 Hz, H-1), 3.66 (s,
2H, H-7’), 2.98 (t, 2H, J = 6.9 Hz, H-2), 2.42 (s, 3H, H-7"), 2.06 (s, 3H, H-6').

13C NMR (100 MHz, CDs0D) 6 164.3 (C-2”), 162.5 (C-4”), 151.6 (C-6”), 136.8 (C-4’), 135.5 (C-3’), 132.6
(C-2"),118.8 (C-5), 113.0 (C-5"), 62.3 (C-1), 31.3 (C-2), 27.4 (C-7’), 23.0 (C-7"), 10.9 (C-6).

HRMS (ESI) m/z: [M+H*] calculated for C13H17N30S: 264.1170; found: 264.1177.
Analytical data are consistent with those previously reported.>3#

'H NMR in CDsOD:
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Preparation of furan-thiamine 1b:

(But-3-yn-1-yloxy)(tert-butyl)dimethylsilane 14
>p<SI /4\/

To a stirred solution of 3-butyn-1-ol (10 mL, 132 mmol) in dry DCM (265 mL, 0.5 M) under nitrogen
was added imidazole (27 g ,0.4 mol) and TBDMS-CI (30 g, 0.2 mol). The resultant mixture was stirred
atr.t. overnight, concentrated under reduced pressure, diluted in Et,0 (300 mL), washed with aqueous
phosphate buffer (pH 7) (3 x 150 mL), dried over MgSQ,, filtered, and evaporated under reduced
pressure. The residue was purified by silica flash chromatography (5-10% Et,0 in hexane) to yield 14
as a colourless oil (22.4 g, 92%).

'H NMR (400 MHz, CDCl3) § 3.73 (t, 2H, J = 7.2 Hz, H-4), 2.39 (dt, 2H, J = 2.4 and 7.2Hz, H-3), 1.94 (t,
1H, J=2.4 Hz, H-1), 0.89 (s, 9H, H-7), 0.06 (s, 6H, H-5).

13C NMR (100 MHz, CDCl5) 6 81.5 (C-2), 69.2 (C-1), 61.7 (C-4), 25.8 (C-7), 22.8 (C-6), 18.3 (C-3), -5.3 (C-
5).

Analytical data are consistent with those previously reported.”®

'H NMR in CDCls:
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1,2-Bis(t-butyldimethylsilyloxy)propan-2-one 15
o}
5>1<Si/o\)1j\/o\8i><
/a2 /\

To a stirred solution of dihydroxyacetone (10 g, 0.11 mol) in dry DMF (110 mL, 1 M) under nitrogen
was added imidazole (23 g, 0.33 mol) and TBDMS-CI (42 g, 0.28 mol). The resultant mixture was stirred
at r.t. for 3 days, diluted with water (300 mL) and extracted with hexane extensively (5 x 200 mL). The
combined organic phases were washed with aqueous phosphate buffer (pH 7) (200 mL), dried over
MgSOQ,, filtered, and evaporated under reduced pressure. The residue was purified by silica flash
chromatography (10% EtOAc in hexane) to yield 15 as a colourless oil (30 g, 85%).

H NMR (400 MHz, CDCls) & 4.39 (s, 4H, H-2), 0.90 (s, 18H, H-5), 0.07 (s, 12H, H-3).
13C NMR (100 MHz, CDCl3) § 208.6 (C-1), 67.9 (C-2), 25.7 (C-5), 18.3 (C-4), -5.6 (C-3).
Analytical data are consistent with those previously reported.”?

'H NMR in CDCls:
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1,6-Bis-(t-butyldimethylsilyloxy)-2-(t-butyldimethylsilyloxymethyl)hex-3-yn-2-o0l 16

To a stirred solution of 14 (1.84 g, 10 mmol) in dry THF (5 mL, 2 M) under nitrogen at -78 °C was added
n-Buli (1.6 M in hexane, 6.25 mL, 10 mmol) dropwise. The resultant mixture was stirred at -78 °C for
1.5 h, treated with 15 (2 M in dry THF, 5 mL, 10 mmol) slowly at -78 °C, and stirred at -78°C for 2 h and
then atr.t. for 3 h. The reaction mixture was quenched with sat. ag. NH4Cl (10 mL) at 0°C, concentrated
under reduced pressure (to remove THF), and extracted with Et,O (100 mL). The organic phase was
washed with sat. ag. NaHCO; (50 mL), dried over MgSQ,, filtered, and evaporated under reduced
pressure. The residue was purified by silica flash chromatography (10% EtOAc in hexane) to yield 16
as a colourless oil (4.4 g, 88%).

'H NMR (400 MHz, CDCl3) § 3.68 (t, 2H, J = 7.6 Hz, H-4’), 3.67 (d, 2H, J = 9.5 Hz, H-2), 3.57 (d, 2H, J =
9.5 Hz, H-2"), 2.90 (br, OH), 2.40 (t, 2H, J = 7.6 Hz, H-3’), 0.92 (s, 18H, H-5), 0.91 (s, 9H, H-7’), 0.10 (s,
12H, H-3), 0.08 (s, 6H, H-5').

13C NMR (100 MHz, CDCl5) § 82.0 (C-1'), 81.1 (C-2’), 71.1 (C-1), 65.8 (C-2), 61.9 (C-4’), 29.0 (C-4 and C-
6’), 25.8 (C-5 and C-7’), 23.0 (C-3’), -5.4 (C-3 and C-5').

Analytical data are consistent with those previously reported.”®

'H NMR in CDCls:
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2-(Hydroxymethyl)hex-3-yne-1,2,6-triol 17

To a stirred solution of 16 (1 g, 2 mmol) in dry THF (2 mL, 1 M) under nitrogen at 0°C was added TBAF
(1 M in THF, 6.6 mL, 6.6 mmol) dropwise. The resultant mixture was stirred at r.t. for 3 h, and treated
with CaCOs; (1.3 g, 200 mg / 1 mmol of TBAF), Dowex 50WX8-400 (4 g, 600 mg / 1 mmol of TBAF) and
MeOH (5 mL). The reaction mixture was stirred at r.t. for 3 h, filtered through Celite, and concentrated
under reduced pressure to yield 17 as a white solid (314 mg, 98%), which was used in the next step
without further purification.

1H NMR (400 MHz, CD30D) 6 3.65 (t, 2H, J=6.8 Hz, H_6)’ 3.60 (d’ 2H,J=10.8 Hz, H-l), 3.55 (d, 2H,J=
10.8 Hz, H-1"), 2.45 (t, 2H, J = 6.8 Hz, H-5).

13¢ NMR (100 MHz, CD;OD) 6 83.1 (C-3), 81.3 (C-4), 71.5 (C-2), 65.9 (C-1), 58.5 (C-6), 19.7 (C-5).
Analytical data are consistent with those previously reported.”2?

'H NMR in CDsOD:
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2-[4-(Hydroxymethyl)furan-2-ylJethan-1-ol 18

To a stirred suspension of 17 (160 mg, 1 mmol) in warm MeCN (5 mL, 0.2 M) was added Hg(OTf), (50
mg, 0.1 mmol). The resultant mixture was stirred at r.t. for 2 h. The reaction mixture was quenched
with TEA (0.1 mL), concentrated under reduced pressure (to remove MeCN), diluted with EtOAc (40
mL), washed with sat. agq. NaHCOs (10 mL), dried over MgSQ,, filtered, and evaporated under reduced
pressure. The residue was purified by silica flash chromatography (40% acetone in hexane) to yield 18
as a viscous pale-yellow oil (132 mg, 93%).

1H NMR (400 MHZ, CDSOD) 6 7.31 (Sl 1H' H_G)I 6.13 (S/ 1H' H_4)l 4.40 (S, 2H/ H_7)I 3.76 (t' ZH' J=6.8
Hz, H-1), 2.79 (t, 2H, J = 6.8 Hz, H-2).

13C NMR (100 MHz, CDs0D) 6 153.8 (C-3), 138.2 (C-6), 126.1 (C-5), 106.2 (C-4), 60.0 (C-1), 55.4 (C-7),
31.2(C-2).

Analytical data are consistent with those previously reported.”?

'H NMR in CD;0D:
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5-(2-Hydroxyethyl)furan-3-carbaldehyde 19

To a stirred suspension of 18 (284 mg, 2 mmol) in chloroform (10 mL, 0.2 M) was added activated
manganese oxide (3.5 g, 40 mmol). The resultant mixture was stirred vigorously at r.t. for 2 days,
filtered through Celite, and concentrated under reduced pressure. The residue was purified by silica
flash chromatography (30% acetone in hexane) to yield 19 as a thin pale-yellow oil (195 mg, 70%).

'H NMR (400 MHz, CDCls) 6 9.85 (s, 1H, H-8), 7.96 (s, 1H, H-2), 6.50 (s, 1H, H-4), 3.90 (t, 2H, J = 5.2 Hz,
H-7),2.91 (t, 2H, J = 5.2 Hz, H-6).

13C NMR (100 MHz, CDCls) § 184.2 (C-8), 156.5 (C-5), 150.5 (C-2), 130.3 (C-3), 103.8 (C-4), 60.6 (C-7),
31.3 (C-6).

Analytical data are consistent with those previously reported.”®

'H NMR in CDCls:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]furan-2-yl}ethan-1-ol (Furan-thiamine) 1b

To a stirred solution of 19 (0.7 g, 5 mmol) and B-anilinopropionitrile (8.8 g, 6 mmol) in dry DMSO (16.6
mL, 0.3 M) under nitrogen at 40 °C was added a freshly prepared solution of NaOMe (2.5 M in dry
MeOH, 3 mL, 7.5 mmol) dropwise. The resultant mixture was stirred at 45 °C overnight, quenched with
ice water (60 mL) at 0 °C, and left in the fridge overnight. The resultant precipitate was filtered under
reduced pressure and then dried in vacuum to yield the product as a brown solid, which was used in
the next step without further purification. To a stirred solution of the resultant solid product and
acetamidine hydrochloride (0.95 g, 10 mmol) in dry EtOH (10 mL, 0.5 M) under nitrogen was added a
freshly prepared solution of NaOEt (1 M in EtOH, 20 mL, 20 mmol) dropwise. The reaction mixture was
stirred at 85 °C for 3 days and then concentrated under reduced pressure. The residue was purified by
silica flash chromatography (5% MeOH in DCM) to yield 1b as a brown solid (0.58 g, 50% yield over
two steps).

'H NMR (400 MHz, CDs0D) 6 7.81 (s, 1H, H-6"), 7.24 (s, 1H, H-5’), 6.01 (s, 1H, H-3'), 3.75 (t, 2H, /= 7.2
Hz, H-1), 3.53 (s, 2H, H-6’), 2.78 (t, 2H, J = 7.2 Hz, H-2), 2.41 (s, 3H, H-7").

13C NMR (100 MHz, CDs0D) 6 164.9 (C-2”), 162.5 (C-4”), 154.1 (C-2’), 152.9 (C-6"), 138.4 (C-5’), 121.8
(C-47),113.3 (C-5”), 107.0 (C-3"), 59.9 (C-1), 31.2 (C-2), 23.4 (C-7"), 22.9 (C-6’).

HRMS (ESI) m/z: [M+H*] calculated for C1oH1sN303: 234.1242; found: 234.1240.
Analytical data are consistent with those previously reported.”?

'H NMR in CDsOD:
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Preparation of triazole-thiamine 1c:

5-(Azidomethyl)-2-methylpyrimidin-4-amine 20

To a stirred solution of thiamine hydrochloride (10 g, 30 mmol) and NaNs (5 g, 77 mmol) in water (100
mL, 0.3 M) was added Na,SOs (0.4 g, 3.2 mmol). The resultant mixture was stirred at 70 °C overnight.
The reaction mixture was acidified with citric acid to pH 4-5, washed with DCM (200 mL), and basified
with potassium carbonate to pH 8-10. Upon product precipitation, the suspension was cooled in an
ice bath and filtered under reduced pressure. The filtrate was extracted with EtOAc. The organic phase
was dried over MgSQ,, filtered, and evaporated under reduced pressure. The solid residues were
pooled with the precipitate (collected upon filtration) and recrystallised from EtOAc-hexane to yield
20 as a white solid after drying under reduced pressure (3.6 g, 75%).

'H NMR (400 MHz, CDs0D) & 8.02 (s, 1H, H-6), 4.32 (s, 2H, H-8), 2.43 (s, 3H, H-7).
13C NMR (100 MHz, CDs0D) 6 167.2 (C-2), 162.3 (C-4), 154.2 (C-6), 108.7 (C-5), 47.8 (C-8), 23.6 (C-7).
Analytical data are consistent with those previously reported.®

'H NMR in CD;0D:
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2-{1-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-1H-1,2,3-triazol-4-yl}ethan-1-ol
(Triazole-thiamine) 1c

NH

2
4 8 4
NF N2
e =T o
72N N

To a stirred solution of 3-butynol (226 ul, 3.0 mmol) and 20 (585 mg, 3.6 mmol) in t-BuOH (10 mL) and
water (5 ml, 0.2 M) was added sodium ascorbate (176 mg, 0.89 mmol) and CuSO,4-5 H,0 (22 mg, 0.09
mmol). The resultant mixture was stirred at r.t. overnight. The reaction mixture was concentrated
under reduced pressure, diluted in n-BuOH (50 mL), washed with 0.1 M K,COs; (15 mL), dried over
MgSQ,, filtered, and evaporated under reduced pressure. The residue was purified by silica flash
chromatography (20% MeOH in DCM) to yield 1c as a white solid (490 mg, 70%).

'H NMR (400 MHz, CD;0D): § 8.07 (s, 1H, H-6’), 7.83 (s, 1H, H-4), 5.47 (s, 2H, H-5), 3.80 (t, 2H, J = 6.7
Hz, H-1), 2.90 (t, 2H, J = 6.7 Hz, H-2), 2.43 (s, 3H, H-7’).

13C NMR (100 MHz, CD3SOCDs) § 167.8 (C-2’), 162.5 (C-4’), 158.5 (C-6’), 145.1 (C-3), 123.7 (C-4), 109.7
(C-5’),61.5(C-1), 47.1 (C-5), 30.3 (C-2), 26.5 (C-7').

HRMS (ESI) m/z: [M+H*] calculated for C1oH14N6O: 235.1307; found: 235.1311.
Analytical data are consistent with those previously reported.®

'H NMR in CDsOD:
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Preparation of dethiathiamine 1d:

2-Acetyl-2-allylbutyrolactone 21

To a stirred solution of 2-acetyl-butyrolactone (1.08 mL, 10 mmol) in dry THF (50 mL, 0.2 M) under
nitrogen at 0 °C was added sodium hydride (294 mg, 11 mmol) in three portions. The resultant mixture
was stirred at r.t. for 30 min, treated with allyl bromide (1.3 mL, 15 mmol) dropwise, and stirred at r.t.
overnight. The reaction mixture was concentrated under reduced pressure (to remove THF), diluted
with EtOAc (100 mL), washed with aqueous phosphate buffer (pH 7) (30 mL), dried over MgSQ,,
filtered, and evaporated under reduced pressure. The residue was purified by silica flash
chromatography (20% EtOAc in Hexane) to yield 21 as a colourless oil (1.46 g, 87%).

1H NMR (400 MHz, CDCls) 6 5.61 (dddd, 1H, J = 6.5, 8.0, 11.1 and 16.1 Hz, H-8), 5.21 (m, 1H, H-94), 5.19
(m, 1H, H-9s), 4.30 (td, 1H, J = 3.5, 8.9 and 8.9 Hz, H-44), 4.22 (td, 1H, J= 7.5, 8.9 and 8.9 Hz, H-4s), 2.90
(ddd, 1H, J = 3.5, 7.5 and 13.1 Hz, H-3,), 2.79 (ddt, 1H, J = 0.9, 0.9, 8.0 and 14.5 Hz, H-7), 2.66 (ddt,
1H,J = 1.4, 1.4, 6.5 and 14.5 Hz, H-7s), 2.36 (s, 3H, H-6), 2.12 (dt, 1H, J = 8.9, 8.9 and 13.1 Hz, H-3s).

13C NMR (100 MHz, CDCl3) & 201.8 (C-5), 175.4 (C-1), 131.2 (C-8), 120.4 (C-9), 66.5 (C-4), 61.1 (C-2),
39.2 (C-7), 28.8 (C-3), 25.7 (C-6).

Analytical data are consistent with those previously reported.?

'H NMR in CDCls:

1.0072.
1.0455.
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3-Acetylhex-5-enol 22

OH 8 O
3 2
N HO™ 7 cyclic form

To a stirred solution of 21 (168 mg, 1 mmol) in THF (7 mL) and water (3 mL, 0.1 M) was added lithium
hydroxide monohydrate (125 mg, 3 mmol). The resultant mixture was stirred at 40 °C for 3 h,
concentrated under reduced pressure, diluted with water (10 mL), acidified with conc. HCl to pH = 2-
3, and extracted with EtOAc (5 x 20 mL). The combined organic phases were dried over MgSQO,, filtered,
and evaporated under reduced pressure. The residue was purified by silica flash chromatography (20%
EtOAc in Hexane) to yield 22 as a pale-yellow oil (54 mg, 38%).

In CDCls, both the cyclic and acyclic forms coexist, complicating the analysis of the NMR spectra. In
CDs0D, 22 is mainly in its cyclic form with one diastereoisomer predominating:

H NMR (400 MHz, CDs0D) 6 5.82 (m, 1H, H-5), 4.9-5.1 (m, 2H, H-6), 3.81 (m, 2H, H-1), 2.1-2.3 (m, 2H),
2.05 (m, 1H), 1.90 (m, 1H), 1.75 (m, 1H), 1.37 (s, 3H, H-8).

13C NMR (100 MHz, CDsOD) & 137.3 (C-5), 114.1 (C-6), 106.0 (C-7), 65.1 (C-1), 48.8 (C-3), 33.5 (C-4),
30.1(C-2), 18.5 (C-8).

Analytical data are consistent with those previously reported.?

IH NMR in CD;0D: (the small peaks belong to the protons of the minor diastereomer and of the acyclic
form)
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3-Acetylhex-5-enyl benzoate 23

To a stirred solution of 22 (0.71 g, 5 mmol) in dry pyridine (12.5 mL, 0.4 M) under nitrogen at 0 °C was
added benzoyl chloride (0.58 mL, 5 mmol) dropwise. The resultant mixture was stirred at 40 °C for 5
h. The reaction mixture was concentrated under reduced pressure, diluted with EtOAc (50 mL),
washed with 1 M HCI (50 mL) and then with sat. ag. NaHCO3 (100 mL), dried over MgSQ,, filtered, and
evaporated under reduced pressure. The residue was purified by silica flash chromatography (10%
EtOAc in Hexane) to yield 23 as a colourless oil (1 g, 83%).

'H NMR (400 MHz, CDCl3) 6 8.02 (d, 2H, J = 7.7 Hz, H-11), 7.58 (t, 1H, J = 7.7 Hz, H-13), 7.47 (t, 2H, J =
7.7 Hz, H-12), 5.75 (m, 1H, H-5), 5.10 (m, 1H, H-64), 5.09 (m, 1H, H-68), 4.32 (t, 2H, /= 6.4 Hz, H-1), 2.78
(m, 1H, H-3), 2.41 (m, 1H, H-44), 2.30 (m, 1H, H-4s), 2.21 (s, 3H, H-8), 2.19 (m, 1H, H-24), 1.90 (m, 1H,
H-28).

13C NMR (100 MHz, CDCl3) 6 211.1 (C-7), 166.8 (C-9), 134.5 (C-5), 133.1 (C-13), 130.1 (C-10), 129.7 (C-
11), 128.4 (C-12), 117.7 (C-6), 63.2 (C-1), 49.3 (C-3), 35.9 (C-4), 29.9 (C-8), 29.5 (C-2).

Analytical data are consistent with those previously reported.

'H NMR in CDCls:
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3-Acetyl-5-oxopentyl benzoate 24

To a stirred solution of 23 (246 mg, 1 mmol) in DCM (5 mL, 0.2 M) at -78 °C was bubbled ozone from
an ozoniser. The resultant mixture was stirred at -78 °C for 30 min before oxygen was bubbled through
the solution to remove the remaining ozone. The reaction mixture was treated with zinc dust (1 g) and
glacial acetic acid (0.5 mL), stirred at r.t. for 3 h, filtered, washed with sat. agq. NaHCOs (20 mL), dried
over MgSQ,, filtered, and evaporated under reduced pressure. The residue was purified by silica flash
chromatography (15% EtOAc in Hexane) to yield 24 as a colourless oil (153 mg, 62%).

1H NMR (400 MHz, CDCls) § 9.78 (s, 1H, H-5), 8.02 (dd, 2H, J = 1.4 and 8.5 Hz, H-10), 7.60 (tt, 1H, J =
1.4,7.4 and 7.4 Hz, H-12), 7.47 (m, 2H, H-11), 4.37 (m, 2H, H-1), 3.27 (dtd, 1H, J=4.1, 6.7, 6.7 and 9.2
Hz, H-3), 3.07 (dd, 1H, J = 9.2 and 18.5 Hz, H-4), 2.62 (dd, 1H, J = 4.1 and 18.5 Hz, H-4), 2.33 (s, 3H, H-
7),2.18 (dqg, 1H, = 6.7, 6.7, 6.7 and 13.0, H-24), 1.92 (dq, 1H, J = 6.7, 6.7, 6.7 and 13.0, H-2s).

13C NMR (100 MHz, CDCls) § 209.7 (C-6), 200.1 (C-5), 166.7 (C-8), 133.5 (C-12), 129.6 (C-9), 129.5 (C-
10), 128.7 (C-11), 62.1 (C-1), 44.9 (C-4), 43.0 (C-3), 30.1 (C-2), 29.7 (C-7).

Analytical data are consistent with those previously reported.?

'H NMR in CDCls:
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5-(Aminomethyl)-2-methylpyrimidin-4-amine 25

NH,
8

7)2\\,\, 6
A stirred solution of 20 (488 mg, 3 mmol) in MeOH (15 mL, 0.2 M) at r.t. was treated with 10% Pd/C
(50 mg) under nitrogen. The flask was evacuated and flushed with hydrogen gas (three times). The
resultant mixture was stirred vigorously at r.t. under an atmosphere of hydrogen (1 atm, H; balloon)
for 5 h. The reaction mixture was filtered through Celite and then concentrated under reduced

pressure to yield 25 as a white solid (412 mg, quantitative), which was used in the next step without
further purification.

NH,

'H NMR (400 MHz, CDs0D) &6 7.97 (s, 1H, H-6), 3.68 (s, 2H, H-8), 2.40 (s, 3H, H-7).
13C NMR (100 MHz, CDs0D) &6 165.5 (C-2), 162.4 (C-4), 152.1 (C-6), 114.8 (C-5), 39.0 (C-8), 23.2 (C-7).
Analytical data are consistent with those previously reported.’

'H NMR in CDsOD:
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2-(1-((4-Amino-2-methylpyrimidin-5-yl)methyl)-2-methyl-1H-pyrrol-3-yl)ethyl benzoate 26

NH, 7,
4" 6' !
2 7
2
NZ” 18 NN o
79\5 o o=/ 3 4 6
2™N 5 g 5

o}

To a stirred solution of 24 (322 mg, 1.3 mmol) in dry DMF (6.5 mL, 0.2 M) under nitrogen was added
25 (270 mg, 2.0 mmol) and some molecular sieves (4 A). The resultant mixture was stirred at 45 °C for
3 days, filtered, diluted with DCM (300 mL), washed with sat. aq. NaHCO; (50 mL), dried over MgSQ,,
filtered, and evaporated under reduced pressure. The residue was purified by silica flash
chromatography (5-10% MeOH in DCM) to yield product 26 as a white solid (251 mg, 55%).

'H NMR (400 MHz, CDCl3) § 8.02 (m, 2H, H-5), 7.85 (s, 1H, H-6"), 7.55 (m, 1H, H-7), 7.42 (m, 2H, H-6),
6.51(d, 1H, J= 2.8 Hz, H-5’), 6.10 (d, 1H, J = 2.8 Hz, H-4’), 4.86 (br, 2H, NH;), 4.81 (s, 2H, H-6'), 4.41 (t,
2H,J=7.2 Hz, H-1), 2.86 (t, 2H, J = 7.2 Hz, H-2), 2.50 (s, 3H, H-7"), 2.13 (s, 3H, H-7’).

13C NMR (100 MHz, CDCls) § 167.5 (C-2"), 166.6 (C-3), 161.2 (C-4”), 155.1 (C-6"), 132.8 (C-7), 130.4 (C-
4), 129.5 (C-5), 128.3 (C-6), 125.9 (C-2’), 119.0 (C-5’), 116.9 (C-3’), 109.9 (C-5"), 109.3 (C-4’), 65.8 (C-
1), 46.0 (C-6’), 26.2 (C-2), 25.6 (C-7”), 10.0 (C-7’).

Analytical data are consistent with those previously reported.*

'H NMR in CDCls:
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2-{1-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-2-methyl-1H-pyrrol-3-yl}ethan-1-ol
(Pyrrothiamine) 1d

NH, 7,
4" 6' ,
2 2
N“ > N
7@5/\ \\ ¥ on
N8 5Ty 1

To a stirred solution of 26 (70 mg, 0.2 mmol) in dry MeOH (1 mL, 0.2 M) under nitrogen was added
potassium carbonate (55 mg, 0.4 mmol). The resultant mixture was stirred at r.t. for 3 h and then
concentrated under reduced pressure. The residue was purified by silica flash chromatography (10%
MeOH in DCM) to yield product 1d as a white solid (39 mg, 80%).

1H NMR (400 MHz, CDs0D) & 7.07 (s, 1H, H-6”), 6.60 (d, 1H, J = 2.7 Hz, H-5’), 6.01 (d, 1H, J = 2.7 Hz, H-
&), 4.85 (s, 2H, H-6'), 3.64 (t, 2H, J = 7.8 Hz, H-1), 2.65 (t, 2H, J = 7.8 Hz, H-2), 2.41 (s, 3H, H-7"), 2.07
(s, 3H, H-7').

13C NMR (100 MHz, CD50D) 6 165.8 (C-2”), 160.6 (C-4”), 151.5 (C-6”), 124.7 (C-2’), 119.2 (C-5’), 116.9
(C-37),112.2 (C-5”), 108.1 (C-4’), 63.2 (C-1), 43.5 (C-6'), 29.8 (C-2), 23.5 (C-7"), 8.1 (C-7’).

HRMS (ESI) m/z: [M+H*] calculated for C13H1sN4O: 247.1558; found: 247.1570.
Analytical data are consistent with those previously reported.

'H NMR in CDsOD:
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Preparation of meta-phenyl-thiamine 1a:

3-(2-Hydroxyethyl)benzaldehyde 27

To a stirred solution of 2-(3-bromophenyl)ethanol (2 g, 10 mmol) in dry THF (100 mL, 0.1 M) under
nitrogen at 0°C was added i-PrMgCl (2 M in THF, 6 mL, 12 mmol) dropwise. The resultant mixture was
stirred at 0°C for 10 min and then at -78 °C for 5 min, treated with n-BulLi (1.6 M in hexane, 13.8 mL,
22 mmol) at -78 °C dropwise, and stirred at -78 °C for 10 min and then at -40°C for 1 h. The reaction
mixture was cooled to -78°C for 10 min, treated with dry DMF (12.2 mL, 150 mmol) at -78 °C dropwise,
stirred at r.t. overnight, quenched with sat. ag. NH4Cl (50 mL), and extracted with Et,O (5 x 150 mL).
The combined organic phases were washed with water (200 mL), dried over MgS0,, filtered, and
evaporated under reduced pressure. The residue was purified by silica flash chromatography (50%
Et,0 in hexane) to yield 27 as a colourless oil (1.17 g, 78%).

'H NMR (400 MHz, CDCls) § 10.02 (s, 1H, H-7), 7.74-7.78 (m, 2H, H-2 and H-6), 7.48-7.57 (m, 2H, H-4
and H-5), 3.94 (t, 2H, /= 6.6 Hz, H-2’), 2.98 (t, 2H, J = 6.6 Hz, H-1').

13C NMR (100 MHz, CDCls) § 192.2 (C-7), 140.2 (C-1), 136.7 (C-3), 135.4 (C-4), 130.0 (C-6), 129.5 (C-5),
128.5 (C-2),63.3 (C-2’), 38.9 (C-1’).

Analytical data are consistent with those previously reported.*

'H NMR in CDCls:
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2-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]phenyl}ethan-1-ol (Meta-phenyl-thiamine) 1e

To a stirred solution of 27 (1.17 g, 7.8 mmol) and B-anilinopropionitrile (1.5 g, 10.3 mmol) in dry DMSO
(26 mL, 0.3 M) under nitrogen at 40 °C was added a freshly prepared solution of NaOMe (2.5 M in dry
MeOH, 5 mL, 12.5 mmol) dropwise. The resultant mixture was stirred at 45 °C overnight, quenched
with ice water (80 mL) at 0 °C, and left in the fridge overnight. The resultant precipitate was filtered
under reduced pressure and dried in vacuum to yield the product as a brown solid, which was used in
the next step without further purification. To a stirred solution of the resultant solid product and
acetamidine hydrochloride (1.28 g, 17.2 mmol) in dry EtOH (15.6 mL, 0.5 M) under nitrogen was added
a freshly prepared solution of NaOEt (1 M in EtOH, 33 mL, 33 mmol) dropwise. The reaction mixture
was stirred at 85 °C for 3 days and then concentrated under reduced pressure. The residue was
purified by silica flash chromatography (5% MeOH in DCM) to yield 1e as a brown solid (0.3 g, 16%
yield over two steps).

1H NMR (400 MHz, CD;0D) 6 7.75 (s, 1H, H-6”), 7.26 (t, 1H, J = 7.5 Hz, H-5’), 7.12-7.14 (m, 2H, H-2’ and
H-4),7.06 (d, 1H, J = 7.5 Hz, H-6'), 3.78 (s, 2H, H-7), 3.75 (t, 2H, J = 7.1 Hz, H-1), 2.81 (t, 2H, J = 7.1 Hz,
H-2), 2.42 (s, 3H, H-7").

13C NMR (100 MHz, CDs0D) 6§ 164.7 (C-2”), 162.3 (C-4”), 152.6 (C-6”), 139.7 (C-3’), 137.5 (C-1’), 129.1
(C-4’), 128.4 (C-6'), 127.1 (C-2’), 126.2 (C-5"), 114.0 (C-5”), 62.8 (C-1), 38.8 (C-2), 32.9 (C-7’), 23.1 (C-
7;/).

HRMS (ESI) m/z: [M+H*] calculated for C14H17N30: 244.1449; found: 244.1455.
Analytical data are consistent with those previously reported.*

'H NMR in CD;0D:
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Preparation of para-phenyl-thiamine 1f:

2-[4-(Hydroxymethyl)phenyl]ethan-1-ol
Despite being commercially available, it is cheaper to prepare from:

0

LIAIH, THF, 62
) HO™ 7 4
MeO (0] 45 °C, overnight 1
- 0 C .
-(2- . 2
Methyl 4-(2-methoxy OMe 3 OH

2-oxoethyl)benzoate 75%

To a stirred solution of methyl 4-(2-methoxy-2-oxoethyl)benzoate (835 mg, 4 mmol) in dry THF (10 mL,
0.4 M) at 0°C was added LiAlH4 (2.4 M in THF, 8.3 mL, 20 mmol) dropwise. The resultant mixture was
stirred at 45 °C overnight, quenched with i-PrOH (20 mL) at 0 °C slowly, diluted with cold water (20
mL), and extracted with EtOAc (200 mL). The organic phase was dried over MgSQ,, filtered, and
evaporated under reduced pressure. The residue was purified by silica flash chromatography (30%
EtOAc in hexane) to yield 2-[4-(hydroxymethyl)phenyl]lethan-1-ol as a colourless oil (456 mg, 75%).

1H NMR (400 MHz, CDCls) § 7.33 (d, 2H, J = 8.0 Hz, H-5), 7.24 (d, 2H, J = 8.0 Hz, H-4), 4.66 (s, 2H, H-7),
3.86 (t, 2H, J = 6.6 Hz, H-1), 2.88 (t, 2H, J = 6.6 Hz, H-2).

13C NMR (100 MHz, CDCls) & 139.1 (C-6), 138.0 (C-3), 129.2 (C-5), 127.4 (C-4), 65.1 (C-7), 63.6 (C-1),
38.9 (C-2).

o)
2 NC
HO L o 3 i.
H y —— |
OH N OH
4™ "oH H

2-[4-(Hydroxymethyl) 28, 68%
phenyl]ethan-1-ol

\ 3
y Para-phenyl-thiamine 1f,

o N 36% over two steps

To a stirred solution of 2-[4-(hydroxymethyl)phenyl]lethan-1-ol (760 mg, 5 mmol) in chloroform (25
mL, 0.2 M) was added activated manganese oxide (8.7 g, 0.1 mol). The reaction mixture was stirred
vigorously at r.t. overnight, filtered through Celite, and concentrated under reduced pressure to yield
28 as a thin pale-yellow oil (510 mg, 68%), which was used in the next step without further purification.
To a stirred solution of 28 and B-anilinopropionitrile (0.95 g, 6.5 mmol) in dry DMSO (17 mL, 0.3 M)
under nitrogen at 40 °C was added a freshly prepared solution of NaOMe (2.5 M in dry MeOH, 3 mL,
7.5 mmol) dropwise. The reaction mixture was stirred at 45 °C overnight, quenched with ice water (60
mL) at 0 °C, and left in the fridge overnight. The precipitate was filtered under reduced pressure and
dried in vacuum to yield the product as a brown solid, which was used in the next step without further
purification. To a stirred solution of the resultant solid product and acetamidine hydrochloride (0.82
g, 11 mmol) in dry EtOH (10 mL, 0.5 M) under nitrogen was added a freshly prepared solution of NaOEt
(1 M in EtOH, 21 mL, 21 mmol) dropwise. The reaction mixture was stirred at 85 °C for 3 days and then
concentrated under reduced pressure. The residue was purified by silica flash chromatography (5%
MeOH in DCM) to yield 1f as a brown solid (297 mg, 36% yield over two steps).

4-(2-Hydroxyethyl)benzaldehyde 28

1H NMR (400 MHz, CDCls) & 10.0 (s, 1H, H-5), 7.85 (d, 2H, J = 8.0 Hz, H-2), 7.43 (d, 2H, J = 8.0 Hz, H-3),
3.94 (t, 2H, J = 6.5 Hz, H-2’), 2.98 (t, 2H, J = 6.5 Hz, H-1').

13C NMR (100 MHz, CDCls) 6 192.2 (C-5), 146.6 (C-1), 134.7 (C-4), 130.2 (C-2), 129.5 (C-3), 63.0 (C-2'),
38.9 (C-1’).

HRMS (ESI) m/z: [M+H*] calculated for CgH100,: 151.0758; found: 151.0766.
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]phenyl}ethan-1-ol 1f
m.p. 177-178 °C.

1H NMR (400 MHz, CDs0D) & 7.75 (s, 1H, H-6”), 7.20 (d, 2H, J = 7.9 Hz, H-2’), 7.15 (d, 2H, J = 7.9 Hz, H-
3),3.75 (m, 4H, H-1 and H-5"), 2.81 (t, 2H, J = 6.9 Hz, H-2), 2.41 (s, 3H, H-7").

13C NMR (100 MHz, CDs0D) & 164.9 (C-2”), 162.3 (C-4”), 153.3 (C-6”), 137.5 (C-4’), 135.4 (C-1’), 129.0
(C-3’), 128.3 (C-2’), 114.1 (C-5”), 63.0 (C-1), 38.3 (C-2), 32.5 (C-5’), 23.4 (C-7").

HRMS (ESI) m/z: [M+H*] calculated for C14H17N30: 244.1449; found: 244.1450.
H NMR in CDsOD:
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Preparation of deaza-ThDP 2a:

NH,
N~ ‘ \ AN 8 —7
NS
)\N S 5
Deazathiamine 1a 71% Deaza-ThDP 2a, 32% © o

2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methylthiophen-2-yl}ethyl 4-methylbenzene-1-sul-
fonate

To a stirred solution of 1a (53 mg, 0.2 mmol) in dry pyridine (1 mL, 0.2 M) under nitrogen at 0 °C was
added p-TsCl (190 mg, 1 mmol). The resultant mixture was stirred at 0 °C for 4 h, quenched with cold
1 M HCI (1 mL), diluted with water (15 mL), neutralised with sodium bicarbonate to pH 7, and extracted
with DCM (50 mL). The organic phase was washed with sat. ag. Cu,SO,, dried over MgSQ.,, filtered,
and evaporated under reduced pressure. The residue was purified by silica flash chromatography (5%
MeOH in DCM) to yield 1a’s tosylate as a brown solid (59 mg, 71%).

'H NMR (400 MHz, CDCl3): § 7.97 (s, 1H, H-6"), 7.77 (d, 2H, J = 8.4 Hz, H-4), 7.34 (d, 2H, J = 8.4 Hz, H-
5), 6.66 (s, 1H, H-5’), 4.88 (br, NHy), 4.16 (t, 2H, J = 7.0 Hz, H-1), 3.60 (s, 2H, H-7’), 3.11 (t, 2H, /= 7.0
Hz, H-2), 2.52 (s, 3H, H-7"), 2.47 (s, 3H, H-7), 2.02 (s, 3H, H-6").

13C NMR (100 MHz, CDCl3) § 166.1 (C-2”), 161.3 (C-4”), 155.5 (C-6”), 144.6 (C-3), 136.7 (C-4’), 133.5 (C-
3’), 132.9 (C-6), 132.8 (C-2’), 129.6 (C-5), 127.6 (C-4), 119.4 (C-5’), 111.3 (C-5”), 69.3 (C-1), 28.9 (C-2),
27.9 (C-7’), 25.2 (C-7”), 21.4 (C-7), 12.2 (C-6').

Analytical data are consistent with those previously reported.’?

'H NMR of 1a’s tosylate in CDCls:
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Deazathiamine diphosphate (Deaza-ThDP) 2a

To a stirred solution of 1a’s tosylate (13 mg, 0.031 mmol) in dry MeCN (0.15 mL, 0.2 M) under nitrogen
at 0 °C was added tris(tetra-n-butylammonium) hydrogen pyrophosphate (56 mg, 0.062 mmol). The
resultant mixture was stirred at r.t. for 6 h. The reaction mixture was concentrated under reduced
pressure, diluted in minimal amount of water (1 mL), and purified by reverse-phase HPLC to yield 2a
as a white solid (4.7 mg, 32%).

1H NMR (400 MHz, D,0): § 7.34 (s, 1H, H-6"), 6.94 (s, 1H, H-5'), 4.03 (q, 2H, J = 6.8 Hz, H-1), 3.64 (s, 2H,
H-7), 3.06 (t, 2H, J = 6.8 Hz, H-2), 2.46 (s, 3H, H-7"), 1.94 (s, 3H, H-6").

13C NMR (100 MHz, D,0) & 165.7 (C-2”), 160.7 (C-4”), 140.5 (C-6”), 135.6 (C-4’), 134.8 (C-3’), 133.7 (C-
2’), 120.7 (C-5"), 115.3 (C-5”), 66.6 (C-1), 28.9 (C-2), 27.0 (C-7’), 20.5 (C-7”), 11.3 (C-6).

HRMS (ESI) m/z: [M+H*] calculated for C13H1sN3O,SP,: 424.0497; found: 424.0499.
Analytical data are consistent with those previously reported.'?

'H NMR in D,0:
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Preparation of furan-ThDP 2b:

NH,
G -
NS
N ° 5
Furan-thiamine 1b 75% Furan-ThDP 2b, 31% °© )

2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]furan-2-yl}ethyl 4-methylbenzene-1-sulfonate

To a stirred solution of 1b (47 mg, 0.2 mmol) in dry pyridine (1 mL, 0.2 M) under nitrogen at 0 °C was
added p-TsCl (190 mg, 1 mmol). The resultant mixture was stirred at 0 °C for 4 h, quenched with cold
1 M HCI (1 mL), diluted with water (15 mL), neutralised with sodium bicarbonate to pH 7, and extracted
with DCM (70 mL). The organic phase was washed with sat. ag. Cu,SO,, dried over MgSQ.,, filtered,
and evaporated under reduced pressure. The residue was purified by silica flash chromatography (5%
MeOH in DCM) to yield 1b’s tosylate as a brown solid (58 mg, 75%).

1H NMR (400 MHz, CDCls): & 7.97 (s, 1H, H-6"), 7.76 (d, 2H, J = 8.0 Hz, H-4), 7.35 (d, 2H, J = 8.0 Hz, H-
5), 7.13 (s, 1H, H-5’), 5.93 (s, 1H, H-3'), 5.44 (br, NHa), 4.22 (t, 2H, J = 6.7 Hz, H-1), 3.55 (s, 2H, H-6"),
2.95 (t, 2H, J = 6.7 Hz, H-2), 2.56 (s, 3H, H-7"), 2.46 (s, 3H, H-7).

13C NMR (100 MHz, CDCl3) § 165.1 (C-2”), 162.0 (C-4”), 152.5 (C-6”), 151.7 (C-2), 144.9 (C-3), 139.1 (C-
5), 132.8 (C-6), 129.9 (C-5), 128.1 (C-4), 121.1 (C-4’), 112.1 (C-5”), 108.5 (C-3’), 67.8 (C-1), 28.4 (C-2),
24.6 (C-7”), 24.2 (C-6'), 21.6 (C-7).

Analytical data are consistent with those previously reported.”

'H NMR of 1b’s tosylate in CDCls:
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Furan-thiamine diphosphate (Furan-ThDP) 2b

To a stirred solution of 1b’s tosylate (39 mg, 0.1 mmol) in dry MeCN (0.5 mL, 0.2 M) under nitrogen at
0 °C was added tris(tetra-n-butylammonium) hydrogen diphosphate (180 mg, 0.2 mmol). The resultant
mixture was stirred at 0 °C overnight, concentrated under reduced pressure, diluted in minimal
amount of water (1 mL), and purified by reverse-phase HPLC to yield 2b as a white solid (14 mg, 32%).

1H NMR (400 MHz, D,0): & 7.62 (s, 1H, H-6"), 7.13 (s, 1H, H-5'), 6.04 (s, 1H, H-3"), 3.95 (q, 2H, J = 8.0
Hz, H-1), 3.41 (s, 2H, H-6’), 2.78 (t, 2H, J = 8.0 Hz, H-2), 2.30 (s, 3H, H-7").

13C NMR (100 MHz, D,0) § 164.0 (C-2”), 161.2 (C-4”), 155.5 (C-6”), 154.0 (C-2"), 139.1 (C-5’), 118.7 (C-
4),114.7 (C-5”), 107.7 (C-3’), 63.6 (C-1), 28.9 (C-2), 22.7 (C-6’), 21.5 (C-7").

HRMS (ESI) m/z: [M+H*] calculated for C1,H17N3OsP,: 394.0568; found: 394.0577.
Analytical data are consistent with those previously reported.’

'H NMR in D,0:
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Preparation of triazole-ThDP 2c:

NH,
. 5 . . @NH4 NHs
NZ —>N NN 5 o N
7)\ N/'?/\/ )j/\'{l/}/\/ /@/ N)jﬂm%o PP/O\ /O ° 9
// \\ 1 0
Triazole-thiamine 1c 82% Triazole-ThDP 2c, 27% °© 0
2-{1-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-1H-1,2,3-triazol-4-yl}ethyl 4-methylbenzene-1-

sulfonate

To a stirred solution of 1c (234 mg, 1 mmol) in dry pyridine (5 mL, 0.2 M) under nitrogen at 0 °C was
added p-TsCl (953 mg, 5 mmol). The resultant mixture was stirred at r.t. for 4 h, quenched with cold 1
M HCI (5 mL), diluted with water (15 mL), neutralised with sodium bicarbonate to pH 7, and extracted
with DCM (100 mL). The organic phase was washed with sat. ag. Cu,SO,, dried over MgSQ,, filtered,
and evaporated under reduced pressure. The residue was purified by silica flash chromatography (10%
MeOH in DCM) to yield 1c’s tosylate as a white solid (318 mg, 82%).

'H NMR (400 MHz, CD;0OD): § 8.07 (s, 1H, H-6"), 7.79 (s, 1H, H-4), 7.67 (d, 2H, J = 8.1 Hz, H-2"), 7.36 (d,
2H, J = 8.1 Hz, H-3"), 5.45 (s, 2H, H-5), 4.25 (t, 2H, J= 6.3 Hz, H-1), 3.03 (t, 2H, J = 6.3 Hz, H-2), 2.42 (s,
3H, H-7°), 2.41 (s, 3H, H-5").

13C NMR (100 MHz, CD;SOCDs) & 166.8 (C-2’), 161.8 (C-4’), 156.5 (C-6), 145.1 (C-3), 142.3 (C-1”), 133.3
(C-4”), 130.4 (C-3”), 127.7 (C-2”), 123.2 (C-4), 108.7 (C-5’), 69.5 (C-1), 46.3 (C-5), 25.8 (C-2), 25.5 (C-7’),
21.0 (C-5”).

Analytical data are consistent with those previously reported.®

IH NMR of 1¢’s tosylate in CD30D:
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Triazole-thiamine diphosphate (Triazole-ThDP) 2c

To a stirred solution of 1¢’s tosylate (39 mg, 0.1 mmol) in dry MeCN (0.5 mL, 0.2 M) under nitrogen at
0 °C was added tris(tetra-n-butylammonium) hydrogen diphosphate (186 mg, 0.2 mmol). The resultant
mixture was stirred at r.t. overnight, concentrated under reduced pressure, diluted in minimal amount
of water (1 mL), and purified by reverse-phase HPLC to yield 2c as a white solid (12 mg, 27%).

1H NMR (400 MHz, D,0): & 8.08 (s, 1H, H-6'), 8.02 (s, 1H, H-4), 5.53 (s, 2H, H-5), 4.18 (m, 2H, H-1),
3.09 (t, 2H, J = 5.6 Hz, H-2), 2.47 (s, 3H, H-7").

13C NMR (100 MHz, D,0) & 165.6 (C-6’), 163.2 (C-2’), 162.5 (C-4’), 143.2 (C-3), 125.2 (C-4), 109.3 (C-
5’), 64.6 (C-1), 46.9 (C-5), 26.2 (C-2), 21.0 (C-7').

HRMS (ESI) m/z: [M+H*] calculated for C10H1sNsO7P2: 395.0633; found: 395.0622.
Analytical data are consistent with those previously reported.®

'H NMR in D,0:
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Preparation of meta-phenyl-ThDP 2e:

NH,
oH 4
N7 i. N
P — |
N g

Meta-phenyl-thiamine 1e 7%

5
Meta-phenyl-ThDP 2e, 25%

2-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]phenyl}ethyl 4-methylbenzene-1-sulfonate

To a stirred solution of 1e (73 mg, 0.3 mmol) in dry pyridine (1.5 mL, 0.2 M) under nitrogen at 0 °C was
added p-TsCl (286 mg, 1.5 mmol). The resultant mixture was stirred at r.t. for 4 h, quenched with cold
1 M HCI (2 mL), diluted with water (20 mL), neutralised with sodium bicarbonate to pH 7, and extracted
with DCM (70 mL). The organic phase was washed with sat. ag. Cu,SO,, dried over MgSQ.,, filtered,
and evaporated under reduced pressure. The residue was purified by silica flash chromatography (10%
MeOH in DCM) to yield 1e’s tosylate as a brown solid (92 mg, 77%).

1H NMR (400 MHz, CDCls): & 8.02 (s, 1H, H-6”), 7.70 (d, 2H, J = 8.2 Hz, H-4), 7.31 (d, 2H, J = 8.2 Hz, H-
5),7.23 (dd, 1H, J = 7.5 and 7.8 Hz, H-5), 7.03-7.04 (m, 2H, H-2’ and H-4’), 6.97 (m, 1H, H-6’), 4.80 (br,
NH.), 4.20 (t, 2H, J = 6.8 Hz, H-1), 3.75 (s, 2H, H-7"), 2.92 (t, 2H, J = 6.8 Hz, H-2), 2.52 (s, 3H, H-7”), 2.45
(s, 3H, H-7).

13C NMR (100 MHz, CDCls) § 166.6 (C-2”), 161.5 (C-4”), 155.5 (C-6”), 144.7 (C-3), 137.6 (C-3"), 137.2 (C-
1’), 133.0 (C-6), 129.8 (C-5), 129.3 (C-5), 128.9 (C-6'), 127.8 (C-4), 127.6 (C-2’), 126.8 (C-4’), 111.6 (C-
5”), 70.4 (C-1), 35.4 (C-2), 34.5 (C-7"), 25.6 (C-7”), 21.6 (C-7).

Analytical data are consistent with those previously reported.?

'H NMR of 1€’s tosylate in CDCls:
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Meta-phenyl-thiamine diphosphate (meta-phenyl-ThDP) 2e

To a stirred solution of 1e’s tosylate (40 mg, 0.1 mmol) in dry MeCN (0.5 mL, 0.2 M) under nitrogen at
0 °C was added tris(tetra-n-butylammonium) hydrogen diphosphate (186 mg, 0.2 mmol). The resultant
mixture was stirred at r.t. overnight, concentrated under reduced pressure, diluted in minimal amount
of water (1 mL), and purified by reverse-phase HPLC to yield 2e as a white solid (12 mg, 26%).

1H NMR (400 MHz, D,0): & 7.56 (s, 1H, H-6”), 7.30 (t, 1H, J = 7.5 Hz, H-5"), 7.22 (d, 1H, J = 7.5 Hz, H-4"),
7.18 (s, 1H, H-2’), 7.08 (d, 1H, J = 7.5 Hz, H-6'), 4.07 (q, 2H, J = 6.6 Hz, H-1), 3.75 (s, 2H, H-7'), 2.88 (t,
2H, J = 6.6 Hz, H-2), 2.45 (s, 3H, H-7").

13C NMR (100 MHz, D,0) & 164.0 (C-2”), 160.7 (C-4”), 141.1 (C-6”), 139.3 (C-3"), 135.3 (C-1’), 129.8 (C-
4),129.2 (C-6’), 128.0 (C-2’), 126.8 (C-5"), 115.6 (C-5”), 67.0 (C-1), 35.9 (C-2), 32.5 (C-7’), 20.4 (C-7").

HRMS (ESI) m/z: [M+H*] calculated for C14H15N307P,: 404.0776; found: 404.0795.
Analytical data are consistent with those previously reported.?

'H NMR in D,0:
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Preparation of meta-phenyl-ThDP 2f:

NH, NH,
gl .,
NI N i NI A
)\ “ 7)\ = N7 NH
N OH 2N o Po-P @
[ oot
Para-phenyl-thiamine 1f 82% 5 Para-phenyl-ThDP 2£,23% g\, %NH4

2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]phenyl}ethyl 4-methylbenzene-1-sulfonate

To a stirred solution of 1f (73 mg, 0.3 mmol) in dry pyridine (1.5 mL, 0.2 M) under nitrogen at 0 °C was
added p-TsCl (286 mg, 1.5 mmol). The resultant mixture was stirred at r.t. for 4 h, quenched with cold
1 M HCI (2 mL), diluted with water (20 mL), neutralised with sodium bicarbonate to pH 7, and extracted
with DCM (70 mL). The organic phase was washed with sat. ag. Cu,SO,, dried over MgSQ.,, filtered,
and evaporated under reduced pressure. The residue was purified by silica flash chromatography (10%
MeOH in DCM) to yield 1f's tosylate as a brown solid (97 mg, 82%).

m.p. 118-120 °C.

1H NMR (400 MHz, CDCls): & 8.04 (s, 1H, H-6"), 7.72 (d, 2H, J = 8.3 Hz, H-4), 7.31 (d, 2H, J = 8.3 Hz, H-
5), 7.09 (m, 4H, H-2" and H-3’), 4.79 (br, NH5), 4.20 (t, 2H, J = 6.9 Hz, H-1), 3.75 (s, 2H, H-5"), 2.94 (t, 2H,
J=6.9 Hz, H-2), 2.52 (s, 3H, H-7"), 2.44 (s, 3H, H-7).

13C NMR (100 MHz, CDCls) 6 166.4 (C-2”), 161.6 (C-4”), 155.9 (C-6”), 144.8 (C-3), 135.8 (C-4’), 135.1 (C-
1’), 132.9 (C-6), 129.9 (C-5), 129.6 (C-3), 128.5 (C-2’), 127.8 (C-4), 111.5 (C-5"), 70.6 (C-1), 34.9 (C-2),
34.8 (C-5’), 25.5 (C-77), 21.7 (C-7).

HRMS (ESI) m/z: [M+H*] calculated for C,1H23N303S: 398.1538; found: 398.1515.

IH NMR of 1f’s tosylate in CDCls:
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Para-phenyl-thiamine diphosphate (para-phenyl-ThDP) 2f

To a stirred solution of 1f’s tosylate (40 mg, 0.1 mmol) in dry MeCN (0.5 mL, 0.2 M) under nitrogen at
0 °C was added tris(tetra-n-butylammonium) hydrogen diphosphate (186 mg, 0.2 mmol). The resultant
mixture was stirred at r.t. overnight, concentrated under reduced pressure, diluted in minimal amount
of water (1 mL), and purified by reverse-phase HPLC to yield 2f as a white solid (11 mg, 23%).

1H NMR (400 MHz, D,0): & 7.58 (s, 1H, H-6"), 7.29 (d, 2H, J = 8.3 Hz, H-3’), 7.16 (d, 2H, J = 8.3 Hz, H-2’),
4.06 (g, 2H, J = 6.8 Hz, H-1), 3.75 (s, 2H, H-5'), 2.90 (t, 2H, J = 6.8 Hz, H-2), 2.49 (s, 3H, H-7").

13C NMR (100 MHz, D,0) & 163.1 (C-2”), 160.8 (C-4”), 140.8 (C-6”), 137.3 (C-4’), 135.0 (C-1’), 129.8 (C-
3’), 128.8 (C-2’), 115.8 (C-5”), 68.1 (C-1), 38.3 (C-2), 32.6 (C-5’), 20.5 (C-7”").

31p NMR (162 MHz, D,0) § -0.3 (d, J = 22 Hz), -9.0 (d, J = 22 Hz).
HRMS (ESI) m/z: [M+H*] calculated for C14H15N307P,: 404.0776; found: 404.0795.

'H NMR in D,0:
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Preparation of p-chlorobenzoyl thiamine-ester analogues 3a-f:
General procedure:

To a stirred solution of 4-chlorobenzoic acid (203 mg, 1.3 mmol) and DCC (618 mg, 3 mmol) in dry DMF
(10 mL, 0.1 M) under nitrogen at 0 °C was added DMAP (158 mg, 1.3 mmol) and alcohol 1a-f (1 mmol).
The resultant mixture was stirred at r.t. for 2 days, diluted with DCM, filtered (to remove DCC/DCU),
treated with aqueous phosphate buffer (pH 7) (50 mL), and extracted with DCM (200 mL). The organic
phase was dried over MgSQ,, filtered, and evaporated under reduced pressure. The residue was
purified by silica flash chromatography (5% MeOH in DCM) to yield ester 3a-f as a solid.

2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methylthiophen-2-yl}ethyl 4-chlorobenzoate 3a

Prepared from 1a. Brown solid (200 mg, 50%).
m.p. 173-174 °C.

1H NMR (400 MHz, CD;0D) & 7.98 (d, 2H, J = 8.6 Hz, H-5), 7.58 (s, 1H, H-6"), 7.49 (d, 2H, J = 8.6 Hz, H-
6), 6.84 (s, 1H, H-5'), 4.48 (d, 2H, J = 6.5 Hz, H-1), 3.64 (s, 2H, H-7'), 3.24 (t, 2H, J = 6.5 Hz, H-2), 2.41 (s,
3H, H-7"), 2.07 (s, 3H, H-6").

13C NMR (100 MHz, CD;0OD) & 165.5 (C-3), 164.8 (C-2”), 162.2 (C-4”), 153.1 (C-5"), 139.2 (C-7), 137.2
(C-4’), 134.3 (C-3’), 133.2 (C-2"), 130.8 (C-5), 128.7 (C-4), 128.5 (C-6), 119.4 (C-5’), 112.5 (C-5”), 65.0
(C-1), 27.5 (C-7’), 27.4 (C-2), 23.3 (C-7”), 10.9 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for C,0H20CINsO,S: 402.1042; found: 402.1050.

'H NMR in CD;0D:
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13C NMR in CD;0D:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]furan-2-yl}ethyl 4-chlorobenzoate 3b

Prepared from 1b. Brown solid (223 mg, 60%).

1H NMR (400 MHz, CDCls) & 8.06 (s, 1H, H-6”), 7.93 (d, 2H, J = 7.8 Hz, H-5), 7.42 (d, 2H, J = 7.8 Hz, H-6),
7.18 (s, 1H, H-5"), 6.00 (s, 1H, H-3’), 4.88 (br, NH,), 4.53 (d, 2H, J = 6.5 Hz, H-1), 3.54 (s, 2H, H-6'), 3.06
(t, 2H, J = 6.5 Hz, H-2), 2.52 (s, 3H, H-7").

13C NMR (100 MHz, CDCls) 6 166.2 (C-3), 165.3 (C-2”), 161.5 (C-4”), 155.5 (C-6”), 153.6 (C-2’), 139.3 (C-
7),138.5 (C-5), 131.3 (C-5), 128.8 (C-6), 128.5 (C-4), 121.6 (C-4’), 112.2 (C-5”), 107.5 (C-3’), 63.0 (C-1),
28.0(C-2),25.2 (C-77), 24.3 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for C19H1sCIN3Os: 372.1114; found: 372.1122.
Analytical data are consistent with those previously reported.®

'H NMR in CDCls:
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2-{1-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-1H-1,2,3-triazol-4-yl}ethyl 4-chlorobenzoate 3c

7 N:N

Prepared from 1c. White solid (197 mg, 53%).

1H NMR (400 MHz, CD;0D) & 8.05 (s, 1H, H-6"), 7.92 (m, 3H, H-3” and H-4), 7.48 (d, 2H, J = 8.4 Hz, H-
4”),5.48 (s, 2H, H-5), 4.55 (t, 2H, J = 6.6 Hz, H-1), 3.18 (t, 2H, J = 6.6 Hz, H-2), 2.42 (s, 3H, H-7).

13C NMR (100 MHz, CDs0D) § 167.7 (C-2’), 165.5 (C-1”), 162.0 (C-4’), 155.5 (C-6’), 144.5 (C-3), 139.0
(C-5”),130.5 (C-3”), 128.6 (C-2”), 128.2 (C-4”), 122.2 (C-4), 108.8 (C-5’), 63.3 (C-1), 47.5 (C-5), 25.0 (C-
2),23.8 (C-7').

HRMS (ESI) m/z: [M+H*] calculated for C17H17CIN6O,: 373.1179; found: 373.1188.
Analytical data are consistent with those previously reported.®

'H NMR in CD;0D:
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2-{1-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-2-methyl-1H-pyrrol-3-yl}ethyl 4-chlorobenzoate 3d

NH, 7
4 6 > Cl
NZ z NN 2 7
7" | o /3 1 03 4 6
2™N 6 5 4 5
(e}

Prepared from 1d. White solid (123 mg, 32%).
m.p. 180-181 °C.

'H NMR (400 MHz, CDs0D) & 7.97 (d, 2H, J = 8.7 Hz, H-5), 7.48 (d, 2H, J = 8.7 Hz, H-6), 7.06 (s, 1H, H-
6”), 6.65 (d, 1H, J = 2.8 Hz, H-5’), 6.07 (d, 1H, J = 2.8 Hz, H-4’), 4.86 (s, 2H, H-6"), 4.41 (t, 2H,J=7.1 Hz,
H-1), 2.88 (t, 2H, J = 7.2 Hz, H-2), 2.40 (s, 3H, H-7"), 2.08 (s, 3H, H-7’).

13C NMR (100 MHz, CDs0OD) & 165.7 (C-2”), 165.7 (C-3), 160.9 (C-4”), 151.5 (C-6”), 139.0 (C-7), 130.5
(C-5), 128.9 (C-4), 128.4 (C-6), 125.3 (C-2’), 119.6 (C-5'), 116.2 (C-3’), 111.9 (C-5”), 108.1 (C-4’), 65.8
(C-1),43.7 (C-6’), 25.7 (C-2), 23.4 (C-7"), 8.0 (C-7’).

HRMS (ESI) m/z: [M+H*] calculated for Cy0H,1CIN4O,: 385.1431; found: 385.1437.

'H NMR in CD;0D:

S60



13C NMR in CD;0D:

p

T
200

T
150

T
100

Se61

T
[ppm



2-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]phenyl}ethyl 4-chlorobenzoate 3e

N
5
7 o

Prepared from 1e. Yellow solid (153 mg, 41%).
m.p. 185-187 °C.

1H NMR (400 MHz, CDs0OD) & 7.69 (s, 1H, H-6"), 7.46 (d, 2H, J = 8.2 Hz, H-6), 7.28 (m, 1H, H-5"), 7.20
(m, 2H, H-2 and H-4’), 7.11 (d, 1H, J = 7.7 Hz, H-6"), 7.09 (d, 2H, J = 8.2 Hz, H-5), 4.51 (t, 2H, J = 6.7 Hz,

H-1),3.77 (s, 2H, H-7), 3.06 (t, 2H, J = 6.7 Hz, H-2), 2.40 (s, 3H, H-7").

13C NMR (100 MHz, CDs0D) & 165.5 (C-3), 164.9 (C-2”), 162.2 (C-4”), 153.3 (C-6”), 139.0 (C-7), 138.7
(C-3"), 137.8 (C-1’), 130.6 (C-5), 129.1 (C-4’), 128.7 (C-4), 128.6 (C-6"), 128.5 (C-6), 127.0 (C-2’), 126.7

(C-5),113.9 (C-5"), 65.5 (C-1), 34.6 (C-2), 32.9 (C-7’), 23.3 (C7").
HRMS (ESI) m/z: [M+H*] calculated for C,1H20CIN3O,: 382.1322; found: 382.1333.

'H NMR in CD;0D:
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13C NMR in CD;0D:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]phenyl}ethyl 4-chlorobenzoate 3f

4" . '
NT N
|
" "
7)2“ N~ 8

Prepared from 1f. White solid (183 mg, 48%).
m.p. 199-201 °C.

1H NMR (400 MHz, CD;0D) & 7.94 (d, 2H, J = 8.8 Hz, H-5), 7.74 (s, 1H, H-6"), 7.48 (d, 2H, J = 8.8 Hz, H-
6), 7.27 (d, 2H, J = 8.1 Hz, H-3"), 7.17 (d, 2H, J = 8.1 Hz, H-2’), 4.51 (t, 2H, J = 6.7 Hz, H-1), 3.77 (s, 2H,
H-5), 3.07 (t, 2H, J = 6.7 Hz, H-2), 2.41 (s, 3H, H-7").

13C NMR (100 MHz, CDs0OD) & 165.5 (C-3), 164.9 (C-2”), 162.2 (C-4”), 153.4 (C-6”), 139.1 (C-7), 136.5
(C-4’), 135.9 (C-1’), 130.6 (C-5), 129.0 (C-3’), 128.8 (C-4), 128.5 (C-2’), 128.4 (C-6), 113.9 (C-5”), 65.5
(C-1),34.3 (C-2), 32.6 (C-5'), 23.3 (C-7").

HRMS (ESI) m/z: [M+H*] calculated for C,1H20CIN3O,: 382.1322; found: 382.1328.

'H NMR in CD;0D:
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13C NMR in CD;0D:
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Preparation of thiamine monophosphate (ThMP) analogues 4a-f:
General procedure:

To a flask charged with corresponding 1a-f (0.2 mmol) under nitrogen at 0 °C was added POCI; (1 mL,
0.2M) dropwise. The resultant mixture was stirred at 0 °C for 1 h and then at r.t. for 3 h. The reaction
mixture was diluted with cold DCM (15 mL) at 0 °C, quenched with cold sat. ag. NaHCOs (10 mL)
dropwise (NOTE: this quenching step is highly exothermic!), washed with DCM (2 x 20 mL), and
concentrated under reduced pressure. The residue was diluted in minimal amount of water and
purified by reverse-phase HPLC to yield 4a-f as a solid.

Deazathiamine monophosphate (Deaza-ThMP) 4a

Prepared from 1a. White solid (19 mg, 27%).
m.p. 175-177 °C.

'H NMR (400 MHz, D,0) 6 7.37 (s, 1H, H-6"), 6.90 (s, 1H, H-5’), 3.93 (g, 2H, J = 6.5 Hz, H-1), 3.63 (s, 2H,
H-7’),3.01 (t, 2H, J = 6.5 Hz, H-2), 2.45 (s, 3H, H-7"), 1.92 (s, 3H, H-6').

13C NMR (100 MHz, D,0) 6 164.0 (C-2”), 160.7 (C-4”), 140.5 (C-6”), 135.7 (C-4’), 134.9 (C-3’), 133.6 (C-
2’),120.6 (C-5’), 115.1 (C-5"), 65.6 (d, J = 5.4 Hz, C-1), 29.0 (C-2), 27.0 (C-7’), 20.5 (C-7"), 11.2 (C-6).

31p NMR (162 MHz, D,0) 6 0.26.
HRMS (ESI) m/z: [M+H*] calculated for C13H1sN304PS: 344.0833; found: 344.0835.

H NMR in D,0:
| L L A4 LAl A .

8 € 4 2z o [ppm;
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Furan-thiamine monophosphate (Furan-ThMP) 4b

Prepared from 1b. White solid (7 mg, 10%).

'H NMR (400 MHz, D;0) 6 8.20 (s, 1H, H-6"), 7.21 (s, 1H, H-5'), 6.08 (s, 1H, H-3’), 3.93 (g, 2H, /= 6.5
Hz, H-1), 3.55 (s, 2H, H-6’), 2.88 (t, 2H, J = 6.5 Hz, H-2), 2.37 (s, 3H, H-7").

13C NMR (100 MHz, D,0) & 163.8 (C-2”), 161.2 (C-4”), 157.1 (C-6”), 151.9 (C-2"), 139.2 (C-5’), 120.6 (C-
#4),113.6 (C-5”), 108.1 (C-3’), 63.5 (C-1), 29.5 (C-2), 25.2 (C-6’), 20.5 (C-7").

31p NMR (162 MHz, D,0) 6 0.35.

HRMS (ESI) m/z: [M+H*] calculated for C12H1sN3OsP: 314.0905; found: 314.0925.

IH NMR in D,0:
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Triazole-thiamine monophosphate (Triazole-ThMP) 4c

4 5 4 ®Na
5
NZ N2 o° ONa
e h o Lo
TSN N ! Il

Prepared from 1c. White solid (14 mg, 20%).
m.p. 193-195 °C.

1H NMR (400 MHz, D,0): § 7.92 (s, 1H, H-6’), 7.86 (s, 1H, H-4), 5.50 (s, 2H, H-5), 4.00 (g, 2H, J = 5.6 Hz,
H-1), 2.98 (t, 2H, J = 5.6 Hz, H-2), 2.50 (s, 3H, H-7').

13C NMR (100 MHz, D,0) 6 163.3 (C-2’), 162.8 (C-4’), 158.0 (C-6"), 143.6 (C-3), 124.6 (C-4), 109.7 (C-5'),
46.9 (C-5), 43.6 (C-1), 28.2 (C-2), 21.0 (C-7’).

31p NMR (162 MHz, D,0) 6 0.94.
HRMS (ESI) m/z: [M+H*] calculated for C1o0H1sNsO4P: 315.0970; found: 315.0973.

H NMR in D,0:
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meta-Phenyl-thiamine monophosphate (meta-phenyl-ThMP) 4e

® Na
© @ Na

Prepared from 1e. White solid (19 mg, 26%).
m.p. 184-186 °C.

1H NMR (400 MHz, D,0) & 7.56 (s, 1H, H-6"), 7.26 (t, 1H, J = 7.6 Hz, H-5"), 7.17 (d, 1H, J = 7.6 Hz, H-&"),
7.12 (s, 1H, H-2’), 7.05 (d, 1H, J = 7.6 Hz, H-6"), 3.98 (q, 2H, J = 6.6 Hz, H-1), 3.74 (s, 2H, H-7’), 2.83 (t,
2H, J = 6.6 Hz, H-2), 2.43 (s, 3H, H-7").

13C NMR (100 MHz, D,0) & 163.4 (C-2”), 160.8 (C-4”), 140.9 (C-6”), 139.6 (C-3"), 135.4 (C-1’), 129.6 (C-
4),129.2 (C-6’), 128.0 (C-2’), 126.9 (C-5"), 115.8 (C-5”), 65.9 (C-1), 36.1 (C-2), 32.4 (C-7’), 20.5 (C-7").

31p NMR (162 MHz, D,0) & 0.49.
HRMS (ESI) m/z: [M+H*] calculated for C14H1sN304P: 324.1112; found: 324.1111.
IH NMR in D,0:
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para-Phenyl-thiamine monophosphate (para-phenyl-ThMP) 4f

Prepared from 1f. White solid (14 mg, 19%).
m.p. 198-199 °C.

'H NMR (400 MHz, D,0) & 7.59 (s, 1H, H-6"), 7.27 (d, 2H, J = 8.0 Hz, H-3’), 7.17 (d, 2H, J = 8.0 Hz, H-2'),
4.01 (q, 2H, J = 6.8 Hz, H-1), 3.78 (s, 2H, H-5’), 2.88 (t, 2H, J = 6.8 Hz, H-2), 2.47 (s, 3H, H-7").

13C NMR (100 MHz, D,0) 6§ 163.5 (C-2”), 161.0 (C-4”), 140.7 (C-6”), 137.1 (C-4’), 135.1 (C-1’), 129.7 (C-
3’),128.9 (C-2’), 115.7 (C-5"), 66.0 (C-1), 38.0 (C-2), 32.6 (C-5'), 20.4 (C-7").

31p NMR (162 MHz, D,0) 6 0.33.
HRMS (ESI) m/z: [M+H*] calculated for C14H1sN3O4P: 324.1112; found: 324.1124.
'H NMR in D,0:
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Preparation of 5-acyl deaza-ThMP derivatives 8a-h:

2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methylthiophen-2-yl}ethyl acetate (deazathiamine
acetate) 5

To a stirred solution of deazathiamine 1a (132 mg, 0.5 mmol) in dry DMF (2.5 mL, 0.2 M) under
nitrogen at 0 °C was added acetic acid (0.038 mL, 0.65 mmol), DCC (310 mg,1.5 mmol) and DMAP (80
mg, 0.65 mmol). The resultant mixture was stirred at r.t. for 2 days, diluted with DCM, filtered through
cotton wool (to remove DCC/DCU), treated with aqueous phosphate buffer (pH 7) (50 mL), and
extracted with DCM (100 mL). The organic phase was dried over MgSQ,, filtered, and evaporated
under reduced pressure. The residue was purified by silica flash chromatography (5% MeOH in DCM)
to yield deazathiamine acetate 5 as a brown solid (90 mg, 60%).

m.p. 117-118 °C.

'H NMR (400 MHz, CD;0D) 6 7.58 (s, 1H, H-6"), 6.84 (s, 1H, H-5’), 4.23 (t, 2H, J = 6.7 Hz, H-1), 3.66 (s,
2H, H-7’),3.10(t, 2H, /= 6.7 Hz, H-2), 2.41 (s, 3H, H-7"), 2.06 (s, 3H, H-6'), 2.03 (s, 3H, H-4).

13C NMR (100 MHz, CD;0D) § 171.3 (C-3), 164.8 (C-2”), 162.3 (C-4”), 153.0 (C-6”), 137.2 (C-4’), 134.3
(C-37),133.1(C-2"), 119.3 (C-5), 112.8 (C-5"), 64.2 (C-1), 27.5 (C-7"), 27.3 (C-2), 23.3 (C-7”), 19.4 (C-4),
10.8 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for CisH15N30,S: 306.1276; found: 306.1282.

'H NMR in CD;0D:

g 6 4 z o [ppm
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General procedure for preparation of 6a-h:

To a stirred solution of deazathiamine acetate 5 (0.3 mmol, 1 equiv.) and aluminium chloride (5 equiv.)
in dry DCM (0.1 M) under nitrogen at 0°C was added acyl chloride (8 equiv.) dropwise. The reaction
mixture was stirred at 0°C for 30 min and then at r.t. for 3 h, quenched with cold aqueous phosphate
buffer (pH 7) (50 mL) at 0°C, extracted with DCM (100 mL), washed with aqueous phosphate buffer
(pH 7) (50 mL), dried over MgSQ,, filtered, and evaporated under reduced pressure. The residue was
purified by silica flash chromatography (5-10% MeOH in DCM) to yield ester 6a-h as a solid.

2-{5-Acetyl-4-[(4-amino-2-methylpyrimidin-5-yl)methyl]-3-methylthiophen-2-yl}ethyl acetate 6a

Prepared from acetyl chloride. Yellow solid (39%).

'H NMR (400 MHz, CDs0D) & 7.30 (s, 1H, H-6"), 4.31 (t, 2H, J = 6.4 Hz, H-1), 4.09 (s, 2H, H-7), 3.21 (t,
2H, J=6.4 Hz, H-2), 2.51 (s, 3H, H-b), 2.38 (s, 3H, H-7"), 2.06 (s, 3H, H-6'), 2.03 (s, 3H, H-4).

13C NMR (100 MHz, CDs0D) § 192.0 (C-a), 171.1 (C-3), 164.5 (C-2”), 162.3 (C-4”), 151.1 (C-6”), 143.2
(C-4’),141.9(C-2’), 137.5 (C-3’), 134.2 (C-5'), 112.3 (C-5"), 63.5 (C-1), 28.3 (C-b), 27.5 (C-2), 26.1 (C-7’),
23.3(C-7"),19.4 (C-4), 10.9 (C-6').

ESI-MS m/z: 348.14 [M+H'].

'H NMR in CD;0D:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-propanoylthiophen-2-yl}ethyl acetate 6b

Prepared from propionyl chloride. Yellow solid (46%).

1H NMR (400 MHz, CDsOD) & 7.31 (s, 1H, H-6"), 4.30 (t, 2H, J = 6.6 Hz, H-1), 4.09 (s, 2H, H-7'), 3.21 (t,
2H, J = 6.6 Hz, H-2), 2.90 (q, 2H, J = 7.3 Hz, H-b), 2.39 (s, 3H, H-7"), 2.07 (s, 3H, H-6"), 2.03 (s, 3H, H-4),
1.15 (t, 3H, J = 7.3 Hz, H-c).

13C NMR (100 MHz, CD;0D) 6 195.3 (C-a), 171.1 (C-3), 163.5 (C-2”), 162.5 (C-4”), 150.8 (C-6”), 143.0
(C-4’), 141.1 (C-2"), 137.4 (C-3’), 134.0 (C-5’), 112.1 (C-5”), 63.5 (C-1), 34.7 (C-b), 27.4 (C-2), 26.2 (C-7"),
23.0 (C-7”), 19.3 (C-4), 10.9 (C-6'), 7.5 (C-c).

ESI-MS m/z: 362.15 [M+H"].
'H NMR in CDsOD:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-butanoyl-3-methylthiophen-2-yl}ethyl acetate 6c

Prepared from butyryl chloride. Yellow solid (41%).

'H NMR (400 MHz, CDs0D) & 7.31 (s, 1H, H-6"), 4.31 (t, 2H, J = 6.5 Hz, H-1), 4.09 (s, 2H, H-7), 3.20 (t,
2H, J = 6.5 Hz, H-2), 2.84 (t, 2H, J = 7.2 Hz, H-b), 2.39 (s, 3H, H-7"), 2.07 (s, 3H, H-6), 2.04 (s, 3H, H-4),
1.71 (sext, 2H, J= 7.2 Hz, H-c), 0.97 (t, 3H, J = 7.2 Hz, H-d).

13C NMR (100 MHz, CD30D) & 195.0 (C-a), 171.1 (C-3), 164.3 (C-2”), 162.5 (C-4”), 150.9 (C-6”), 143.1
(C-4’),141.4 (C-2’), 137.4 (C-3’), 134.2 (C-5'), 112.1 (C-5"), 63.4 (C-1), 43.5 (C-b), 27.5 (C-2), 26.2 (C-7’),
23.1(C-7"),19.4 (C-4), 18.1 (C-c), 12.7 (C-d), 10.8 (C-6).

ESI-MS m/z: 376.17 [M+H'].

'H NMR in CD;0D:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-pentanoylthiophen-2-yl}ethyl acetate 6d

Prepared from valeroyl chloride. Yellow solid (83%).

H NMR (400 MHz, CD;0D) & 7.14 (s, 1H, H-6"), 4.35 (t, 2H, J = 6.0 Hz, H-1), 4.10 (s, 2H, H-7’), 3.22 (t,
2H, J = 6.0 Hz, H-2), 2.86 (d, 2H, J = 7.4 Hz, H-b), 2.55 (s, 3H, H-7”), 2.13 (s, 3H, H-6"), 2.05 (s, 3H, H-4),
1.67 (m, 2H, H-c), 1.39 (m, 2H, H-d), 0.97 (t, 3H, J = 7.2 Hz, H-e).

13C NMR (100 MHz, CD30D) &§ 194.5 (C-a), 171.3 (C-3), 164.6 (C-2”), 160.2 (C-4”), 141.8 (C-6"), 140.9
(C-4’),138.6 (C-2"), 137.3 (C-3’), 134.5 (C-5'), 114.1 (C-5"), 63.3 (C-1), 53.6 (C-a), 41.3 (C-b), 27.7 (C-2),
26.7 (C-c), 26.1 (C-7’), 22.0 (C-d), 20.2 (C-7"), 19.5 (C-4), 12.9 (C-e), 10.8 (C-6’).

ESI-MS m/z: 390.18 [M+H"].

'H NMR in CD;0D:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-(3-methylbutanoyl)thiophen-2 yl}ethyl
acetate 6e

Prepared from isovaleryl chloride. Yellow solid (60%).

'H NMR (400 MHz, CDs0D) & 7.33 (s, 1H, H-6"), 4.31 (t, 2H, J = 6.4 Hz, H-1), 4.10 (s, 2H, H-7"), 3.20 (t,
2H, J=6.4 Hz, H-2), 2.71 (d, 2H, J = 7.0 Hz, H-b), 2.38 (s, 3H, H-7"), 2.20 (m, 1H, H-c), 2.07 (s, 3H, H-6’),
2.03 (s, 3H, H-4), 0.97 (d, 6H, J = 6.6 Hz, H-d).

13C NMR (100 MHz, CD;0D) 6 194.6 (C-a), 171.0 (C-3), 164.5 (C-2”), 162.5 (C-4”), 151.1 (C-6"), 143.2
(C-4’), 141.4 (C-2"), 137.5 (C-3’), 134.5 (C-5"), 112.1 (C-5”), 63.5 (C-1), 50.6 (C-a), 27.5 (C-2), 26.2 (C-7’),
25.9 (C-c), 23.2 (C-7"), 21.5 (C-d), 19.4 (C-4), 10.9 (C-6’).

ESI-MS m/z: 390.18 [M+H"].

'H NMR in CDsOD:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-cyclopentylacetyl)-3-methylthiophen-2-yl}ethyl!
acetate 6f

Prepared from cyclopentylacetyl chloride. Yellow solid (60%).

'H NMR (400 MHz, CDs0D) & 7.13 (s, 1H, H-6"), 4.35 (t, 2H, J = 6.4 Hz, H-1), 4.10 (s, 2H, H-7), 3.23 (t,
2H, J=6.4 Hz, H-2), 2.86 (d, 2H, J = 7.0 Hz, H-b), 2.54 (s, 3H, H-7"), 2.33 (m, 1H, H-c), 2.13 (s, 3H, H-6’),
2.04 (s, 3H, H-4), 1.82 (m, 2H, H-d), 1.67 (m, 2H, H-e), 1.58 (m, 2H, H-e), 1.21 (m, 2H, H-d).

13C NMR (100 MHz, CD30D) &§ 194.6 (C-a), 171.1 (C-3), 164.5 (C-2”), 160.2 (C-4”), 141.9 (C-6"), 140.9
(C-47),138.5(C-2"), 137.3 (C-3’), 134.7 (C-5'), 114.2 (C-5"), 63.2 (C-1), 47.8 (C-b), 36.8 (C-c), 32.1 (C-d),
27.7 (C-2),26.1 (C-7’), 24.5 (C-e), 20.1 (C-7"), 19.4 (C-4), 10.7 (C-6’).

ESI-MS m/z: 416.20 [M+H"].

'H NMR in CD;0D:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(3-cyclopentylpropanoyl)-3-methylthiophen-2-
yl}ethyl acetate 6g

Prepared from 3-cyclopentylpropanoyl chloride. Yellow solid (79%).

'H NMR (400 MHz, CDs0D) & 7.16 (s, 1H, H-6"), 4.35 (t, 2H, J = 6.7 Hz, H-1), 4.10 (s, 2H, H-7’), 3.24 (t,
2H, J=6.7 Hz, H-2), 2.87 (t, 2H, J = 7.3 Hz, H-b), 2.55 (s, 3H, H-7"), 2.13 (s, 3H, H-6"), 2.05 (s, 3H, H-4),
1.82 (m, 3H, H-d and H-e), 1.68 (m, 4H, H-c and H-f), 1.56 (m, 2H, H-f), 1.15 (m, 2H, H-e).

13C NMR (100 MHz, CD;0D) 6 194.6 (C-a), 171.0 (C-3), 164.5 (C-2”), 160.1 (C-4”), 141.9 (C-6”), 140.9
(C-4’), 138.5 (C-2’), 137.3 (C-3'), 134.5 (C-5’), 114.2 (C-5”), 63.4 (C-1), 40.9 (C-b), 39.7 (C-d), 32.2 (C-e),
31.1(C-c), 27.7 (C-2), 26.1 (C-7"), 24.7 (C-f), 20.1 (C-7”), 19.4 (C-4), 10.8 (C-6').

ESI-MS m/z: 430.21 [M+H"].

'H NMR in CDsOD:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-(4-nitrobenzoyl)thiophen-2-yl}ethyl
acetate 6h

Prepared from 4-nitrobenzoyl chloride. Yellow solid (45%).

1H NMR (400 MHz, CDsOD) & 8.37 (d, 2H, J = 8.7 Hz, H-d), 8.00 (d, 2H, J = 8.7 Hz, H-c), 7.26 (s, 1H, H-
6”), 4.34 (t, 2H, J = 6.5 Hz, H-1), 4.13 (s, 2H, H-7’), 3.25 (t, 2H, J = 6.5 Hz, H-2), 2.38 (s, 3H, H-7”), 2.19
(s, 3H, H-6'), 2.03 (s, 3H, H-4).

13C NMR (100 MHz, CD;0D) & 187.1 (C-a), 171.1 (C-3), 164.5 (C-2”), 160.2 (C-4”), 149.8 (C-e), 145.3 (C-
2’), 144.8 (C-b), 143.5 (C-4’), 139.0 (C-6”), 137.8 (C-3’), 132.9 (C-5’), 129.6 (C-c), 123.2 (C-d), 113.9 (C-
5”), 63.0 (C-1), 27.8 (C-2), 26.2 (C-7’), 20.1 (C-7”), 19.5 (C-4), 10.7 (C-6').

ESI-MS m/z: 455.13 [M+H"].
'H NMR in CDsOD:
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General procedure for preparation of 7a-h:

To a stirred solution of ester 6a-h (0.15 mmol, 1 equiv.) in dry MeOH (0.2 M) under nitrogen was added
potassium carbonate (0.3 mmol, 2 equiv.). The resultant mixture was stirred at r.t. for 3 h,
concentrated under reduced pressure, diluted with n-BuOH (50 mL), washed with sat. ag. NaHCO; (15
mL), dried over MgSQ,, filtered, and evaporated under reduced pressure. The residue was purified by
silica flash chromatography (5-10% MeOH in DCM) to yield alcohol 7a-h as a solid.

1-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-hydroxyethyl)-4-methylthiophen-2-yl}ethan-1-
one (5-acetyl-deazathiamine) 7a

Prepared from 6a. White solid (91%).
m.p. 204-205 °C.

'H NMR (400 MHz, CDs0D) & 7.35 (s, 1H, H-6"), 4.10 (s, 2H, H-7’), 3.80 (t, 2H, J = 6.3 Hz, H-1), 3.07 (t,
2H, J=6.3 Hz, H-2), 2.52 (s, 3H, H-b), 2.38 (s, 3H, H-7"), 2.06 (s, 3H, H-6').

13C NMR (100 MHz, CDs0OD) & 192.3 (C-a), 164.7 (C-2”), 162.5 (C-4”), 151.8 (C-6”), 143.4 (C-4’), 143.2
(C-2’), 137.1 (C-3’), 134.0 (C-5’), 112.0 (C-5”), 61.6 (C-1), 31.4 (C-2), 28.2 (C-b), 26.1 (C-7’), 23.2 (C-7"),
10.9 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for CisH15N30,S: 306.1276; found: 306.1280.

'H NMR in CDsOD:
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1-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-hydroxyethyl)-4-methylthiophen-2-yl}propan-1-
one (5-propanoyl-deazathiamine) 7b

Prepared from 6b. White solid (77%).
m.p. 211-212 °C.

H NMR (400 MHz, CDs0D) & 7.36 (s, 1H, H-6"), 4.10 (s, 2H, H-7"), 3.80 (t, 2H, J = 6.5 Hz, H-1), 3.06 (t,
2H, J= 6.5 Hz, H-2), 2.91 (g, 2H, J = 7.4 Hz, H-b), 2.38 (s, 3H, H-7"), 2.06 (s, 3H, H-6"), 1.16 (t, 3H, /= 7.4
Hz, H-c).

13C NMR (100 MHz, CDs0OD) & 193.3 (C-a), 164.7 (C-2”), 162.3 (C-4”), 151.9 (C-6”), 143.0 (C-4’), 142.8
(C-2’), 137.5 (C-3’), 134.2 (C-5"), 111.9 (C-5”), 61.6 (C-1), 34.7 (C-b), 31.6 (C-2), 26.3 (C-7’), 23.2 (C-7"),
10.9 (C-6’), 7.7 (C-c).

HRMS (ESI) m/z: [M+H*] calculated for C16H21N30,S: 320.1432; found: 320.1435.

'H NMR in CD;0D:
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1-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-hydroxyethyl)-4-methylthiophen-2-yl}butan-1-
one (5-butanoyl-deazathiamine) 7¢

Prepared from 6c. White solid (95%).
m.p. 214-215 °C.

'H NMR (400 MHz, CDs0D) & 7.35 (s, 1H, H-6"), 4.10 (s, 2H, H-7’), 3.80 (t, 2H, J = 6.5 Hz, H-1), 3.06 (t,
2H, J=6.5 Hz, H-2), 2.84 (t, 2H, J = 7.3 Hz, H-b), 2.38 (s, 3H, H-7"), 2.06 (s, 3H, H-6"), 1.72 (sext, 2H, J =
7.2 Hz, H-c), 0.97 (t, 3H, J = 7.2 Hz, H-d).

13C NMR (100 MHz, CDs0OD) & 195.2 (C-a), 164.3 (C-2”), 162.4 (C-4”), 151.9 (C-6”), 143.1 (C-4’), 142.8
(C-2’), 137.0 (C-3’), 133.8 (C-5"), 112.0 (C-5”), 61.5 (C-1), 43.5 (C-b), 31.5 (C-2), 26.2 (C-7’), 23.3 (C-7"),
18.1 (C-c), 12.7 (C-d), 10.8 (C-6").

HRMS (ESI) m/z: [M+H*] calculated for C17H23N30,S: 334.1589; found: 334.1570.
'H NMR in CD30D:
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1-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-hydroxyethyl)-4-methylthiophen-2-yl}pentan-1-
one (5-pentanoyl-deazathiamine) 7d

Prepared from 6d. White solid (90%).
m.p. 216-218 °C.

'H NMR (400 MHz, CDs0D) & 7.35 (s, 1H, H-6"), 4.10 (s, 2H, H-7’), 3.80 (t, 2H, J = 6.5 Hz, H-1), 3.06 (t,
2H, J = 6.5 Hz, H-2), 2.86 (t, 2H, J = 7.3 Hz, H-b), 2.38 (s, 3H, H-7"), 2.06 (s, 3H, H-6’), 1.67 (qn, 2H, J =
7.3 Hz, H-c), 1.38 (sext, 2H, J = 7.3 Hz, H-d), 0.94 (t, 2H, J = 7.3 Hz, H-e).

13C NMR (100 MHz, CDsOD) & 195.7 (C-a), 164.9 (C-2”), 162.4 (C-4”), 151.9 (C-6”), 143.1 (C-4’), 143.0
(C-2’), 137.0 (C-3'), 133.8 (C-5"), 112.0 (C-5”), 61.7 (C-1), 41.5 (C-b), 31.4 (C-2), 27.0 (C-c), 26.3 (C-7’),
23.2 (C-7”), 22.0 (C-d), 12.8 (C-¢), 10.9 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for CisH,sN30,S: 348.1745; found: 348.1755.
'H NMR in CD30D:
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1-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-hydroxyethyl)-4-methylthiophen-2-yl}-3-
methylbutan-1-one (5-(3-methylbutanoyl)-deazathiamine) 7e

Prepared from 6e. White solid (82%).
m.p. 202-203 °C.

1H NMR (400 MHz, CDsOD) & 7.35 (s, 1H, H-6"), 4.10 (s, 2H, H-7"), 3.80 (t, 2H, J = 6.5 Hz, H-1), 3.06 (t,
2H, J = 6.5 Hz, H-2), 2.71 (d, 2H, J = 7.2 Hz, H-b), 2.38 (s, 3H, H-7"), 2.23 (m, 1H, H-c), 2.06 (s, 3H, H-6"),
0.97 (d, 6H, J = 6.6 Hz, H-d).

13C NMR (100 MHz, CDsOD) & 194.7 (C-a), 164.5 (C-2”), 162.5 (C-4”), 151.7 (C-6”), 143.2 (C-4), 143.1
(C-2), 137.1 (C-3'), 134.1 (C-5"), 111.9 (C-5”), 61.5 (C-1), 50.6 (C-b), 31.5 (C-2), 26.2 (C-7’), 25.9 (C-c),
23.2 (C-7”), 21.5 (C-d), 10.9 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for CisH25sN30,S: 348.1745; found: 348.1749.
'H NMR in CD30D:
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1-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-hydroxyethyl)-4-methylthiophen-2-yl}-2-
cyclopentylethan-1-one (5-(2-cyclopentylacetyl)-deazathiamine) 7f

Prepared from 6f. White solid (69%).
m.p. 233-234 °C.

'H NMR (400 MHz, CDs0D) & 7.35 (s, 1H, H-6"), 4.10 (s, 2H, H-7’), 3.81 (t, 2H, J = 6.7 Hz, H-1), 3.07 (t,
2H, J=6.7 Hz, H-2), 2.85 (d, 2H, J = 7.2 Hz, H-b), 2.39 (s, 3H, H-7"), 2.34 (m, 1H, H-c), 2.06 (s, 3H, H-6’),
1.81 (m, 2H, H-d), 1.66 (m, 2H, H-e), 1.57 (m, 2H, H-e), 1.21 (m, 2H, H-d).

13C NMR (100 MHz, CDsOD) & 194.9 (C-a), 164.4 (C-2”), 162.4 (C-4”), 151.3 (C-6”), 143.1 (C-4’), 143.1
(C-2’), 137.0 (C-3’), 134.0 (C-5), 112.1 (C-5”), 61.4 (C-1), 47.7 (C-b), 37.0 (C-c), 32.1 (C-d), 31.5 (C-2),
26.2 (C-7’), 24.4 (C-e), 23.1 (C-7”), 10.9 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for Cy0H,7N30,S: 374.1902; found: 374.1918.

'H NMR in CDsOD:
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1-{3-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-hydroxyethyl)-4-methylthiophen-2-yl}-3-
cyclopentylpropan-1-one (5-(3-cyclopentylpropanoyl)-deazathiamine) 7g

Prepared from 6g. White solid (54%).
m.p. 241-243 °C.

H NMR (400 MHz, CDs0D) & 7.33 (s, 1H, H-6"), 4.09 (s, 2H, H-7"), 3.80 (t, 2H, J = 6.5 Hz, H-1), 3.06 (t,
2H, J = 6.5 Hz, H-2), 2.86 (t, 2H, J = 7.5 Hz, H-b), 2.39 (s, 3H, H-7"), 2.07 (s, 3H, H-6’), 1.80 (m, 3H, H-d
and H-e), 1.67 (m, 4H, H-c and H-f), 1.56 (m, 2H, H-f), 1.14 (m, 2H, H-e).

13C NMR (100 MHz, CDsOD) & 195.2 (C-a), 164.4 (C-2”), 162.4 (C-4”), 151.4 (C-6"), 143.1 (C-4’), 143.0
(C-2’), 137.0 (C-3’), 133.8 (C-5’), 112.1 (C-5”), 61.8 (C-1), 40.9 (C-b), 39.6 (C-d), 32.2 (C-e), 31.5 (C-2),
31.2 (C-c), 26.2 (C-7'), 24.7 (C-f), 23.1 (C-7”), 10.9 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for C,1H29N30,S: 388.2058; found: 388.2066.

'H NMR in CDs0OD:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-(4-nitrobenzoyl)thiophen-2-yl}ethan-1-ol
(5-(4-nitrobenzoyl)-deazathiamine) 7h

Prepared from 6h. White solid (57%).
m.p. 222-223 °C.

1H NMR (400 MHz, CDsSOCD:) & 8.32 (d, 2H, J = 8.6 Hz, H-d), 7.94 (d, 2H, J = 8.6 Hz, H-c), 7.21 (s, 1H,
H-6”), 6.76 (br, NH,), 4.92 (br, 1H, OH), 3.95 (s, 2H, H-7"), 3.63 (m, 2H, H-1), 2.97 (t, 2H, J = 6.2 Hz, H-
2),2.28 (s, 3H, H-7”), 1.98 (s, 3H, H-6').

13C NMR (100 MHz, CD5SOCDs) 6 187.4 (C-a), 164.7 (C-2”), 162.2 (C-4”), 152.7 (C-6"), 149.8 (C-e), 147.3
(C-4’),146.6 (C-b), 145.8 (C-2’), 137.5 (C-3’), 132.2 (C-5’), 130.1 (C-c), 123.8 (C-d), 111.6 (C-5"), 61.4 (C-
1),32.3 (C-2), 26.8 (C-7’), 25.3 (C-7"), 12.2 (C-6').

HRMS (ESI) m/z: [M+H*] calculated for Ca0H20N404S: 413.1283; found: 413.1288.

'H NMR in CDsSOCDs:
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General procedure for preparation of 8a-h:

To a flask charged with ester 7a-h (0.2 mmol, 1 equiv.) under nitrogen at 0 °C was added POCI; (1 mL,
0.2M) dropwise. The resultant mixture was stirred at 0 °C for 1 h and then at r.t. for 3 h. The reaction
mixture was diluted with cold DCM (15 mL) at 0 °C, quenched with cold sat. ag. NaHCO;3 (10 mL)
dropwise (NOTE: this quenching step is highly exothermic!), washed with DCM (2 x 20 mL), and
concentrated under reduced pressure. The residue was diluted in minimal amount of water and
purified by reverse-phase HPLC to yield monophosphate 8a-h as a solid.

2-{5-Acetyl-4-[(4-amino-2-methylpyrimidin-5-yl)methyl]-3-methylthiophen-2-yl}ethyl dihydrogen
phosphate (5-acetyl-deaza-ThMP) 8a

Prepared from 7a. White solid (42%).
m.p. 188-189 °C.

'H NMR (400 MHz, D;0) & 8.39 (s, 1H, H-6"), 3.95 (m, 4H, H-1 and H-7’), 3.09 (t, 2H, J = 6.1 Hz, H-2),
2.43 (s, 3H, H-b), 2.37 (s, 3H, H-7"), 1.97 (s, 3H, H-6').

13C NMR (100 MHz, D,0) § 195.5 (C-a), 171.0 (C-6”), 163.4 (C-2"), 163.2 (C-4”), 144.9 (C-4’), 142.2 (C-
2’), 137.7 (C-3’), 134.1 (C-5'), 114.0 (C-5"), 64.5 (C-1), 29.8 (C-2), 28.8 (C-b), 26.2 (C-7’), 21.5 (C-7"),
11.2 (C-6').

31p NMR (162 MHz, D,0) 6 1.20.
HRMS (ESI) m/z: [M+H*] calculated for CisH20N30sPS: 386.0940; found: 386.0936.

'H NMR in D,0:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-propanoylthiophen-2-yl}ethyl dihydrogen
phosphate (5-propanoyl-deaza-ThMP) 8b

Prepared from 7b. White solid (10%).

H NMR (400 MHz, D,0) 6 7.06 (s, 1H, H-6"), 3.98 (q, 2H, J = 6.4 Hz, H-1), 3.94 (s, 2H, H-7"), 3.10 (t, 2H,
J=6.4Hz, H-2),2.81(q, 2H, J = 7.4 Hz, H-b), 2.41 (s, 3H, H-7"), 1.97 (s, 3H, H-6"), 0.97 (t, 2H, J = 7.4 Hz,
H-c).

13C NMR (100 MHz, D,0) & 198.5 (C-a), 163.8 (C-2”), 160.8 (C-4”), 143.9 (C-4’), 141.4 (C-2"), 139.5 (C-
6”), 137.7 (C-3’), 133.8 (C-5’), 114.6 (C-5”), 64.8 (d, J = 4.6 Hz, C-1), 34.8 (C-b), 29.5 (C-2), 26.1 (C-7’),
20.6 (C-7"), 11.2 (C-6'), 8.1 (C-c).

31p NMR (162 MHz, D,0) & -0.9.
HRMS (ESI) m/z: [M+H*] calculated for C16H22N30sPS: 400.1096; found: 400.1098.

'H NMR in D,0:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-butanoyl-3-methylthiophen-2-yl}ethyl dihydrogen
phosphate (5-butanoyl-deaza-ThMP) 8c

Prepared from 7c. White solid (15%).
m.p. 204-205 °C.

1H NMR (400 MHz, D,0) 6 7.11 (s, 1H, H-6”), 3.94 (m, 4H, H-1 and H-7’), 3.10 (t, 2H, J = 6.5 Hz, H-2),
2.76 (t, 2H, J = 7.4 Hz, H-b), 2.37 (s, 3H, H-7”), 1.98 (s, 3H, H-6’), 1.54 (sext, 2H, J = 7.4 Hz, H-c), 0.77 (t,
3H, J = 7.4 Hz, H-d).

13C NMR (100 MHz, D,0) & 198.3 (C-a), 171.1 (C-6”), 163.5 (C-2”), 161.8 (C-4”), 144.4 (C-4’), 142.2 (C-
2’), 137.9 (C-3), 133.9 (C-5'), 114.3 (C-5”), 64.3 (d, J = 4.6 Hz, C-1), 43.4 (C-b), 29.8 (C-2), 26.2 (C-7"),
21.3 (C-7”), 18.5 (C-c), 12.8 (C-d), 11.2 (C-6').

31p NMR (162 MHz, D,0) 6 0.3.
HRMS (ESI) m/z: [M+H*] calculated for C17H24N30sPS: 414.1252; found: 414.1255.
'H NMR in D,0:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-pentanoylthiophen-2-yl}ethyl dihydrogen
phosphate (5-pentanoyl-deaza-ThMP) 8d

Prepared from 7d. White solid (20%).

1H NMR (400 MHz, D,0) & 7.08 (s, 1H, H-6"), 4.04 (q, 2H, J = 5.8 Hz, H-1), 3.98 (s, 2H, H-7"), 3.15 (t, 2H,
J=5.8 Hz, H-2), 2.81 (t, 2H, J = 7.1 Hz, H-b), 2.45 (s, 3H, H-7"), 2.01 (s, 3H, H-6"), 1.53 (gn, 2H, J = 7.1
Hz, H-c), 1.22 (sext, 2H, J = 7.1 Hz, H-d), 0.80 (t, 3H, J = 7.1 Hz, H-e).

13C NMR (100 MHz, D,0) § 198.3 (C-a), 170.9 (C-6”), 163.7 (C-2"), 161.8 (C-4”), 144.3 (C-4’), 141.9 (C-
2’),137.8 (C-3’),134.0 (C-5’), 115.0 (C-5”), 64.7 (C-1), 41.4 (C-b), 29.6 (C-2), 27.0 (C-c), 26.1 (C-7’), 21.6
(C-d), 20.9 (C-7"), 13.1 (C-e), 11.2 (C-6').

31p NMR (162 MHz, D,0) & -0.3.
HRMS (ESI) m/z: [M+H*] calculated for CisH26N30sPS: 428.1409; found: 428.1408.
'H NMR in D,0:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-(3-methylbutanoyl)thiophen-2-yl}ethyl
dihydrogen phosphate (5-(3-methylbutanoyl)-deaza-ThMP) 8e

Prepared from 7e. White solid (23%).

1H NMR (400 MHz, D,0) & 7.08 (s, 1H, H-6"), 4.04 (q, 2H, J = 6.0 Hz, H-1), 3.98 (s, 2H, H-7"), 3.15 (t, 2H,
J=6.0Hz, H-2), 2.66 (d, 2H, J = 7.2 Hz, H-b), 2.45 (s, 3H, H-7"), 2.04 (m, 4H, H-6" and H-c), 0.82 (d, 6H,
J=6.5 Hz, H-d).

13C NMR (100 MHz, D,0) & 197.9 (C-a), 170.9 (C-6”), 163.9 (C-2”), 160.8 (C-4”), 144.5 (C-4’), 141.9 (C-
2’), 138.0 (C-3’), 134.3 (C-5), 114.8 (C-5”), 64.9 (d, J = 4.2 Hz, C-1), 50.4 (C-b), 29.5 (C-2), 26.3 (C-c),
26.2 (C-7), 21.7 (C-d), 20.5 (C-7"), 11.2 (C-6").

31p NMR (162 MHz, D,0) & 0.5.
HRMS (ESI) m/z: [M+H*] calculated for C1sH2sN3OsPS: 428.1409; found: 428.1418.

'H NMR in D,0:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(2-cyclopentylacetyl)-3-methylthiophen-2-yl}ethyl!
dihydrogen phosphate (5-(2-cyclopentylacetyl)-deaza-ThMP) 8f

Prepared from 7f. White solid (13%).

H NMR (400 MHz, D,0) & 7.13 (s, 1H, H-6"), 3.95 (m, 4H, H-1 and H-7’), 3.11 (t, 2H, J = 6.5 Hz, H-2),
2.76 (d, 2H, J = 7.4 Hz, H-b), 2.38 (s, 3H, H-7"), 2.12 (m, 1H, H-c), 1.99 (s, 3H, H-6’), 1.57 (m, 2H, H-d),
1.49 (m, 2H, H-e), 1.38 (m, 2H, H-e), 1.03 (m, 2H, H-d).

13C NMR (100 MHz, D,0) & 198.3 (C-a), 171.1 (C-6”), 163.6 (C-2”), 161.8 (C-4”), 144.6 (C-4’), 142.3 (C-
2’), 137.9 (C-3"), 134.1 (C-5), 114.6 (C-5”), 64.7 (d, J = 3.5 Hz, C-1), 47.7 (C-b), 37.1 (C-c), 31.8 (C-d),
29.8 (C-2), 26.2 (C-7’), 24.3 (C-e), 21.2 (C-7”), 11.2 (C-6).

31p NMR (162 MHz, D,0) § 1.2.
HRMS (ESI) m/z: [M+H*] calculated for C,0H2sN30sPS: 454.1565; found: 454.1575.

'H NMR in D,0:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-5-(3-cyclopentylpropanoyl)-3-methylthiophen-2-
yl}ethyl dihydrogen phosphate (5-(3-cyclopentylpropanoyl)-deaza-ThMP) 8g

Prepared from 7g. White solid (10%).

H NMR (400 MHz, D,0) 6 7.20 (s, 1H, H-6"), 3.93 (s, 2H, H-7"), 3.89 (g, 2H, J = 6.7 Hz, H-1), 3.08 (t, 2H,
J=6.7 Hz, H-2), 2.76 (d, 2H, J = 7.3 Hz, H-b), 2.29 (s, 3H, H-7"), 1.99 (s, 3H, H-6"), 1.57 (m, 5H, 2xH-c,
1xH-d and 2xH-e), 1.43 (m, 2H, H-f), 1.34 (m, 2H, H-f), 1.03 (m, 2H, H-e).

13C NMR (100 MHz, D,0) & 198.9 (C-a), 170.6 (C-6”), 163.8 (C-2”), 162.3 (C-4”), 144.6 (C-4’), 142.9 (C-
2’), 138.0 (C-3'), 133.9 (C-5’), 113.6 (C-5”), 63.7 (d, J = 4.2 Hz, C-1), 41.0 (C-b), 39.2 (C-d), 31.9 (C-e),
31.5(C-2), 30.2 (C-c), 26.3 (C-7), 24.7 (C-f), 22.8 (C-7”), 11.3 (C-6').

31p NMR (162 MHz, D,0) & -0.4.
HRMS (ESI) m/z: [M+H*] calculated for C,1H30N3OsPS: 468.1721; found: 468.1725.

'H NMR in D,0:
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2-{4-[(4-Amino-2-methylpyrimidin-5-yl)methyl]-3-methyl-5-(4-nitrobenzoyl)thiophen-2-yl}ethyl
dihydrogen phosphate (5-(4-nitrobenzoyl)-deaza-ThMP) 8h

Prepared from 7h. White solid (31%).

1H NMR (400 MHz, D,0) 6 8.17 (d, 2H, J = 8.7 Hz, H-d), 7.71 (d, 2H, J = 8.7 Hz, H-c), 7.25 (s, 1H, H-6"),
3.91(q, 2H, J = 6.5 Hz, H-1), 3.71 (s, 2H, H-7"), 3.12 (t, 2H, J = 6.5 Hz, H-2), 2.32 (s, 3H, H-7"), 2.02 (s,
3H, H-6").

13C NMR (100 MHz, D,0) & 190.6 (C-a), 171.0 (C-6”), 162.2 (C-2”), 161.3 (C-4”), 149.4 (C-e), 148.4 (C-
4),145.1 (c-b), 144.8 (C-2’), 138.4 (C-3'),133.3 (C-5), 129.2 (C-c), 123.6 (C-d), 113.4 (C-5”), 63.7 (d, J =
4.1 Hz, C-1), 30.1 (C-2), 26.5 (C-7"), 22.6 (C-7”), 11.4 (C-6').

31p NMR (162 MHz, D,0) § 0.15.
HRMS (ESI) m/z: [M+H*] calculated for Cy0H21N407PS: 493.0946; found: 493.0955.

'H NMR in D,0:
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Preparation of 5-acetyl-deaza-ThDP 9

(2-{5-Acetyl-4-[(4-amino-2-methylpyrimidin-5-yl)methyl]-3-methylthiophen-2-yl}ethoxy)(1H-imidazol-
1-yl)phosphinic acid 10

NH,
NZ | \ N o OH /=N
)\\ p-N
N~ O S P =

Imidazolide intermediate

To a stirred solution of 8a (86 mg, 0.2 mmol) in dry DMF (2 mL, 0.1 M) under nitrogen was added 2,2’-
dithiodipyridine (88 mg, 0.4 mmol), imidazole (68 mg, 1 mmol), triphenyl phosphine (105 mg, 0.4
mmol) and TEA (0.015 mL, 0.2 mmol). The reaction mixture was stirred at r.t. for 8 h, diluted with DCM
(10 mL), and extracted with water (10 mL). The aqueous phase was concentrated under reduced
pressure to yield 10 as a viscous mixture, which was used in the next step without further purification.

HRMS (ESI) m/z: [M+H*] calculated for Ci1sH22Ns04PS: 436.1208; found: 436.1212.
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5-Acetyl-deazathiamine diphosphate (5-acetyl-deaza-ThDP) 9

To a stirred solution of the imidazolide intermediate 10 and zinc chloride (55 mg, 0.4 mmol) in dry
DMF (1 mL, 0.2 M) under nitrogen was added tris(triethylammonium)phosphate (0.25 M in DMF, 1
mL, 0.25 mmol) dropwise. The reaction mixture was stirred at r.t. overnight and then concentrated
under reduced pressure. The residue was diluted in water (1 mL) and purified by reverse-phase HPLC
to yield 9 as a white solid (11 mg, 11%).

'H NMR (400 MHz, D,0) § 7.08 (s, 1H, H-6"), 4.03 (m, 2H, H-1), 3.98 (s, 2H, H-7’), 3.14 (t, 2H, J = 6.5 Hz,
H-2), 2.34-2.38 (m, 6H, H-7” and H-b), 1.99 (s, 3H, H-6').

13C NMR (100 MHz, D,0) § 195.0 (C-a), 163.7 (C-2"), 161.1 (C-4”), 150.0 (C-6”), 144.2 (C-4’), 142.0 (C-
2’), 137.7 (C-3’), 134.0 (C-5'), 114.5 (C-5"), 64.8 (C-1), 29.6 (C-2), 28.2 (C-b), 26.1 (C-7’), 20.8 (C-7"),
11.1 (C-6').

31p NMR (162 MHz, D,0) 6 -0.4 (d, J = 23 Hz), -9.7 (d, J = 23 Ha).
HRMS (ESI) m/z: [M+H*] calculated for CisH21N30sP,S: 466.0602; found: 466.0613.
'H NMR in D,0:
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2.0088
& —£5.0000

[=2.0068
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Allosteric Inhibition of DXPS: A New Approach in Drug Discovery

Introduction:

1-Deoxy-D-xylulose 5-phosphate synthase (DXPS) is the enzyme that catalyzes the first and
rate-limiting step of the MEP pathway, making it an attractive target for drug development.
Efforts to target DXPS have mainly resulted in compounds that target the cofactor thiamine
diphosphate (ThDP) binding site (1,2). Some of these are ThDP analogs, acting as competitive
inhibitors (3-5). Fluoropyruvate has been identified as a substrate competitive inhibitor of
DXPS from Pseudomonas aeruginosa PaDXPS (6). Additionally, another class of DXPS
inhibitors, known as alkylacetylphosphonates (alkylAPs), reacts with Thiamin Diphosphate
(ThDP) to form a stable phosphonolactyl (PLThDP) adduct. This process competes with the
enamine intermediate formation, which occurs during the interaction of the natural substrate
pyruvate with the cofactor Thiamine Diphosphate (ThDP), a mechanism that is unique to
DXPS, despite being selective these specific class of inhibitors did not show anti-bacterial
activity in-vivo (7,8). Most of other reported inhibitors of DXPS face the problem of a lack of
selectivity. Therefore, there is a significant need to explore new strategies for targeting DXPS
and developing a new class of inhibitors for this enzyme.

In this study, we present the co-crystal structure of DXPS with a new class of compounds that
target an allosteric binding site. This discovery has the potential to revolutionize the approach
to targeting DXPS.

Results and discussion:

The quest for a new class of DXPS inhibitors began with a virtual screening of our in-house
library conducted by Antoine Lacour, a chemist from our team. The selection included one
compound from the virtual screening, followed by the optimization of two hits. All of these
compounds underwent testing against paDXPS using the functional assay described in
Chapter 1.

The parent hit, compound 1, showed an ICso value of 120 uM. Interestingly, it was observed
that the activity improved for compound 2, when increasing the carbon linker length between
the amide and the piperidine. This improvement was further enhanced by adding a second
methylene group (Fig. 1).
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Figure 1. Chemical structures and biochemical evaluation (ICso) curves of inhibitors 1, 2 and 3.

A mode-of-inhibition study conducted on the parent compound, compound 1, revealed that
these compounds act as competitive inhibitors with ThDP (Fig.2). We therefore anticipated
binding of compounds to the ThDP binding site.

T T T T T T T

0 1 2 3 4 5
[ThDPJ/K,

Figure 2. Exemplary ICso of inhibitor 1 with competitive modes of action as a function of substrate concentration,
as predicted by the Cheng-Prusoff equation (9). A positive slope indicates increasing ICso with increasing [ThDP]
suggesting compound 1 is competitive with respect to ThDP, K»"™"°" 100 nM.

To further investigate the binding mode of these compounds, we decided to co-crystallize
them with paXDPS using the construct, crystallization conditions, and protocol described in
Chapter 1. Co-crystallization attempts were made for all compounds, but we only successfully
obtained co-crystals with compound 3, which exhibited the highest activity.
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The crystals diffracted to a resolution of 1.9 A, and the statistics of refinements are presented
in Table 1. In the asymmetric unit, two units of protein were found, consistent with the
expected homodimeric structure of paDXPS (10). Notably, we observed convincing electron
density for compound 3 in chain A. However, chain B showed poor density for the compound,
along with disordered residues surrounding the binding site.

Table 1. Data collection and refinement statistics.

Resolution range
Space group
Unit cell

64.39-1.91 (1.978 —1.91)
P 212121
77.673 115.105 132.178 90 90 90

Total reflections

376956 (31862)

Unique reflections

90083 (8844)

Multiplicity 4.2 (3.6)
Completeness (%) 97.41 (97.09)
Mean I/sigma(l) 6.65 (1.31)
Wilson B-factor 22.05

R-merge

0.1675 (0.9559)

Reflections used in refinement

90073 (8844)

Reflections used for R-free

1996 (196)

R-work 0.2319 (0.3017)
R-free 0.2606 (0.3180)
CC(work) 0.941 (0.676)
CC(free) 0.926 (0.676)
Number of non-hydrogen atoms | 8509
macromolecules 8483

ligands 48

solvent 0

Protein residues 1114
RMS(bonds) 0.058
RMS(angles) 1.27
Ramachandran favored (%) 96.19
Ramachandran allowed (%) 3.72
Ramachandran outliers (%) 0.09

Rotamer outliers (%) 0.46
Clashscore 5.26

Average B-factor 25.49
macromolecules 25.47

ligands 33.53

Statistics for the highest-resolution shell are shown in parentheses.

Interestingly the co-crystal showed that compound 3 binds within a crevice near a flexible loop
in domain 1 rather than within the ThDP binding site (Fig. 3). Previous research from our group
has indicated that this particular site of the protein is involved in conformational changes
associated with cofactor binding. Specifically, the loop adopts a closed conformation induced
by ThDP binding. This observation has led us to speculate that this site may play a crucial role
in ThDP binding. Consequently, it presents an opportunity to interfere with ThDP binding,
thereby preventing the enzyme from assuming its catalytically active conformation. This
innovative approach holds the promise of selectively inhibiting DXPS, representing a novel
avenue for drug development (10).
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Compound 3 occupies a cleft within domain 1, which is composed of a6, a7, 32, B3, and B4.
The chlorine atom in the Eastern chlorophenyl moiety forms hydrogen bonds with the side
chains of GIn200, Ser203, Trp250, and the main chain of Leu248. The two phenyl rings of the
chlorophenyls create a hydrophobic environment, forming a semi-circular arrangement with
Leu190, Phel96, Leu248, Leu199, Leu244, and Phe245.

The chlorine atom in the middle ring establishes hydrogen bonds with the main chain of
Leu190 and Phel196. Notably, the ether oxygen linking the two chlorobenzene rings is solvent-
exposed and does not interact with the receptor. Similarly, the amide group is predominantly
solvent-exposed and occupies a relatively spacious region compared to the rest of the
molecule. This area could potentially serve as a point for molecule expansion to target the
deeper hydrophobic pocket beneath the carbonyl. The nitrogen atom within the piperidine
ring makes contact with Glu215 and Met218. These two residues are pivotal in coordinating
the phosphate moiety of ThDP in the cofactor-bound structure. They play a crucial role in the
movement of the loop and the conformational changes that occur during cofactor binding.
We propose that the interaction with these two residues is the primary factor contributing to
the activity of this class of inhibitors (Fig.3).

ThDP loop open conformation

Figure 3: Co-crystal of paDXPS with compound 3. Right, dimer organization seen in the cocrystal showing chain
A in orange, chain B in light green. Left, zoomed in view of the allosteric binding of compound 3. Bonding
interaction are shown in yellow dashed lines (below 54). Compound and interaction residues from the receptor
are shown as sticks, C; yellow and brown, O; red, N; blue, Cl, green.
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Methods

Biochemical testing: The DXSP activity was analyzed at RT in a coupled assay using the
protocol as described in Chapter 1. ICso values were calculated for compounds after incubating
the protein with a range of concentrations between 0—-250 uM. 200 nM of paDXPS and ThDP
of concentration 125 uM. Data analysis was performed in OriginPro2023.

Crystallization: crystals were obtained after incubating the protein 15 mg/mL with 1 mM
compounds in hanging drop plate, with a reservoir solution containing, 100 mM HEPES, 10%
PEG-8000, and 150 mM calcium acetate. Structures were solved using molecular replacement
method using the published paDXPS structure PDB ID: 8A29.

Conclusions

In conclusion, these results represent a significant breakthrough that has the potential to
revolutionize the search of DXPS selective inhibitors by targeting a new allosteric binding site.
This approach aims to interfere with conformational changes crucial to the catalytic event,
effectively blocking ThDP binding and preventing the enzyme from assuming a catalytically
active conformation.

However, it is essential to exercise caution when interpreting these data, as the observed
binding in the co-crystal of compound 3 could potentially be a result of the crystallographic
process. To validate the significance of this allosteric binding site and its potential as a target
for drug design, further steps are necessary. Reproducing co-crystals with another compound
from the same class or using the same compound with different homologs of DXPS would help
confirm the validity of this allosteric pocket.

Additionally, validation experiments should be conducted, including single-point mutation
studies. For instance, replacing residues like Ser203 with alanine may reduce the hydrophilicity
of the site, potentially leading to the loss of critical hydrogen bonding interactions with the
chlorine atom in the first chlorobenzene ring. This, in turn, could result in reduced activity of
this class of inhibitors.

These findings hold promise not only for advancing our understanding of DXPS inhibition but
also for opening up new avenues in the development of novel antibiotics, particularly in the
fight against resistant pathogens.
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Abstract:

Enzymes of the methylerythritol phosphate (MEP) pathway are potential targets for
antimicrobial drug discovery. Here we focus on 4-diphosphocytidyl-2-C-methyl-D-erythritol
(IspE) kinase from the MEP pathway. We use biochemical and structural biology methods to
investigate homologues from the pathogenic microorganisms; Escherichia coli, Klebsiella
pneumoniae, and Acinetobacter baumannii. We present the first crystal structure of the
enzyme from Klebsiella pneumoniae. We introduce a new crystal form of IspE from E. coli that
allows for the binding of substrate competitive inhibitors. In addition, we obtained co-crystal
structures with inhibitors and performed a concise structure—activity relationship study to
elucidate their binding mode. The study highlights the need for distinct inhibitor strategies
due to structural differences among IspE homologues, particularly for A. baumannii IspE,
which displays unique inhibitory profile. This study enhances our understanding of the MEP
enzymes and sets the stage for structure—based drug design of selective inhibitors to combat
pathogenic microorganisms.

1 INTRODUCTION:

The world is racing to identify new microbial targets to combat multidrug—resistant pathogens
(1, 2). The 2C-Methyl-D-erythritol 4-phosphate (MEP) pathway is a rich source of attractive
underexplored anti-infective targets (3, 4) due to its role in the production of the universal
precursors of isoprenoids, especially in pathogenic microorganisms (5, 6). Unlike humans,
many of these microorganisms rely on the MEP pathway for the synthesis of the isoprenoids
building blocks; isopentenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP).
Several Gram-negative bacteria, like Escherichia coli, Klebsiella pneumoniae and Acinetobacter
baumannii depend on this pathway for isoprenoid production (7, 8). Constituent enzymes of
the MEP pathway are validated anti-infective drug targes as confirmed through the in-vivo
efficacy of the antimalarial dug fosmidomycin, which targets the pathway's second step
catalyzed by the enzyme IspC (9, 10).
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This study focuses on the only kinase present in the MEP pathway, the so-called IspE. The IspE
gene (ychB) was first identified in 1999 by Littgen et al. as the enzyme that follows IspD in the
MEP pathway. They provided evidence of ATP-dependent phosphorylation of the substrate
4-diphosphocytidyl-2-C-methyl-D-erythritol (CDP-ME) (11) (Schemel). Building upon these
findings, further investigations led by Kuzuyama and his team confirmed the role of the ychB
gene and provided additional insights into its product kinetics (12). Until now, IspE crystal
structures have been elucidated for Aquifelix aeolicus IspE (AalspE, PDB ID: 2VF3) (13),
Escherichia coli IspE (EclspE, PDB ID: 10J4) (14), Thermus thermophilus (TtIspE, PDB Id: 1UEK)
(15) and Mycobacterium tuberculosis (MtblspE, PDB ID: 3PYD) (16).

IspE kinase, an ATP-dependent enzyme, shares structural similarities with the galactokinase,
homoserine kinase, mevalonate kinase and phosphomevalonate kinase (GHMP) enzymes. The
active side of this family is characterized by five regions responsible for binding the substrate
CDP-ME and co-factor ATP. These regions interact specifically with adenosine, methyl-
erythritol, cytidine, and phosphate groups. Additionally, there is a small hydrophobic pocket
that is partially accommodated by the methyl group of the substrate CDP-ME (13—-15). Most
GHMP kinase proteins exist and function as oligomeric states in solution, IspE is uniquely
mostly observed as a monomer in solution (17). Nevertheless, in two available structures of
EclspE, potential homodimer arrangements are seen within the crystal lattice. Notably, each
homodimer configuration is distinct. A structure of IspE in complex with CDP-ME and ATP
(PDB-ID:10J4) has a 2-fold symmetry (14). 2WW4, a co-crystal structure of IspE and ADP, on
the other hand, lacks this symmetry (18). In this structure, parts of both molecules in the
asymmetric unit (ASU) are found too close to each other's active site, specifically the CDP-ME
pocket, which would suggest dimer formation. However, experimental data later indicated
that only a small portion of EclspE forms dimers in solution (18). In addition, this proximity
leads to enzyme inactivity in vivo. This suggests that the observed dimer formation is an
outcome of the crystallization process itself. This arrangement seems to be predominant in
the IspE crystal lattice, which poses a challenge in drug design. Attempting to co-
crystallize/soak inhibitors targeting the substrate-binding site to elucidate their binding mode
is hampered by an essentially unavailable pocket.

Here we aim to investigate the kinetic and structural properties of IspE from human
pathogens, namely, Escherichia coli (EclspE), Klebsiella pneumoniae (KplspE), and
Acinetobacter baumannii (AblspE). Furthermore, we focus on the structural analysis of the
interactions between the ligand and the active-site of IspE from these three pathogens. By
investigating these aspects, the study seeks to gain a deeper understanding of the IspE
enzymes in these human pathogens and their potential as targets for developing new
therapeutic interventions.
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Schemel: MEP pathway, highlighting the reaction catalyzed by IspE kinase.

2 RESULTS AND DISCUSSION:

2.1 Characterization of IspE from Escherichia coli, Klebsiella pneumoniae and
Acinetobacter baumannii

To characterize IspE kinase homologues and identify inhibitors, we first purified sufficient
protein and then established biochemical assays to monitor enzyme activity. Henceforth, we
obtained the plasmid containing the respective genes for expressing IspE from E. coli (EclspE),
K. pneumoniae (KplspE), and A. baumannii (AblspE) proteins from BioCat (BioCat GmbH) and
transformed them into E. coli BL21 (DE3). Following the steps outlined in the methods section,
we effectively overexpressed, purified, and confirmed proteins purity and identity. We
obtained soluble, full-length IspE proteins from these pathogens. The activities of the isolated
enzymes were then measured by coupling the IspE kinase activity to the auxiliary enzymes
lactate dehydrogenase and pyruvate kinase, using a spectrophotometric assay that quantifies
the reduction in the absorption of NADH at 340 nm (19).

EclspE Km PPME s 200 UM (Vmax 171 uM min™) and Km”™ is 420 pM (Vmax 195 pM min1), our
values show the same range of kinetics values reported previously for EclspE (9, 12, 13). For
KplspE the apparent Km®®"ME ijs 170 uM (Vmax 119 uM min7t) and KnA™ is 348 uM
(Vmax 121 pM min~2). The kinetic parameter of KplspE are comparable to those obtained from
other homologues (16, 19, 20). These values are also similar to the values obtained for its
closest homologue EclspE. Both homologues share a sequence homology of 84%, which is also
reflected in their structural similarity (discussed below). AblspE shows comparable values as
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well for KnA™": 474 uM (Vmax 153 pM mint). However, it shows slightly higher values for K, °™

ME: 358 UM (Vmax 112 pM mint) (Fig. S3). It is therefore important to note that AblspE shares
only 39% sequence identity with EclspE and 42% with KplspE. Fig. S1 shows alignment of the
sequences from the three homologues highlighting the amino acids similarities and
differences in the active site that might have contributed to the different patterns of ligand
affinities between these homologues (also discussed below). Most important are the change
of Pro182 in EclspE and KplspE to Glul74 in AblspE, in addition to the change of Cys211 in
EclspE and KplspE to Phe205 in AblspE. These two residues are significant for binding to the
ribose moiety and methyl, of the substrate CDP—ME, respectively.

Gel-filtration analysis shows that EclspE and KplspE both exist mainly as monomers in solution,
with a small amount in an oligomeric state. AblspE on the other hand exists only as a monomer
in all instances (fig. S2). This observation agrees with earlier studies on other IspE kinase
homologues. These studies indicated that IspE operates as a monomer, with the active site
formed within a single polypeptide unit, without any evident involvement from another
subunit in the catalytic process (13, 18, 21). The determined biochemical and kinetic values
were subsequently used to optimize assay conditions for each homologue to evaluate
inhibitory activity.

2.2 K. pneumoniae IspE structure shows high similarity to E. coli IspE

The 3D structure of KplspE was resolved with a resolution of 1.8 A using molecular
replacement and further refined to the highest R-work value at 19% (R-free 22%). The crystals,
space group P212:21, and unit cell dimensions; a=65.87 A, b=76.781 A, and ¢=98.517 A, with
two molecules within the unit cell, and corresponds to the PDB entry: 8CKH. Each subunit
consists of two main domains that form a V-shaped cavity. This cavity accommodates the
active site, which binds ATP on the N-terminal domain and the substrate CDP-ME on the
C-terminal domain.

Similar to other IspE kinases with known structures, the KplspE structure reveals conserved
sequence motifs within the GHMP kinase superfamily, specifically motifs A, B, and C. Motif A
starting sheet B2 to B3 (Lys1ll to Leu36) contains the substrate binding site, while the
glycine-rich loop spanning from Gly102 to Gly108 constitutes Motif B, which interacts with the
triphosphate moiety of ATP. Motif C (Leu238 to Val245) acts as a linker, stabilizing the
conformation of Motifs A and B. The catalytic center results from the collective action of these
motifs. (Fig. 1).
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Figure 1: Structure of KplspE: showing subunits and domains organization, molecule A is shown in pink, molecule
B in gray. A: domain organization: N-terminal, ATP-binding domain has four strands and three helices. The ATP
binding site is bordering helices 1 and 2. The substrate-binding domain is made up of eight strands and five
helices in the C-terminal domain. B2 and 3 in the C-terminal domain are antiparallel to each other and they are
curved to form the main part of the substrate binding side. B: close up showing the clash the two subunits
inflicted on each other where the 2- 33 turn is sliding in the CDP-ME binding pocket. Hydrogen bonds are formed
between Arg22 side chain of one molecule and main chain in Leu137 of the other molecule (distance 2.7 A).
Interacting residues are shown as sticks: C: pink and gray; O: red; N: blue; S: yellow.

While we could not obtain a ternary structure of K. pneumoniae with ATP and CDP-ME, our
findings offer a satisfying model of K. pneumoniae IspE complexed with adenylyl-imido-
diphosphate (ANP), an unhydrolyzable ATP analogue. The ATP binding site resides in a cavity
within the N-terminal domain, enclosed by the loops connecting al and 35 and a2 and B4.
Adenine binds within this cleft, surrounded by Val58, Val61, lle67, Leu68, and Lys97. The
ribose of ANP is solvent-accessible and directly interacts with side chain of Lys97, while the
phosphates are coordinated by Gly104, Gly106, Gly108, and Ser109 (Fig. 2).

E. coli and K. pneumoniae both belong to the Enterobacteriaceae family, with an 84%
sequence identity. Predictably, KplspE and its E. coli counterpart share similar structural
features. Their 3D structures superimpose with an RMSD of 0.557 A, indicating well-preserved
overall folding and structural conformation (Fig. 2).

However, two notable differences between EclspE and KplspE structures stand out: the
conservative replacement of Asp63 with Glu65 in the ATP binding site and Lys186 with Arg187
near the CDP-ME active site (Fig. 2D). These changes have minimal impact on the active site
architecture. Additionally, in the unoccupied CDP-ME pocket of KplspE, Tyr25 shifts from a
parallel position to the B2—B3 loop to a vertical orientation relative to the same loop.
Meanwhile, Phe186 adopts a perpendicular arrangement compared to its conformation in the
CDP-ME-bound state (Fig. 2C). Both residues are crucial for interacting with the cytosine head,
functioning as gatekeepers that facilitate site closure during substrate binding and opening
during product release (21).
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The 3D-structural characteristics and kinetic values of KplspE reveal its significant similarity to
EclspE, suggesting these enzymes can be used interchangeably for drug-discovery projects,
when prioritizing the more robust homologue is recommended. In addition, given the
similarity between E. coli and K. pneumoniae counterparts, it is reasonable to assume that the
binding mechanism of ligands observed in EclspE applies to KplspE as well.

A lle68 B
Ser109
Gly106
D Asp63
Glu65s
Phel86
Argl87/ “2_

7 1ys186

Figure 2: Comparison between EclspE and KplspE: RMSD = 0.557 (1649 to 1649 atoms) KplspE in green and
EclspE cyan. A: Adenine binding showing the aliphatic domain and B: Phosphate binding domain. C:
conformational changes in the CDP—ME binding site of Tyr25 and Phe186. D: view of the active site amino acids
differences. Glu65 to Asp in E.coli, Arg187 to Lys in E.coli. ANP and CDP-ME atoms are shown as sticks: C: green
(KplspE) and cyan (EclspE); O: red; N: blue; S: yellow.
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2.3 K. pneumoniae IspE crystals arrangement lack symmetry and show blocked
substrate binding site:

Regarding the crystal arrangement of KplspE, it forms orthorhombic crystals with two
molecules in the asymmetric unit (ASU). The total solvent-accessible surface area is 24,927 A?,
with 1167.9 A% (23%) as the buried interface area between the two subunits. This assembly
lacks symmetry seen in the monoclinic crystals we obtained for EclspE (discussed below), the
ASU of the orthorhombic crystal system, the secondary structure elements, specifically sheet,
B2, B3, and the connecting turn from one molecule, slide and bind within the substrate binding
pocket of another molecule. This part of the protein occupies the site to which the phosphate
of CDP-ME binds, as seen in the monoclinic crystal form of EclspE (14). This arrangement
seems to be driven by hydrogen bonds between the side chain of Arg22 in one molecule and
the main chain of Leu137 in the other molecule, with an average distance of 2.7 A (Fig. 1).

As previously mentioned, KplspE primarily exists as a monomer in solution, and this assembly
would render the enzyme inactive under natural conditions due to the unavailable substrate
pocket. This suggests that this crystal formation occurs during the crystallization process and
is not a genuine dimer. Similar crystallization artifacts have been observed before in the
triclinic form of EclspE (18). This observation holds particular significance in drug design,
especially when attempting to co-crystallize inhibitors targeting the substrate-binding pocket.

2.4 Monoclinic structure of E.coli IspE: a novel crystal form exhibiting a distinct
arrangement of the two subunits that allows favorable ligand binding

Co-crystallization of IspE inhibitors has proven to be challenging, especially for IspE
homologues that have a conformation preventing the binding of substrates or ligands
designed for the substrate pocket (22). In case of EclspE and KplspE, most of the obtained
conditions resulted in crystals lacking symmetry between the two subunits, likely due to
crystallization artifacts. These artifacts caused clashes that obstructed the substrate-binding
pocket (18).

Essentially, the binding sites of these two subunits were positioned in opposite directions,
undergoing a 180° rotation from each other. This configuration created a fully accessible
pocket for ligand binding, whether through soaking or co-crystallization (Fig.3). In the new
monoclinic crystal form, space group Ci2:1 of EclspE is seen, the crystals diffracted to a
resolution up to 1.5A (PDB: 8QC7, 8QCC, 8QCN and 8QCO), refinement statistics can be found
in Table S2. The asymmetric unit consisted of two molecules, labeled A and B. The obtained
structure aligns with the overall structure identified for EclspE, showcasing the distinct fold of
the GHMP family (23). A similar domain arrangement to EclspE is also evident. The CDP-ME
binding site comprises an a-helix and four anti-parallel B-sheets on one side, with four helices
on the opposite side. The ATP-binding site is made up of four antiparallel B-sheets and five
helices (14, 18). Although we used the unhydrolyzable ATP analog, ANP, to form the crystals,
clear density was observed for only two phosphates and not the terminal phosphate, most
probably because of the flexibility of the triphosphate. Consequently, we placed ADP in the
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pocket instead of ANP. The binding of both molecules closely resembles that described
previously for EclspE (14).

The total solvent-accessible area of the newly obtained crystals is 25,127 A2 and the buried
interface area is 97.0 A (3%), compared to 1167.9 A (23%) in the triclinic structure and 568.7 A2
(12%) in the monoclinic P 1 2; 1. The complex formation significance score (CSS) obtained from
PisaServer analysis for the new conformation of EclspE was 0.0 (0.19 for the KplspE
orthorhombic crystal). In addition to the gel-filtration analysis results, the achieved CSS
provides more proof that the interface does not play any role in complex formation and seems
to be a result of crystal packing only. (24). Fig. 3 shows the different crystal forms identified
for EclspE in comparison to those obtained in this study.

Figure 3: Comparison of the different crystal conformations of EclspE in the ASU: shows the difference between
the two monoclinic crystal forms. PDB: 8QC7 (monoclinic C121) in yellow. Ec/spE-ANP and CDPME, PDB:10J4
(monoclinic, P 1 21 1) in gray and the triclinic P1, (PDB: 2WW4) light blue, molecule A in all crystals is shown in
the same orientation to show the substrate CDP-ME availability/blockage. CDP-ME is shown as spheres.
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2.5 Biochemical evaluation of IspE substrate-competitive inhibitors:

In the search for inhibitors against IspE, it is the possible either to target the ATP or the
substrate-binding sits. Kinase inhibitors are mostly designed to target the ATP—binding site
(25, 26). In IspE kinase however, this pocket is rather shallow and mostly solvent-exposed.
Over the years, our group attempted to address this pocket. We, recently, performed a virtual
screening on the ATP binding pocket followed by an SAR study (27), and in the past Tang et al.
used a library of existing GHMP kinases inhibitors (28). Unfortunately, both attempts were not
very successful in developing selective IspE inhibitors targeting the kinase ATP pocket.

The substrate-binding pocket and subpockets on the other hand have been successfully
targeted (22, 29, 30). The work published in 2007 led to the identification of compound (+)-1
(29, 31). Brenk group also extensively focused on the study of IspE inhibitors and they reported
an in silico and HTS approaches that identified inhibitors in the high micromolar range (32).
Therefore, it is evident that more efforts are needed towards the optimization of the existing
inhibitors besides the identification of novel chemical classes targeting the enzyme IspE. To
address this challenge further insights about the binding mode are required and for this we
used here compound (%)-1 (Fig. 4) as a reference inhibitor due to its high potency and
selectivity against IspE. As shown in Fig. 4, this structure consists of a central cytosine scaffold
(A) bearing a tetrahydrothiophenyl ring (B) as ribose analogue bridged via a triple bond (C) to
a cyclopropyl sulfonamide (D). Aiming to identify determinants for IspE inhibition by (+)-1, we
conducted a focused SAR study that separately targeted each component of the molecule.

D
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Figure 4. Chemical structure of compound (t)-1, illustrating the SAR strategy.

The compounds were simultaneously tested in vitro on the three IspE homologues studied in
this work (Fig. S4). The homologues exhibited an inhibition pattern that correlates with their
structural similarities and differences in the binding site, indicating the need for different
strategies in designing inhibitors targeting each of these enzyme homologues. Compounds
(£)1—6 showed similar inhibition values for Ec/spE and KplspE. While compounds (+)1—4
retained activity against those, only compounds ()1 and 2 retained activity against AblspE

The designed and synthesized subset of compounds (1—6) and their biological evaluation are
depicted in Fig. 5.
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Next, we selected the most potent and soluble compounds for co-crystallization to further
confirm their binding mode and guide our optimization strategies. Although we could get high-
resolution co-crystal structures with EclspE, the crystal conformation hindered the possibility
of obtaining a co-crystal with KplspE. Nevertheless, due to the high similarity observed
between the homologues from E. coli and K. pneumoniae, we propose the binding mode can
be translated from EclspE to KplspE, which is also supported by the comparable ICsp values of
the tested inhibitors. On the other hand, all our efforts have failed in obtaining a co-crystal
structure with AblspE, due to its high solubility, which means that high concentrations are
required to drive crystallization. In addition, because AblspE has 13% lysine residues in its
sequence, mostly on the surface, we tried lysine methylation which resulted in poor-quality
crystals. However, we used sequence alignments and a homology model of AblspE to try to
rationalize the differences in the inhibitory activity reported here.
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N2 RO W2 NSy 'z N
A N7 H N7 H
O~ °N
oJ\N OJ\N
S H H
IC5, (HM) IC5o (uM) IC5, (uM)
EclspE 13.0+2.9 EclspE  36.5+1.6 EclspE  10.3+0.7
KplspE 8.0+15 KplspE 443 +4.9 KplspE 11.3+0.6
AblspE 20+3.0 AblspE 229 +15.6 AblspE NA
4 5 6
O 'S 0
0, NH N" T
NH S 2 0 NH .S
’ = N N% H 2 = N "V
N% | H J\ | NZ H (0]
OA\N 07N .
H H N
1G5 (uM)
EclspE 6.2 +3.19 EclspE  32% inhibition @480 uM EclspE 10% inhibition @480 uM
KplspE 52+1.3 KplspE  25% inhibition @480 uM KplspE 0% inhibition @480 uM
AblspE NA AblspE 0% inhibition @480 pM AblspE 0% inhibition @480 pM

Figure 5: Biochemical evaluation of compound (x)1 derivatives. The half-maximal inhibitory concentration (ICso)
on EclspE, KplspE and AblspE. The values presented are average of duplicate measurements. NA: not available;
no dose-response curve was obtained to calculate the ICso value.

2.6 Co-crystallization of IspE inhibitors:

In the second part of our study, we focused on investigating the binding modes of these

compounds by co-crystallizing them with EclspE. It is important to note that we achieved the

novel conformation of EclspE crystals that is amenable to soaking only after incubating the

protein with a significantly high amount of the substrate. This approach aimed to separate the

two subunits and prevent them from adopting the clashed conformation, thereby freeing the
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CDP-ME pocket. Consequently, these crystals are suitable only for soaking with compounds
capable of displacing the bound CDP-ME. Furthermore, these compounds must be soluble
enough to be used at notably high concentrations for this purpose. The substrates of the MEP
pathway, especially IspE, exhibit high polarity due to their di- and triphosphate groups (33).
As aresult, the active site is highly polar, which in turn presents a challenge in designing potent
inhibitors. However, in our specific context, this polarity translates to high solubility for the
selected compounds, allowing us to use the required high concentrations of these compounds
for soaking the CDP-ME-bound crystals.

As mentioned earlier, our choice was directed towards (x)1 and its derivatives. In all the
structures obtained with EclspE and compounds 1 (PDB: 8QCC), 2 (PDB: 8QCN), and 3 (PDB:
8QC0), a consistent interaction pattern was observed, similar to the interaction observed with
the cytosine ring in CDP-ME. Specifically, the central cytosine in the inhibitors is positioned
between Tyr25 and Phel85, leading to the formation of hydrogen bonds with both the
backbone and side chain of His26 (Fig. 6). In the co-crystal with compound1, the
tetrahydrothiophene ring overlaps with the ribose moiety of CDP-ME, where it occupies a
central position between Tyr25 and Pro182, forming a pseudo-nt sandwich (Fig. 6A). While
these residues are conserved in the KplspE structure, Pro182 is replaced by a GIn174 in AblspE,
which means a different type of interaction will have to take place in this position.
Additionally, the sulfur atom of the tetrahydrothiophene ring could potentially point to form
hydrogen bonds with Thr181 or Tyr25. The alkyne linker guides the sulfonamide moiety into
the notably polar phosphate binding region situated between the substrate and the ATP
binding sites. The nitrogen atom of the sulfonamide forms a hydrogen bond with the side
chain of Aspl141. Furthermore, the sulfone group, in relation to the NH group, adopts a
staggered conformation, facilitating hydrogen bond interactions with the side chain of Asn12
and Lys10. Meanwhile, in compounds 1, 2 and 3, the orientation of the cyclopropyl and
cyclopentyl rings is directed towards a small hydrophobic pocket delineated by Leul5, Leu28,
and Phe32. This hydrophobic region partially contributes to binding the methyl group of the
substrate, CDP-ME. Our experimental findings confirm these compounds are indeed binding
to the substrate-binding pocket as intended, forming interactions similar to those observed
with the native substrate (Fig. 6A&7).

Compound 2 was designed to experimentally evaluate the importance of the
tetrahydrothiophene ring. Interestingly, it demonstrated an almost three-fold decrease in
activity with ICspvalues of 36.5 uM and 44.3 uM against EclspE and KplspE respectively, and
a 10-fold decrease with an ICsp of 229 uM against AblspE . The co-crystal structure shows that
this drop in activity was due to the loss of the tetrahydrothiophene ring's hydrophobic
interaction (stacked between Tyr25 and Pro182) in addition to losing the potential hydrogen
bond of the S atom with Thr181 or Tyr25 (Fig. 6B). Despite the dramatic decrease in activity
especially against AblspE, the compound still retained some activity against the other
homologues. Indicating that the rest of the molecule is still contributing significantly for
binding.
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Figure 6: A: Surface representation of EclspE active site, showing an overlay between the CDP-ME and the
competitive inhibitor (+)1 in the substrate pocket. IspE Active site is composed of three main pockets: the
cytidine binding pocket with the ribose sub-pocket, the methylerythritol (ME) binding site featuring a small
hydrophobic cavity (highlighted by a red circle), and the ATP binding pocket. B: Superimposition of experimental
structures of EclspE co-crystallized with compounds (£)1 in yellow and 2 in green showing binding interactions
discussed in the text. Molecular surface representations performed using PyMol. Color code: C: green and yellow;
O: red; N: blue; S: yellow.

We designed and synthesized compounds 3 and 4 with bigger ring size in place of the
cyclopropyl to test the optimum binding occupancy of this small hydrophobic pocket. Both
compounds were tested on all homologues and co-crystalized with EclspE. The results showed
that both compounds have regained the lost activity in compound 2 and slightly improved the
affinity compared to (x)1. Compound 4 with the six-membered cyclohexyl ring additionally
improved the activity further than compound 3 with the five-membered cyclopentyl ring.
Theoretical and experimental studies have previously shown that occupation of hydrophobic
pockets in a protein target is the main contributor to the binding affinity of the ligand (34). In
IspE, it was found that this hydrophobic pocket, originally accommodating the methyl group
of the methylerythritol moiety, is notably more spacious than initially anticipated (Fig. 7).
Therefore, the appropriate filling of this sub-pocket would result in a significant gain in binding
free enthalpy (35). The volume of this pocket measures roughly around 180 A3 in EclspE and
KplspE and 102 A3 in AblspE. Prior studies indicated a significant relationship between its
occupancy and activity of the ligands targeting the substrate pocket (30). Although we could
not obtain a co-crystal structure with compound 4, due to solubility issues, a co-crystal
structure of compound 3 with EclspE was obtained, which showed that the cyclopentyl ring
indeed occupies the deep hydrophobic pocket surrounded by nonpolar residues, llel5, llel7,
Leu28 and Ph185 (Fig. 7). This hydrophobic interaction exhibited sufficient strength for these
two compounds to possess higher affinities than compound (%)1. This factor should be taken
into account when considering an extension from this subpocket to the adjacent
phosphate-binding pocket.
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Figure 7: Binding of ligand 3 to EclspE (PDB: 8QCO): A: Molecular surface representation of EclspE showing the
hydrophobic pocket occupied by the five-membered hydrocarbon ring from the ligand. B: Close-up of the small,
hydrophobic pocket showing residues of the receptor and the ligand. Residues are shown as sticks. Color code:
C: green; O: red; N: blue; S: yellow.

2.7 A. baumannii I1spE requires distinct targeting strategies compared to
E. coli and K. pneumoniae IspE.:

AblspE appears to show inhibition pattern comparable to the other tested homologues
relative to compound 1. The inhibition values for 2, 3 and 4 however, seem to be substantially
different on AblspE. We could not obtain X-ray crystal structure with AblspE but we used
sequence alignment and homology modeling to try to justify this and to structurally showcase
the differences.

AblspE (Uniprot accession code : B2ZHUMS5). The Swiss-Model structure was downloaded as a
PDB file from the Swiss-Model website via the link provided on the Uniprot web page (36).
The structure was then aligned with the EclspE structure in MOE with an overall RMSD of
1.118 A (37). Fig. 8, shows the structural differences between the two homologues within the
CDP-ME binding site.

Compounds 2, 3, and 4 were then docked into the CDP-ME binding site of interest of EclspE
(experimental crystal structure) and AblspE (SwissModel structure). We were interested in
rationalizing the observed differences in activity arising from the different ring sizes at the
sulfonamide moiety, the docked poses of 2, 3 and 4 closely match the crystallographic binding
mode in the experimental EclspE structures. The docking scores of the three compounds are
shown in Table S2 Gratifyingly, the docking scores closely match the experimental activities,
with 2 showing a slightly lower predicted binding energy than 3 and 4. We attribute this to the
reduced ability of the cyclopropyl ring to interact with the small hydrophobic pocket at the
back of the binding site. The cyclopentyl and cyclohexyl rings seem to fit this small
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hydrophobic pocket better and this is reflected in both the docking scores and experimental
potencies.

On the other hand, when looking at Fig. 9A, B, and C, we observe significant differences of the
binding mode of these compounds in the AblspE structure. For 2 (Fig. 9A), there is loss of the
interaction of the cytosine carbonyl with His25 as well as the loss of the interaction between
the sulfonamide oxygen and the side chain of Asn1l (when compared to the EclspE binding
mode). Similarly, for 3 (Fig. 9B), we observe the loss of hydrogen bonding interactions
between the cytosine ring and the backbone of lle48 with the formation of an internal
hydrogen bond instead. Finally, for 4 (Fig. 9C), the interactions of the cytosine ring with the
backbone are maintained, however, in the docked pose, the sulfonamide no longer interacts
with the side chains of Asn11 and Asp133 leading to a loss in predicted binding energy relative
to the EclspE structure. From these results, we conclude that the replacement of Cys211 in
EclspE with Phe205 in AblspE reduces the size of the small hydrophobic pocket
accommodating the cyclopentyl ring of 3 (Fig. 9A). This causes a shift in the binding mode of
these compounds in the pocket of AblspE, leading to the loss of important hydrogen bonding
interactions made by either the cytosine ring or the sulfonamide moiety. This explains the
observed drop in experimental activity of this series of compounds on the AblspE.

Glul74

Phe205

Thr173 Pro182
Thri8l

Figure 8 : EclspE binding to 1 superimposed with homology modeled structure of AblspE. EclspE in yellow
superimposed with AblspE in cyan. A: molecular surface representation of the AblspE showing the tighter
hydrophobic pocket targeted by the cyclopropane in the ligand. B: Showing a close-up of the main difference in
the active site between the two homologues. In which a cysteine (Cys211) in EclspE is replaced by a
phenylalanine (Phe205) in AblspE. Color code: C: cyan and yellow; O: in red; N: in blue; S: yellow.
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Few additional findings are worth mentioning; We tested the importance of the alkyne linker
by synthesizing compound 5 with a flexible linker. This resulted in a complete loss of activity
across all homologues suggesting the important role of this alkyne linker to direct the
cycloalkyl rings into the hydrophobic pocket. The study also highlighted the challenge of
cytosine replacement without compromising ligand affinity, a contrast to the numerous
adenine substitutions seen in kinase inhibitors. The replacement of cytosine with just an
amino pyrimidine ring resulted in a significant reduction in activity as observed in
compound 6. These preliminary findings will guide our future synthesis in the development of

novel IspE inhibitors.
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Figure 9: Docking of compounds 2,3 and 4 in AblspE. A: Best
docked pose of 2 (in magenta) in the AblspE SwissModel

structure (in gray) showing loss of the interaction of the
cytosine carbonyl with His25 and the sulfonamide oxygen with
the side chain of Asn11. B: Best docked pose of 3 (in magenta)
in the AblspE SwissModel structure (in gray) showing loss of
hydrogen bonding interactions between the cytosine ring and
the backbone of 1le48 and the formation of an internal
hydrogen bond instead. C: Best docked pose of 4 (in magenta)
in the AblspE SwissModel structure (in gray) showing the shift
of the molecule binding, the sulfonamide losses interacttion
with the side chains of Asn11 and Asp133. Relevant residues are
labelled in each picture. Protein residues and ligands shown as
sticks, C: gray and magenta; O: red; N: blue; S: yellow.
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3 CONCLUSIONS

Our study aimed to characterize IspE kinase homologues, explore the substrate pocket and
study inhibitor binding modes. To achieve this, we recombinantly overexpressed and purified
the proteins from EclspE, KplspE, and AblspE, established biochemical assays, and obtained 3
co-crystal structures of EclspE with inhibitors.

EclspE exhibited kinetics consistent with previous reports, while KplspE parameters aligned
with those of similar homologues. AblspE kinetic values highlighted its divergence resulting a
lower sequence identity. These parameters were central in optimizing the assay conditions for
each homolog, setting the stage for high-throughput screening in search for inhibitors.

We presented the first crystal structures of K. pneumoniae IspE in complex with the non-
hydrolyzable ATP analogue, providing valuable insights into its interactions. Despite the
distinctive arrangement and interactions in the crystal lattice of EclspE and KplspE,
gel-filtration analysis showed that KplspE exists mainly as a monomer in solution. The 3D
structural characteristics and kinetic parameters of KplspE closely resemble those of EclspE.
Therefore, we suggest that they can be employed interchangeably, particularly when
encountering challenges in obtaining and/or crystallizing either enzyme. This proposition
relevant in light of our discovery of a new crystalline form for EclspE, which allows ligand
binding during soaking —a process previously proven to be difficult. We demonstrated the
applicability of this condition by successfully obtaining three new co-crystal structures of
EclspE with inhibitors.

We observed that AblspE necessitates distinct inhibitor design due to structural dissimilarity,
with a smaller hydrophobic subpocket influencing compound affinities. While the strategy for
targeting the substrate-binding site in EclspE and KplspE might involve proper filling of a
hydrophobic pocket and covalent targeting of a cysteine residue deep in the CDP-ME pocket.
For AblspE, the attention could be drawn to the other side of the pocket where a glutamine is
replacing a proline, that is important for interaction of EclspE and KplspE with the ribose
moiety in CDP-ME or ribose substituents in ligands designed to target the substrate pocket.

Our findings emphasize the nuanced nature of IspE kinase inhibition, guided by subtle
structural variations among homologues and offer valuable insights into the development of
potent and selective inhibitors for IspE kinase homologues, contributing to the broader goal
of combatting pathogenic microorganisms reliant on the MEP pathway.

4 MATERIALS AND METHODS

Protein preparation: We transformed pET28a plasmids containing our constructs into
electrocompetent BL21 (DE3) E. coli cells. The transformed cells were subsequently cultured
on LB-Agar supplemented with 25 pg/mL kanamycin and allowed to incubate overnight at a
temperature of 37°C. We then transferred the selected colonies into LB medium
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supplemented with 25 pug/mL kanamycin, at 37° C until ODsgo 0.3—0.6 for EclspE and KplspE,
and 0.8 for AblspE. We induced overexpression with 1 mM IPTG/18° C/180 RPM/overnight.
The harvested cells were then disrupted before subsequently purifying the proteins. First,
affinity chromatography using HisTrap HP 5 mL, then removing tags with TEV protease (1:20).
The output from the reverse IMAC column was injected into a 7 mL loop of the AKTA pure
system on an S200 SEC column. Peak fractions were combined and concentrated in the
respective storage buffer for each protein. Finally, we performed SDS-PAGE gel
electrophoresis to confirm the presence and purity of the purified IspE homologs at each
purification step (Fig. S2).

Gel filtration analysis: Purified samples of EclspE, KplspE and AblspE were prepared for the
gel filtration analysis. To determine the molecular weights of our proteins, standard proteins
of known molecular weights were used to calibrate the gel filtration column. Calibration
standards included proteins ranging from 670 kDa to 1.35 kDa. A defined volume of the
prepared KplspE sample was injected into the calibrated gel filtration column. The protein was
detected using UV spectroscopy at wavelength of 280 nm. The elution profile of IspE was
recorded based on the absorbance signals from the UV detector. The molecular weight of IspE
was estimated by comparing its elution volume to the elution volumes of the calibration
standards. A calibration curve was constructed using the known molecular weights of the
standards (Fig. S2).

Enzymatic assay: To assess IspE activity and its kinetic parameters, we adapted a coupled
spectrophotometric enzyme assay based on a previously described protocol (19). The analysis
was carried out at room temperature (RT) over a 30-minute period. Enzymes and substrate
concentrations were adapted for each homologue to ensure a suitable reaction velocity and
linear kinetics. EclspE (200 nM), KplspE (150 nM) and AblspE (100 nM). For the kinetic assays,
varying concentrations of the cofactor ATP and the substrate CDP-ME were employed. When
one of these was held constant, ATP was maintained at 1 mM, and CDP-ME at 2 mM. For the
determination of the ICsp values of specific inhibitors, the percent of inhibition was calculated
from a linear curve of initial velocities of the enzymes with different concentrations of the
compounds. Kinetic parameters and 1Csp values of inhibitors were calculated using nonlinear
regression analysis (OriginPro2023) (Fig. S3).

Crystallization: To determine the optimal crystallization condition of IspE homologues in the
study, screening trials were carried out using commercially available crystallization kits from
NeXtal. Plates were incubated at 18 °C and checked for crystals every three days. Repetitive
optimizations were performed for the best identified crystal conditions. KplspE: the structure
was obtained after incubating 15 mg/mL KplspE with 5 mM of each of the AMP-PNP, CDP-ME
and MgCly. Crystals were set in vapor diffusion chambers with a reservoir solution consisting
of 1000 mM Sodium citrate, 100 mM HEPES pH 7.0. EclspE: 7.5mg/mL protein was used to
grow crystals in vapor diffusion chambers with a reservoir solution consisting of 25% PEG 4k;
200mM MgCl2; 100mM MES pH 6.5. The crystals were then soaked for 2 days with 5-10 mM
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compound. The best crystals were then mounted with 32% of glycerol (as a cryo-protectant)
and data collection were carried out using beamtimes provided by the SLS and ESRF.

X-ray data collection and structures determination:

The structure of the new crystal form of EclspE and KplspE was determined through molecular
replacement using Phaser.MR (38) within the Phenix software suite (39). The primary model
used for the search was EclspE (PDB ID: 10J4) (14). Initially, data reduction and alignment
were carried out using AIMLESS (40) within CCP4i (41). Following this, manual interpretation
of the electron density maps was conducted using COOT (42). The 3D structures were refined
iteratively using Phenix refine (43). Structures were validated in the PDB validation server
before deposition. For visual representation, all figures were generated using PyMolL (43).

Comprehensive statistics regarding data collection and the refinement process can be located
in Table S2.

Compounds synthesis

We sourced chemicals from commercial suppliers without further purification for our
chemical synthesis. Chemical yield measurements are based on purified compounds, and were
not optimized. Reaction progress was monitored with TLC silica gel sheets and UV
visualization. Column chromatography used an automated CombiFlash® Rf system with
RediSepRf silica columns. Preparative RP-HPLC was performed with a Thermo Fisher Scientific
UltiMate 3000 system and a nucleodur® C18 Gravity column. H and 3C NMR spectra were
acquired using Bruker Avance Neo 500 MHz or Bruker Fourier 300 instruments. Chemical shifts
were referenced against solvent peaks, and splitting patterns were noted. Low-resolution
mass analysis and purity checks used an Ultimate 3000-MSQ LCMS system. Compounds for
biological assays had > 95% purity. High-resolution mass spectra were obtained using a
ThermoFisher Scientific Q Exactive Focus system. Final products underwent thorough drying
under high vacuum. For more detailed chemical and analytical methods, please refer to the
supplementary materials.

Computational methods

Docking studies for IspE inhibitors to EclspE and AblspE were conducted using MOE v2020.09.
The ligand preparation involved creating 2D structures of compounds and subjecting them to
energy minimization. Protein structures were prepared for EclspE and AblspE through
force-field application, hydrogen assignment, and energy minimization. Binding sites were
selected based on proximity to ligands. Molecular docking was performed using MOE's Dock
module, utilizing the co-crystalized ligand as a template and specific receptor structures.
Scoring functions were applied to assess docking results.

Detailed computational methods can be found in the supplementary.
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Figure S2: Gel filtration calibration curve used to estimate molecular weights for KplspE, EclspE and
AblspE. Size exclusion chromatography column S200 16/600 was calibrated using Thyroglobulin (670
KDa), y-Globulin (158 KDa), ovalbumin (44 kDa), Myoglobin (17 KDa), and Vitamin B12 (1,350 KDa). The
calibration curve was plotted using the elution volume/ column void volume (Ve/V0) versus logarithm
of the molecular weight. Straight line is the calibration curve calculated from the data for molecular
weight standards. Red dots correspond to the positions of Ve/Vo values for KplspE, EclspE and AblspE
respectively. Linear equation, from the calibration curve was used to calculate the experimental
molecular weights of KplspE (31 kDa), EclspE (34 kDa) and AblspE (30 kDa). SDS-PAGE 12%
electrophoresis of IspEs showing the expected band size obtained purification.
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Figure S3: Michaelis-Menten kinetics analysis, Kn values of EclspE, KplspE and AblspE enzymes,
analysis was conducted by varying concentrations of ATP and CDP-ME, enzyme concentration used:
EclspE (200nM), KplspE 150nM) and AblspE (100nM). When a substrate or cofactor was kept constant,
a concentration of 1mM was used for ATP and 1.5 mM for CDP-ME.
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Figure S4: Inhibitory dose-response curves to determine the ICso for each inhibitor on EclspE, KplspE
and AblspE. The curves were plotted using % of inhibition values of the enzymes after incubation with
varied concentration of compounds. EclspE concentration (200nM), KplspE (150nM) and AblspE
(100nM). CDP-ME was used at (~1X Kn); 300 uM for EclspE and KplspE assay and 400 uM for AblspE.

ATP was kept at 1ImM (~4X Kr) in all instances. The curves were fit using non-linear regression analysis
program in OriginPro.
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Table S1: Data collection and refinement statistics of all X-ray structures shown in the manuscript.
Statistics for the highest-resolution shell are shown in parentheses

KplspE EclspE EclspE (1) EclspE (2) EclspE (3)
PDB code 8CKH 8QC7 8QcCcC 8QCN 8QcCOo
Resolution range 41.46 -1.8 32.76 -2.03 47.93 -1.904 36.43 -1.86 48.28 -1.55
Space group P212121 Ccil21 Cl21 cil21 c121

Unit cell 65.87 76,781 98.517 143.196 53.046 142.57 52.793 143.928 53.1129 145.674 53.162
abc[A] 91.07 90 126.93390 | 90.25390126.691 | 91.7173 90 127.395 | 91.968 90 127.677
aBy[] 209090 90 % %0
Total reflections 35245 41772 39594 79611
Unique reflections 46367 (4526) 35241 (3472) 41807 (3718) 45832 (4238) 79873 (7952)
Multiplicity 6.3 3.9 10.2 2.4 2.8
Wavelength 0.97 0.93 0.93 0.93 0.62
Completeness (%) 98.9 (98.1) 98.97 (98.52) 98.41 (90.28) 95.7 98.23 (98.82)
Mean I/ sigma (1) 2.09 (at 1.79A) 2.4 (at 2.0A) 2.0 (at 1.9 A) 7.6 (at 1.86 A) 10.4 (1.55 A)
Wilson B-factor 26.9 26.81 37.59 39.28 26.21
R-merge 0.079 0.12 0.078 0.058 0.046
R-work 0.1885 (0.2348) 0.2165 (0.3117) 0.1935 (0.3676) 0.2271 (0.5133) 0.2104 (0.3619)
R-free 0.2267 (0.2870) 0.2404 (0.3794) 0.2353 (0.3785) 0.2660 (0.5499) 0.2411 (0.4087)
Number of non- 4633 4627 4605 4523 4707
hydrogen atoms
Macromolecules 4275 4334 4314 4330 4332
Ligands 88 192 165 138 150
Solvent 296 171 186 103 281
Protein residues 559 562 561 563 563
RMS (bonds) 0.005 0.020 0.041 0.024 0.031
RMS (angles) 0.80 0.75 1.27 0.66 1.17
Average B-factor 33.65 33.24 41.86 48.57 33.14
Ramachandran plot
analysis (%)
Favored 98.38 99.1 98.56 97.85 99.11
Allowed 1.62 0.90 1.44 2.15 0.89
Outliers 0.00 0.00 0.00 0.00 0.00
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Compounds synthesis:

All reagents used for chemical synthesis were purchased from commercial suppliers, and used
without further purification. All chemical yields refer to purified compounds and were not
optimized. Reaction progress was monitored using TLC silica gel 60 F254 aluminum sheets, and
visualization was accomplished by UV at 254 nm. Column chromatography was performed
using the automated flash chromatography system CombiFlash® Rf (Teledyne Isco) equipped
with RediSepRf silica columns. Preparative RP-HPLC was was perofmed using an UltiMate 3000
Semi-Preparative System (Thermo Fisher Scientific) with nucleodur® C18 Gravity (250 mm x
10 mm, 5 um) column. Purifications via preparative RP-HPLC were carried out using two
possible conditions: Condition A: gradient 5-100% CH3CN + 0.05% HCOOH in water + 0.05%
HCOOH in 53 min at a flow rate of 5 mL/min. The sample was dissolved in DMSO and manually
injected to the HPLC system. Condition B: gradient 20-100% CH3CN + 0.05% HCOOH in water
+ 0.05% HCOOH in 35 min at a flow rate of 5 mL/min. Samples were dissolved in DMSO and
manually injected to the HPLC system. *H and *3C NMR spectra were recorded as indicated on
a Bruker Avance Neo 500 MHz (*H, 500 MHz; 13C, 126 MHz) with prodigy cryoprobe system or
a Bruker Fourier 300 (*H, 300 MHz; 13C, 75 MHz) instrument. Chemical shifts were recorded
as & values in ppm units and referenced against the residual solvent peak (CDCls, 6 = 7.26,
77.16; DMSO-de, 6 = 2.50, 39.52, MeOH-das: 6 = 3.35, 4.78, 49.3). Splitting patterns describe
apparent multiplicities and are designated as s (singlet), br s (broad singlet), d (doublet), dd
(doublet of doublet), t (triplet), g (quartet), m (multiplet). Coupling constants (J) are given in
hertz (Hz). Low resolution mass analytics and purity control of final compounds was carried
out either using an Ultimate 3000-MSQ LCMS system (Thermo Fisher Scientific) consisting of
a pump, an autosampler, MWD detector and a ESI quadrupole mass spectrometer. Purity of
all compounds used in biological assays was > 95%. High resolution mass spectra were
recorded on a ThermoFisher Scientific (TF, Dreieich, Germany) Q Exactive Focus system
equipped with heated electrospray ionization (HESI)-Il source. Final products were dried at
high vacuum.

General Procedure A for the formation of a sulfonamide:

The sulfonyl chloride (1 eq.) was added dropwise to a solution of propargyl amine (1 eq.) and
Et3N (1.1 eq.) in dry CH2CI2, at 0 °C. The mixture was left to stir at 25 °C for 30 min and
concentrated in vacuo. Products were purified via column chromatography.

General procedure B for the Sonogashira cross coupling:

To an Ar-charged flask charged with iodocytosine (1.0 eq.), the previously synthesized alkyne
(2 eqg.), and Et3N (3.0 eq.) in anhydrous DMF, [PdCI2(PPh3)2] (0.1 eq.) and Cul (0.2 eq.) were
added at 25 °C. The mixture was left to stir at 25 °C for 12 h. Water was added to the flask and
the reaction mixture filtered, dissolved in DMSO and filtered again through celite. The reaction
mixture was purified via HPLC.

Chemical and Analytical Methods.

'H- and 3C-NMR spectra were recorded as indicated on a Bruker Avance Neo 500 MHz with
prodigy cryoprobe system or a Bruker Fourier 300 instrument. Chemical shifts are given in
parts per million (ppm), and referenced against the residual solvent peak. Coupling constants
(J) are given in Hertz. Low-resolution mass analytics and purity control of final compounds
were carried out either using an Ultimate 3000-MSQ LCMS system (Thermo Fisher Scientific),
consisting of a pump, an autosampler, MWD detector and an ESI quadrupole mass
spectrometer. High resolution mass spectra were recorded on a ThermoFisher Scientific (TF,
Dreieich, Germany) Q Exactive Focus system equipped with heated electrospray ionization
(HESI)-Il source. Reagents were used as obtained from commercial suppliers without further
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purification. Procedures were not optimized regarding yield. Column chromatography was
performed using the automated flash chromatography system CombiFlash® Rf (Teledyne Isco)
equipped with RediSepRf silica columns. Preparative HPLC was performed using an UltiMate
3000 Semi-Preparative System (Thermo Fisher Scientific) with nucleodur® C18 Gravity (250
mm x 10 mm, 5 um) column. Final products were dried

at high vacuum.

Derivatives of 1 were synthesized in three steps (Scheme S 1). First, sulfonamides were
synthesized from the corresponding sulfonyl chloride and propargylamine. lodination of
cytosine was performed using |; and iodic acid to yield 5-iodocytosine. Finally, a sonogashira
cross coupling reaction is performed, resulting in the target derivative.

CI\’/S//?R
o] R
X
0
\y HNLLR
NH, I
a o}
NH; N Xy ?
2 NH, N
N7 b I 0 c = NIR
\ N HN_I_R g e
O)\N )\ | + § )N\ |
0~ °N o
H 07N
H H

Scheme S 1: Reagents and condition: a) TEA, DCM, 0°C-r.t, 30min; b) I, HIO3, AcOH, 40°C, 12h;
c) [PdCI2(PPh3)2], Cul, TEA, DMF, r.t, 4-12 h;

Synthesis of N-(3-(4-amino-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-
yl)cyclopropanesulfonamide (2)

N7 |
o)\N
H

The title compound was synthesized according to the general method B. The crude product
was purified by preparative HPLC (Condition B). The title product was obtained as a white
solid, (70 mg, 0.26 mmol, 38%). *H NMR (500 MHz, (DMSO-de) & 8.52 (s, 1H), 4.16 (s, 2H), 1.56
(m, 1H), 0.69 (m, 4H). 3C NMR (126 MHz, (DMSO-ds) & 165.87, 155.54, 146.56, 142.20, 91.79,
76.12, 33.45, 30.07, 5.49. Purity: 100%; MS (ESI+) m/z 287 [M+H]+; HRMS (ESI+) m/z calcd for
C10H12N403S [M+H]+: 287.0630 found 287.0424.

Synthesis of N-(3-(4-amino-2-oxo-1,2-dihydropyrimidin-5-
yl)propyl)cyclopropanesulfonamide

o A

HN/S\\O
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To a stirring solution of 1 (100 mg, 0.38 mmol, 1 eq.) in EtOH, Pd/C (10 mg, 0.1 mmol, 0.25
eg.) was added. H; gas was bubbled in to the stirring solution and the reaction mixture was
allowed to stir for 3 h. The mixture was filtered over celite and washed with EtOH and
concentrated under reduced pressure. The title product was obtained as a white solid, (92 mg,
0.34 mmol, 89%). *H NMR (500 MHz, (DMSO-ds) 6 7.24 (s, 1H), 3.05 (t, J/=6.1 Hz, 2H), 3.05 (t,
J=6.1 Hz, 2H), 2.59-2.57 (m, 1H), 2.33 (t, J=7.2 Hz, 2H), 1.66 (tt, J/=7.4 Hz, 2H), 1.00-0.94 (m,
4H). 13C NMR (126 MHz, (DMSO-dg) 6 157.39, 146.65, 142.28, 141.63, 44.47, 33.39, 27.99,
26.25, 13.71. Purity: 95.51%; MS (ESI+) m/z 273 [M+H]+; HRMS (ESI+) m/z calcd for
C10H16N403S [M+H]+: 273.0943 found 273.1013.

Synthesis of N-(3-(4-amino-2-oxo-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-
yl)cyclopentanesulfonamide (3)

O\\/O

NH, S

= N7%
N~ |
O)\N
H

H

The title compound was synthesized according to the general method B. The crude product
was purified by preparative HPLC (Condition B). The title product was obtained as a white
solid, ( 74 mg, 0.25 mmol, 36%). 'H NMR (500 MHz, (DMSO-de) & 7.67 (s, 1H), 4.03 (d, J/=5.6
HZ, 2H), 3.68-3.64 (m, 1H), 1.93-1.84 (m, 2H), 1.68-1.53 (m, 2H), 1.28-1.18 (m, 4H). 13C NMR
(126 MHz, (DMSO-ds) 6 167.59, 160.12, 140.16, 134.79, 87.08, 80.27, 54.41, 53.71, 33.34,
23.00. Purity: 100%; MS (ESI+) m/z 297 [M+H]+; HRMS (ESI+) m/z calcd for Ci2H16N4O3S
[M+H]+: 297.0943 found 297.1021.

Synthesis of N-(3-(4-amino-2-oxo0-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-
yl)cyclohexanesulfonamide (4)

=N
N/| ” H
O)\N

H

The title compound was synthesized according to the general method B. The crude product
was purified by preparative HPLC (Condition B). The title product was obtained as a white
solid, (8 mg, 0.026 mmol, 28%). *H NMR (500 MHz, (DMSO-de) & 7.67 (s, 1H), 4.00 (s, 2H), 3.07
(t, J= 8.7 Hz, 1H), 2.07-2.06 (m, 1H), 1.78-175 (m, 2H), 1.62-1.59 (m, 1H), 1.37-1.09 (m, 6H). 13C
NMR (126 MHz, (DMSO-ds) & 159.03, 153.85, 141.32, 128.22, 48.49, 47.03, 31.41, 26.80,
23.90. Purity: 99.8%; MS (ESI+) m/z 311 [M+H]+; HRMS (ESI+) m/z calcd for Ci3H1sN4O3S
[M+H]+:311.1100 found 311.1770.

Synthesis of  N-(3-(4-amino-2-oxopyrimidin-1(2H)-yl)propyl)cyclopropanesulfonamide
(HIPS7996)
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HN™
_S%

o~ W

A solution of TEA (0.1 mL, 0.81 mmol. 1.2 eq) and of 4-amino-1-(3-aminopropyl) pyrimidin-
2(1H)-one (115 mg, 0.68 mmol, 1 eq.) in DCM was cooled to 0 °C. Cyclopropanesulfonyl
chloride (0.54 mL, 0.54 mmol, 0.8 eq.) was added to the solution with stirring. The reaction
was allowed to warm to room temperature and stir for an addition 2 hours. The reaction
mixture was concentrated and purified via HPLC (condition A). The title product was obtained
as a white solid (14 mg, 0.05 mmol, 8%). *H NMR (500 MHz, (DMSO-dg) 6 7.98 (d, J= 7.6 Hz,
1H), 6.03 (d, J= 7.4 Hz, 1H), 3.82 (t, J= 6.8 Hz, 2H), 3.03 (q, J= 6.2, 6.5 Hz, 2H), 1.85-1.82 (m,
1H), 1.19 (t, J= 7.3 Hz, 2H), 0.95-0.89 (m, 2H), 0.57-0.50 (m, 2H). 13C NMR (126 MHz, (DMSO-
de) 6 173.27, 162.36, 161.59, 125.01, 98.26, 96.90, 40.92, 29.53, 28.75, 10.20. Purity: 100%;
MS (ESI+) m/z 272, [M+H]+; HRMS (ESI+) m/z calcd for C1oH16N4O3S [M+H]+: 273.3230 found
273.2943.

Synthesis of N-(3-(4-amino-2-oxo0-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-
yl)cyclopropanecarboxamide (HIPS7876)

o}
NH, %
P N
N)\/l/H
o)\N
H

The title compound was synthesized according to the general method B. The crude product
was purified by preparative HPLC (Condition A). The title product was obtained as a white
solid, (73 mg, 0.3 mmol, 23%). *H NMR (500 MHz, (DMSO-ds) 6 7.67 (s, 1H), 4.04 (s, 2H), 2.66-
2.61 (m, 1H), 0.97-0.95 (m, 4H). 3C NMR (126 MHz, (DMSO-d¢) 6 177.14, 155.40, 150.95,
136.22, 129.64, 85.37, 82.71, 32.81, 15.69, 9.37. Purity via HPLC: 100%; MS (ESI+) m/z 233
[M+H]+; HRMS (ESI+) m/z calcd for C11H12N40, [M+H]+: 233.0960 found 233.1031.
N-(3-(4-amino-2-oxo-1-(tetrahydrothiophen-2-yl)-1,2-dihydropyrimidin-5-yl)prop-2-yn-1-
yl)cyclopropanecarboxamide (HIPS8061)

0
NH, N
)j/\

NZ | H

O)\N

@S

The title compound was synthesized according to the general method B. The crude product
was purified by preparative HPLC (Condition A). The title productwas obtained as a white solid.
(20 mg, 0.06 mmol, 10%). *H NMR (500 MHz, (DMSO-ds) & 8.18 (s, 1H), 6.22 (dd, J= 5.6, 5.8 Hz,
1H), 4.18 (d, J= 5.0 Hz, 2H), 3.32 (ddd, J= 6.4, 6.0, 4.1 Hz, 1H), 2.91 (ddd, J= 6.4, 6.4, 3.7 Hz,
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1H), 2.28-2.23 (m, 1H), 2.13-2.01 (m, 3H), 1.63 (tt, J= 5.3, 5.4 Hz, 1H), 0.75-0.73 (m, 4 H). 13C
NMR (126 MHz, (DMSO-ds) & 172.47, 163.52, 161.33, 130.52, 126.88, 88.54, 83.51, 64.23,
44.07, 32.57, 28.65, 23.78, 15.84, 6.72. Purity via HPLC: 100%; MS (ESI+) m/z 319 [M+H]+;
HRMS (ESI+) m/z calcd for C1sH1gN40,S [M+H]+: 319.1150 found 319.1218.

Synthesis of N-(3-(4-aminopyrimidin-5-yl)prop-2-yn-1-yl)cyclopropanesulfonamide
(HIPS8013)

N ’
|
N
The title compound was synthesized according to the general method B. The crude product
was purified by preparative HPLC (Condition B). The title product was obtained as a white
solid, (5 mg, 0.02 mmol, 21%).'H NMR (500 MHz, (DMSO-d¢) 68.08 (d, J= 7.2 Hz, 1H), 7.14 (d,
J=7.3 Hz, 1H), 3.80 (t, J= 7.1 Hz, 2H), 3.09 (q, J= 6.8, 6.1 Hz, 2H), 1.78 (t, J= 6.9 Hz, 2H), 1.51-
1.49 (m, 1H), 0.87-0.84 (m, 2H), 0.67-0.63 (m, 2H). 3C NMR (126 MHz, (DMSO-d¢) & 154.91,
150.40, 129.30, 93.72, 47.34, 46.13, 29.50, 28.93, 5.08, 4.72. Purity: 100%; MS (ESI+) m/z 252,
[M+H]+; HRMS (ESI+) m/z calcd for C1oH12N403S [M+H]+: 253.2920 found 253.0736.
Synthesis of 6-Amino-5-iodo-2(1H)-pyrimidinone (5-iodocytosine)
NH,
NZ | !

A

O~ N

H

Cytosine (1 g, 9 mmol, 1 eq.), iodine (3.2 g, 13.5 mmol, 1.5 eq.) and iodic acid (2.2 g, 12.6
mmol, 1.4 eq.) were stirred in acetic acid at 40 °C overnight. The reaction mixture was cooled
and treated with sat. ag. Na;S$,03 until a white suspension was obtained. The mixture was
neutralized with NaOH (10%). The product was collected via filtration, washed with cold water
(5x) and concentrated under reduced pressure. _ was obtained as a white solid. Yield 97%. H
NMR (500 MHz, (CDClsz) 6 7.98 (s, 1H). MS (ESI+) m/z 237.
Synthesis of 5-iodopyrimidin-4-amine

NH,
N~ !
|

N
4-Aminopyrimidine (0.5 g, 5.25 mmol, 1 eq.), N-iodosuccinimide (1.2 mL, 12.6 mmol, 2.4 eq.)
were stirred in acetic acid at 80 °C with stirring for 2.5 hours. The reaction mixture was cooled
and extracted with DCM (3x). The organic layer was washed with sat. ag. Na»S$,03 (3x) and
brine (3x) and then concentrated under reduced pressure. The title product was obtained as
a yellow solid. Yield 91%. 'H NMR (500 MHz, (CDCls) 6 8.44 (s, 1H), 8.30 (s, 1H).

4-amino-5-iodo-1-(tetrahydrothiophen-2-yl)pyrimidin-2(1H)-one
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NH,
N7 | !
O)\N
S

To a suspension of Synthesis of 5-iodopyrimidin-4-amine (0.30 g, 1.26 mmol, 1.0 eq) in a
mixture toluene/DMF (2:1, 12 mL), triethylamine (0.70 mL, 5.06 mmol, 4 eq ) and TMSOTf (1.8
mL, 10.08 mmol, 8eq) were added. The mixture was stirred at rt for 15 min. Then,
tetrahydrothiophene 1-oxide (0.11 mL, 1.26 mmol, 1 eq) was added dropwise followed by
additional triethylamine (1.05 mL, 7.56 mmol, 6eq). The mixture was stirred at rt for 30 min.
The reaction was quenched by the addition of ice and extracted with EtOAc, followed by being
washed with sat. ag. NaHCOs3 (3 x 10 mL). The crude product was purified by preparative HPLC
(Condition B). The title compound was obtained as a white solid. Yield: 12 %. *H NMR (500
MHz, (DMSO-ds) & 8.15 (s, 1H), 6.12 (dd, J= 6.4 Hz, 1H), 3.29-3.22 (m, 1H), 2.87-2.83 (m, 1H),
2.20-2.02 (m, 1H), 2.06-1.96 (m, 3H).

Synthesis of N-(prop-2-yn-1-yl)cyclopropanesulfonamide

SPA
Z N,

H
The title compound was synthesized according to the general method A. The crude product
was purified by column chromatography using a gradient of 0-100% EtOAc in Hexanes to yield
compounds _. Yield 69%. 'H NMR (500 MHz, (CDCl3) 6 3.91 (dd, J= 2.5, 3.7 Hz, 2H), 2.51-2.46
(m, 1H), 2.28 (t, J= 2.4 Hz, 1H), 1.18-1.15 (m, 2H), 1.00-0.96 (m, 2H). MS (ESI+) m/z 160.

Synthesis of N-(prop-2-yn-1-yl)cyclobutanesulfonamide

O\\D

Z N,

H

The title compound was synthesized according to the general method A. The crude product
was used without any further purification.

Synthesis of N-(prop-2-yn-1-yl)cyclohexanesulfonamide

The title compound was synthesized according to the general method A. The crude product
was purified by column chromatography using a gradient of 0-100% EtOAc in Hexanes to yield
compounds _. Yield 35%; 'H NMR (500 MHz, (CDCls) 6 3.88 (dd, J= 2.5, 3.7 Hz, 2H), 2.97-2.92
(m, 1H), 2.27 (s, 1H), 2.17-2.14 (m, 2H), 1.86-1.83 (m, 2H), 1.66-1.63 (m, 1H), 1.49-1.44 (m,
5H), 1.26-1.12 (m, 2H); MS (ESI+) m/z 202.

Synthesis of tert-butyl (3-bromopropyl)carbamate
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o
J\O)J\N/\/\Br

H

A mixture of 3-bromopropylamin hydrobromide (2 g, 9.14 mmol, 1 eq.), (BOC),0 (2.1 g, 9.59
mmol, 1.05 eq.) and triethyl amine (6.5 ml, 29.3 mmol,3.2 eq.) was stirred in dry DCM at room
temperature for 24 h. The crude mixture was filtered and washed with diethyl ether to yield
the product as a white solid. Yield 89%. H NMR (500 MHz, (CDCls) § 3.56 (t, J= 6.7 Hz, 2H),
3.09 (t, J= 6.4 Hz, 2H), 1.97 (q, J= 6.5, 6.7 Hz, 2H), 1.44 (s, 9H).

Synthesis of 4-amino-1-(3-aminopropyl)pyrimidin-2(1H)-one
NH,
N -

A |

O~ N

HoN

Cytosine (388 mg, 3.5 mmol, 1.2 eq.) and 60% NaH (147mg, 3.7 mmol, 1.05 eq.) were dissolved
in dry DMF and stirred for 10 minutes. BOC-3-bromopropylamine (1 g, 4.2 mmol, 1 eq.) was
added slowly and the reaction mixture was stirred at room temperature for 4 h. Water was
added and the mixture was extracted with DCM (3x). The organic layer was concentrated in
vacuum to obtain a yellow oil. The crude product was then dissolved in a methanol and
acidified with HCI. The reaction mixture was stirred at room temperature for 1.5 hours. The
reaction was concentrated under vaccum and dissolved in DCM. The crude mixture was
washed with water (3x), brine (3x) and then purified via column chromatography. Yield 46%.
'H NMR (500 MHz, (DMSO-dg) 6 7.50 (d, J= 7.0, 1H), 5.56 (d, J= 7.1, 1H), 3.53 (t, J= 6.9 Hz, 2H),
3.03 (g, J=6.6, 6.6.1 Hz, 2H), 1.58 (t, J=6.7 Hz, 2H).
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NMR Spectra:
NH; o A
N/ N/ A\
A :
O N
H

H! NMR spectrum:

a
3 2885820 05855858285888
Gt | NN T T e e
b VAN S I M
1.13 210 208199 1.00 392
=]
R EEe
2 Chemical Shift (ppm)
1 .
C'3 NMR spectrum:
3 838 - S
5 %43 31l 2 88 T
Ty T 8 ng
. " N
Sttt 2ttt A St B i
220 200 180 160 140 120 100 80 60 40 20 Chemical Shift {(ppm)

189



IspE Kinase Homologues Characterization and Crystal Structures

NH S
(0] N
H
H! NMR spectrum:
s &
B 7 Jhabs | 35223378
i - (8828 | “gopIT oG
O @ -
) S UMLJJ.JM
1.02 2.00 1.07 211219 4.16
=] d 5] =
13 12 1 10 9 8 7 6 5 4 3 2 Chemical Shift (ppm)
C'3 NMR spectrum:
3 8
g @ R g & TT % ¢
E g g3 T # 28
L L L .
Bl '\r“' | B LBl R LR | Trey [rreeyrey  RASAE EEE fryvefvvvvpvrorey reprey TY fyrevvyg | SRR | | R LR | R AL A B
220 200 180 160 140 120 100 80 60 40 20 Chemical Shift (ppm)

190



IspE Kinase Homologues Characterization and Crystal Structures

NH, S
=z N
N7 H
Py
(@) N
H
H! NMR spectrum:
-
e A
1.10
[
AR | LI SIS Y LI A JRLAE LY BN L JRLE T 0 LS AL I L L B Ve L 0 L AR B N L R L PR L L
13 12 11 10 9 8 7 6 5
C3 NMR spectrum:

191



IspE Kinase Homologues Characterization and Crystal Structures

N2
N7 | H
o)\N
H

H! NMR spectrum:

&
Z
33 58
3 o Lggag,. °°
3 Jl © oy b1 :
A |9 i 5, N ¢
1.65 196 1.17 4.00
e : = S S S —
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 Chemical Shift (ppm)
C'3 NMR spectrum:
2
i
5]
a8
Q
fvl
T T T TTTT TrrrrTrrrr T FRT
220 200 180 160 140 120 100 80 60 40 20 Chemical Shift (ppm)

192



IspE Kinase Homologues Characterization and Crystal Structures

NH,

N/l

A

0~ N

HN”
_S%

AV,

H! NMR spectum:

25 . 3%2 .. .98 L84 8TERzS35S
R 38 e P/ T28nSams 2ia < =3353s9
©© dedgA a <7 i
| , R T
1.00 0.96 2.20 227 115 2.002.22 2.19
u [ |- [ —
R SR SO B SR SU SN S-S
3 2 1 0 Chemical Shift (ppm)
C'3 NMR spectrum:
5 em 5 ©3 3 i
£ ds o 38 g \
L | .
\\‘\I\I\\\\I\\I\I\\I\I\\I\r\\\I\\‘\I\\\\\\\|\\\\|\\\\|\\I\|\II\\\\I\|I\\\|\\\\|\\I\|\\I\|\\I\‘I\I\\I\\\‘I\\\‘\I\\\\\\I\\\\II‘I\
220 200 180 160 140 120 100 80 60 40 20 Chemical Shift (ppm)

193



IspE Kinase Homologues Characterization and Crystal Structures

NH»

S

H! NMR spectrum:

o
i
2
by
g
.
8
2
8 = 88z |s85s | 2heyneBEEls8832
375 (8775 SSCRRT 2
A ) . I DO S RN e S -
’IL_C“\ L_’II‘:‘ leD leﬁ 2{215 WHD‘E 2£82l=1“3
10 9 8 7 6 5 4 3 2 1 Chemical Shift (ppm)
C3 NMR spectrum:
o
=2 3 o 2 g~
=
L ] I |
220 200 180 160 140 120 100 80 60 40 20 Chemical Shift (ppm)

194



IspE Kinase Homologues Characterization and Crystal Structures

NH,
z N
O~ N
H
H!NMR
4
sy
i
8
=1
8
=
J k L
1.00 212 0.94 386
= = o S
T N T T T TTTTT T L LR B T L L T
1‘3 1‘2 111 1h 4 3 2 Chem\caIIShift(ppm)
C¥* NMR
&
- g 8 8 3 .- N 2 o

195

40

T T

Chemical Shift (ppm)



IspE Kinase Homologues Characterization and Crystal Structures

P
\
Iz

HINMR

3.39

)
0
o

100 95 90 85 80 75 70 65 60 55 50 45 40 35 3 : 0 15 Chemical Shift (ppm)

C13NMR

.
2a082
32383
]

598 Sa 35 2 Bl 5ge 2 o

g g2 S L 3 | das ¢ ¢

el n N i
et ittt ot b ettt ittt sttt
220 200 180 160 140 120 100 80 60 40 20 Chemical Shift (ppm)

196



IspE Kinase Homologues Characterization and Crystal Structures

Computational methods: Docking of IspE inhibitors to EclspE and AblspE

All subsequent steps were carried out in MOE v2020.09.

Preparation of ligands. The 2D structures of the three compounds (2, 3 & 4) were sketched
using ChemDraw professional 20.0 and were imported into the MOE window. The compounds
were subjected to an energy minimization up to a gradient of 0.001 kcal mol™! A2 using the
MMFF94x force field and R-field solvation model, then they were saved as a .mdb file. The
predominant protonation status of the compounds in agueous medium at pH 7 was calculated
via the compute | molecule | wash command in the database viewer window.

Os_N.__NH, N NH;
OYN\ NH, ﬁ/ X I X
P HN-2 NS
AN N //O \//S
3) ) 0

H 0
N A &
Fv AN 1@

Preparation of protein structures.

EclspE

The X-ray co-crystal structure of eclspE with 3 was used for the molecular docking studies.
Potential was set up to Amber14:EHT as a force field and R-field for solvation. Missing residues
and termini were fixed using the Structure Preparation module in MOE. The Protonate3D
module was used to assign and fix hydrogens atoms. Only the receptor atoms were selected
in this case as this step would cause the loss of aromaticity in the cytosine ring of the co-
crystalized ligand when the ligand was included in the Protonate3D calculation. Tethered
energy minimization was then performed via the QuickPrep module, with the Structure
Preparation and Protonate3D tick boxes unchecked (as these were already performed
manually) while using the default settings for the rest of the module.

AblspE (Uniprot accession code : B2HUMD5)

The Swiss-Model structure was downloaded as a .pdb file from the Swiss-Model website via
the link provided on the Uniprot web page. Potential was set up to Amber14:EHT as a force
field and R-field for solvation. Correction of library errors, and tethered energy minimization
of binding site were performed via the QuickPrep module using default settings. The structure
was then aligned with the eclspE structure in MOE using the sequence viewer’s alignment
module (“Sequence and Structural” sequence alignment and “Use Current Alignment”
superposition methods) with an overall RMSD of 1.118 A.

Binding site selection.

For EclspE, the binding site was defined as the residues within 4.5 A of the co-crystalized
ligand. For the AblspE structure, the equivalent residues (as determined by the sequence
alignment) were selected as the binding site for docking.
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Molecular docking

EclspE

Molecular docking was performed via the Dock module of MOE. The co-crystalized ligand was
selected as a template for docking (similarity mode) while the receptor was set to the
prepared eclspE structure and the site was selected as described above. Triangle matcher
placement was used with 100 poses followed by Rigid Receptor Refinement with 10 poses.
The GBVI/WSA dG scoring function was used for both methods with default settings.

AblspE

Molecular docking was performed via the Dock module of MOE. The default docking mode
was used while the receptor was set to the prepared eclspE structure and the site was selected
as described above. Triangle matcher placement was used with 100 poses followed by Rigid
Receptor Refinement with 10 poses. The GBVI/WSA dG scoring function was used for both
methods with default settings.

Table S 2. Docking scores of the three compounds docked to the three structures of
XPO1/CRML1.

Compound EclspE Docking Score | AblspE Docking Score
(kcal/mol) (kcal/mol)

2 -6.95 -6.1

3 -7.08 -6.23

4 -7.04 -6.6
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3 CONCLUSIONS AND OUTLOOKS

This thesis presented a comprehensive exploration of MEP (2-C-methyl-D-erythritol 4-
phosphate) pathway enzymes from selected pathogenic bacteria. The primary focus was on
two key enzymes, 1-deoxy-D-xylulose-5-phosphate synthase (DXPS) and 4-diphosphocytidyl-
2-C-methyl-D-erythritol kinase (IspE) homologues, with the aim of deepening our
understanding of their structures and functions, as well as their potential as targets for drug
development. Main results, conclusions and future perspectives of the thesis are summarized
below.

Chapter 2.1. Starting off with DXPS, and to achieve the objective of obtaining structural
information from pathogenic organisms targeted by our research group, an optimized DXPS
constructs from P. aeruginosa was used. This optimization process involved removing flexible
regions (loops), with low sequence conservation among DXPS sequences, from the protein
sequence, to create a stable construct suitable for crystallization. Comparative kinetic studies
between the native enzyme and the modified construct, demonstrated that the truncated
construct maintained its enzymatic activity, while improving the stability of the protein.

These sequence optimization (truncation) strategies have allowed the first 3D structure of
DXPS from P. aeruginosa, as well as another pathogenic microorganism, K. pneumoniae, to be
obtained, with a resolution of up to 1.8A. Upon studying their crystal structures, structural
differences were observed between the enzyme bound to the cofactor thiamine diphosphate
(ThDP) and the apo enzyme. This binding induces conformational changes, transitioning the
protein between open and closed loop conformations near its active site.

The obtained structural information underscores the critical role of ThDP in stabilizing regions
in the active site, including flexible loops that are involved in coordinating the diphosphate
moiety. Targeting specific residues in this loop could potentially prevent ThDP from binding by
interfering with loop rearrangement, thus preventing the enzyme from adopting its active
conformation. These structural insights are important for understanding how DXPS operates
and how it might be inhibited.

This newly discovered information about the conformational changes resulting from ThDP
binding, in addition to the previously described conformational changes in a different region
upon binding of substrates (pyruvate and GAP), showcases the challenges in targeting DXPS
using traditional structural-based drug design methods, as the enzyme exists in distinct
conformations during catalysis as well as when binding or releasing the cofactor.

Chapter 2.2. This project was part of an effort aimed at designing thiamine analogues to
inhibit ThDP-dependent enzymes, including DXPS. This was achieved by exploring various
functional groups at the C2 position of the thiazolium, thus targeting the substrate entry site.
Additionally, derivatives of ThDP analogues with different central aromatic rings were
synthesized, and their inhibitory activity against multiple ThDP-dependent enzymes was
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compared. This study established a clear link between the attributes of the central ring and
the inhibitory activities of these ThDP competitive inhibitors. The activity of these analogues
increased with an increase in the hydrophobicity of the central ring, which occupies a
hydrophobic pocket in DXPS. Furthermore, it was demonstrated that expanding through the
C2 position of the central ring enhances the potency and selectivity of these analogues against
DXPS.

To validate the binding mode of these compounds, a co-crystal structure of DXPS from
K. pneumoniae with one of these compounds, the thiamine monophosphate (ThMP)
analogue, 2-(4-((4-amino-2-methylpyrimidin-5-yl)methyl)-3-methyl-5-propionylthiophen-
2-yl) ethyl dihydrogen phosphate, was obtained. The inhibitor binds within the ThDP pocket
in a V-shaped conformation, indicating its competitive inhibition of ThDP. Additionally, the 5-
acyl group of the ThMP analogue occupies the substrate pocket in a manner similar to the
acetyl group in the acetyl ThDP-bound structure, and the inhibitor's monophosphate forms
interactions with a Mg2+ cation. It is important to note that DXPS enzymes differ significantly
in terms of their substrate binding and catalytic action. Therefore, targeting the substrate-
binding pocket might result in selective inhibition against DXPS over other ThDP-dependent
enzymes.

Chapter 2.3, is a concise report that explores the potential of targeting allosteric binding sites
to inhibit DXPS. In this study, a new class of DXPS inhibitors was developed, demonstrating a
competitive mode of inhibition with ThDP. An unexpected discovery was made when a
co-crystal structure of one of these inhibitors with DXPS from P. aeruginosa, at a resolution of
1.9A, revealed that the inhibitor binds to an allosteric site responsible for shaping the active
site, rather than the ThDP-binding site.

As a result, the nature of inhibition with these compounds stems from preventing ThDP from
binding by hindering the closure of the diphosphate loop, leading to exposed binding site that
is less likely to bind as tightly to ThDP as in its natural state. This discovery opens up new
possibilities in designing inhibitors against DXPS, especially considering the high affinity of
DXPS to ThDP, which makes it challenging to design small molecules capable of competing
within the ThDP binding site.

Nevertheless and to confirm the significance of this allosteric binding site and its potential as
a drug target, validation experiments, including site-directed mutagenesis studies, are
planned. For example, replacing hydrophilic residues like Ser203 with alanine may disrupt
critical hydrogen bonding interactions with the chlorine atom in the first chlorobenzene ring,
potentially reducing the activity of these inhibitors and thereby validating their binding site.

Chapter 2.4. Shifting the focus to another enzyme within the same MEP pathway, IspE kinase,
IspE from three pathogenic organisms - E. coli, K. pneumoniae, and A. baumannii - were
obtained to allow for a comparison of their kinetics, structural characteristics, and inhibition
patterns. The crystal structure of IspE from K. pneumoniae exhibited a remarkable degree of
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similarity to that of E. coli IspE. In addition to the structural characteristics, the two
homologues also showed similar kinetics and a matching inhibition pattern when tested
against different compounds. On the other hand, IspE from A. baumannii, aside from showing
low sequence homology, demonstrated significant kinetic and structural differences
compared to the IspE expressed by both E. coli and K. pneumoniae. An additional key finding
is the different inhibition pattern of A. baumannii IspE inhibition influenced by subtle
structural differences compared to IspE from E.coli and K. pneumoniae.

The binding mode of these novel inhibitors were studied in depth by obtained three co-crystal
structures with E.coli IspE, which was the only IspE homologue in this study that showed
crystal packing that allowed for co-crystallization and/or soaking of compounds. The crystals
were resolved to a resolution of up to 1.5A.

After studying the structure-activity relationship (SAR) and the binding of these inhibitors,
tailored inhibitor design strategies based on these structural distinctions, which can lead to
the development of selective inhibitors for IspE kinase homologues, were proposed. In the
case of A. baumannii IspE, designing inhibitors requires a different approach due to its unique
structural features. In particular, there is a smaller hydrophobic subpocket that affects how
compounds bind. For E. coli and K. pneumoniae |IspE, the best approach is to focus on the
optimum filling of this hydrophobic pocket, in addition to covalently targeting a cysteine close
to this pocket. However, in the case of A. baumannii IspE, due to the smaller size of this pocket
and its limited capacity to tolerate larger substituents, the focus should shift to the opposite
side of the pocket. Here, a glutamine (present in A. baumannii IspE) replaces a proline (found
in E. coli and K. pneumoniae). This substitution is noteworthy because glutamine provides an
additional carbonyl group that can be targeted for hydrogen bonding. While, proline plays a
crucial role in how the active sites of E. coli and K. pneumoniae IspE interact with the ribose
component in the substrate CDP-ME, as well as ligands designed to target this region of the
substrate pocket.

In summary, this thesis represents a contribution to our understanding of MEP pathway
enzymes and their potential as targets for drug development. It introduces novel concepts,
such as DXPS allosteric binding site targeting, which could lead to innovative approaches in
drug discovery targeting this class of enzymes. Moreover, it underscores the importance of
considering structural variations among enzyme homologues when designing inhibitors,
ultimately advancing our capabilities in fighting drug-resistant pathogens.

203



