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1. Introduction






1. Introduction

1.1 Sphingolipids

Sphingolipids (SLs) are ubiquitous structural components of eukaryotic cell
membranes. Since their discovery in 1884 by J. L. W. Thudichum and until very
recently, SLs have been considered inert components of membranes with merely
structural roles. However, several studies conducted over the past decades revealed that
some SLs, including ceramide (Cer), sphingosine (So), and their phosphorylated forms,
ceramide—1—phosphate (CIP) and sphingosine—1-phosphate (S1P), are bioactive
molecules that can control vital biological functions, ranging from regulation of signal

transduction pathways to the mediation of cell-to—cell interactions and recognition.'

SLs, in association with other lipids and cholesterol, are also involved in the formation
of specific membrane domains, called rafts, which are important in determining the
biophysical properties of membranes. These lipid microdomains, together with
membrane proteins, are able to form fluctuating nanoscale assemblies, which also play

important roles in membrane signaling and trafficking.*”

Dysregulation of sphingolipid metabolism leads to the establishment and progression of
diseases. Sphingolipidoses are the most characteristic disorders linked to alterations in
sphingolipid metabolism. These metabolically inherited diseases are rare syndromes
caused by mutations in the sphingolipid metabolizing enzyme genes that result in
defective enzyme activities and accumulation of lipids inside the cell organelles. Altered
sphingolipid metabolism also occurs in higher economic impact diseases, such as
neurodegenerative and cardiovascular diseases, chronic inflammation, or cancer.” In this
context, several sphingolipid metabolizing enzymes have become important therapeutic

‘[argets.5

1.1.1 Structure

From a chemical point of view, SLs are a class of naturally occurring lipids containing a
C18 carbon backbone with a 2—amino—1,3—diol motif, known as sphingoid base (Figure
1.1) In mammals, most SLs derive from So, which has a (2S,3R)—erythro configuration,
although a minor portion arise from its saturated analogue dihydrosphingosine (dhSo) or
its 4-hydroxy derivative phytosphingosine (PhytoSo), being the latter the central
scaffold for the synthesis of most fungal and plant SLs.
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Figure 1.1. General structure of SLs.

Sphingoid bases can be N-acylated with a variety of fatty acids giving ceramides (Cer).
Despite the generic term “ceramide” comprises a family of several molecular species
differing in the unsaturation of the sphingoid base as well as in the nature of the N—acyl
chain,’ in this section we will refer to Cer to indicate the C18 monounsaturated species

shown in Figure 1.1, unless otherwise stated.

Functionalization at the C1-OH with different polar groups gives rise to complex SLs.
Depending on the nature of the O-linked moiety, this large family of metabolites may
range from simple phosphate or phosphocholine derivatives to complex

glycoconjugated ceramide species (see below).

1.1.2 Metabolism and compartmentalization

The biosynthesis of SLs comprises a highly organized system that takes place in
different intracellular compartments (Figure 1.2). Thus, the so—called de novo
biosynthesis takes place in the endoplasmic reticulum (ER) and starts with the
condensation of L—serine with palmitoyl-CoA to give 3—ketodihydrosphingosine (3—
kdhSo) (Figure 1.3) in a reaction catalyzed by serine palmitoyltransferase (SPT). By the
action of a reductase, the ketone group of 3—kdhSo is stereospecifically reduced to a
hydroxyl group to afford dihydrosphingosine (dhSo), which is N-acylated to
dihydroceramides (dhCer) by specific ceramide synthases (CerS) of different chain
length speciﬁcities.8 The oxidation of dhCer to ceramide (Cer) by dhCer desaturase
(Des1) constitutes the last step of the biosynthetic pathway.’
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Figure 1.2. Compartmentalization of SLs biosynthesis. For the structures, see Figure. 1.3.

Adapted from ref. 10; (*): salvage pathway.

Due to the metabolic inter-relations between Cer and other SL metabolites, Cer has
been considered as the metabolic hub of SLs biosynthesis.' Part of the Cer generated in
the ER is transported to the rrans—Golgi apparatus by means of the specific transporter
protein CerT'"! for its further transformation into sphingomyelin (SM), the major SL
constituent of the cell membranes. Alternatively, after vesicular transport of Cer to the
cis—Golgi, biosynthesis of glucosyl ceramide (GC) by means of glucosyl ceramide
synthase (GCS) takes place, prior to its subsequent transport to trans—Golgi by FAPP2
to give complex glycosphingolipids (GSL). As with SM, GSL are transported by
vesicular pathways to the cell membrane where they exert several and capital functions

concerning cell—cell communications and responses to external stimuli.'?

By the action of specific cytokines or by other external stimuli, activation of neutral
forms of sphingomyelinase (nSMase) and ceramidase (nCDase) can give rise to a

buildup of So at the membrane level. Phosphorylation of So by the action of the specific
5
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sphingosine kinase—1 (SK1) leads to sphingosine—1—phosphate (S1P), which is secreted
to elicit a plentiful of extracellular actions by interaction with specific receptors (see
below). In addition to the biosynthesis de novo, which provides a flux of SLs from the
ER to the cell membrane, these membrane SLs can also be internalized by endocytosic
pathways and degraded in the lysosome by acidic forms of acid sphingomyelinase
(aSMase), glycosidases (GCase) and acid ceramidase (aCDase). The So thus generated
can be recycled back to Cer (by the action of CerS) in what is known as the salvage
pathway (Figure 1.2). In an alternative degradation process, S1P can be generated at the
ER to be further transformed by sphingosine—1—phosphate lyase (SIPL) into 2—
hexadecenal and ethanolamine phosphate (EAP).

O (:)H OH OH
HOWC13H27 HO/Y\/\C13H27 HO/\‘/\/\C13H27 HO/Y\/\C13H27
NH, NH, NHCOR NHCOR
3—-Ketodihydrosphingosine Dihydrosphingosine Dihydroceramides Ceramides
(3kdhSo) (dhSo) (dhCer) (Cer)
OH o OH 0 OH
- I -
N -P N -P_ N
NH, " NH, @ NHCOR
Sphingosine Sphingosine-1-phosphate Ceramide—1-phosphate
(So) (S1P) (C1P)

N | + O\\ /O@ QH QH
N P - -
<0 \O/Y\/\CBHN i CiaHzz
NHCOR OH NHCOR
Sphingomyelins Glucosylceramides
(SM) (GC)

Figure 1.3. Chemical structures of the most relevant SLs.

1.2 Phosphorylated sphingolipids

An important group of SLs metabolites are those showing a phosphate group at the
terminal hydroxyl group. In this context, ceramide—1-phosphate (CI1P) and
sphingosine—1—phosphate (S1P) are nowadays recognized as signaling molecules that
regulate cell differentiation, survival, inflammation, angiogenesis, calcium homeostasis
and immunity, among other functions." In general, the roles of phosphorylated SLs are

opposed to those of ceramides, which are potent inducers of cell cycle arrest and
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apoptosis.'* Since phosphorylation and dephosphorylation are closely interconnected
metabolic pathways in the cell, the balance between these two types of metabolites is

crucial for cell fate and homeostasis.

1.2.1 Ceramide—1-phosphate (C1P)

Ceramide kinase (CerK)''® catalyzes the biosynthesis of CIP in the frans—Golgi,
despite other localizations for this kinase have been shown.'”'® Further transport by the
specific transporter CPTP" is involved in the transfer of C1P to the plasma membrane,
where it is probably rapidly degraded to Cer by specific phosphatases. Nevertheless,
CIP, together with S1P, have been implicated in the regulation of inflammatory
responses®’ and, particularly, C1P has been shown to directly activate cytosolic
phospholipase A2 (cPLA2a), thus stimulating arachidonic acid release and the
subsequent synthesis of prostaglandins.*' In addition, the CerK/C1P pathway is required
for PLA2 activation in response to cytokines.”” The finding that bone marrow-derived
macrophages from CerK deficient mice still have significant levels of C1P, suggests
that other metabolic pathways may be implicated in the formation of C1P.> The ability
of CIP to induce macrophage migration when administered exogenously, has led to
hypothesize on the existence of a specific extracellular, low affinity Gi—coupled C1P
receptor, which has emerged as a potential drug target for the treatment of disorders
associated to macrophage migration as the main cause of the pathology, such as chronic

. . . . 24
inflammation or metastasis of malignant tumors.

1.2.2 Sphingosine—1-phosphate (S1P)

S1P is a key signaling lipid that is present in all mammalian cells. It is released into the
extracellular milieu by a variety of cell types, making it one of the most abundant
biologically active lysophospholipids in circulation, with concentrations in plasma
ranging from 100 to 400 nM, depending on the population, and reaching up to 1 uM

depending on the method used to isolate plasma.>>*°

S1P is generated in the plasma membrane from the pools of SM and the successive
action of nSMase, nCDase and SK1 (Figure 1.2). The SIP thus generated is transported,
via the Spinster homologue 2 (SPNS2) transporter, across the membrane to exert its

extracellular roles associated to the binding to specific lipid G—protein coupled S1P;_s
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receptors in an autocrine (also known as “inside—out” signaling) or paracrine manner, to
give rise to a series of downstream signaling pathways that play essential roles in
vascular development and endothelial integrity, control of cardiac rhythm, and
immunity responses including lymphocyte trafficking and differentiation, cell growth,

cell survival, and cytokine and chemokine production, among others'**"' (Table 1.1).

In mammals, S1P;_3 receptors are expressed ubiquitously, whereas S1P, and S1Ps are
restricted to certain tissues. S1P, in particular, is highly expressed in mature T cells and
is the most important S1P receptor in the immune system, since it regulates numerous
aspects of immune function including lymphocyte trafficking between the blood and
lymphoid tissues.**** Interestingly, the family of GPCRs S1P,_s receptors share around
40 % sequence identity.30 In addition, the crystal structure of the S1P; receptor in

complex with a selective antagonist sphingolipid mimic has been reported.**

Most of the research aimed at the pharmacological intervention of the SI1P signaling
pathway has focused on synthetic agonists of S1P receptors. This has boosted the
development of specific S1P receptor modulators, some of which have gained relevance
in clinical practice, as, for example, FTY720 (Fingolimod, Gilenya®) (Figure 1.7).
Detailed pharmacological studies carried out on this compound showed that it is a pro—
drug that requires an (S)—enantioselective phosphorylation by SK2 for activation as S1P
receptor agonis‘[.3 > Fingolimod was the first orally active drug approved for the
treatment of relapsing—remitting multiple sclerosis for its ability to act as a SI1P; 35
agonist at nM concentrations.”®*” The design of FTY720 analogs with improved
receptor selectivity has been an active field of research. In this context, several selective

agonists and antagonists on the different S1P receptors have been reported.*®*’

S1P play pivotal roles in the egress of activated lymphocytes from secondary lymphoid
organs, a process that is dependent on the expression of S1P; on the cell surface.
Downregulation of this receptor by FTY720 leads to retention of the lymphocytes,
which thus cannot reach sites of inflammation, an effect that is desired in the treatment
of autoimmune diseases.” S1P acts as a potent chemoattractant for S1P,—dominant cells,
so lymphocytes migrate in response to a SI1P gradient between tissues (low S1P
concentrations) and circulation (high S1P concentrations). This S1P gradient mediates

lymphocyte egress from lymphoid organs to lymph and further to blood.*’
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Table 1.1. Distribution and functions of sphingosine-1-phosphate receptors; modified from ref.

32.
Receptor Tissue expression Functional expression
S1P, Endothelial cells Angiogenesis
Smooth muscle cells Endothelial integrity
Cardiomyocytes Cardiomyocytes survival in
Immune cells (dendritic cells, macrophages, ischemia/reperfusion
eosinophils, mastocytes, lymphocytes T and B, Vascular tone regulation
NK, NKT) (relaxation)
Neuronal cells Lymphocyte circulation
Migration
Neurogenesis
S1P, Smooth muscle cells Cardiomyocytes survival in
Cardiomyocytes ischemia/reperfusion
Immune cells (dendritic cells, macrophages, Vascular system and audition
eosinophils, mastocytes, NKT) Vascular tone regulation
(contraction)
Neuronal excitability
Inhibition of migration
Mastocytes degranulation
S1Ps Endothelial cells Cardiomyocytes survival in
Smooth muscle cells ischemia/reperfusion
Cardiomyocytes Vascular tone regulation
Immune cells (dendritic cells, eosinophils, (relaxation)
lymphocytes T) Heart rate regulation
Neuronal cells
S1P, Immune cells (dendritic cells, lymphocytes T, Maintenance of dendritic cells
NKT) functions
Inhibition of T cell
proliferation
S1Ps Immune cells (dendritic cells, NK) NK circulation

Neuronal cells (oligodendrocytes)

Oligodendrocytes survival

NK = natural killer; NKT = natural killer T.



1. Introduction

A functional consequence of (S)-FTY720P, the phosphorylated (S)-active form of
FTY720, binding to S1P; is receptor internalization and intracellular degradation which
eventually leads to its down—regulation in the cell surface.*’ Thus, lymphocytes lose
their response to the S1P gradient thereby preventing their release from secondary
lymphoid tissues and resulting in peripheral lymphopenia.”> Although (S)-FTY720P
acts initially as an agonist at S1P receptors, it could be considered as ‘functional

antagonist’, since its effects are inhibitory in the longer term on S1P receptor function.

Erythrocytes and platelets constitute a buffer system for S1P in blood. They efficiently
incorporate and store S1P, and protect it from cellular degradation. Despite they are not
able to biosynthesize S1P, they can phosphorylate So as an additional pathway to
account for the high levels of intracellular SIP.> Another reason for the high levels of
S1P found in these types of cells has been attributed to their lack of both SPL and the
specific SIP transporter SPNS2.*** Nevertheless, the S1P produced in erythrocytes can
also be exported to the extracellular space by the ATP-binding cassette ABCC1* to
reach S1P receptors after binding to albumin and high—density lipoprotein (HDL).*'

On the other hand, recent findings have revealed that S1P modulates many noxious
processes that follow CNS injury (apoptotic cell death, lipid hydrolysis, oxidative stress
and tissue damage), while supporting growth and trophic factor activities, angiogenesis
and neurogenesis.“s’46 Thus, pharmacological agents that either promote or mimic S1P
activities may be therapeutic in the context of acute CNS injury and perhaps
neurodegenerative diseases. Due to its crucial role on cell fate (see below), the control
of the S1P/Cer balance might be exploited for the discovery of potential neuroprotective
and/or neuro-restorative therapies with applications in traumatic brain injury, spinal

cord injury, and stroke.

In contrast to the well characterized receptor—mediated effects of S1P, much less is
known about its intracellular actions. Recent studies evidenced that S1P can also act
inside the cell as a secondary messenger during inflammation.”' In this regard, S1P is
unique in that it can be biosynthesized in the nucleus of endothelial cells and T cells by
the action of SK2, where it exerts important immune functions as a result of the
activation of gene transcription by inhibition of histone deacetylases 1 and 2 (HDAC 1

and 2).314
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1.3 Modulation of S1P metabolism

The levels of S1P depend on the balance of three different processes: (a)
phosphorylation of So at the I—position by specific kinases, which use ATP as
phosphate source and present different cellular localizations, (b) dephosphorylation of
S1P by ubiquitous general lipid phosphatases or by specific S1P phosphatases located at
the ER, and (c) degradation of S1P by the action of the specific lyase S1PL, also located
at the ER. Together with C1P, the dynamic balance between phosphorylated and non—
phosphorylated SL, as well as their subcellular localization, turns out to be crucial for
cell fate. Thus, phosphorylated SLs exert mitogenic effects while Cer and other
sphingoid bases are considered pro—apoptotic. Based on these premises, the notion that

»¥% emerged as an important

the ratio SIP/Cer can act as a “sphingolipid rheostat
concept to understand cellular homeostasis. This concept can be better understood by
also considering CerK for its ability to regulate the intracellular levels of C1P, another

important phosphorylated SL.

1.3.1 Sphingosine kinases

Sphingosine kinases (SK) catalyze the transfer of phosphate from ATP to So to generate
S1P. Two SK isoforms (SK1 and SK2) have been identified.™ Concerning substrate
specificity, both enzymes can also phosphorylate dhSo. However, SK2 is less restrictive
and can accept a wider variety of lipid structures as, for example, PhytoSo, L—threo—

dhSo,” and also FTY720, which is converted into the active (S)-phosphorylated form.”'

SK1 isoform is mostly localized in the cytosol, in close proximity to the plasma
membrane. It participates in the biosynthesis of S1P, which is subsequently transported
to the extracellular space for autocrine or paracrine signaling to give rise, inter alia, to
cell proliferation and inhibition of de novo Cer synthesis. Another location of SK1 is
near the lysosomes, where it converts So to zwitterionic SIP for its subsequent
degradation by SPL or its recycling, as part of the salvage pathway.' On the other hand,
although the isoform SK2 is mostly nuclear, it can also be found in mitochondria, where
S1P plays an important role in the cytochrome c—oxidase assembling required for
mitochondrial respiration,” and in the ER, where So is phosphorylated to give S1P,
which promotes Cer synthesis through the salvage pathway and induces apoptosis. (see

Figure 1.2).”
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From a functional standpoint, both SK are quite similar and partly redundant, since the
absence of any of the isoforms does not give rise to severely altered phenotypes.
However, the simultaneous lack of both SK1 and SK2 in a double knockout mouse is

lethal due to an incomplete maturation of the vascular system and brain.>

The importance of SK as potential targets for drug discovery is linked to the above
indicated role of phosphorylated SL, in particular S1P, in cell proliferation and its
implication in several diseases as, for example, sickle cell disease, cancer, and

fibrosis.>*

1.3.2 Sphingosine—1-phosphate phosphatases (S1PPase)

The phosphatase super—family comprises a heterogeneous group of enzymes
characterized by the presence of conserved residues essential for their catalytic activity.
The mammalian lipid phosphate phosphatases (LPP) and the S1PPase are members of
this superfamily. LPPs are integral membrane proteins that dephosphorylate a variety of
phosphorylated lipid substrates. Three mammalian LPP isoforms have been identified,
termed LPP1, LPP2 and LPP3, together with another member named PRG-I
(plasticity—related gene—1). They differ in tissue distribution but, overall, they are
widely expressed. All three LPPs are capable of dephosphorylating lysophosphatidic
acid (LPA), S1P, phosphatidic acid (PA) and CI1P in vitro, thereby producing
monoacylglycerol, So, diacylglycerol (DAG) and Cer, respectively. Concerning
S1PPase, there are two ER—localized isoforms (named SPP1 and SPP2) that catalyze the
dephosphorylation of S1P. They differ from LPP in the substrate specificity, which is
limited to S1P, dhS1P, and phytosphingosine—1—phosphate, whereas LPA and PA are
not substrates. Concerning tissue distribution, S1PPasel is mainly expressed in kidney

and placenta whereas S1PPase2 is predominant in the heart and kidney.20’55’56

1.3.3 Sphingosine—1-phosphate lyase (S1PL)

Sphingosine—1—-phosphate lyase (S1PL) is a key enzyme of SLs metabolism that
catalyzes the retroaldol cleavage of S1P into ethanolamine phosphate (EAP) and 2—
hexadecenal (see Figure 1.4).”” The S1PL reaction is considered the “exit gate” of the
SLs metabolism since it is the only irreversible reaction in the sphingolipid pathway. In

addition, it connects SLs to other metabolic routes, as both reaction products are

12
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ultimately incorporated into the biosynthesis of phospholipids.”® Sphinganine—1—
phosphate (dhS1P), the saturated analogue of S1P (Figure 1.4), can be also catabolized
by S1PL yielding EAP and the saturated fatty aldehyde hexadecanal as the degradation
products. Remarkably, the enzyme exhibits specificity to only the naturally occurring

D-erythro isomers.”

CHO (Ifl)
HO ~R~OH

o OH | O oH

_P N “  PLP 0 ®
HO I\OWC H N » Il &z
<0 @ e 07 CpHy HO~ P>~ NHs
NHs S1PL A
S1P (4-ene) 2-hexadecenal EAP
dhS1P (4,5-dihydro) or hexadecanal

Figure 1.4. S1PL—catalyzed retroaldol cleavage of S1P.

From a mechanistic standpoint, SIPL belongs to the superfamily of pyridoxal 5°—
phosphate (PLP)-dependent enzymes (see Figure 1.4). SIPL is located in the ER and
possesses an N—terminal lumenal domain, a transmembrane segment and a soluble
PLP-binding domain, responsible for its catalytic activity (Figure 1.5).59 In 2010,
Bourquin et al. reported the crystal structures of yeast SIPL from Saccharomyces
cerevisiae (Dpl1p)® and that of a putative prokaryotic homolog from Symbiobacterium

thermophilum (StSlPL),61 which were expressed in E. coli (Figure 1.5).

)LUMENAL DOMAIN

ER LUMEN
TMH
CYTOSOL LINKERS
[SPACERS

Figure 1.5. (A) Crystal structure of StS1PL (PDB 3MAD). The PLP cofactor bound to K311 is
highlighted in orange. (B) Crystal structure of the PLP—binding domain of yeast SIPL (Dpllp)
and proposed arrangement on the ER membrane. TMH, transmembrane helix. Image taken from

ref. 61
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These structures were used as a basis for a very reliable model of the human enzyme.®’
In a more recent work published in 2014, Weiler et al, reported the efficient expression
of hSIPL in Sf9 insect cells together with the first crystal structure of hSIPL in
complex with the selective inhibitor 3b (see Figures 1.6 and 1.9).® Very recently, the
crystal structure of another prokaryotic SIPL from Legionella pneumophila (LpS1PL)

has also been solved.®

SIPL is active as a dimer, with two catalytic cavities to which each protomer
contributes residues simultaneously (Figure 1.6). hS1PL and Dpllp are ER-resident,
integral membrane proteins with a single trans—membrane domain. In contrast, bacterial
StS1PL is a globular protein lacking this trans—membrane domain, which has been

shown to be dispensable for enzyme activity in the human and yeast homologues.éo’64

Therefore, in order to easily obtain soluble and active forms of hS1PL and Dpllp, they
61,62

have been expressed and purified as N-terminally shortened variants.

Figure 1.6. Cartoon representation of the hS1PL dimer (PDB 4Q6R). Both subunits are
highlighted in light blue (chain A) and green (chain B). The PLP cofactor bound to K353
(orange) and a bound inhibitor (3b, light purple, structure on Figure 1.9) are also shown.
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In combination with sphingosine kinases and S1PPase, S1PL is in critical position to
tightly regulate intracellular levels of S1P. Notably, SIPL knockout mice featuring
partial reduction of SIPL activity exhibited a significant decrease in circulating

lymphocytes and presented high levels of SIP in lymphoid organs.®

Moreover,
downregulation of SIPL activity also conferred protective effects to rodents in
experimental autoimmune encephalomyelitis (EAE), a model of multiple sclerosis.®” As
introduced above in Section 1.2.2, lymphocyte egress from secondary lymphoid organs
is mediated by a S1P gradient between tissues and blood. Inhibition of S1PL causes a
steep increase of S1P concentrations in lymphoid tissues, thereby disrupting the S1P
gradient.”® This triggers downregulation of SIP receptors on the cell membrane of
lymphocytes which thus do not migrate out to circulation. Since S1PL plays pivotal
roles in mediating the S1P gradient, modulation of SIPL activity has emerged as an
alternative pharmacological approach in the treatment of autoimmune diseases such as
multiple sclerosis or rheumatoid arthritis, among others.>*® SIPL expression and

67-69

activity have been also involved in development and chemotaxis.”’ Moreover, the

. . . 1
enzyme prevents defects in reproductive structures and function,”' acts as a tumor

57,72,73

. . . 4
suppressor and has an important role in chemoresistance.”*"’

1.3.3.1 Sphingolipid analogs as SPL inhibitors

The development of selective SPL inhibitors has attracted the scientific community as
an indirect way to increase the levels of S1P and because of the opportunities that S1P
modulation offers for the treatment of some immunity—related disorders.*”’® Attempts
to design selective SPL inhibitors have been accomplished with varied results. The first
inhibitor reported in the literature was l-deoxysphinganine—1—phosphonate (Figure
1.7).79 Initially described as a competitive inhibitor with a K; = 5 uM, the compound
behaves also as a substrate, but it is cleaved at reduced rate in comparison with SI1P.
Due to its hemolytic properties, this phosphonate was proved to be highly toxic when
administered intravenously. The S1P analog 2-vinylsphinganine—1—phosphate (2—
vinyl-dhS1P) (described as a mixture of stereoisomers) (Figure 1.7) has also been
reported as a potent S1PL inhibitor with an ICsy value of 2.4 uM. Given the reactivity of
the vinyl group at C2, it is presumed that this compound could interact in a covalent

manner with the enzyme and, therefore, act as an irreversible inhibitor.*
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Figure 1.7. Sphingolipid analogs reported as S1PL inhibitors.

Compound FTY 720, initially reported as an immunomodulatory agent due to its direct
activity towards S1P receptors 1,3,4 and 5 after phosphorylation by SK2 (see Section
1.2.2), was also reported as S1PL inhibitor in vitro,*' with ICs, values ranging from 17%
to 52% 1M, depending on the source of enzyme activity. However, this effect is only
observed at concentrations around 100—fold higher than those required for in vivo
activity as S1P receptors agonis‘[.36 In contrast, (S-FTY720P, the active form of

fingolimod on S1P receptors, was determined to be inactive against SIPL.**?

1.3.3.2 Functional SPL inhibitors

Some compounds have been reported as functional SPL inhibitors because of their
ability to reproduce a phenotypic S1PL inhibition in vive, despite their lack of activity
on the isolated enzyme. In this context, the vitamin Bs antagonist 4—deoxypyridoxine
(DOP) (Figure 1.8) has been reported as a SIPL inhibitor and also as a non—selective
inhibitor of PLP—dependent enzymes.*™** Although DOP does not inhibit SIPL in either

65,84,85

cell-free of cell-based assays, it induces increased S1P concentrations in different

tissues and causes reduction of circulating lymphocyte when administered in vivo,**®
suggesting that DOP can act as an indirect SIPL inhibitor. In this context, Ohtoyo et al.
recently reported that DOP, upon phosphorylation by pyridoxal kinase (PDXK), is
converted in vitro to 4—deoxypyridoxine 5’—phosphate (DOP-P) (Figure 1.8), which
competes with PLP for the active site of apo—S1PL, resulting in the inhibition of the

enzymatic activity.*®
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Figure 1.8. Functional S1PL inhibitors.

A similar scenario is observed for THI and structurally related analogs (Figure 1.8).
Oral administration of 2-acetyl-4—tetrahydroxybutylimidazole (THI), originally
identified as a minor constituent of caramel color III, caused lymphopenia in rodents,®’
leading to a phenotype similar to that observed in mice expressing reduced levels of
SIPL.® As for DOP, these compounds only inhibit SIPL in vivo and its effect is
reverted by excess dietary vitamin Bs.*’ However, very recently, it has been
demonstrated that THI is metabolized to the smaller derivative A6770, a key metabolic
intermediate that can be also phosphorylated to yield the active compound A6770-P,
which inhibits SIPL in the same way as DOP-P (see above).*® In addition, derivatives
of THI, such as LX2931 and LX2932, have also been described.*"® LX2931,
developed for the treatment of rheumatoid arthritis, was the first clinically studied
inhibitor of S1PL. After evaluation in phase I clinical trial in healthy human subjects it

failed at phase II, apparently due to sub—therapeutic dosing.*®

1.3.3.3 Non lipidic S1PL inhibitors

A series of inhibitors structurally unrelated to S1P have been reported on the last years
as a result of extensive HTS programs. This is the case of the oxopyridylpyrimidine 1
(Figure 1.9), which was identified as S1PL hit (ICsp = 2.1 uM) after a HTS performed
by Lexicon. 1 increased S1P levels 275 % over controls in HepG2 cells, despite it failed
to elicit an in vivo lymphopenic effect, probably because of tight protein binding.®’
References in the literature mentioning this compound are very scarce. Gatfield et al.

used 1 alongside the Desl inhibitor GT11 and the functional S1P; receptor agonist
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Ponesimod® in order to study the role of SIPL in the physiological SIP; receptor

recycling process.”

Kashem and coworkers from Boehringer Ingelheim, reported the development of a
scintillation proximity assay compatible with HTS (See section 1.4.1) which allowed for
a massive screening of an in—house library of approximately 10° compounds that led to
the identification of structurally diverse S1PL inhibitors. Among them, compound 2
(Figure 1.9), with an ICsy value of 1.6 pM, was selected as an attractive starting point
for the development of a new class of immunosuppressive drugs, since it induced dose—
dependent lymphopenia in mice, with reduction levels similar than those described for

the reference compound FTY720.”"

On the other hand, as a result of a massive screening campaign carried out by Novartis
using a corporate chemical library of around 250,000 compounds, the
piperazinophthalazine derivative 3a (Figure 1.9) was identified as an interesting S1PL
inhibitor in the low micromolar range (ICsy = 2.4 LLM).SA"85 Interestingly, the (S)—
configured enantiomer of 3a was significantly less potent (ICso > 30 uM). As a result of
a lead optimization process, compounds 3b** and 3¢® (Figure 1.9) were later reported
as improved inhibitors acting in the submicromolar and nanomolar range (ICs values of
0.21 uM and 0.024 uM for 3b and 3c, respectively). The reported crystal structure of
human SI1PL in complex with 3b demonstrated that the inhibitor is hosted in the
substrate binding site, specifically at the branching point of a Y—shaped channel that
links the buried active site to the exterior.®*"? Remarkably, compound 3b is able to

induce lymphopenia and confers protection in animal models of multiple sclerosis.”

Very recently, an HTS program conducted by AbbVie has led to the discovery of
isoxazolecarboxamide 4a (Figure 1.9) which behaved as low micromolar S1PL inhibitor
(in vitro 1Cso = 1 uM, cell ICsy = 1.8 uM). Regarding the stercoselectivity of S1PL
towards 4a, the S—enantiomer (ICso = 485 nM) was 2—fold more potent than the
racemate, while the R—enantiomer was inactive. After a hit-to—lead process around 4a,
compounds 4b and 4¢ were reported as S1PL inhibitors with desirable potencies (For
4b: in vitro ICsy = 120 nM, cell ICsy = 230 nM; for 4¢: in vitro ICso = 590 nM, cell ICs

93,94

= 240 nM), but moderate metabolic stability. Likewise, several SIPL potential

inhibitors based on a virtual screening approach, have been suggested.”
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Figure 1.9. Non lipidic S1PL inhibitors.

Recently, Schiimann er al. reported that both genetically and pharmacologically
inhibition of SIPL in rodents resulted in kidney toxicity, skin irritation and platelet
activation, among other effects. These results may limit the treatment of autoimmune

diseases with S1PL inhibitors, if similar effects are observed in humans.”®

1.4 Chemical probes to monitor S1PL activity

Sphingolipids regulate signal transduction pathways involved in several biological
processes. Dysregulation of sphingolipid metabolism leads to the outburst and
progression of diseases, from rare syndromes to disorders of high socio—economic
impact. Therefore, as discussed in the preceding sections, several sphingolipid
metabolism enzymes have been validated as therapeutics targets, including ceramide
synthases (CerS), dihydroceramide desaturase (Desl), ceramidases (CDases) and

sphingosine—1-phosphate lyase (S1PL).

In this context, the use of specific probes to monitor the enzymatic activity of specific
SLs metabolizing enzymes, as well as their intracellular localization and trafficking is
gaining importance in contemporary chemical biology and drug design approaches. The
biological relevance and the growing amount of interest around some SLs metabolizing
enzymes as a drug target highlights the need for potent and selective inhibitors that

efficiently modulates their activities.
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Figure 1.10. Most representative chemical probes to monitor S1PL activity.

In this regard, the rapid and efficient identification of sphingolipid metabolism enzyme
inhibitors may be achieved by massive screening of chemical libraries. However, this
requires the availability of high throughput screening (HTS) methods, which are

currently very scarce.

S1PL is a promising target for the treatment of inflammatory, autoimmune and
neurodegenerative diseases (see Section 1.3.3). Extensive research around this key
enzyme has boosted the development of molecular and chemical tools to study its
functions. As a result, several non—natural S1P derivatives have been reported over the
past decades as chemical probes to determine S1PL activity (see Figure 1.10). Some of
them have been used to develop HTS—amenable assays for library screening, which

have led to the identification of novel S1PL inhibitors (see Section 1.3.3).

1.4.1 Radiolabeled probes

Until assays based on the use of fluorescent or fluorogenic substrates were
implemented, most enzyme determinations were performed with radioactive substrates.
The tritiated derivative [4,5—"H] dhS1P (Figure 1.10) was one of the first chemical
probes reported for SIPL activity measurements. In this case, upon incubation of the
substrate with SIPL, followed by an extraction of the lipids into an organic phase under

acidic conditions, the reaction products are separated by thin-layer chromatography.
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Finally, the resulting radioactive aldehyde (and its metabolic derivatives [2,3—°H]—
palmitic acid and [2,3—’H]-palmitol) are quantified by liquid—scintillation counting,

autoradiography or phosphorimaging.””*®

In a more sophisticated approach, an HTS—compatible scintillation proximity assay
(SPA) for SIPL has been reported (Figure 1.11). The assay requires the use of
S1[**P](Biotin) (Figure 1.10) as substrate and employs recombinant human full-length
SPL in insect cell membrane preparations as the enzymatic source. When SIPL is
absent or inhibited, binding of the substrate to streptavidin—coated SPA beads brings the
B—particles emitted by **P in close proximity to the scintillating SPA beads, resulting in
photon generation (high signal). Upon metabolization, however, the signal decreases, as

fewer >°P atoms are bound to the SPA beads.”’"

Light

- i SPA SPA
B% beal Streptavidin bead Streptavidin

33 H '
HO-] '
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S1[33P](Biotin) 2—-hexadecenal(Biotin)

Figure 1.11. Mechanism of the scintillation proximity assay (SPA) for S1PL.

1.4.2 Fluorescent and fluorogenic probes

The disadvantages of working with radioactive materials have prompted the
development of other non—natural substrates to monitor SIPL activity. This is the case
of fluorescent substrates SIP(NBD)” and S1PC4(Bodipy),'” which incorporate a
fluorescent reporter as part of the sphingoid base chain (Figure 1.10). In both cases, the
resulting aldehyde is extracted from the incubation mixture and quantified after
separation by HPLC coupled to a fluorescence detector. However, the Bodipy derivative
is more extensively used due to its improved photochemical properties.'” As mentioned
before for [4,5-°H] dhSIP, other fluorophore—containing metabolites such as the

carboxylic acid or the corresponding alcohol are also formed in vitro. Therefore, the
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amount of product determined for S1PL activity measurements should be expressed as a

sum different products.
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Figure 1.12. S1PL—catalyzed fluorescence release from RBM13.

The fluorogenic coumarin—containing substrate RBM13 has also been reported (Figure
1.10)."°" In this case, the released aldehyde 5 undergoes a p—climination reaction under
basic conditions to give acrolein (6) and the fluorescent umbelliferone (7) (Figure 1.12).
According to the reported protocol, no separation of the reaction products is necessary
and the assay can be performed in multiwell plates, which is an important improvement

in high throughput screening (HTS) assays of putative inhibitors.

An inherent limitation of the above fluorescent or fluorogenic substrates relies on the
use of a non—natural S1PL substrate and, hence, the presence of a bulky reporter as part
of the sphingoid chain. This fact can explain the lower affinity of some of these
substrates towards the target enzyme, as evidenced from their higher Ky values in

comparison to that of the natural substrate (see Table 1.2).

1.4.3 Natural S1P as probe

Another problem found with the use of fluorescent enzyme assays based on the use of
non—natural substrates is that they may not reflect physiological conditions in cells,
since they are linked to non—naturally occurring fluorophores. The specificity of
fluorogenic substrates could also be a problem in assays using cell or tissue
preparations, as they may be cleaved by enzymes present in the assay media. In
addition, the binding affinity of the artificial substrate towards the enzyme’s active site
may not be the same than that of the natural one, which could ultimately lead to
significant differences on the activities of potential inhibitors, depending on the

substrate used.'”
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Consequently, due to their physiological relevancy, several enzymatic assays based on
the use of the natural substrate itself, or a minimally modified analogue thereof, have
been reported over the last years. In general, this strategy requires the use of
derivatization reactions, prior to instrumental analysis or enzyme reactions specially
designed to quantify the particular reaction products. In the case of SIPL, several
enzymatic assays have been developed using SI1P as substrate. In all cases, the
generated 2—hexadecenal (2EC16-AL) is quantified upon transformation to a more
stable derivative. In this context, methods involving the derivatization of 2—hexadecenal
with semicarbazide and analysis of the resulting semicarbazone 8a by LC-MS/MS,** 2—
diphenylacetyl-1,3—-indandione—1-hydrazone (DAIH) for fluorescence HPLC or LC-
MS/MS analyses of 8b'® and isonicotinylhydrazide for LC-MS/MS quantification of

the resulting isonicotinylhydrazone 8¢ (Figure 1.13), have been reported.

o] OH o
B L S1PL 3 a
HO-! \O/\‘/\/\R _— = —_—

'r'o @ 4 ! H 2 R1
i “NHj
S1P (4-ene, Ry = Cy3Hy7) 2EC16-AL (2-ene, Ry = Cq3Hy7)

dhS1PC,; (4,5-dihydro, Ry = CypHps) C15-AL (2,3—dihydro, Ry = CyoHos)

s N0

E 8c (2*ene, R1 = C13H27) 8d (2,37dihydr0, R1 = C12H25)

| P :

' ~

TG ST o G
= NN = !

E 2 \)Ié 2 - O\f !

| % '

' F

Figure 1.13. Use of the natural substrate or a minimally modified probe to monitor SIPL
activity. (a) semicarbazide for 8a, DAIH for 8b, isonicotinylhydrazide for 8¢ and PFBHA for
8d; 2EC16-AL: (E)-2-hexadecenal, C15—-AL: pentadecanal.

23



1. Introduction

Table 1.2. Characteristic features of reported assays to determine S1PL activity.

Substrate Analytical Kum Vimax Protein Reaction Ref.
technique M)  (pmol/min/ug) (ug) time (min)
[4,5-H]-dhS1P  TLC and LSC 9 0.07 variable® 60 97,98
S1[*P](Biotin) On-plate LSC 1.4 n.s. 0.12-0.24" 60 91
S1P(NBD) HPLC/FD 146 ~6.7° 15-25¢ 15 99
S1PC4(Bodipy) HPLC/FD 35 ~1.8° 25¢ 30 100
RBM13 On-plate 152 48x10° 500° 360 101
fluorescence
SIP LC/MS/MS 5.7 0.17 5¢ 20 82
LC/FD or n.s. n.s. n.s.t 60 103
LC/MS/MS
LC/MS/MS 5.2 n.s. n.s.! 60 62
dhS1PCy; GC/MS 6 0.37 20" 60 104

(a) rat liver homogenate (b) full-length hS1PL in membrane preparations from insect cells (c)
Deduced from Figure 3C of Ref. 99 (d) lysates of S1PL—overexpressing cells (¢) Deduced from
Figure 3B of Ref. 100; (f) lysates of WT MEF cells (g) mouse liver microsomal protein. (h)
HT-29 cells (i) recombinant human S1PL (A1-61); FD = fluorescence detection, LSC = liquid

scintillation counting, n.s. = not specified.

In an alternative approach, a minimally modified C;;—dihydrosphingosine—1—phosphate
substrate (dhS1PC,7, Figure 1.10) was tested as SIPL activity probe.'® In this case,
determination of S1PL activity is carried out by derivatization of the released
pentadecanal (C15-AL) with pentafluorobenzyl hydroxylamine (PFBHA) and
quantification of the resulting oxime 8d by GC/MS (Figure 1.13). As expected, the
affinity of this minimally modified substrate rises to levels comparable to those of the

natural substrate (see Table 1.2)

However, due to the more tedious and time—consuming analytical protocols, these
substrates are less amenable for HTS analysis than the previously reported method

based on the fluorogenic coumarin—containing substrate RBM13.
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2. Objectives

Taking into account the considerations introduced in the preceding section, the

following objectives were considered in the present doctoral thesis:

1.

The design and synthesis of new S1PL inhibitors. This objective involves:

1.1.

1.2.

The structure—based design of potential SIPL inhibitors using both human and
bacterial S1PL crystal structures. Based on this design, a library o potential

S1PL inhibitors will be designed and synthesized.

The design of SI1PL inhibitors based on S1PL mechanistic considerations:
According to the proposed mechanism for the S1PL catalyzed reaction (see
Section 3.2.1), a small family of chemically modified analogs of some of the
key reaction intermediates involved in the S1PL catalytic cycle, as well as a

series of substrate analogs, will be designed and synthesized.

The development of HTS enzymatic assays for library screening of putative S1PL

inhibitors. This goal includes:

2.1.

2.2.

2.3.

The development of an on—plate SIPL activity assay based on the previously
reported fluorogenic substrate RBM13, in which recombinant bacterial or

human S1PL will be used as enzyme sources.

The validation of StS1PL as a reliable model of the human enzyme in the
identification of potential hS1PL inhibitors.

The design and synthesis of new fluorogenic substrates in order to expand the
chemical toolbox for monitoring S1PL activity. In this regard, different
coumarin—containing probes with potential applicability in HTS assays will be
rationally designed and synthesized as analogs of the parent compound

RBM13.

The determination of in vitro activity of the synthesized compounds resulting from

objective 1. To this end, the different families of compounds will be tested as S1PL

inhibitors using the previously developed enzymatic assays (see objective 2).

35






3. Results and discussion






3.1 Design of S1PL inhibitors based on
docking approaches from bacterial
and human enzyme structures






3. Results and discussion

3.1.1 Introduction

Sphingosine—1—phosphate lyase (S1PL) is a key enzyme of sphingolipid catabolism.
Together with SK and S1PPase (see section 1.3), S1PL tightly regulates the levels of
S1P and contributes to the so—called ‘sphingolipid rheostat’, a system that controls cell
fate based on the ratio of intracellular proliferative S1P and the apoptogenic So and Cer.
Notably, SIPL was found to play an important role in regulating the immune system,
since its inhibition disrupts the S1P gradient that promotes T cell egress from lymphoid
tissues. In this context, SIPL has been validated as therapeutic target for the treatment
of autoimmune diseases, such as multiple sclerosis' or rheumatoid arthritis.” Likewise,
recent evidence indicates that SIPL may serve as target for modulation of immune

responses in transplantation settings.3

Due to the therapeutic potential associated to the modulation of SI1PL activity, a
structure-based design of S1PL active site—directed inhibitors was envisaged in our
group before the beginning of the present doctoral thesis. Firstly, a massive virtual
screening study was required in order to identify structural features to build a common
pharmacophore that guided the design of new potential S1PL binders. For that purpose,
since at that time no structural data was available for the human enzyme, homology
models of hSIPL were built using the published yeast and bacterial S1PL crystal
structures as templates (PDB 3MC6 and 3MAD, respectively).4

A virtual library of about 650.000 compounds® was next screened in silico against the
3MAD-based hS1PL homology model. As a result, a subset of 28 compounds (coded as
VS01-VS28) was chosen based on scoring, molecular diversity, price and commercial
availability criteria. (see Figures 3.1.2 and 3.1.3 for the structures). These compounds
were then purchased from commercial sources and tested at 250 pM in our previously
reported assay using RBM13 as substrate and cell lysates as hS1PL source.® The results
are presented in Figure 3.1.1. Although several compounds exerted significant
inhibition, it was worthy of mention the noticeable activity of compounds VS11, VS19,
VS20 and VS21, which showed inhibitory activities of 64, 62, 51 and 58 %,
respectively. Notably, the activities exerted by the above compounds were comparable
to that of the reference compound FTY 720, which behaved as a modest S1PL inhibitor
under our assay conditions (around 40 % inhibition at 125 puM, results not shown). All

the hits of this virtual screening process shared some common structural features,
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namely a carboxylate group bound to one or more aromatic rings through a short linker.
Despite no potent hS1PL inhibitors were identified at this stage, the promising activities
showed by some of the compounds encouraged us to continue with the design of a

series of potential high affinity SIPL inhibitors.
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Figure 3.1.1. S1PL activity in the absence (CTRL, control) or in the presence of compounds
VS01-VS28 at a final concentration of 250 uM. HeLa cell lysates were used as enzyme source
(final concentration: 0.2 mg prot./well). Compound RBM13 was used as substrate at a final
concentration of 125 uM. Data are the mean + SD of three independent experiments with
triplicates. Data were analyzed by one—-way ANOVA followed by Dunnet’s multiple
comparison post-test if ANOVA P <0.05. (*, P <0.05 from control).
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Figure 3.1.2. Selected hits resulting from virtual screening against the 3MAD-based hS1PL

homology model.
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Figure 3.14. Alignment of human (hS1PL), Symbiobacterium thermophilum (StS1PL) and

Saccharomyces cerevisiae (ScSIPL) SPL sequences according to Bourquin e al.* Residues

which are identical in the three sequences are marked in red while those that are identical only

in two of them are marked in pink (StS1PL vs hS1PL: 36 % identity, 51 % similarity; ScS1PL

vs hS1PL: 34 % identity, 53 % similarity). Residues that constitute the active site cavity, the

access channel and the outer vestibule are marked with blue, green and gray boxes, respectively.

The essential Lys residue that binds to the PLP cofactor is highlighted with an asterisk on top.

Compounds VS01-VS28 were tested using RBM13 as S1PL substrate, since enzyme

activity assays can be performed in multiwell plates that allow the simultaneous

screening of a large number of compounds. However, the use of cell lysates as enzyme

source presented some problems. First, it made the assay less amenable to HTS

protocols, since a tedious and time consuming cell culture step is required. In addition,

due to the low S1PL expression level in the cell line used, the enzymatic activity was
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usually low and large amounts of cells were needed in order to properly measure the
S1PL activity with the appropriate signal-to—noise ratio. All of these resulted on
experiments with variable reproducibility, which pointed towards the necessity of
finding an alternative source of S1PL activity. Consequently, the use of easily
accessible, reliable and purified SI1PL preparations was considered a crucial

requirement for progress of this project.

With these antecedents, based on the high sequence homology with the human enzyme
(see Figure 3.1.4) and since the DNA clone required for its overexpression in E. coli
cultures was available in our group (a generous gift from Dr. Florence Bourquin), we

envisaged the use of purified StS1PL as enzyme source.

3.1.2 Library design

As stated in the preceding section, no structural data of hS1PL had been reported at the
beginning of the present doctoral thesis. Therefore, due to the high degree of homology
with the human enzyme, we envisaged the use of purified StS1PL as enzyme source.
Thus, we started the expression and purification process of the bacterial enzyme (see
below) in order to have a suitable SIPL source to develop an activity assay using
RBM13 as substrate. However, in the course of the project, the crystal structure of
human S1PL, as well as the first family of site—directed S1PL inhibitors (3a—c) were
reported by Weiler et. al.' Consequently, with both S1PL crystal structures in hand, we
decided to perform a new virtual screening against the human and bacterial proteins in
order to compare the results with those previously obtained using the 3MAD-based
hSTPL homology model. In light of the activities showed by compounds VS01-VS28,
together with the results from the additional virtual screening studies, we tried to
identify the common structural features required to build a general pharmacophore for

the design of new S1PL inhibitors.

Comparison of the active site structures from StS1PL (PDB 3MAD)” and hS1PL (PDB
4Q6R)' revealed a high level of sequence and structural similarity (Figures 3.1.4 and
3.1.5). Thus, from 30 residues that conform their active site cavity and access channel,
26 are identical and 3 are conserved in both proteins, and the RMSD among the C,—
atoms of these residues is only 0.71 A. This suggested that StS1PL could be a good

active site protein model for the discovery of hS1PL inhibitors.
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A

Figure 3.1.5. Crystal structure of the active site, access channel and vestibule residues of (A)
StSIPL (PDB 3MAD)* and (B) hSI1PL (PDB 4Q6R).' The PLP cofactor bound to the essential
lysine (orange), a phosphate (A, red) and a succinate (B, yellow) anions, as well as a bound
inhibitor (B, light purple) are highlighted with thick bonds. A hydrophobic patch of residues
located just above the PLP cofactor is highlighted in green.

The same database of about 650,000 lead—like commercial chemical structures’ that was
used in our preliminary docking studies, was virtually screened against StS1PL and
hS1PL to find potential active site binders. For that purpose, a virtual screening

workflow’ that uses the docking software Glide® !

to perform the flexible docking of
the compounds at different levels of accuracy was employed in order to successively
filter the compounds according to their predicted binding potency. Thus, initially all the
compounds in the database were docked at the HTVS (high-throughput virtual
screening) level, then the best 10 % was subjected to a second round of docking at the
SP (standard precision) level, and finally the best 10 % was submitted to a third round
of docking at the XP (extra precision) level, from which the best 10 % hits were

reported.

Since during the S1PL catalytic cycle, the 3—hydroxypyridine moiety of PLP and the

imino group between the essential lysine and the cofactor can go through different
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ionization states,’ two possible situations were considered to carry out the virtual
screening, namely: either with the 3—hydroxypyridine and the imino groups in their
neutral state, or in their ionized state (i.e. “phenolate—like” for the 3—hydroxypyridine
moiety and the iminium forms). Among the final hits from the screening against both
protein targets in the two ionization states considered, compounds that bound to the
anion binding site (see below) and that exhibited scores better than —9 kcal/mol were
considered as positive hits. Since Glide scores intend to correlate with binding free
energies (AGpinging) Of ligands, it was expected that this threshold would ensure

submicromolar binding.

The results of virtual screening showed that ionized carboxylic acids that bind at, or
close to, an anion binding site near to the PLP cofactor (Figure 3.1.6) (see also Section
3.1.6, Figure 3.1.16 and Charts 3.1.1-3.1.4) were among the best scored hits for both
targets. This site is formed by residues Y105, H129 and K317 of StS1PL, which
correspond to Y150, H174 and K359 in hSIPL, and it has been postulated as the
binding site for the phosphate group of the natural substrate SIP.* This was not
surprising, since carboxylate is a well-known phosphate surrogate.'> In addition to the
carboxylate group, many of these compounds also showed, as a common feature, the
presence of a variable moiety that links the carboxylate group to an aromatic ring,
which, in turn, is decorated with one or more variable substituents (Figure 3.1.6) (see
also Section 3.1.6, Figure 3.1.16 and Charts 3.1.1-3.1.4). The linker moiety was of
variable nature, mostly formed by a short linear chain (e.g. -CH,O-), although longer

chains with different functionalities (e.g. amide groups) were also found.

This suggested that the binding site for the aromatic group of the hits is not in a well
delimited region, but rather in a relatively large hydrophobic patch formed by residues
L128, H129, Y249, W340 and Y345 of StS1PL, which correspond to L173, H174,
F290, W382 and Y387 of hS1PL, respectively. Finally, the variable region decorating
the aromatic ring included, in most cases, one or more additional aromatic rings, which
occupied the same protein region as the known S1PL inhibitor 3b' (see Figure 3.1.5B
and Figure 1.9).
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Figure 3.1.6. (A) Best docked pose for compound Sigma—Aldrich (SALOR) R125830 (see
Chart 3.1.1) bound to StSI1PL. (B) Best docked pose for compound Chembridge 7978434 (see
Chart 3.1.2) bound to hS1PL. The 3-hydroxypyridine group from the PLP cofactor and the
imino group between the essential Lys residue and PLP were both considered in their neutral
state. Protein residues conforming the postulated anion binding site are labelled. The PLP
cofactor bound to the essential lysine (thick, orange), the residues that constitute the

hydrophobic patch (green) and the ligands (thick, light purple) are highlighted.

As shown in Charts 3.1.1-3.1.4, the hits showed similarities in their structures and in
their docking scores. Therefore, it was concluded that the ionization state of the 3—
hydroxypyridine—imine pair did not have much effect on the binding of these types of
compounds. In addition, the results of this virtual screening were in agreement with
those obtained using the hS1PL homology model, since similar structures arose from all

docking studies, regardless of the target protein used.

Taking into account the above features and according to the structures of the hits
identified in our preliminary screening to detect SIPL inhibitors among commercial
compounds (see Section 3.1.1), we proposed 9 as a suitable scaffold to develop a small

library of potential S1PL binders (see Figure 3.1.7).
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Figure 3.1.7. General structure of the putative SIPL ligands and derived scaffold structure 9, as
detected by virtual screening, and constituted by a carboxylate group, a linker and a substituted

aromatic ring.

In this structure, the triazole central core was chosen as part of the linker for its
synthetic availability, since it can be easily assembled using standard click chemistry
protocols based on alkyne—azide cycloadditions. Furthermore, by binding to the phenyl
ring, it would provide an extended aromatic region able to establish strong interactions
with the aromatic residues present in the above mentioned receptor hydrophobic patch.
On the other hand, an amide group bound to the phenyl ring would allow the
exploration of a diversity of R—substituents, coming from suitable carboxylic acid
precursors, which would interact with the more external part of the channel that leads to

the active site cavity of S1PL.

Therefore, a virtual library of compounds with the general structure 9 was enumerated.
For that purpose, a diverse collection of commercial carboxylic acids (R—-COOH) was
extracted from the clean lead—like subset from the ZINC database.">'* Compounds were
selected according to different criteria: molecular weight < 500 g/mol, a single
carboxylic group present or no undesirable chemical functions present. Additional
compounds available in house were also considered resulting in a collection of 6048
carboxylic acids. These were combined in silico with scaffolds 10a and 10b (setting n =
1 or 2) using the CombiGlide" application of the Schrodinger Suite to enumerate a

virtual library of 12096 compounds.
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This library was docked against StSIPL and hSIPL using Glide,'’ but this time
performing only the SP and XP docking steps and considering only the neutral state for
the phenol-imine pair of the lysine-bound PLP complex, to yield 120 hits for each
protein target. The hits from both proteins were then submitted to an Induced Fit

Docking Protocol'*®

of the Schrodinger Suite, which takes in consideration the
flexibility of the protein residues within a given distance (5 A) from the bound ligands,

in order to refine the geometries and scores of the docked poses.

Based on their scores, the diversity of their structures and other practical criteria, like
synthetic suitability or commercial availability, 12 virtual hits were selected for
synthesis (Table 3.1.1) (see Section 3.1.6, Charts 3.1.5 and 3.1.6 for docking scores).
These virtual hits showed similar binding modes (see Figures 3.1.17-3.1.22 from
Section 3.1.6), with their carboxylate groups located at the anion binding site and the
central triazole and phenyl rings interacting with the residues of the hydrophobic patch

of each protein, in many cases through n—stacking interactions.
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3.1.3 Synthesis of N—acylanilino carboxylates

The general synthetic approach to the series of N-acylanilino carboxylates is
summarized in Scheme 3.1.1. Initially, the commercially available bromoesters 11a and
11b were converted to azides RBM7-019 and RBM7-020 by nucleophilic
displacement of the bromine atom using NaNj.'*% Cu—catalyzed cycloadditionﬂ’22
between 3—ethynylaniline and the obtained azidoesters gave scaffolds RBM7-021 and
RBM7-022 in almost quantitative yields. Subsequent N—acylation with the selected
carboxylic acids (see table 3.1.1), using HATU as coupling agent,” afforded the

corresponding amides in variable yields.

Initial attempts at the synthesis of compounds RBM7-037 and RBM7-040 under the
above conditions were unsuccessful, since the required products were obtained in very
low yields (< 15 %). In this case, we hypothesized that the use of carboxylic acids
containing one or more hydroxyl group may favor the formation of the corresponding
O-acylated byproducts in the presence of a base (DIPEA), thus leading to the observed
low yields. However, when the acylation reaction was performed in the absence of a
base and using EDC/HOBt as coupling agents, the desired amides RBM7-037 and
RBM7-040 were satisfactorily obtained in 83 and 87 % yield, respectively (See Section
5.1.3.2). Final alkaline hydrolysis of the intermediate methyl esters afforded the
required N—acylanilino carboxylic acids also in variable yields (See Scheme 3.1.1 and

Table 3.1.1).

N=N
H,N N N\(V),COOMe
Br.,, COOMe _a N3, , .COOMe b n
M7 - -
11a(n=1) RBM7-019 (n = 1) RBM7-021 (n = 1)
11b (n=2) RBM7-020 (n = 2) RBM7-022 (n = 2)

H N=N H N=N
c R. N s N, COOMe d R. N N+, COOH
== "y WM S Ry A
I \[::I/L\/ T

Scheme 3.1.1. Synthesis of N—acylanilino carboxylates. For names and structures, see Table
3.1.1. Reagents and conditions: (a) for RBM7-019: 11a, NaN;, DMSO, rt, 92 %; for
RBM7-020: 11b, NaN;, H,O/DMF (1:1), 55 °C, 89 %; (b) 3—ethynylaniline, CuSO4 5H,0,
sodium ascorbate, H,O/THF (1:1), t, quant. yield for RBM7-021 and 97 % for RBM7-022; (c)
selected carboxylic acid and HATU, DIPEA, DMF, 40 °C or EDC, HOBt, DMF, rt, 54-92 %
(See Section 5.1.3.2); (d) LiOH, THF/H,O (3:1), 0 °C, 39-93 %.
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Table 3.1.1. Compounds synthesized in this section.

N=N
R1\ﬂ/ ~ N\H;COORz
(@]
Entry R' R? Compound  Yield®

1 Me RBM7-028
2 CoatN 2 H RBM7-030 48
3 Me RBM7-027
4 H RBM7-031 41
5 O Me RBM7-034
6 F O " H RBM7-042 43
7 CbzHN Y Me RBM7-035

NHCbz H RBM7-043 52
9 % Me RBM7-033
10 O/\N(HFmoc H RBM7-044 23
11 ©v Me RBM7-038

kY
12 . H RBM7-045 54
13 Ov Me RBM7-039
LY

14 fichs H RBM7-046 22
15 o Me RBM7-041
16 C( H RBM7-047 35
17 @/v_a Me RBM7-040
18 HO NHCbz H RBM7-048 29
19 HODY Me RBM7-037

%,
20 MeO I H RBM7-049 65
21 W Me RBM7-065
22 ©/ H RBM7-066 51
23 ©\/ Me RBM7-054
24 & H RBM7-067 50

*Overall yield (from starting bromoesters, see Scheme 3.1.1 and Section 5.1.3.2)
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3.1.4 Inhibition studies on StS1PL and hS1PL

3.1.4.1 Optimization of the inhibition assay using RBM13 as substrate

Among the several assays reported for the determination of S1PL activity (see Section
1.4), those amenable to ‘on—plate’ analysis are particularly interesting for their
application to HTS protocols. As introduced above (section 1.4.2), some time ago we
developed the fluorogenic probe RBM13,° a SIPL substrate that affords the fluorescent
reporter umbelliferone (7), after base—promoted decomposition of the intermediate

aldehyde product 5 (See Figure 1.12).

So far, the only kinetic constants for RBM13 had been determined in cell lysates of
murine embryonic fibroblasts.® In the present thesis, however, these parameters have
also been determined in purified StSIPL and hS1PL, which required a thorough
protocol optimization. In this case, StSIPL was expressed and purified following an
adapted version of a reported protocol (see Section 5.2.2).4 Briefly, plasmid
pQE70-StSPL, which was kindly provided by Dr. Florence Bourquin,4 was expressed in
E. Coli M—15 strain. This recombinant plasmid, consisting of the WT StS1PL gene
subcloned in a pQE70 expression vector, encodes for the Symbiobacterium
thermophilum full-length S1PL with six His residues added to the C—terminus (Figure
3.1.8). Although the IPTG—induced overexpression of StS1PL was evidenced by SDS—
PAGE, most of the protein was expressed as inclusion bodies (See Figure 3.1.9).
Nevertheless, thermal treatment of the soluble fraction to denature undesired proteins
followed by IMAC purification, allowed the isolation of a highly enriched StS1PL
solution, which was considered suitable for further enzymatic assays. Purity and identity
of purified StS1PL was confirmed by SDS-PAGE and LC/MS analysis (See Figures
3.1.9, 3.1.10 and Section 5.2.3). In both cases, results were in full agreement with those

reported by Bourquin and coworkers.*
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Figure 3.1.8. Encoded recombinant StS1PL from plasmid pQE70-StSPL.* Non—native residues
are highlighted in blue. Residue numbering refers to the StSIPL WT sequence (See Figure
3.1.4). The predicted molecular mass of recombinant StS1PL is 55565 Da.
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Figure 3.1.9. Coomassie Blue—stained SDS-PAGE of purified StS1PL. The gel was loaded
with samples of StS1PL from supernatant of lysis (lane 2), pellet after lysis and centrifugation
(lane 3), supernatant after thermal denaturation (lane 4), pellet after thermal denaturation (lane
5) and purified StSIPL after affinity chromatography (IMAC) and dialysis (lane 6). Lane 1
corresponds to the protein molecular weight marker (PageRuler™ Unstained Protein Ladder

26614, Thermo Scientific). The predicted molecular mass of StSPL is 55 kDa.
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Figure 3.1.10. StS1PL mass spectrometry analysis. Calculated for pQE70-StSPL (without
Metl): 55434 Da,* measured: 55437 Da (lit.* 55436 Da). Measured mass corresponds to apo—
St1SPL.

54



3. Results and discussion

On the other hand, hS1PL, as well as inhibitor 3¢, were kindly provided by Dr. Andreas
Billich from Novartis Institutes for BioMedical Research (Basel, Switzerland). In this
case, the recombinant human protein corresponds to a His—tagged N—terminally
shortened variant (A1-61) of the WT enzyme, which had been expressed in insect cells

and purified to homogeneity.'

Initially, RBM13 was tested as StS1PL substrate at 62 uM, in agreement with the
original protocol reported by Bourquin er al.* Incubation of RBM13 with different
amounts of StS1PL showed linearity in product formation up to 50 pg/mL of StS1PL
(Figure 3.1.11A). The optimal enzyme concentration was fixed at 25 pg/mL, in which
12 % of the substrate was metabolized, with a 12—fold increase of the fluorescence
signal with respect to the blank. Product formation was also time—dependent, since the
amount of umbelliferone increased linearly up to 90 min (Figure 3.1.11B). From these
results, an incubation time of 60 min was considered suitable for further assays. Kinetic
parameters for RBM13 against StS1PL were thus determined (Figure 3.1.11C) as Ky =
1522 + 73 uM and Vipax = 46 + 2 pmol-min " ug ' (Vimax/Kn = 0.03 + 0.002).

Concerning hS1PL, the ability of RBM13 as substrate was also evidenced, as shown in
Figure 3.1.11D. At 3 pg/mL of hS1PL (corresponding to a 2 % substrate conversion) a
4—fold increase in the fluorescence signal was observed with respect to a blank
experiment without enzyme. Under these conditions, product formation increased
linearly up to 2 h of incubation time (Figure 3.1.11E). Hence, an incubation time of 60
min was considered as suitable. The reaction rate was dependent on the substrate
concentration (Figure 3.1.11F), with Kyy = 1994 £ 121 puM and Vi = 107 = 11
pmol'min ' pug ™" (Vma/Knm = 0.05 + 0.006). Since the determined kinetic parameters
were in the same order of magnitude for both bacterial and human enzymes, a similar

behavior of RBM13 towards both enzyme sources can be inferred.

3.1.4.2 Activity of N—acylanilino carboxylates as StS1PL and hS1PL inhibitors

Using RBM13 as fluorogenic substrate, the synthesized N—acylanilino carboxylates
(Table 3.1.1) were evaluated as S1PL inhibitors at 250 pM in both enzyme sources. The
recently reported potent and selective hSI1PL inhibitor 3¢' (See Figure 1.9), was also
included in this study as positive control of inhibition. The results are collected in

Figure 3.1.12. The tested compounds showed activities ranging from low to moderate
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against both enzyme sources. In the case of hSIPL, only carboxylates RBM7-042,
RBM7-043, RBM7-044, RBM7-045 and RBM7-048 cxerted significant inhibition.
Compound RBM7-043 was the most active compound of this series with a 33 %

inhibition.
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Figure 3.1.11. Enzyme concentration (A, D) and time—dependence (B, E) of the SIPL reaction
using RBM13 as substrate against StS1PL (A, B) and hS1PL (D, E). Substrate concentration
was 62 uM (A, B) and 125 puM (D,E). In A and D, incubation time was 60 min. Enzyme
concentration was 25 pg/mL (B) and 3 pg/mL (E). Substrate concentration dependence of the
StS1PL reaction (C) and the hSI1PL reaction (F) using RBM13 as substrate at graded
concentrations. In both cases, the substrate was incubated for 60 min with 25 pg/mL (C) or 3
pg/mL (F) of StSIPL and hSI1PL, respectively. Data correspond to one representative

experiment performed twice (with triplicates).

56



3. Results and discussion

In contrast, compounds RBM7-031, RBM7-044, RBM7-047, RBM7-048, and
RBM7-049 showed significant inhibition on StS1PL, being carboxylate RBM7-048

the most active compound of this series (31 % of inhibition).

Comparison of activities for the series of N-acylanilino carboxylates showed small
differences on their behavior against each enzyme source. Only RBM7-043 showed a
significant selectivity towards hSIPL (P < 0.001; unpaired two—tailed t-test; n = 6).
Conversely, RBM7-048, the most active compound against StS1PL, showed little
selectivity. As expected, compound 3c behaved as a potent hS1PL inhibitor in our
fluorogenic assay, with a residual enzyme activity of around 2 % at 10 uM (Figure
3.1.12) and ICso = 93.5 + 6.0 nM (Figure 3.1.13B), consistent with the reported value.'
However, compound 3¢ turned out to be significantly less active against StS1PL (P <
0.001; unpaired two—tailed t—test; n = 6), even at an equimolar concentration with the
substrate (125 uM). Under these conditions, only a moderate decrease on the StS1PL
activity (around 34 %) was observed (Figure 3.1.12).

= hS1PL
120+ Bl StS1PL

100+

80+ *

*

60
40

20+

Activity (% of control)

*

C 30 31 42 43 44 45 46 47 48 49 66 67 3c

Figure 3.1.12. Activity (% of control) of hS1PL (3 pg/mL) and StSIPL (25 pg/mL) in the
absence (C, control) or in the presence of compounds RBM?7 (indicated with the last two digits,
for the sake of clarity) and compound 3c (taken as positive control of inhibition). Compounds
were tested at 250 uM, except for compound 3¢, which was tested at 10 pM (for hS1PL) and
125 uM (for StSI1PL). In both cases, compound RBM13 was used as substrate at a final
concentration of 125 uM. Data are the mean = SD of two independent experiments with
triplicates. Data were analyzed by one-way ANOVA followed by Dunnet’s multiple
comparison post—test if ANOVA P <0.05. (*, P <0.001 from control).
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Figure 3.1.13. (A) Activity (%) of hS1PL and StS1PL (both at 0.8 pg/mL) in the absence (C,
control) or presence of 3¢ (50 pM). In both cases, S1P was used as substrate of the enzymatic
reaction at a final concentration of 10 pM. Data correspond to the mean = SD of four
independent experiments with duplicates. Asterisks indicate statistical significance (unpaired
two—tail t—test; *, P < 0.01; ** P < 0.001 from controls). (B) Activity (% of control) of hS1PL
(final concentration: 3 pg/mL) at graded concentrations of 3¢ using RBM13 as substrate (final
concentration: 125 puM). Data correspond to one representative experiment out of three

performed (with triplicates).

This lower activity showed by compound 3¢ against StS1PL was unexpected.
Nonetheless, this result was confirmed using a slightly modified version of a reported
LC/MS method to measure enzyme activity with natural SIP as substrate’ (See Section
1.4.3 and Section 5.2.4.4 for experimental details). Briefly, SIPL activity in the
presence of the inhibitor (50 uM) was determined using natural S1P (10 uM) as
substrate and trapping the enzyme reaction product (frans—2-hexacedenal) as the
isonicotinylhydrazone 8¢ (see Figure 1.13), prior to LC/MS quantification. Under these
conditions, compound 3¢ also behaved as a potent hS1PL inhibitor (97 % inhibition),
while it only exerted a moderate 15 % inhibition on StS1PL, consistent with the results

obtained in our fluorogenic assay (See Figure 3.1.13A).

The different activity of inhibitor 3¢ against hS1PL and StS1PL can be explained on the
basis of the structural differences between both proteins at the access channel and
vestibule to the active site cavity. Superimposition of the surface of hS1PL on the
structure of StS1PL shows a protrusion from the surface of several side chain residues

of the bacterial protein, in particular those of L344, F346 and L497 (Figure 3.1.14), in
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agreement with a very recent report.”* This could preclude the binding of inhibitors 3b
or 3c at that site, as we have experimentally observed for 3c. These structural

differences between StS1PL and hS1PL should be taken into account if the more easily

available StS1PL is taken as a model for the design of potential inhibitors targeting the
1.24,25

S1PL access channe

Figure 3.1.14. (A) Crystal structure of hS1PL (PDB 4Q6R, grey)' with the bound inhibitor 3b
(light purple) and superposed structure of StS1PL (PDB 3MAD, green).* StS1PL residues L344,
F346 and L497 (corresponding to 1386, A388 and S542 of hS1PL) are labeled. (B) A close up
view of the hS1PL surface (grey) at the inhibitor binding site and StS1PL residues (green)
protruding from the surface. Red dashed lines indicate bad clashes between the StS1PL residues

and a hypothetically bound inhibitor 3b.

Given the low activities found for the above carboxylates, we decided to re—evaluate
compounds VS01-VS28 as StSIPL and hS1PL inhibitors, in order to check the
activities showed by these compounds in a preliminary test using cell lysates as hS1PL
source (see Figure 3.1.1). In this case, compounds VS01-VS28 were tested against our
two purified SIPL enzyme sources, using RBM13 as substrate. Results are collected in
Figure 3.1.15. Shockingly, all compounds exerted low to moderate activities.
Compound VS19 was the most active compound against both enzymes (40 % StSPL
inhibition and 18 % hSIPL inhibition). The remaining compounds were practically
devoid of activity, especially as hSIPL inhibitors.
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Figure 3.1.15. Activity (% of control) of hSIPL (3 pg/mL) and StSIPL (25 pg/mL) in the
absence (CTRL, control) or in the presence of compounds VS01-28 at a final concentration of
250 uM. In both cases, compound RBM13 was used as substrate at a final concentration of 125
uM. Data are the mean + SD of two independent experiments with triplicates. Data were
analyzed by one way ANOVA followed by Dunnet’s multiple comparison post-test if ANOVA
P <0.05. (*, P <0.05 from control).

The obtained results clearly suggested that the SIPL activity assays performed with cell
lysates led to the identification of false positives hits, since practically all the assayed
compounds were inactive under the developed assay using purified enzymes. At this
point, trying to find an explanation for this apparent discrepancy was not considered.
However, one can speculate that cell lysates, in addition to S1PL, contain other factors
that could facilitate the entrance of the assayed compounds into the active site cavity, to

exert their inhibitory activity.

Concerning the modest activity of the above N—acylanilino carboxylates (Figure 3.1.12),
a number of causes might explain the discrepancy with our expectations, based on the
computational docking results. One concern is the ionization state of the carboxylate
group present in our compounds and that of the ionizable protein residues at the anion
binding site. Despite the fact that our virtual screening study considered two
possibilities for the protonation state of the 3—hydroxypyridine and the imine moieties
on the K359—PLP complex (in hS1PL) or K311-PLP complex (in StS1PL), the results
obtained in both cases were similar (Charts 3.1.1-3.1.4, Figures 3.1.6 and 3.1.16). On
the other hand, there are two additional residues at the anion binding site of both
proteins that might be ionized, i.e. H129 and K317 of StS1PL or H174 and K359 of

hS1PL. Our assumption was that these residues were in their ionic form, allowing the
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establishment of strong electrostatic and hydrogen bond interactions with the ligands.
This assumption is probably right when the anion is a phosphate group (either from the
buffer or that present in the natural substrate S1P), and it seemed also reasonable for a
carboxylate group, since there is in fact one molecule of succinic acid bound at the same

site in the crystal structure of hS1PL (PDB 4Q6R, see Figure 3.1.5).!

However, the fact that the series of carboxylates could be less acidic than expected in
the protein environment should not be disregarded, thus precluding the interaction with
the protein in their anionic form. Similarly, it is conceivable that the histidine residue at
the anion binding site could be in its neutral state if there is not a strongly anionic bound
ligand. This could have led to an overestimation of the potency of the polar interactions
between the ligands and the proteins. Moreover, scoring functions in docking software
are usually too crude to rank ligands according to their binding potency®® and results
arising only from docking estimates should be taken with caution.”” In addition, the
possibility that the inhibitors do not reach the enzyme active site should not be
overlooked. In any case, a strong structural similarity between hS1PL and its bacterial
surrogate at the active site can be inferred from structural data and also by the similar
biochemical parameters found for our fluorogenic substrate RBM13 (see above). This
justifies the use of the more easily available bacterial source when planning the design
of active—site directed inhibitors, as we have observed in a series of substrate analogs
(See Section 3.2) However, more caution should be taken for inhibitors targeting the
active site access channel, for which alternative chimeric constructs from bacterial

origin represent interesting alternatives.**
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3.1.6 Annex

Chart 3.1.1. Hits from virtual screening targeting the anion binding site of 3MAD. The 3-

hydroxypyridine group from the PLP cofactor and the imino group between the essential

Lys311 residue and PLP were both considered in their neutral state. Names of compounds and

their Glide XP scores are shown.
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Chart 3.1.2. Hits from virtual screening targeting the anion binding site of 4Q6R. The 3—

hydroxypyridine group from the PLP cofactor and the imino group between the essential

Lys353 residue and PLP were both considered in their neutral state. Names of compounds and

their Glide XP scores are shown.
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Chart 3.1.3. Hits from virtual screening targeting the anion binding site of 3MAD. The 3—
hydroxypyridine group from the PLP cofactor and the imino group between the essential
Lys311 residue and PLP were both considered in their ionized state. Names of compounds and

their Glide XP scores are shown.
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Figure 3.1.16. (A) Best docked pose for compound Sigma—Aldrich (SALOR) L.302503 (see
Chart 3.1.3) bound to StSI1PL. (B) Best docked pose for compound Akos OWH-AU33-M447
(see Chart 3.1.4) bound to hS1PL. The 3—hydroxypyridine group from the PLP cofactor and the
imino group between the essential Lys residue and PLP were both considered in their ionized
state. The PLP cofactor bound to the essential lysine (thick, orange), the residues that constitute

the hydrophobic patch (green) and the ligands (thick, light purple) are highlighted.

72



3. Results and discussion

Chart 3.1.5. Hits from virtual screening/induced fit docking targeting the anion binding site of
3MAD. The 3-hydroxypyridine group from the PLP cofactor and the imino group between the
essential Lys311 residue and PLP were both considered in their neutral state. Names of

compounds, and their Glide XP and IFD scores are shown.
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Chart 3.1.6. Hits from virtual screening/induced fit docking targeting the anion binding site of
4Q6R. The 3—-hydroxypyridine group from the PLP cofactor and the imino group between the
essential Lys353 residue and PLP were both considered in their neutral state. Names of

compounds and their Glide XP and IFD scores are shown.
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hSPL

Dscore: -15.694 Dscore: -14.758

Figure 3.1.17. Docked poses for hits 1a (RBM7-030) and 1b (RBM7-031) bound to StS1PL
and hS1PL.
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StSPL

Dscore: -14.019 Dscore: -14.033

Figure 3.1.18. Docked poses for hits 1¢ (RBM7-042) and 1d (RBM7-043) bound to StS1PL
and hS1PL.
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Dscore: -15.408 Dscore: -13.553

Figure 3.1.19. Docked poses for hits 1e (RBM7-044) and 1f (RBM7-045) bound to StS1PL
and hS1PL.
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Dscore: -15.511 Dscore: -12.759

Figure 3.1.20. Docked poses for hits 1g (RBM7-046) and 1h (RBM7-047) bound to StS1PL
and hS1PL.
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hSP

L/
X

[T ~

Dscore: -13.692 Dscore: -12.610

Figure 3.1.21. Docked poses for hits 1i (RBM7-048)and 1j (RBM7-049) bound to StS1PL and
hS1PL.
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StSPL hSPL
1k /( K Pensisa | ~
N FN— A\ e
—--« e \\‘ \(\‘i\
» N A

Dscore: -13.589 Dscore: -10.581

Figure 3.1.22. Docked poses for hits 1k (RBM7-066) and 11 (RBM7-067) bound to StS1PL
and hS1PL.
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3. Results and discussion

3.2.1 Introduction

Based on structural, biochemical and mutagenesis studies performed with bacterial and
yeast S1PL, Bourquin et al K postulated a plausible mechanism for the S1PL reaction,
which is shown in Figure 3.2.1. Initially, the incoming S1P replaces the catalytic Lys in
the internal aldimine 12 to form the external aldimine 13 (step 1). Proton abstraction at
the C3—OH initiates the retro—aldol cleavage (step 2), which results in the release of the
corresponding fatty aldehyde. Unfortunately, the identity of the basic residue involved
in the deprotonation step (depicted as “B:” in Figure 3.2.1) is still unknown and its
elucidation will require further structural and biochemical studies. Subsequent
reprotonation of the transient quinonoid intermediate 14 leads to the external aldimine
15 (step 3). According to the authors, either the catalytic StSIPL K311 or the nearby
Y105 (K353 and Y150, respectively, for hS1PL), may act as proton donors in this step.
Finally, after hydrolysis of 15, EAP is released and the internal aldimine 12 is formed

again for a second enzyme turnover (step 4).

o OH

t‘NHa ®
S1P or dhS1P

H z 01 3H37 | |
2-hexadecenal r.
or hexadecanal H

Figure 3.2.1. Catalytic cycle of sphingosine—1—phosphate lyase (S1PL). 1) S1P or dhS1P
replaces Lys from 12 to form the external aldimine 13; 2) Retro—aldol cleavage with generation
of 2-hexadecenal or hexadecanal and the quinonoid intermediate 14; 3) Formation of the
aldimine system 15 by protonation of 14; 4) Hydrolysis of 15 with release of EAP and final

restoration of 12.
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An identical mechanism is accepted for the alternative S1PL substrate 4,5—dihydro—S1P

(dhS1P), giving rise to EAP and hexadecanal as reaction products.

As introduced previously in Section 1.3.3.1, the repertoire of available S1PL inhibitors
structurally related to the enzyme substrate is scarce. In this context, 1-
deoxysphinganine—1—phosphonate and 2—vinyl-dhS1P are the only ones reported in the
literature. The structurally related FTY 720, a well-known S1P receptor agonist after its
enantioselective phosphorylation to the (S)—isomer, has also been reported as a modest
S1PL inhibitor in vitro. On the other hand, 4-deoxypyridoxine (DOP) has been
described as a functional S1PL inhibitor in vivo, as well as THI and related analogs,

whose mechanism of action have been controversial (see Section 1.3.3.2).

3.2.2 Design of new mechanism-based S1PL inhibitors

As a result of our interest in the development of sphingolipid modulators by targeting
S1P metabolism,” we undertook the design of new SIPL inhibitors based on SIPL
mechanistic considerations. Thus, compound RBM7-001 (Figure 3.2.2) was designed
as a non—hydrolyzable analog of the putative intermediate 15 (Figure 3.2.1), since the
labile imine group is replaced by a hydrolytically stable secondary amine group. In
contrast, compounds RBM7-012 and RBM7-032 (Figure 3.2.2) were designed as non—
reactive analogs of the intermediate aldimine 13 (Figure 3.2.1). In this case, we
envisaged that the absence of an imine group would preclude the retro—aldol cleavage,
since the pyridinium ring of the PLP moiety is not conjugated with the nitrogen atom of
S1P. Interestingly, dephosphorylated RBM7-032 (compound 16, Figure 3.2.2) had
been reported in the literature as a potential S1PL inhibitor.” Compound 16 was
expected to undergo SK1 or SK2 directed phosphorylation in vivo in order to generate
the potentially active RBM7-032. However, its lack of activity in cellular and in vivo
assays was attributed to an inadequate phosphorylation. As PLP analogs, compounds
RBM7-001, RBM7-012, and RBM7-032 were expected to displace the cofactor in the

enzyme active site.

In a second approach, a series of configurationally defined azido analogs of both
enzyme substrates (S1P and dhS1P) were designed as non-reactive, potential SI1PL
competitive inhibitors (compounds RBM7-089, RBM7-098, RBM7-103, and
RBM7-114, Figure 3.2.2). Since the C2 amino group is replaced by an azido group,
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RBM7-001 RBM7-032 (4-ene) 16
RBM7-012 (4,5-dihydro)

9 OH ('? OH
_P 2 = -P 2
(2S,3R) = RBM7-089 (2S,3R) = RBM7-114
(2R,3S) = ent-RBM7-089 (2R,3S) = ent-RBM7-114
(2S,3S) = RBM7-098 (2S,3S) = RBM7-103
(2R,3R) = ent-RBM7-098 (2R,3R) = ent-RBM7-103

Figure 3.2.2. Non-reactive S1PL reaction intermediates and substrates.

formation of the external aldimine 13 is expected to be precluded at the enzyme active
site. Apart from the inherent lack of reactivity towards imine formation and its
remarkable stability in cellulo," the azido group has also been used as a “pseudohalide”
in drug design.’ In terms of approximate size, polarity and electronic character, the
azido group has been proposed to resemble a bromo substituent. As a consequence, the
replacement of the amino group present in S1P with an azido group is expected to cause
a significant effect in the electronic properties and on the interactions with the enzyme
active site without disturbing the overall shape of the molecule. Moreover, to gain
insight into the enzyme stereoselectivity towards this type of analogs, all the
configurations around the C2 and C3 carbon atoms have been considered (i.e.

compounds ent—RBM7-089, ent—RBM7-098, ent—RBM7-103 and ent—RBM7-114).

3.2.3 Synthesis of PLP—derivatives RBM7-001, RBM7-012 and RBM7-032

Compounds RBM7-001, RBM7-012 and RBM7-032 were obtained as outlined in
Scheme 3.2.1 by reductive amination of PLP with either O—phosphorylethanolamine,
dhS1P or S1P, respectively (for the synthesis of S1P and dhS1P see Section 3.2.3.1).
Following an adaptation of reported protocols,é’7 the dipotassium salts of PLP and the
corresponding amines were initially generated in situ using KO'Bu, in order to ensure
their total solubility. After the consumption of the starting amine was evidenced by 'H

NMR, reduction of the corresponding imines with NaBH, afforded the desired
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diphosphates in acceptable overall yields, together with pyridoxine 5’—phosphate
(compound RBM7-002, Scheme 3.2.1), which was also included in our S1PL inhibition
assays due to its high structural similarity with PLP and DOP. On the other hand, crude
diphosphates RBM7-012 and RBM7-032 presented a very low solubility in different
organic solvents and in aqueous mixtures. Nevertheless, preparation of the
corresponding triethylammonium salts afforded highly water—soluble species, which
could be properly characterized in terms of chemical identity and biological activity (see

Section 5.1.4.1 for experimental details).

HO’P /\/N 9
R~
P\ = o \ OH
o OH | O@
X @®
@ N NH,
O\
I RBM7-001 RBM7-002
HO__~ O’P\\OH
| OH
~ (0] OH
N 11 = ’5

—P.
pyridoxal HO‘ 3 \OWCBHN

5'-phosphate

(PLP) Q
HO 7 O’P\E)OH
<4

N~ “NHEt,

RBM7-032 (4-ene)

RBM7-012 (4,5-dihydro)
Scheme 3.2.1. Synthesis of PLP—derivatives. Reagents and conditions: (a) (i) selected amine
(O-Phosphorylethanolamine for RBM7-001, S1P for RBM7-032 and dhS1P for RBM7-012),
KO'Bu, MeOH, reflux (ii) NaBH,4, MeOH, 0 °C to rt, 79 % for RBM7-001, 74 % for RBM7—
032, 71 % for RBM7-012.

3.2.3.1 Synthesis of S1P and dhS1P

Zwitterionic aminophosphates SIP and dhS1P were prepared from their corresponding
N-Boc protected aminodiols RBM7-025 and RBM7-009, as shown in Scheme 3.2.2.
Firstly, compounds RBM7-025 and RBM7-009, whose synthesis will be detailed in
Section 3.2.5, were site—selectively phosphorylated at the primary hydroxyl using
dimethyl chlorophosphate® to give phosphate triesters RBM7-026 and RBM7-010 in
good yields. In both cases, small amounts of other phosphorylated byproducts were
detected by *>'P NMR of the crude reaction mixtures. In comparison with RBM7-009,
phosphorylation of diol RBM7-025 occurred with lower site—selectivity, probably as a
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result of the higher nucleophilicity of the C3 allylic alcohol of RBM7-025 in
comparison with that of the saturated secondary alcohol of RBM7-009 (see Figure
3.2.3). However, pure dimethyl phosphates were successfully obtained after careful
purification of the crude reaction mixtures by flash chromatography (for the *'P NMR

spectra of purified compounds, see Section 7).
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Figure 3.2.3.'P NMR spectra of crude reaction mixtures of compounds RBM7-026 (A) and
RBM7-010 (B).

Successive TMSBr—-mediated deprotection of the phosphate ester and the C2—amino
groups® in RBM7-026 and RBM7-010, gave the target aminophosphates S1P and
dhS1P, respectively. Due to their high polarity and extremely low solubility, initial
attempts at the purification of the crude products by flash chromatography proved
fruitless. Nevertheless, recristallyzation of the crude material from THF/H,O (2:1, v/v)’
followed by a washing process of the resulting precipitatelo’11 gave pure S1P and dhS1P
in moderate to good yields. The lower yield obtained for S1P was due to a lower

recovery during the recrystallization step, since S1P presented a slightly higher

solubility than its saturated analog dhS1P.

OH o) OH o] OH
i 5 a 5 S b 1 T
HO/Y\/\C13H27 —_— MeO’, \O/\‘/\/\C13H27 —» HO ! \O/Y\'/\C13H27
4 MeO e0 ®
NHBoc NHBoc NH;3
RBM7-025 (4-ene) RBM7-026 (4-ene) S1P (4-ene)
RBM7-009 (4,5-dihydro) RBM7-010 (4,5-dihydro) dhS1P (4,5-dihydro)

Scheme 3.2.2. Synthesis of SIP and dhS1P. Reagents and conditions: (a) Dimethyl
chlorophosphate, N-methylimidazole, CH,Cl,, 0 °C to rt, 76 % for RBM7-026, 75 % for
RBM7-010; (b) (1) Me;SiBr, MeCN, 0 °C to 1t (ii)) MeOH/H,0 (95:9), 1t, 54 % for S1P, 79 %
for dhS1P.
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3.2.4 Synthetic approach to the series of stereodefined azidophosphates

Our retrosynthetic analysis towards the stereomeric series of azidophosphates is
depicted in Scheme 3.2.3. As described above for the synthesis of S1P and dhS1P (see
section 3.2.3.1), a site—selective phosphorylation of the corresponding azidodiol
derivatives was envisaged as a suitable way to access the desired compounds. The
introduction of the azido group at C2 would be accomplished by diazotransfer reaction
from the corresponding stereodefined amine hydrochlorides. Finally, a
diastereocontrolled addition of a suitable 1-alkenyl organometallic derivative to L— or

D—Garner’s aldehyde would allow the construction of the differently configured

sphingoid bases.
o) OH site—seleptiye OH
lg . phosphorilation .
o & — =
H(I)-IOI OWC13H27 HOWC13H27
N3 N3
diazotransfer
reaction
diastereoselective
OH
e . addition )
%/NBOC + M/\/ —————— HOWCHHW
NH,-HCI
Garner's
aldehyde

Scheme 3.2.3. Synthetic approach to the series of stereodefined azidophosphates.

3.2.5 Synthesis of sphingosines RBM7-062, RBM7-086, RBM7-095, RBM7-100

and their enantiomers

The synthesis of the desired stereodefined sphingosines started with a nucleophilic
addition to L— and D— Garner’s aldehydes, which were obtained over 4 steps from the
corresponding enantiopure serines, according to a reported methodology.'? Thus, the
synthesis of the anti— adducts of the 25 series started with the diasteroselective addition
of vinylmagneisum bromide to the L-Garner’s aldehyde in THF at —78 °C,">!* which
gave the allylic alcohol RBM7-023 in moderate yield (64 %) and good
diastereoselectivity (dr = 86:14) (Scheme 3.2.4). In this case, both diastereomers were

easily separated at this stage by flash chromatography.
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Figure 3.2.4. Stereochemical outcome of the nucleophilic addition reaction to Garner’s

aldehyde. Adapted from ref. 15.

The remarkable anti—selectivity can be rationalized with the Felkin—Anh non—chelation
transition state model (see Figure 3.2.4), in which the attack of the nucleophile occurs
from the sterically less hindered side (Re-side attack).” Subsequent olefin cross
metathesis reaction between RBM7-023 and 1-pentadecene'™'® furnished alkene
RBM7-024 as an inseparable 94:6 E/Z mixture of diastereomers. Despite minor
amounts of the Z—isomer were also detected in subsequent steps, pure E—isomers could

be obtained by careful purification of the synthetic intermediates.

On the other hand, addition of l-pentadecenylethylzinc to L—Garner’s aldehyde in
CH,Cl, at —40 °C," efficiently afforded the syn—configured allylic alcohol RBM7-093
in good yield (75 %) and high diastereoselectivity (dr = 93:7, only E). In this case, the
nucleophilic organozinc derivative was generated in sifu by a stereo— and regiospecific
hydrozirconation of 1-pentadecyne using the Schwartz’s reagent, followed by
transmetalation of the resulting alkenylzirconocene with Et,Zn. The major formation of
the syn adduct can be explained by the Cram’s chelation control model (see Figure
3.2.4). In this case, the chelating metal coordinates both the aldehyde and the carbamate
carbonyl groups, thus forcing the nucleophile to attack from the Si—side with high
stereocontrol.'”” Alternative mechanisms involving a coordinate delivery of the

nucleophile have also been reported.'®

Deprotection of the N,0O—-isopropylidene moiety of RBM7-024 and RBM7-093 under
acidic conditions' yielded anti— and syn—configured N-Boc aminodiols RBM7-025
and RBM7-094 in excellent yields. In this case, both key sphingoid intermediates
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proved to be spectroscopically and configurationally in agreement with reported
literature data.'”*® Further catalytic hydrogenation on Rh/ALO;*' furnished diols
RBM7-009 and RBM7-099, thus giving access to the 4,5—dihydro series. Finally, the
acid-mediated deprotection of the Boc group of the above N—protected aminodiols,*
afforded the target 25 sphingosines and 4,5—dihydrosphingosines, which were obtained
as their corresponding amine hydrochlorides. As expected, application of the same
reaction sequence from D—Garner’s aldehyde led to the corresponding 2R enantiomeric
series, namely compounds ent—RBM7-086, ent—RBM7-062, ent—RBM7—095 and ent—
RBM7-100.

o oH oH
OWR _d L2 _f S
& HO™ N Coghy HO PR C sty
a ﬁ/ oc NHBoc NH,-HCI
CHO
oY o[ RBM7-023 (R = H) o[ RBM7-025 (4-ene) RBM7-086 (4—ene)
RBM7-024 (R = C3Hy7) RBM7-009 (4,5-dihydro) RBM7-062 (4,5-dihydro)

ﬁ/NBoc

L-Garner's b\x OH

aldehyde OH f OH

% C.-H d » S, P
o 1327 —> o ZCyHyy T HO (S “CyzHor

%/NBOC NHBoc NH,-HCI

RBM7-093 RBM7-094 (4—ene) RBM7-095 (4—ene)
RBM7-099 (4,5-dihydro) RBM7-100 (4,5-dihydro)

_~_-CHO g OH QH

° i —= ~h BN
%/NBOC — HO” “Ys) Ci3Hy7 HO™ YR Ciq3Har

NH,-HCI NH,-HCI
D-Garner's ent—-RBM7-086 (4-ene) ent—-RBM7-095 (4-ene)
aldehyde ent—-RBM7-062 (4,5-dihydro) ent—-RBM7-100 (4,5-dihydro) ;

Scheme 3.2.4. Synthesis of sphingosines RBM7-086, RBM7-062, RBM7-095, RBM7-100
and their enantiomers. Reagents and conditions: (a) vinylmagnesium bromide, THF, —78 °C, 64
%, dr = 86:14; (b) (i) 1-pentadecyne, Cp,Zr(H)Cl, CH,Cl,, 0 °C (ii) Et,Zn, CH,Cl,, —40 °C to rt,
75 %, dr = 93:7, only E; (c) 1-pentadecene, Grubbs catalyst o gen., CH,Cl,, reflux, 78 %, E/Z
=94:6; (d) p~TsOH, MeOH, rt, 94 % for RBM7-025, 92 % for RBM7-094; (¢) H,, 5 wt. % Rh
on ALLOs, MeOH, rt, 97 % for RBM7-009, 91 % for RBM7-099; (f) AcCl, MeOH, 0 °C to rt,

84 %—quant. yield; (g) same sequence as from L-Garner’s aldehyde.

3.2.6 Synthesis of the stereodefined azido—S1P and dhS1P analogs

The differently configured sphingosines and 4,5—dihydrosphingosines were submitted to
diazotransfer reaction with 1H—imidazole—1—sulfonylazide hydrochloride (ISA-HCI),**
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a process that courses with retention of configuration at the azide carbon (Scheme
3.2.5).23 24 Gratifyingly, the resulting azides were in agreement with the expected
configuration, as evidenced by comparison of their optical rotations with those reported
in the literature for azido diols RBM7-087,”> RBM7-096,° and RBM7-112.*" In
addition, enantiomeric purity of the above azidodiols, together with that of the
unreported compound RBM7-101 was confirmed by chiral HPLC analysis, with ee
higher than 95 % in all cases (see Section 5.1.4.2 and Figures S6-S13 from Section 7).
Finally, the site—selective phosphorylation of the above azido diols gave the
corresponding dimethyl phosphates derivatives in moderate to good yields. As stated
above for the synthesis of RBM7-010 and RBM7-026, phosphorlylation reactions with
dimethyl chlorophosphate afforded little amounts of other unidentified phosphorous—
containing byproducts. However, pure dimethyl phosphates were obtained after careful
chromatographic purification of the corresponding crude reaction mixtures (See section
5.1.4.2). Finally, TMSBr-mediated methyl ester removal®® afforded the required
azidophosphates in 15-25 % overall yields from the starting Garner’s aldehydes. Crude
products were purified by RP chromatography (see section 5.1.4.2), yielding pure

azidophosphates as their corresponding free acids.

OH

L 0 OH 0 OH
HO 3 CigHar 2 o MeO’F\OWC13H27 %+ |HO- P\OWCBHN
R MeO HO
a l__. R = NH,-HCI Ns Ns
R=N,
(2S,3R) = RBM7-087 (2S,3R) = RBM7-088 (2S,3R) = RBM7-089
(2R,3S) = ent-RBM7-087 (2R,3S) = ent-RBM7-088 (2R,3S) = ent-RBM7-089
(2S5,3S) = RBM7-096 (2S,3S) = RBM7-097 (2S,3S) = RBM7-098
(2R,3R) = ent—-RBM7-096 (2R,3R) = ent-RBM7-097 (2R,3R) = ent-RBM7-098
OH
W 0 OH 0 OH
HO CigHyr _ B -P c . -P
R Mo © Cratter "6 o Cuater
R = NH,-HCI Ns Ns
R= N3
(2S,3R) = RBM7-112 (2S,3R) = RBM7-113 (2S,3R) = RBM7-114
(2R,3S) = ent-RBM7-112 (2R,3S) = ent-RBM7-113 (2R,3S) = ent-RBM7-114
(25,3S) = RBM7-101 (2S,3S) = RBM7-102 (2S,3S) = RBM7-103
(2R,3R) = ent—-RBM7-101 (2R,3R) = ent-RBM7-102 (2R,3R) = ent-RBM7-103

Scheme 3.2.5. Synthesis of the stereodefined azido—S1P and dhS1P analogs. Reagents and
conditions: (a) 1 H—imidazole—1-sulfonylazide hydrochloride, CuSO,4 5H,0, K,CO;, MeOH, rt,
80-91 %; (b) Dimethyl chlorophosphate, N—-methylimidazole, CH,Cl,, 0 °C to rt, 64-85 %; (c)
(1) MesSiBr, MeCN, 0 °C to rt (ii) MeOH/H,O (95:5), rt, 56-71 %.
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3.2.7 S1PL inhibition

The above compounds were tested against recombinant human (hS1PL)** and bacterial
(StSIPL)' enzyme sources, using our previously developed fluorogenic substrate
RBM13. Inhibition assays were performed under the optimized experimental conditions
showed in Section 3.1.4.1. The results are collected in Table 3.2.1. Compound RBM7—-
001, designed as a mimic of the S1PL reaction intermediate 15 (see Figure 3.2.1)
behaved as a weak inhibitor (around 20 % inhibition at 250 pM) in both hS1PL and
StS1PL, while pyridoxine 5’—phosphate (RBM7-002) was practically devoid of
activity. The presence of the sphingoid moiety in RBM7-012 and RBM7-032 led to
more potent inhibitors, with ICsy values in the range of 50-80 uM for both enzymes
(Table 3.2.1, entries 3 and 4; Figure S1 from Section 7).

Table 3.2.1. Inhibitory activity of the synthesized compounds.

ICso (kM) Ki (pM)°¢
Entry Compound Configuration  StS1PL hS1PL hS1PL

1 RBM7-001 - ni ni* nd®
2 RBM7-002 - ni ni nd
3 RBM7-012 - 47.0 81.1 nd
4 RBM7-032 - 53.4 89.0 nd
5 RBM7-089 (28,3R,4E) 12.9 10.1 9.1
6 ent-RBM7—089  (2R,3S,4E) 13.8 5.2 5.6
7 RBM7-098 (25,38 ,4E) 16.0 28.8 20.4
8 ent-RBM7-098  (2R,3RA4E) 11.7 229 17.5
9 RBM7-114 (28,3R) 25.0 25.7 19.0
10  ent-RBM7-114 (2R,35) 25.7 10.8 6.3
11 RBM7-103 (25,3S) 272 21.8 16.4
12 ent-RBM7-103 (2R,3R) 243 28.3 36.7

“ni = No significant inhibition at 250 puM. "nd = Not determined. ‘Inhibition was

competitive in all cases (see Figures S4 and S5 from Section 7).
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Despite the comparable ICsy values for RBM7-012 and RBM7-032 on each of the
enzyme sources, a slight selectivity towards the bacterial enzyme was observed.
Furthermore, the presence of a double bond at the C4-CS5 position of the sphingoid
backbone seemed not crucial for S1PL inhibition. A putative unspecific inhibition due
to the triethylammonium counterion present in RBM7-012 and RBM7-032 was
disregarded since incubation of both enzymes at different concentrations of
triethylamine hydrochloride (500-0.5 uM range) did not affect the enzymatic activity
(results not shown). The modest results obtained with enzyme intermediate mimics
RBM7-001, RBM7-012 and RBM7-032, initially designed to occupy the enzyme PLP
binding site, could be explained by their inability to displace the cofactor from its Schiff
base with the postulated Lys residue at the active site (Figure 3.2.1). In addition, the
bulkiness of RBM7-012 and RBM7-032 may prevent their access through the narrow
channel linking the active site with the cytosol, as observed in the X-ray structures

reported for SIPL."

Unlike the above compounds, all the azidophosphate analogs synthesized in this work
behaved as low uM inhibitors on the two SIPL tested (Table 3.2.1, entries 5-12).
However, despite the subtle activity differences observed, some trends are worthy of
mention. As StS1PL inhibitors, unsaturated derivatives RBM7-089, ent—RBM7-089,
RBM7-098 and ent—RBM7-098 showed ICs, values in the range of 10—16 pM (Table
3.2.1, entries 5-8 and Figure S2 from Section 7), around 2—fold more active than their
saturated analogs RBM7-114, ent—RBM7-114, RBM7-103 and ent—RBM7-103, for
which an 1Csy value around 25 uM was determined in all cases (Table 3.2.1, entries 9—

12 and Figure S2 from Section 7).

On the other hand, as hS1PL inhibitors, the anti—configured compounds RBM7-089,
ent—-RBM7-089 and ent—RBM7-114 were the most active compounds of this series,
with ICsq values of 10.1, 5.2 and 10.8 pM, respectively (Table 3.2.1, entries 5, 6 and 10
and Figure S3 from Section 7). Interestingly, the naturally configured (2S,3R)—
azidophosphate RBM7-114 (ICso = 25.7 puM) was not as active as the above
derivatives. In contrast, the syn—configured compounds RBM7-098, ent—RBM7-098,
RBM7-103 and ent—RBM7-103, with ICsy values in the 20-30 uM range, were the
less active stereoisomers of the series of azidophosphates (Table 3.2.1, entries 7, 8, 11

and 12 and Figure S3 from Section 7).
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Figure 3.2.5. Lineweaver—Burk plots for inhibition of hS1PL by ent—-RBM7-089 (A) and ent—
RBM7-114 (B) at different concentrations of substrate (RBM13) and inhibitor. Regression

lines arise from data obtained in two different experiments performed in triplicate.

The inhibition constants (K;) against hS1PL showed a competitive inhibition pattern in
all cases, with Ky values in the 5—40 uM range (see Figures S4 and S5 from Section 7)
and a good correlation with the corresponding ICs, values. However, despite the similar
inhibitory trends, compounds ent—RBM7-089 and ent—RBM7-114, both with the non—
natural 2R,3S configuration at the sphingoid backbone, were the most active
stereoisomers of the series, with K; values of 5.6 and 6.3 pM, respectively (Table 3.2.1,
entries 6 and 10 and Figure 3.2.5). For the naturally configured series, RBM7-089 (K;
= 9.1 uM) was found to be about two—fold more potent than its saturated analog

RBM7-114 (K; = 19.0 uM).

Finally, in order to study the contribution of the phosphate group on S1PL activity, the
corresponding azidodiols (compounds RBM7-087, ent—RBM7—087, RBM7-096, ent—
RBM7-096, RBM7-112, ent-RBM7-112, RBM7-101 and ent—RBM7-101, sce
Scheme 3.2.5) were also evaluated as hS1PL inhibitors. Interestingly, all compounds
were inactive at 250 uM, thus suggesting that the presence of the phosphate group at C1

is critical to ensure a strong enzyme binding.
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3.2.8 Computational studies

Computer docking simulations allowed proposing similar binding modes for the active
azido phosphates in the active center of StSIPL and hSI1PL. As indicated in Section
3.1.2, ligands were docked into the active site of both SIPL structures using the Induced
Fit Docking Protocol of the Schrodinger Suite, in order to asses a possible
configurational change of the protein in the presence of the ligand. In this case, The 3—
hydroxypyridine and imino groups of the Lys—bound PLP prosthetic group were
considered in their neutral state. Figure 3.2.6 shows the bound poses of compounds
RBM7-089 and ent—-RBM7-089 in the active center of both enzymes (PDB codes
3MAD and 4Q6R)."*’ In agreement with the above suggestion, these poses show that
the phosphate group can establish multiple interactions with residues of a previously
identified anion binding site,' (See also Section 3.1.2) i.e. residues Y105, N126, H129
and K317 of StSIPL, and residues Y150, N171, H174 and K359 of hSIPL, thus

confirming that the presence of a phosphate moiety is essential for binding.

The long aliphatic chain is always placed along the narrow hydrophobic access channel
that communicates the active site of the proteins with the surface, while the azido and
hydroxyl groups of both compounds are placed close to two aromatic residues
(H201/Y249 in StS1PL and H242/F290 in hS1PL), which are at short distance of the
PLP prosthetic group. The high similarity between the spatial arrangement of both
compounds in the active sites of both proteins and the interactions that they stablish
correlates well with their observed S1PL inhibitory activities. Furthermore, this docking
analysis revealed that the presence or absence of the C4—double bond does not have a
significant influence in the binding mode of the inhibitors, as illustrated by comparing
the docked poses of azidophosphates RBM7-089 and ent—RBM7-089 (Figure 3.2.6)
with those of the corresponding saturated analogs RBM7-114 and ent—RBM7-114
(Figure 3.2.7).

The similar behavior of the above azidophosphates as StS1PL and hS1PL inhibitors is
also indicative of the similarities of both enzymes at their active site level. Hence, the
more easily available StS1PL can be used as a reliable model of the human enzyme for
putative inhibitors targeting the active site. This is not the case for inhibitors targeting
the enzyme access channel, where the structural differences between both enzymes at

that level may account for the lack of activity on StS1PL observed for the potent hS1PL
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inhibitor 3c (see Section 3.1.4.2). These observations justify the development of an

engineered StS1PL as a model for the discovery of S1PL inhibitors.*

Figure 3.2.6. Best docked poses of azido phosphates RBM7-089 (A, B) and ent—RBM7-089
(C, D) bound into the active site of StSIPL (A, C) and hS1PL (B, D), as determined by an
Induced Fit Docking protocol. Azido phosphates and the PLP prosthetic group are highlighted
in orange and green, respectively. Protein residues interacting with the inhibitors are shown and
labelled. Prime numbering indicates that residues belong to different subunits of the dimeric

S1PL proteins.
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Figure 3.2.7. Best docked poses of azido phosphates RBM7-114 (A, B) and ent—RBM7-114
(C, D) bound into the active site of StSIPL (A, C) and hS1PL (B, D), as determined by an
Induced Fit Docking protocol. Azido phosphates and the PLP prosthetic group are highlighted
in orange and green, respectively. Protein residues interacting with the inhibitors are shown. See

Figure 3.2.6 for residue numbering.

In light of the obtained results, we consider that the chemical and biological
optimization of the above azidophosphates would be an interesting subject for further
studies. We expect that a second generation of putative S1PL inhibitors with improved
properties in terms of drug likeness may arise after the appropriate chemical
modification of some key functional groups. Therefore, since the presence of a
phosphate group at C1 was determined to be crucial for stablishing strong interactions

with the anion binding site of S1PL, we hypothesize that its replacement by an acidic
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surrogate such as a carboxylic acid, a phosphonic acid, a sulfonic acid or a tetrazole
ring,31 can lead to new families of active S1PL inhibitors. On the other hand, the
replacement of the azido group with other substituents capable of stablishing additional
interactions with the nearby residues of the active site would also be beneficial in terms
of potency. Finally, in order to evaluate the effect of the lipophilicity on the activity of
the above compounds, the synthesis and evaluation of new derivatives with truncated

hydrocarbon tails could also be explored in further studies.
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3.3.1 Introduction

As discussed in section 1.4, different radiolabeled,' fluorescent™ and ﬂuorogenic6
substrates have been described to determine SI1PL activity. In this regard, we have
reported an easy procedure to measure S1PL activity using the fluorogenic substrate
RBM13, which evolves to give umbelliferone (see Figure 1.12). More recently,
RBM13 has also been validated as substrate of bacterial and human S1PL, allowing the

development of an HTS—amenable assay using purified enzymes (see Section 3.1.4.1).

According to its relatively high Ky and low V.« values against different enzyme
sources (see Table 1.2), RBM13 should be considered as a poor S1PL substrate. Using
cell lysates of mouse embryonic fibroblasts, a Ky of 152 uM was initially determined,’
which was 25—fold higher compared to that reported for the natural S1P using mouse
liver microsomes as SIPL source (Ky = 5.7 pM).” In comparison with other non—
natural S1PL substrates bearing a bulky fluorophore on its structure such as SIP(NBD)
(Ky = 14.6 pM)”* and S1PC4(BODIPY) (Ky = 35 uM),” an increase of the Ky value for
RBM13 was also significant. In addition, as shown in section 3.1.4.1, even higher Ky
values were determined for RBM13 using purified enzymes (Ky = 1522 + 73 uM for
StS1PL and Ky = 1994 + 121 uM for hS1PL).

We speculated that the moderate affinity of RBM13 towards SIPL is likely due to the
lack of the C13 hydrocarbon tail present in S1P, which is replaced with and ether—
linked umbelliferone group. Since the bulky coumarin unit is close to the reactive
moiety (C2—C3 bond), we hypothesized that it could hinder the enzyme—substrate

interaction, thus leading to the moderate kinetic parameters obtained for this substrate.

3.3.2 Design of probes RBM7-077 and RBM7-148

With the aim of improving the kinetics of the fluorogenic substrate RBM13, we
designed compounds RBM7-077 and RBM7-148 as two new putative SIPL
fluorogenic substrates (Figure 3.3.1). We reasoned that placing the bulky coumarin
group two carbons away from the C2—C3 cleavable bond could provide better SI1PL
substrates. Structurally, probes RBM7-077 and RBM7-148 are formally derived from
RBM13 by intercalation of a vinyl group between the naturally anti—configured amino
alcohol phosphate framework and the w—coumarin group. In the case of RBM7-077,
the vinyl unit was placed at the C4-C5 position, which retained the allylic alcohol motif
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of the natural substrate. In contrast, in order to increase the reactivity of the S1PL—
generated aldehyde (see below), the vinyl moiety in RBM7-148 was located at C5—C6.
The E configuration of the natural substrate S1P was also conserved in compounds
RBM7-077 and RBM7-148. However, both the chemical synthesis and the biological

activity of the corresponding Z—isomers could be interesting subjects for further studies.

RBM13

J vinylogation %
BN
O 0] (0]

RBM7-077 RBM7-148

Figure 3.3.1. Design of coumarin—based probes RBM7—077 and RBM7-148.

Upon incubation in the presence of SIPL, RBM7-077 and RBM7-148 are expected to
be metabolized to the corresponding unsaturated aldehydes RBM7-083 and
RBM7-136, which should undergo subsequent elimination at alkaline pH to finally

release the fluorescent umbelliferone 7 and the diene 17 (Figure 3.3.2).
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Figure 3.3.2. Proposed mechanism for the S1PL—catalyzed release of 7.
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Based on the principle of vinilogy,® we reasoned that the proton at the allylic position in
RBM7-083 would be acidic enough to be abstracted by a base, allowing the concerted
release of 7 via an E2—type mechanism, as postulated for RBM13.° On the other hand,
different putative mechanisms can be envisioned for the release of 7 from aldehyde
RBM7-136 (Figure 3.3.3). Firstly, since the leaving group is at the allylic position, it is
reasonable to think that the elimination reaction could proceed following an El-
mechanism (Figure 3.3.3A) in which 7 could be initially released, yielding a terminal
allylic carbocation, which is stabilized by resonance. Subsequent proton abstraction
should generate diene 17. In a second scenario (Figure 3.3.3B), the elimination reaction
could take place in a concerted manner following an E2’—type mechanism. In this case,
the abstraction of the proton at the a—position with respect to the carbonyl and the
release of 7 should occur simultaneously with transposition of the double bond at the
C4-C5 position. Finally, due to the expected acidity of the o—proton of RBM7-136, the
base—mediated formation of the corresponding enolate could also take place (Figure
3.3.3C). Then, the resulting enolate could either evolve to give 7 and 17 in a E1cB’—
type mechanism or isomerize to yield the o,f—unsaturated aldehyde RBM7-083.

A 0

(0] (0]
~ ® &
HJ\/\/\OCoum — 7 H)W - H)W
RBM7-136 B s H H ~—B
o E1\‘ ,/E1
B 17

S a) E2'

H 3 NNocoum —= 7+ 17
g7~—H
RBM7-136 ) 7+ 17
o E1cB
c © ) =
A A\

H)WOCoum - HJ\Q/\OCoum

s H H

LA
RBM7-136 isom.

Figure 3.3.3. Proposed mechanisms for the base—mediated release of 7 using aldehyde

RBM7-136.

B
RBM7-083

3.3.3 Synthetic approach to probes RBM7-077 and RBM7-148

Access to probes RBM7-077 and RBM7-148 was planned by a two—step site—selective
phosphorylation and deprotection sequence of N-Boc aminodiols RBM7-079 and
RBM7-143 (Scheme 3.3.1).
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Scheme 3.3.1. Synthetic approach to coumarin—based probes RBM7-077 and RBM7-148.

According to the synthetic strategy reported by Yamamoto et al.’ olefin cross—
metathesis (OCM) reaction between building blocks RBM7-069 and RBM7-072 or
RBM7-115 and RBM7-135, followed by silyl removal, was envisaged as a suitable
route to obtain alkenes RBM7-079 and RBM7-143 as major E—stereoisomers.

Coumarin derivatives RBM7-069 and RBM7-115 would be obtained by direct
alkylation of 7, whereas anti—configured aminodiols RBM7-072 and RBM7-135
would arise from Weinreb’s amide RBM7-070, which is readily accessible from
L-serine.” In this context, we expected that the nucleophilic addition of a suitable
Grignard reagent to RBM7-070, followed by a diastereoselective reduction of the
resulting ketones would provide allylic alcohol RBM7—072 and its homoallylic analog
RBM7-135.

3.3.4 Synthesis of coumarinic precursors RBM7-069 and RBM7-115

Alkenes RBM7-069 and RBM7-115 were obtained by nucleophilic substitution of the
in situ generated umbelliferone anion and the appropriate electrophile (Scheme 3.3.2).
Following the methodology described by Magolan er al.,'® Williamson reaction using
allyl bromide gave the desired allyl ether RBM7-115 in good yield. Contrarily, initial
attempts to prepare RBM7-069 using 4-bromo—l-butene as electrophile proved
unsatisfactory, since the desired product was obtained in low yields (30—40 %),

regardless of the reaction conditions (base, solvent or temperature). We hypothesized
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that elimination of 4-bromo—1-butene to 1,4-butadiene can compete with the expected
nucleophilic displacement of the bromine atom. Gratifyingly, when the leaving group
was replaced by a tosylate,!" the reaction with 7 proceeded smoothly, yielding the
homoallylic derivative RBM7-069 in 85 % yield. In this case, tosylate RBM7-084 was
obtained from the commercially available 3-buten—1-ol (18), following a reported

method."”

HO 0._0 o 0__0
U= [ o
= =
o[ 18 (R=H)

7 RBM7-069 (n = 2) RBM7-084 (R = Ts)
RBM7-115 (n = 1)

Scheme 3.3.2. Synthesis of coumarinic precursors RBM7-069 and RBM7-115. Reagents and
conditions: (a) for RBM7-115: allyl bromide, K,COs;, acetone, reflux, 88 %; for RBM7-069:
NaH, RBM7-084, DMF, 80 °C, 85 %; (b) TsCl, py, CH,Cl,, rt, 72 %.

3.3.5 Synthesis of the sphingoid precursors RBM7-072 and RBM7-135

As depicted in Scheme 3.3.3, the synthesis of the desired sphingoid precursors
RBM7-072 and RBM7-135 started with the transformation of L—serine to the protected
Weinreb’s amide RBM7-070, which was obtained over three steps, in excellent yield
and without any purification stage, according to a reported methodology.” We next
explored the introduction of the required vinyl or allyl moiety by means of a
nucleophilic addition of the corresponding Grignard reagent to RBM7-070 and
subsequent hydrolysis of the resulting intermediate.”"? Deceivingly, initial attempts at
the synthesis of vinyl ketone RBM7-071 using vinylmagnesium bromide in THF were
unsuccessful. In this case, although the presence of the desired ketone was observed by
TLC along the reaction progress, usual acidic workup of the reaction mixture led to the
formation of a major product, which was further identified as the f—aminoketone 19
resulting from the 1,4—addition of the liberated N,0O-dimethylhydroxylamine to
RBM7-071 (see Scheme 3.3.3). Examination of the literature revealed that the observed
reactivity had been widely studied by other authors, giving rise to new methodologies to

14,15 .
> In our case, the problem was circumvented

synthesize a variety of f—aminoketones.
by performing an inverse acidic workup at 0 °C (see section 5.1.5.2), which provided
vinyl ketone RBM7-071 in good yield and with negligible formation of the Michael

adduct.
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Scheme 3.3.3. Synthesis of sphingoid precursors RBM7-072 and RBM7-135. Reagents and
conditions: (a) Ref. 9; (b) vinylmagnesium bromide, THF, 0 °C to rt, 71 %; (c) allylmagnesium
chloride, THF, —20 °C to rt, (d) LiAIH(O'Bu)s;, EtOH, ~78 °C, 90 % for RBM7-072 (dr = 98:2)
and 78 % (2 steps) for RBM7-135 (dr = 99:1).

On the other hand, treatment of RBM7-070 with allylmagnesium chloride provided
ketone RBM7-117, as observed by TLC. However, purification attempts by direct
phase chromatography resulted on an inseparable mixture of RBM7-117 and the
isomeric o,B—unsaturated ketone, which was presumably formed during the
chromatographic process. Thus, due to its instability, crude RBM7-117 was
immediately used in the next synthetic step without further purification. Final
diastereoselective reduction of ketones RBM7-071 and RBM7-117 using
LiAIH(O'Bu); in EtOH at —78 °C.,*'*'® provided the protected aminoalcohols
RBM7-072 and RBM7-135 in good yields and excellent diastereoselectivities. In both
cases, anti—configured aminoalcohols were separated from the small amount of the

corresponding syn diastereomers by flash chromatography.

The high anti—selectivity of the last reduction step can be rationalized by the Cram’s
chelation control model, in which the aluminum atom coordinates to the carbonyl
oxygen and the nitrogen of the protected amine, enforcing a syn—periplanar relationship
between both groups, and leading to the anti diastereomer, since the hydride anion is
forced to attack from the si-side (Figure 3.3.4).'° Hoffman et al. postulated that the
EtOH may play an important role since it may be converted to ethoxide by reaction with
the metallic hydride. The resulting ethoxide would then deprotonate the carbamate of

the protected amino ketone initiating the chelate formation.
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Figure 3.3.4. Proposed mechanism for the diastereoselective reduction of N—carbamate
protected amino ketones RBM7-071 and RBM7-117 using LiAIH(O'Bu); in EtOH. Adapted
from Ref. 16.

Both the spectroscopic data and the optical rotation obtained for RBM7-072 were in
agreement with those previously reported.” However, in the case of RBM7-135,
although the spectroscopic data matched those described, some discrepancies were
observed regarding the sign of the optical rotation. In this case, our experimental value
([0]*°p = +32.6 (¢ 1.0, CHCl3)) was in agreement with that reported by Francson er al.
([a]p = +32.2 (¢ 1.32, CHCl3)),"” but was opposite in sign to that reported by Huang et
al. ([0]*p =-28.1 (¢ 1.0, CHCL3))."

Therefore, in order to unambiguously confirm the configuration of RBM7-135, the
absolute configuration of the stereocenter at C3 was determined. This was also applied
to RBM7-072 to double check the assigned configuration based on the optical rotation
data. In both cases, the 3R configuration was corroborated after derivatization of the
free hydroxyl groups to the corresponding (R)- and (S)—o—methoxy—a—phenylacetic
(MPA) esters'® and "H NMR analysis of selected chemical shifts increments (A8™),
according to the model proposed by Seco et al.'** (see Scheme 3.3.4 and Tables 5.1
and 5.2).
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Scheme 3.3.4. Configurational assignment of C3 in RBM7-072 and RBM7-135. Reagents and
conditions: (a) (R)—(-)— or (S)-(+)-MPA, EDC, DMAP, CH,Cl,, 0 °C to rt, 64 % for
(2’R)-RBM7-073, 82 % for (2’S)-RBM7-073, 36 % for (2’R)-RBM7-137 and 68 % for
(2’S)-RBM7-137.

3.3.6 Synthesis of probes RBM7-077 and RBM7-148

With both sphingoid and coumarinic precursors in hand, the synthesis of probes
RBM7-077 and RBM7-148 continued as shown in Scheme 3.3.5. Namely, Ru-
catalyzed olefin cross—metathesis reaction between alkenes RBM7-072 and
RBM7-069 provided allylic alcohol RBM7-078 whereas coupling between
RBM7-135 and RBM7-115, under the same conditions, afforded the homoallylic
derivative RBM7-141. Both reactions proceeded smoothly yielding the desired
coupling products, as highly enriched E:Z mixtures (E/Z = 94:6 for RBM7-078 and
93:7 for RBM7-141), in moderate yields. In the case of RBM7-141, both isomers were
cleanly separated by direct phase chromatography. In contrast, separation of E— and Z—
RBM7-078 resulted in a tedious process, since they co—eluted in different solvent
systems. Hence, although fractions containing pure, major E isomer could be obtained,
most of the material was obtained as E/Z mixtures. These mixtures were used as such in
the subsequent synthetic stages, which allowed the removal of the minor Z isomer along

the required purification steps.

Fluoride-mediated deprotection of RBM7-078 and RBM7-141 gave diols RBM7-079
and RBM7-143, which were site—selectively phosphorylated at the primary hydroxyl
group yielding dimethyl phosphates RBM7-076 and RBM7-144 in good yields.
Phosphorylation of RBM7-079 proceeded with moderate selectivity, since small

amounts of other phosphorous—containing byproducts were detected by *'P NMR.

112



3. Results and discussion

Nevertheless, pure phosphate triester was obtained after careful purification of the crude
reaction mixture by flash chromatography. Contrarily, phosphorylation of RBM7-143
yielded phosphate RBM7-144 as a single compound in 78 % yield. Final treatment of
RBM7-076 and RBM7-144 with Me;SiBr, followed by methanolysis, gave the
zwitterionic amino phosphates RBM7-077 and RBM7-148 in good yields.

RBM7-072 + RBM7-069 ~2 OH OH
P b PR
78BSO Y Y Y 0Coum T HOT YT T 0coum
4

RBM7-135 + RBM7-115 NHBoc NHBoc
RBM7-078 (4-ene) RBM7-079 (4-ene)
RBM7-141 (5-ene) RBM7-143 (5-ene)

o OH o OH
c B PR d _p o
—_— Meo/:\o/\(\”/\‘/\OCoum — HO r\OWOCoum
MeO -0 @
NHBoc NH3
RBM7-076 (4—-ene) RBM7-077 (4-ene)
RBM7-144 (5-ene) RBM7-148 (5-ene)

Scheme 3.3.5. Synthesis of probes RBM7-077 and RBM7-148. Reagents and conditions: (a)
Grubbs catalyst ond gen., CHyCl,, reflux, 63 % for RBM7-078 (E/Z = 94:6) and 66 % for
RBM7-141 (E/Z = 93:7); (b) TBAF, THF, 0 °C, 95 % for RBM7-079, 88 % for RBM7-143;
(c) Dimethyl chlorophosphate, N—methylimidazole, CH,Cl,, 0 °C to rt, 69 % for RBM7-076, 78
% for RBM7-144; (d) (i) Me;SiBr, MeCN, 0 °C to rt (i) MeOH/H,0 (95:5), rt, 85 % for
RBM7-077, 82 % for RBM7-148.

3.3.7 Synthesis of unsaturated aldehydes RBM7-083 and RBM7-136

Once we had obtained probes RBM7-077 and RBM7-148, we next focused on the
preparation of unsaturated aldehydes RBM7-083 and RBM7-136 in order to study and
optimize the reaction conditions of its base—mediated elimination. In our retrosynthetic

analysis (Scheme 3.3.6), we envisioned that the oxidation of primary alcohols
RBM7-081 and RBM7-134 would provide the desired aldehydes.

0]

2 (€] 23 OCM OCoum RO
HJJ\z'/\/\OCoum — HO ¥ T N"ocoum —— /\M/n + \(v):\
RBM7-083 (2—ene) RBM7-081 (2—ene) RBM7-069 (n = 2) n=1,2

RBM7-136 (3-ene) RBM7-134 (3-ene) RBM7-115(n=1) R=H,PG

Scheme 3.3.6. Synthetic approach to aldehydes RBM7-083 and RBM7-136.

113
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Olefin cross—metathesis reaction between the above mentioned coumarinic precursors
RBM7-069 or RBM7-115 and the appropriate terminal alkene hydroxylated at the ®—
position would afford the E—configured alkenes RBM7-081 and RBM7-134.

3.3.8 Synthesis of aldehyde RBM7-083

According to our proposed approach to aldehyde RBM7-083 (Scheme 3.3.6), we
initially attempted the synthesis of RBM7-081 by means of an olefin cross—metathesis
between RBM7-069 and allyl alcohol (Scheme 3.3.7). Under the same conditions
described in section 3.3.6, compound RBM7-081 was obtained as an 85:15 inseparable
E.,Z—mixture of alkenes, in low yield (33 %). The use of longer reaction times (up to 16
h), lower temperatures,”’ higher amounts of catalyst (up to 20 mol %),** a different
solvent (EtQO)21 or even the repeated addition of up to 10 eq. of allyl alcohol®' did not
improve the outcome of the reaction. We hypothesized that the high reactivity of the
starting material was probably responsible for the moderate yields of the hetero—
coupling adduct, since a significant formation of the allyl alcohol homo—coupling

product was evidenced by TLC in all cases.

Oxidation of the inseparable mixture of E/Z-RBM7-081 using IBX in refluxing
EtOAc™?* led to total degradation. However, when the same mixture was oxidized
under milder conditions, using Dess—Martin periodinane in CH)Cl, at low
temperature,25 aldehyde RBM7-083 was satisfactorily obtained in 64 % yield. Careful
purification of the crude reaction mixture by flash chromatography allowed the isolation
of a 95:5 enriched mixture of E/Z-RBM7-083, which was considered suitable for
further studies.

0
. T RPN
A>"0Coum HO™ ™ " 0Coum HO N OCoum

RBM7-069 RBM7-081 RBM7-083
Scheme 3.3.7. Synthesis of aldehyde RBM7-083. Reagents and conditions: (a) allyl alcohol,
Grubbs cat. 2™ gen., CH,Cl,, reflux, 33 %, E/Z = 85:15; (b) DMP, CH,Cl,, 0 °C to rt, 64 %.

3.3.9 Attempts to synthesize aldehyde RBM7-136

In view of the moderate results obtained using simple unsaturated alcohols such as allyl

alcohol in the cross—metathesis reaction, we explored the use of a protected alcohol as
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an alternative to access compound RBM7-134. We envisaged that the protection of the
corresponding unsaturated alcohol with a bulky group such as TBDPS, would lower its
reactivity in terms of auto—metathesis and, therefore, would increase the yield of the
hetero—coupling adduct. In this regard, homoallyl alcohol 18 was quantitatively
protected as the TBDPS derivative RBM7-116, which was next subjected to olefin
cross—metathesis using RBM7-115 as olefinic partner. To our delight, the reaction
proceeded satisfactorily giving protected homoallylic alcohol RBM7-118 in acceptable
yield (58 %) and with an improved E:Z ratio (91:9), as compared with that obtained
using allyl alcohol (see Scheme 3.3.7). Since both isomers could not be cleanly
separated at this stage, the above E:Z mixture was used in the next steps. Fortunately,
this mixture was gradually enriched in the desired E—alkene throughout the subsequent

purification steps of the route (up to E/Z = 98:2, see Section 5.1.5.4).

Further deprotection of the silyl ether group using TBAF furnished alcohol RBM7-134
in near—quantitative yield. However, attempts to oxidize RBM7-134 under the
conditions described above for the preparation of RBM7-083 proved unsuccessful.
Although the consumption of the starting alcohol and the formation of a more polar
fluorescent product were evidenced by TLC, purification of the crude mixture by flash
chromatography led to the isolation of a major product which was further identified as
umbelliferone (7). The same result was obtained when the crude mixture was purified
on silica gel previously neutralized with a 1 % (v/v) TEA solution in hexane. These
results corroborated the instability of the B,y—unsaturated aldehyde RBM7-136, which
was prone to spontaneously eliminate 7 on exposure to slightly acidic or alkaline
conditions, instead of undergoing isomerization to the o,f—unsaturated isomer. In light

of these results, the synthesis of aldehyde RBM7-136 was disregarded.

RO "X . RO™>""0Coum Ses HWOCoum
. 18 (R = H) [ RBM7-118 (R = TBDPS) RBM7-136
RBM7-116 (R = TBDPS) RBM7-134 (R = H)
Scheme 3.3.8. Attempted synthesis of aldehyde RBM7-136. Reagents and conditions: (a)
TBDPSCI, imidazole, DMF, rt, quant. yield; (b) RBM7-115, Grubbs cat. o gen., CH,Cl,,
reflux, 58 %, E/Z=91:9; (c) TBAF, THF, 0 °C to 1t, 96 %; (d) DMP, CH,Cl,, 0 °C to rt.
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3.3.10 Optimization of the reaction conditions for the base—mediated release of

umbelliferone using aldehyde RBM7-083

Initially, the release of umbelliferone using aldehyde RBM7-083 was evaluated (Figure
3.3.5). Similarly to the experiments with RBM13, studies were performed using a 5 uM
solution of RBM7-083, which corresponds to the equivalent amount of aldehyde that
would be released if a ~5 % of the substrate RBM7-077 (tested at 125 uM) was
metabolized after S1PL incubation. Firstly, the release of 7 was examined after
incubation of RBM7-083 with a 200 mM glycine/NaOH buffer solution (pH 10.6), as
previously described for RBM13.*° Results showed that the release of 7 took place at
lower rates than those described for aldehyde 5, arising from the decomposition of
RBM13 by S1PL. In this case, the maximum release of umbelliferone was observed
after 20 min of incubation, whereas aldehyde RBM7-083 required up to 6 h of

incubation to achieve the maximum release of umbelliferone (Figure 3.3.5A).

In view of these results, we disregarded the use of a glycine/NaOH buffer for the
generation of umbelliferone from RBMT7-083. Hence, we explored the use of
alternative bases to increase the reaction rate. In this regard, aqueous NaOH and
ethanolic KOH solutions were first considered as suitable candidates, mainly for their
miscibility with the enzymatic reaction buffers required for the S1PL activity assays.
However, incubation of 7 with these basic solutions at concentrations ranging from 200
to 1000 mM, resulted in a decrease of the fluorescence signal over time (Figure 3.3.5B).
At concentrations > 500 mM, almost a total loss of the fluorescence signal was observed
after 3 h of incubation. In this case, we hypothesized that the opening of the lactone ring
of 7 under alkaline conditions may account for the observed phenomenon. Thus,
aqueous NaOH was disregarded at this stage, since it induced a more pronounced
degradation of 7. Subsequent experiments, however, showed that treatment of 7 with
lower concentrations of ethanolic KOH at shorter incubation times gave a constant
fluorescence signal after up to 60 min (Figure 3.3.5C). Surprisingly, despite the amount
of 7 was constant in all experiments (5 uM), different fluorescence intensities were
detected depending on the concentration of the basic solution. We speculated that low
base concentrations can be inefficient to completely shift the ionization of
umbelliferone towards the highly fluorescent anionic form. Thus, the use of two
different base systems was considered (Figure 3.3.5C (+B)). In this regard, the
successive treatment of 7 with KOH in EtOH followed by 200 mM glycine/NaOH
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buffer (pH = 10.6) provided the highest fluorescence signals with an intensity maximum
at KOH concentrations > 50 mM. The use of 10 mM KOH was disregarded for further

studies due to lower fluorescence intensity.
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Figure 3.3.5. Optimization of the conditions for the base-mediated release of 7. A 5 uM
solution of either RBM7-083 or 7 in a 100 mM HEPES buffer, pH 7.4, containing 0.1 mM
EDTA, 0.05 % Triton X-100, 0.01 % Pluronic F127 (Biotium), and 100 uM pyridoxal 5'—
phosphate (final volume: 100 pL) were successively treated with the corresponding basic
solution (at the indicated concentrations) and/or solvent and incubated at 37 °C for the indicated
times before fluorescence reading (Aeyem = 355/460 nm). In all cases, 7 and RBM7-083 were
added from 100 pM stock solutions in DMSO (5 pL). (A) 7 and RBM7-083 were treated with
50 uL of MeOH and 100 pL of a 200 mM glycine/NaOH buffer solution (pH 10.6). (B) 7 was
treated with 50 pL. of MeOH and 100 pL of KOH in EtOH (blue) or aq. NaOH (red). (C) 7 was
treated with 50 pL of MeOH and 100 pL of KOH in EtOH, incubated at 37 °C and read (—B) or
treated with 100 pL. of KOH in EtOH, incubated at 37 °C and further treated with 50 puL of a
200 mM glycine/NaOH buffer solution immediately before reading (+B). (D) RBM7-083 was
treated with 100 uL. of KOH in EtOH, incubated at 37 °C and further treated with 50 puL of a
200 mM glycine/NaOH buffer solution immediately before reading. Data are means + SD of

one representative experiment with triplicates.
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Finally, RBM7-083 was subjected to the above optimized conditions and the release of
7 was evaluated (Figure 3.3.5D). Results showed that treatment of RBM7-083 with 100
mM KOH in EtOH provided a fluorescence intensity comparable to that obtained from
7 under the same conditions (Figure 3.3.5C), regardless of the incubation time
employed. These results suggested that the elimination reaction with RBM7-083
occurred in less than 20 min and confirmed that the released umbelliferone was stable
under the assayed conditions, since no loss of fluorescence was observed up to 60 min
of incubation time. The use of 50 mM KOH was disregarded since lower fluorescence
values were achieved even at higher incubation times. From these overall results,
incubation of RBM7-083 with 100 mM ethanolic KOH for 20 min and further
adjustment of the pH with 200 mM glycine/NaOH (pH = 10.6) was established as
optimal. Under these conditions, the production of fluorescence increased linearly with

the concentration of RBM-083 up to 25 pM (results not shown).

3.3.11 Validation of RBM7-077 and RBM7-148 as hS1PL substrates

Once the conditions for the elimination of 7 from aldehyde RBM7-083 were optimized,
we next tested RBM7-077 as SIPL substrate. For these experiments, recombinant
hS1PL was used as enzyme source. Incubation of RBM7-077 (125 uM) with hS1PL at
graded enzyme concentrations showed a linear increase in product formation for up to 3
pug/mL of enzyme (Figure 3.3.6A). Product formation also increased in a linear manner
up to 3 h of incubation time (Figure 3.3.6C). Taking into account these results we
considered as optimal conditions an enzyme concentration of 0.8 pg/mL and 60 min of
incubation time. Under these conditions, only around 5 % of the substrate was
metabolized giving rise to a 30—fold increase of the fluorescence intensity with respect
to the blank. Interestingly, although harsh basic conditions were employed, 7 was not
formed from RBM7-077 upon incubation with ethanolic KOH, since no significant

production of fluorescence was observed in blank experiments without the enzyme.

Probe RBM7-148 was also tested as hS1PL substrate. In this case, we were not able to
optimize the conditions for the monitorization of the released umbelliferone, since the
synthesis of the required model aldehyde RBM7-136 was not possible (see Section
3.3.9). Therefore, RBM7-148 was incubated with different amounts of hS1PL and the
resulting enzymatic reaction mixture was independently treated with two different

alkaline solutions in order to promote the formation of 7 (Figure 3.3.6B).

118



3. Results and discussion

40+ 40~
= A e B
£ 504 E 301
o [=]
£ £
o o
o 20+ o 201
c c
o =
2 2
3 104 3 104 - B,
fa) o]
g g = B,
O T T T 1 0 T T T 1
0 1 2 3 4 0 1 2 3 4
[hS1PL] (ng/mL) [hS1PL] (ng/mL)
25- 104
< C < D
(=] o
= 201 = 8
5 5
£ €
£ 151 £ 6
(] Q
S .ol 5 4]
3" 3
2 5 2 2
£ E
o 2
G T T T 1 0 T T T T 1
0 1 2 3 4 00 05 10 15 20 25
time (h) time (h)
300+ 400+
E F
g . ' "D 300 .
™ 200 s i
= <
E E 200
2 100 g
Z £ 100
£ £
0 T T T 1 C T T T 1
0 300 600 900 1200 0 500 1000 1500 2000
[RBM7-077] (uM) [RBM7-148] (uM)

Figure 3.3.6. Enzyme concentration (A,B) and time (C,D) dependence of the hS1PL catalyzed
reaction using RBM7-077 (A,C) and RBM7-148 (B,D) as substrates at a final concentration of
125 uM. A and B: Incubation time was 60 min. C and D: hS1PL concentration was 0.8 pg/mL.
In B, the resulting enzymatic mixture was either diluted with MeOH (50 pL) and treated with
100 puL of 200 mM glycine/NaOH buffer (pH 10.6) (B,) or alternatively, treated with 100 mM
KOH/EtOH (100 pL), incubated for 20 min and the pH was further adjusted with the addition of
50 uL of a 200 mM glycine/NaOH buffer solution (pH 10.6) immediately before reading (B,).
Data are means + SD of one representative experiment with triplicates. In E and F, the substrate
concentration dependence of the initial velocity (Vo, expressed as pmol of 7 formed per minute
and per pg of enzyme) of the hS1PL catalyzed reaction is represented. In both cases, hS1PL (0.8
pg/mL) was incubated for 60 min with RBM7-077 (E) or RBM7-148 (F) at graded
concentrations. Data correspond to the mean = SD of one representative experiment out of three

performed with triplicates.
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Results showed that similar fluorescence intensity was obtained regardless of the
conditions employed. In both cases, the resulting fluorescence signal was constant up to
60 min of incubation time under basic conditions, indicating that the full release of 7
was accomplished in less than 20 min (results not shown). From these results we
concluded that RBM7-148 was indeed acting as substrate of S1PL, since product
formation increased linearly with the amount of hS1PL up to 3 pg/mL. As stated above
for RBM7-077, an enzyme concentration of 0.8 pg/mL, in which around 3 % of the
substrate was metabolized, was established as optimal. Under these conditions and
using a glycine/NaOH buffer solution as the base source (B;), an 8—fold increase of the
fluorescence signal was observed with respect to the blank. In contrast, the signal-to—
noise ratio increased up to 25 times when ethanolic KOH was used instead (B,). In this
case, the observed differences were due to the lower fluorescence values obtained in
blank experiments using the latter conditions. According to the observed ability of
aldehyde RBM7-136 in releasing 7 under milder basic conditions, we decided to
perform the elimination reaction using a 200 mM glycine/NaOH buffer solution (pH
10.6). Under the optimized assay conditions, the product formation also increased
linearly up to 2 h of incubation (Figure 3.3.6D). Thus, the optimal incubation time was

established at 1h.

Kinetic parameters for RBM7-077 and RBM?7-148 against hS1PL were next
determined (Figures 3.3.6E and 3.3.6F, respectively). The results showed that the
position of the double bond on these novel vinylogated probes had a significant effect
on their enzymatic kinetic constants (Table 3.3.1). In terms of affinity, both compounds
were much better substrates in comparison with RBM13, as deduced from their lower
Ky values. Pleasingly, the determined Ky value for compound RBM7-077 was more
than one order of magnitude lower (15—fold decrease) compared to that obtained for
RBM13. In the case of RBM7-148, however, a less pronounced decrease was observed
since the determined Ky value was around 4-times lower. We speculated that the
presence of the natural-like allyl alcohol moiety on RBM7-077 would account for its
lower Ky value. Furthermore, in comparison with RBM13, higher V,.x values were
determined for RBM7-077 and RBM7-148, being the latter the best substrate with a 4—

fold observed increase on its V. value.
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Table 3.3.1. Kinetic parameters for the hS1PL—catalyzed cleavage of RBM7-077 and

RBM7-148.°
I<M Vmax ICSO 3c
max K
Substrate (M) (pmol- min'l-yg'l) VimaxKm (M)
RBM13" 1994 + 121 107+ 11 0.05 935+6.0
RBM7-077 132+ 14 263+ 13 1.99 91.2+7.1
RBM7-148 530+ 52 452 +8 0.85 983+6.2

“Data correspond to the mean + SD of three independent experiments with triplicates. "See

Section 3.1.4.1.

Overall, the calculated V. /Ky ratios indicate that amino phosphates RBM7-077 and
RBM7-148 are better substrates than RBM13, being compound RBM7-077 the best
substrate with a V. /Ky =1.99. These results clearly validated our initial hypothesis,
since the introduction of two carbon atoms between the polar head and the coumarin
moiety in RBM13 gives rise to better SIPL substrates with up to 40-times higher

Vimax/K ratios.

B
120+ 120+
5 100+ 31004 e
5 . g
S 80 S 80
G G
° 60 2 60
2 40 > 40
2 =
& 20 2 20 .
0 T T T T T 1 1 O T T T T T ? 1
5 4 3 2 4 0 1 2 5 4 3 2 1 0 1 2
log[3c] (1M) log[3c] (uM)

Figure 3.3.7. Activity (% of control) of hS1PL (final concentration: 0.8 pg/mL) at graded
concentrations of 3¢ using RBM7-077 (A) or RBM7-148 (B) as substrate (final concentration:
125 uM). Data correspond to the mean £ SD of one representative experiment out of three

performed with triplicates

Finally, an ICsy value for the reference hS1PL inhibitor 3¢ was determined in order to

validate substrates RBM7-077 and RBM7-148 in our previously developed activity
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assays. Results are summarized in Table 3.3.1. In both cases, an ICsj in the 90-100 nM
range was determined (see Figure 3.3.7), which were almost identical to that determined
for inhibitor 3¢ using RBM13 as substrate (see Section 3.1.4.2). All ICs, values were in
the same order of magnitude than that originally reported for 3¢ (ICso = 24.0 £ 5.0
nM),”” thus confirming the reliability of our novel series of fluorogenic SIPL substrates

reported herein.

3.3.12 Computational studies

To this point, it was shown that the position of the coumarin unit with respect to the
polar head of the fluorogenic probes studied in this section had a significant effect on
their kinetic parameters as hS1PL substrates. In addition, the position of the double
bound in RBM7-077 and RBM7-148 was also found to have an influence, as
evidenced by the different kinetics determined for these two new vinylogated probes
against the human enzyme. Thus, in an attempt to rationalize the obtained results,
substrates RBM13, RBM7-077 and RBM7-148 were modeled covalently bound to
PLP, as external aldimines 20a—c (Figure 3.3.8A), in the hS1PL (PDB 4Q6R) active

site.

For this purpose, after removing the bound ligands from the 4Q6R structure of hS1PL,
the imine bond between the essential Lys353 and the PLP cofactor was cleaved and
structures 20a—c were manually build on the resulting PLP moiety. Figures 3.3.8B-D
show the minimized structures of the three hS1PL—aldimine complexes. In all cases, the
reactive C3—OH group establishes hydrogen bond interactions with the phosphate group
of the PLP cofactor and with the side chain of His242. In the case of RBM13, the
modeled structure shows that the coumarin unit is placed in the above mentioned
hydrophobic patch formed by residues L173, H174, F290, W382 and Y387 (see Figure
3.3.8B). This disposition is in disagreement with our initial hypothesis, which proposed
that the coumarin group could hinder the substrate—enzyme interaction because of its
proximity to the C2—C3 cleavable bond. Similarly, the structures for the enzyme—bound
aldimines 20b and 20c show the m—coumarin group placed even further away from the
reactive site, interacting not only with some of the residues of the above mentioned
hydrophobic patch, but also with some residues which are closer to the entrance to the
active site, such as 1386, Y526 and F545 (see Figures 3.3.8C and 3.3.8D). Comparison

of the spatial arrangement of aldimines 20b and 20c¢ revealed that the position of the
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double bond does not have significant influence in the disposition of both the linker and
the coumarin group. However, the possibility that the different position of the double
bond in RBM7-077 and RBM7-148, or its absence in RBM13, could affect some steps
of the enzymatic cycle, for example by modifying the acidity of the reactive C3—-OH
group, could not be discarded. Such effects could possibly explain the significant

variation of the kinetic parameters of the three substrates.
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Figure 3.3.8. (A) Structures of modelled aldimines 20a—c. (B—D) Complexes of aldimines
20a—c (orange) bound into the active site of hS1PL. Residues forming a hydrophobic patch
close to the PLP-binding site are highlighted in green.
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To further asses the plausibility of such structures, the modelled aldimine 20a complex
was used as starting point to run a 50 ns molecular dynamics simulation (300 K,
periodic boundary conditions, NPT ensemble) in explicit water, which better reflects the
biological conditions. The simulation showed that the structure was mostly stable after
an initial slight and normal rearrangement of the whole protein, with an RMSD of
around 1.4 A relative to the starting structure (see Figure 3.3.9A). Analysis of the
hydrogen—bond interactions established by aldimine 20a showed that the hydrogen
bond between the C3—OH and the PLP—phosphate was kept for about 95 % of the
simulation time whilst that between the C3—OH and His242 is being established only
intermittently during the simulation, as it is also observed with Tyr387 (see Figure
3.3.9B). Analogous simulations with the complexes from aldimines 20b and 20c are
currently underway in our group, however, given the similarity between the
arrangements of the three aldimines in the context of the active site of hSIPL, similar
results could be expected, and these could probably be extended also to the natural

substrate S1P.
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Figure 3.3.9. (A) Snapshots from the 50 ns MD simulation of the complex between aldimine
20a and hS1PL, and RMSD plot. (B) Dependence of the number of hydrogen bond interactions
established between the C3—OH of aldimine 20a and the rest of the protein (black), the PLP
phosphate group (red), His242 (blue) or Tyr387 (green) with simulation time.
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Therefore, if confirmed, these simulations would suggest that the PLP-phosphate group
could be the base responsible of the C3—OH deprotonation that is previous to the C—C
bond cleavage in the enzymatic cycle. Similarly, the phosphate group of
dihydroxyacetone phosphate (DHAP) has also been proposed as catalytic acid—base

group in fructose—1,6-bisphosphate aldolase.*®

The only other candidate base that apparently is close enough to the reactive C3—OH
would be His242. However, that His242 could act as such a base seems less likely since
the crystal structure of hS1PL shows that the 6—N of its imidazole ring accepts a
hydrogen bond from the backbone amide of Ala244, thus forcing the e-N to be
protonated and becoming unable to act as acceptor of another proton. Instead, as
observed in our simulation, the e-NH of the imidazole is suitable to act as a hydrogen—
bond donor if an acceptor group is placed appropriately, as the C3—OH of RBM13 or
the corresponding hydroxyl group on the other substrates considered. Therefore, it
seems reasonable to propose that such hydrogen—bond interaction between His242 and
the C3—OH of the substrate, as well as that formed with Tyr387 which is also observed
although less frequently during the simulation, could serve to increase the acidity of this
reactive OH, thus promoting the cleavage of the C—C bond and the concerted release of
the corresponding aldehyde, both essential steps of the catalytic cycle of S1PL. If this
hypothesis could be confirmed, it would add to clarify the identity of the catalytic base,
which for now is unknown,”® and the function of some of the essential residues of the

S1PL active site.
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4. Summary and conclusions

The most remarkable conclusions derived from each of the topics presented in the

present doctoral thesis are highlighted in this section.

1y

2)

3)

4)

A structure—based drug design (SBDD) of S1PL inhibitors was performed using
the crystal structures of the bacterial (StS1PL) and human (hS1PL) enzymes.
From this analysis, a pharmacophoric model was derived consisting on: a
carboxylate group linked to an aromatic moiety by means of a short spacer of
variable nature. Taking into account the above features, the general structure 9
was proposed as a suitable scaffold for the development of a small library of
potential SIPL binders. Consequently, a series of N—acylanilino carboxylates

was designed, synthesized and tested against both enzyme sources.

Our previously reported fluorogenic probe RBM13 was found to be a suitable
substrate for bacterial and human SIPL, thus allowing the development of a
HTS amenable on—plate S1PL activity assay using purified enzymes. In
addition, both enzymes showed comparable experimental kinetic parameters

using substrate RBM13.

Unfortunately, attempts to rationally design a set of active—site directed S1PL
inhibitors have met with limited success, as evidenced by the modest activity
found for the designed N—acylanilino carboxylates. Either overestimation of the
ionic interactions in the active site or the inability of our compounds to reach it,
may explain the observed results. Surprisingly, the known hS1PL inhibitor 3¢
did not show any activity on StS1PL. Comparison of the structures of both
enzymes suggested that this lack of activity could be due to the structural
differences between both enzymes found at the access channel to the enzyme

active site.

Based on S1PL mechanistic considerations, two kinds of S1PL inhibitors were
designed and tested using bacterial (StS1PL) and human (hS1PL) enzyme
sources. Compounds RBM7-001, RBM7-012 and RBM7-032, were designed
as non-reactive analogs of the corresponding internal aldimines 13 and 15.
These compounds were obtained by reductive amination of PLP with either O—
phosphorylethanolamine, dhS1P or SIP, respectively, and they were weak
inhibitors on both enzyme sources, probably due to the steric constraints

imposed by the PLP moiety.
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5)

6)

7)

8)

9)

10)

11)

On the other hand, a series of stereodefined azido phosphates were conceived as
non—reactive, potential SIPL competitive inhibitors, since the amino group of

both enzyme substrates (dhS1P and S1P) was replaced by an azido group.

The synthesis of the differently configured azidophosphates was carried out
from the corresponding stereodefined sphingosines, whose synthesis was
successfully accomplished after a key diastereocontrolled addition to L— or D—
Garner’s aldehyde. Diazo transfer reaction followed by a site—selective
phosphorylation at the C1-OH gave the required azido phosphates in 15-25 %

overall yields from the starting Garner’s aldehydes.

All the azido phosphates behaved as competitive inhibitors in the low uM range
on the two SI1PL isozymes tested, being the anti—isomers with the non—natural
enantiomeric configuration slightly more potent inhibitors on hS1PL. For this
series of compounds, the presence of a phosphate group at C1 was found to be

crucial to ensure a strong enzyme binding.

Taken together, these results provide support to the hypothesis that the more
easily available StSIPL can be a useful model for the design of hS1PL inhibitors
that bind into the active site. However, considering the results obtained for the
described inhibitor 3¢, the usefulness of this model protein is more limited if one

wants to design compounds that target the active site access channel.

Two new vinyl derivatives of the previously reported compound RBM13 were
designed, synthesized and evaluated as hS1PL substrates. In both cases, a vinyl
group was intercalated between the amino alcohol phosphate moiety and the o—
coumarin group of the parent compound. While the vinyl unit in RBM7-077
was placed at the C4—C5 position, which retained the allylic alcohol motif of the
natural substrate, the double bond in RBM7-148 was located at C5—-C6.

Nucleophilic addition of the appropriate alkenyl Grignard reagent to Weinreb’s
amide RBM7-070, followed by a diasteroselective reduction yielded alkenes
RBM?7-072 and RBM-135 with the required (25,3R) configuration.

The olefin cross—metathesis reaction of alkenes RBM7-071 and RBM7-135
with their corresponding olefin partners RBM7-069 and RBM7-115 was found
to be a suitable way to access the required coupling products RBM7-078 and
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12)

13)

RBM7-141 with excellent E:Z ratios. Subsequent site—selective phosphorylation
at the C1-OH group afforded zwitterionic probes RBM7-077 and RBM7-148
in good yields.

Oxidation of allylic alcohol RBM7-081 yielded aldehyde RBM7-083, whereas
attempts to oxidize the corresponding homoallylic derivative RBM7-134 were
unsuccessful likely due to the instability of the resulting aldehyde RBM7-136.
Studies on the base—mediated elimination of umbelliferone from aldehyde
RBM7-083 revealed that incubation with KOH in ethanol and further
adjustment of the pH with 200 mM Gly/NaOH (pH = 10.6) were the optimal
conditions for the complete and efficient release of umbelliferone from the

model aldehyde.

Probes RBM7-077 and RBM7-148 were validated as hS1PL substrates. In
terms of Vi./Kym, both compounds were much better than RBM13, being the
naturally configured compound RBM7-077 the best substrate with a 40—fold
improvement in the Vy,.x/Ky ratio. Both probes were revealed as suitable non—
natural hSI1PL substrates for the identification of putative S1PL inhibitors, as
illustrated by the determination of ICsy values for the reference hS1PL inhibitor

3¢, which were consistent with that originally reported using S1P as substrate.
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5.1 Chemistry
5.1.1 General remarks

Unless otherwise stated, reactions were carried out under argon atmosphere. Dry
solvents were obtained by passing through an activated alumina column on a Solvent
Purification System (SPS). Methanol and ethanol were dried over CaH, and distilled
prior to use. Commercially available reagents and solvents were used with no further
purification. All reactions were monitored by TLC analysis using ALUGRAM® SIL
G/UVys4 precoated aluminum sheets (Machery—Nagel). UV light was used as the
visualizing agent and a 5% (w/v) ethanolic solution of phosphomolybdic acid as the
developing agent. Flash column chromatography was carried out with the indicated
solvents using flash—grade silica gel (37-70 pm). Preparative reversed—phase
purifications were performed on a Biotage® Isolera™ One equipment with the indicated
solvents using a Biotage® SNAP cartridge (KP—C18-HS, 12 g) at a flow rate of 12
mL/min. Yields refer to chromatographically and spectroscopically pure compounds,

unless otherwise stated.

NMR spectra were recorded at room temperature on a Varian Mercury 400 instrument.
The chemical shifts (8) are reported in ppm relative to the solvent signal, and coupling
constants (J) are reported in Hertz (Hz). *'P chemical shifts are relative to a 85 % H3PO,
external reference (0 ppm). For BC NMR spectra recorded in D,O, a 0.5 % (w/v)
solution of DSS (4,4—dimethyl-4—silapentane—1—sulfonic acid) in D,O was used as
external reference (0 ppm). In the case of NMR spectra recorded in CDCl3/CD;0D
mixtures, chemical shifts are expressed relative to the residual peak of CD3;OD. The
following abbreviations are used to define the multiplicities in 'H NMR spectra: s =
singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, ddd = doublet of
doublet of doublets, m = multiplet, br = broad signal and app = apparent. High
Resolution Mass Spectrometry analyses were carried out on an Acquity UPLC system
coupled to a LCT Premier orthogonal accelerated time—of—flight mass spectrometer
(Waters) using electrospray ionization (ESI) technique. Optical rotations were measured

at room temperature on a Perkin Elmer 341 polarimeter.

HPLC analyses were carried out on an Alliance HPLC system consisting of a 2695
Separation Module (Waters) coupled to a 2996 PDA detector (Waters) and a light
scattering ELS—1000 detector (Polymer Laboratories). Column A corresponds to a
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Phenomenex® Lux Amylose-2 (250 x 4.60 mm) and column B corresponds to a
Chiralpak™ TA (250 x 4.60 mm). Hexane/isopropanol mixtures at a flow rate of 1
mL/min were used as mobile phase and the monitoring wavelength was set at 220 nm.
Injection volume was 5 pL. Retention times (Rt) correspond to peaks observed using

the PDA detector.

Garner’s aldehyde,' amide RBM7—070” and ISA-HCI’ were synthesized following

previously described methods.
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5.1.2 General synthetic methods
General procedure 1: CuAAC between 3—ethynylaniline and selected azides

To a solution of 3—ethynylaniline (13 mmol) and the selected azide (1.2 equiv./mol) in a
mixture H;O/THF (1:1) (75 mL), CuSO45H,0 (0.1 equiv./mol) and sodium ascorbate
(0.1 equiv./mol) were added. After stirring under argon at rt for 1 h, the reaction mixture
was extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over
anhydrous MgSO, and concentrated to give a residue which was purified by flash
chromatography on elution with DCM/MeOH (98.5:1.5) to afford the corresponding

cycloaddition adducts.
General procedure 2: HATU-mediated coupling for amide—bond formation

A 15 mL screw cap tube was charged with the selected carboxylic acid (1.1 equiv./mol),
HATU (2 equiv./mol), DMF (1 mL) and DIPEA (2 equiv./mol). A solution of the
selected aniline (0.4 mmol) in DMF (1 ml) was then added dropwise. The tube was
flushed with argon, sealed and the mixture was stirred overnight at 40 °C. After cooling
down to rt, the crude reaction mixture was diluted with water (10 mL) and extracted
with EtOAc (3 x 15 mL). The combined organic layers were washed with brine (3 x 15
mL), dried over anhydrous MgSQ,, filtered and concentrated under reduced pressure to

give a residue, which was purified as indicated for each compound.
General procedure 3: EDC/HOBt-mediated coupling for amide—bond formation

To a stirred solution of the selected carboxylic acid (0.5 mmol) and HOBt (1.2
equiv./mol) in DMF (2 mL), was added dropwise a solution of the selected aniline (1
equiv./mol) in DMF (2 mL). EDC (1.2 equiv./mol) was then added portionwise and the
mixture was stirred overnight at rt. The crude reaction mixture was diluted with water
(10 mL) and extracted with EtOAc (3 x 15 mL). The combined organic layers were
washed with brine (3 x 15 mL), dried over anhydrous MgSQy, filtered and concentrated
under reduced pressure to give a crude mixture, which was purified as indicated for

each compound.
General procedure 4: Base—mediated hydrolysis of methyl esters

To a stirred solution of the selected methyl ester (0.1 mmol) in THF/H,O (3:1) (20 mL),
LiOH (3 equiv./mol) was added at 0 °C. After stirring at the same temperature for 1.5 h,
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the reaction mixture was acidified with 1N HCI and extracted with EtOAc (3 x 15 mL).
The combined organic layers were dried over anhydrous MgSO,, filtered and
concentrated under reduced pressure to give a residue, which, unless otherwise noted,
was purified by preparative RP chromatography (Solvent A: 0.2 % (v/v) formic acid in
CH;CN; Solvent B: 0.2 % (v/v) aq. formic acid; from 5 to 100 % A in B), to give pure

carboxylic acids.
General procedure 5: Reductive amination between PLP and selected amines

To an ice cooled solution of the selected amine (0.1 mmol) in dry CH;0H (3 mL) was
added KO#Bu (2 equiv./mol) and the mixture was stirred at rt for 30 min (Solution A).
Simultaneously, KO#Bu (2 equiv./mol of PLP) was added to a solution of PLP (1.3
equiv./mol) in CH3OH (3 mL) at 0 °C and the mixture was stirred at rt for 30 min
(Solution B). Solution A was then added dropwise to solution B at 0 °C and the mixture
was refluxed in the dark for 3 h, cooled to 0 °C and treated with NaBH4 (1.3
equiv./mol). After stirring at rt for lh, the reaction mixture was acidified by the
dropwise addition of 6 M aq. HCI and the solvent was evaporated to dryness to give a

residue, which was purified as indicated for each compound.
General procedure 6: Ru—catalyzed olefin cross metathesis reactions

To a stirred solution of the starting olefins (1.5 and 6 mmol, respectively) in degassed
CH,Cl, (20 mL), Grubbs catalyst 2" generation (0.03 equiv./mol) was added
portionwise at rt. The resulting mixture was refluxed in the dark for 2 h, cooled down to
rt and concentrated in vacuo to afford a crude, which was purified as indicated for each

compound.
General procedure 7: Acid—-mediated removal of isopropylidene groups

To a solution of the protected amino diol (1.0 mmol) in MeOH (35 mL) was added p—
TsOH (0.1 equiv./mol) and the mixture was stirred overnight at room temperature. Et;N
(0.1 equiv./mol) was then added and the solvent was removed under reduced pressure to
give a residue, which was purified by flash chromatography on silica gel (from 0 to 40

% EtOAc in hexane) to afford the required products.
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General procedure 8: Catalytic hydrogenation of double bonds

To a solution of the corresponding allylic alcohol (1.3 mmol) in degassed MeOH (50
mL) was added Rh/Al,O3 (10 % w/w) and the mixture was stirred for 2.5 h at rt under
hydrogen atmosphere (balloon). The reaction mixture was then filtered through Celite
and the particles were rinsed with MeOH (3 x 5 mL). The combined filtrates were
concentrated in vacuo to give a residue, which was purified by flash chromatography on

silica gel (from 0 to 45 % EtOAc in hexane), yielding the required compounds.
General procedure 9: Acid—mediated removal of N-Boc protecting groups

To an ice cooled solution of the corresponding N-Boc protected aminodiol (0.8 mmol)
in MeOH (12 mL) was added dropwise neat acetyl chloride (5 equiv./mol). After
stirring at rt overnight, the reaction mixture was concentrated in vacuo to give a crude
mixture, which was purified by flash chromatography on silica gel (from 0 to 20 %
MeOH in CH,Cl,), to afford the required amine hydrochlorides.

General procedure 10: Cu—catalyzed diazotransfer reaction

To a stirred mixture of the corresponding amine hydrochloride (0.7 mmol), K,CO; (2.7
equiv./mol) and CuSQOy4 5H,0 (0.01 equiv./mol) in MeOH (7 mL) was added ISA-HCI
(1.2 equiv./mol) in one portion. After stirring at rt overnight, the mixture was
concentrated, diluted with H,O (5 mL), acidified with 1 M aqueous HCI and extracted
with EtOAc (3 x 10 mL). The combined organic layers were washed with brine (2 x 10
mL), dried over anhydrous MgSOQ,, filtered and evaporated in vacuo. Purification of the
residue by flash chromatography (from 0 to 25 % EtOAc in hexane) gave the required

azido derivatives.
General procedure 11: Site-selective phosphorylation of 1,3—diols

A solution of the starting diol (0.5 mmol) in CH,Cl, (15 mL) at 0 °C was treated
successively with N—methylimidazole (1.5 equiv./mol) and dimethyl chlorophosphate
(1.2 equiv./mol). The reaction mixture was stirred at rt for 1 h, cooled down to 0 °C and
quenched by the dropwise addition of saturated aqueous NH4Cl (10 mL). The resulting
mixture was extracted with CH,Cl, (3 x 15 mL) and the combined organic layers were

washed with brine (2 x 20 mL), dried over anhydrous MgSQO, and filtered. Evaporation
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of the solvent afforded a crude mixture, which was purified as indicated for each

compound.

General procedure 12: TMSBr-mediated deprotection of dimethyl phosphates and

N-Boc amino groups.

To an ice cooled solution of the starting dimethyl phosphate (0.2 mmol) in dry CH;CN
(8 mL), was added dropwise TMSBr (45 equiv./mol). After stirring for 3 h at rt, the
reaction mixture was concentrated under reduced pressure. The residue was then
redissolved in MeOH/H,0 (95:5, same reaction volume) and stirred for an additional
hour at rt. Evaporation of the solvent afforded a crude mixture, which was purified as

indicated for each compound.
General procedure 13: Synthesis of (R)— and (S)-MPA esters

DMAP (1.1 equiv./mol) was added portionwise at 0 °C to a solution of the starting
alcohol (0.2 mmol) in CH,Cl, (2 mL) containing (R)—(-)- or (S)-(+)-MPA (1.6
equiv./mol) and EDC (1.5 equiv./mol). After stirring for 6 h at rt, the reaction mixture
was washed with saturated ag. NaHCO; (2 x 2 mL) and the organic phase was
separated, dried over anhydrous MgSO,, filtered and evaporated to dryness. The
resulting residue was flash chromatographed on silica gel (from 0 to 8 % EtOAc in

hexane) to give the corresponding MPA esters.
General procedure 14: fluoride—mediated deprotection of TBS groups

To a solution of the corresponding TBS—protected alcohol (1 mmol) in THF (10 mL)
was added dropwise TBAF (1 M in THF, 2 equiv./mol) at 0 °C. After stirring at the
same temperature for 30 min, the reaction was quenched with saturated aqueous NH4Cl
(10 mL) and the resulting mixture was extracted with Et,O (3 x 15 mL). The combined
organic layers were washed with brine (2 x 20 mL), dried over anhydrous MgSQy,,
filtered, and evaporated to give the crude products. Purification by flash
chromatography on silica gel (from 0 to 3 % MeOH in CH,Cl,) afforded the required

alcohols.
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5.1.3 Synthesis and characterization of compounds from Section 3.1

5.1.3.1 Synthesis of scaffolds RBM7-021 and RBM7-022

Methyl 2—-azidoacetate (RBM7-019)

Ny~ >COOMe

Sodium azide (829 mg, 12.8 mmol) was added to a solution of methyl 2—bromoacetate
(1.3 g, 8.5 mmol) in DMSO (35 mL). The mixture was stirred at rt for 20 h and then
poured into cold water (80 mL). The resulting solution was extracted with Et,O (3 x 50
mL) and the combined organic fractions were washed with brine (3 x 50 mL), dried
over anhydrous MgSO, and carefully concentrated to afford the methyl ester RBM7—-
019 (902 mg, 92%) as a colourless oil that was suitable for use without further

purification.

"H NMR (400 MHz, CDCl5) & 3.89 (s, 2H), 3.80 (s, 3H). *C NMR (101 MHz, CDCl5)
5 168.9, 52.8, 50.4. HRMS calcd. for C3HgN;0, (M + HJ]"): 116.0460, found:
116.0462.

Methyl 3—azidopropionate (RBM7-020)

N
3~">CcooMe

Sodium azide (655 mg, 10.1 mmol) was dissolved in water (10 mL) and DMF (10 mL)
was added. To this solution, methyl 3—bromopropionate (1 mL, 9.16 mmol) was added
dropwise and the biphasic mixture was stirred at 55 °C for 18 h. After cooling to rt, the
crude reaction mixture was extracted with Et,O (3 x 50 mL). The combined organic
layers were washed with brine (3 x 50 mL), dried over anhydrous MgSO4 and carefully
concentrated to afford the methyl ester RBM7-020 (1.05 g, 89%) as a yellow oil that

was suitable for use without further purification.

'"H NMR (400 MHz, CDCls) & 3.73 (s, 3H), 3.58 (t, J = 6.5 Hz, 2H), 2.59 (t, J = 6.5 Hz,
2H). C NMR (101 MHz, CDCly) & 171.4, 52.2, 46.9, 33.9. HRMS calcd. for
C4HsN;0, ([M + H]Y): 130.0616, found: 130.0619.
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Methyl 2—(4—(3—aminophenyl)-1H-1,2 3-triazol-1-yl)acetate (RBM7-021)

HzN%N

N
N=N COOMe

Compound RBM7-021 (pale yellow solid, 3.72 g, quantitative yield) was obtained
from 3—ethynylaniline (1.8 mL, 15.98 mmol), azide RBM7-019 (2.21 g, 19.18 mmol),
CuSOy4 5H,0 (399 mg, 1.6 mmol) and sodium ascorbate (317 mg, 1.6 mmol), according

to general procedure 1.

'"H NMR (400 MHz, CDCl3) & 7.86 (s, 1H), 7.29 — 7.27 (m, 1H), 7.23 — 7.14 (m, 2H),
6.68 (ddd, J = 7.7, 2.4, 1.2 Hz, 1H), 5.21 (s, 2H), 3.83 (s, 3H). '*C NMR (101 MHz,
CDCly) § 166.9, 148.4, 146.8, 131.3, 129.9, 121.2, 116.3, 115.3, 112.5, 53.2, 50.9.
HRMS caled. for CiH3N40; ([M + H]): 233.1039, found: 233.1037.

Methyl 3—(4—(3—aminophenyl)-1H-1,2 3—triazol-1-yl)propionate (RBM7-022)

H2N/©\K\N
’\\/COOMe

N:N'

Compound RBM7-022 (pale yellow solid, 2.54 g, 97 %) was obtained from 3—
ethynylaniline (1.2 mL, 10.65 mmol), azide RBM7-020 (1.65 g, 12.78 mmol),
CuSO45H,0 (266 mg, 1.07 mmol) and sodium ascorbate (211 mg, 1.07 mmol),

according to general procedure 1.

'H NMR (400 MHz, CDCl3) & 7.82 (s, 1H), 7.26 — 7.25 (m, 1H), 7.22 — 7.12 (m, 2H),
6.66 (ddd, J = 7.8, 2.4, 1.2 Hz, 1H), 4.69 (t, J = 6.4 Hz, 2H), 3.71 (s, 3H), 3.01 (t, J =
6.4 Hz, 2H). *C NMR (101 MHz, CDCls) § 171.2, 147.9, 146.9, 131.5, 129.8, 120.7,
116.1, 115.1, 112.4, 52.3, 45.6, 34.6. HRMS caled. for CpoH;sNsO, ([M + HJ):
247.1195, found: 247.1188.
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5.1.3.2 Synthesis of N—acylanilino carboxylates

(S)-methyl 2—(4-(3—(1-(2—(((benzyloxy)carbonyl)amino)acetyl)pyrrolidine—2—
carboxamido)phenyl)-1H-1,2 3-triazol-1-yl)acetate (RBM7-027)

. o\}_p_&choom
©VO\([)]/N\)J\NQ’
Compound RBM7-027 (white solid, 42 mg, 54 %) was obtained from aniline RBM7-
021 (35 mg, 0.151 mmol), Z-Gly-Pro—-OH (51 mg, 0.166 mmol), HATU (115 mg,
0.301 mmol) and DIPEA (53 pL, 0.301 mmol), according to general procedure 2. The
title compound was purified by preparative RP chromatography (from 5 to 100 %
CH3;CN in H,0).

'H NMR (400 MHz, CDCl3) & 9.36 (s, 1H), 7.89 (s, 1H), 7.87 (s, 1H), 7.56 (d, J = 7.7
Hz, 1H), 7.51 (ddd, J = 8.1, 2.0, 0.9 Hz, 1H), 7.37 — 7.27 (m, 6H), 5.79 (t, J/ = 4.3 Hz,
1H), 5.19 (s, 2H), 5.11 (s, 2H), 4.75 (dd, J = 8.1, 1.6 Hz, 1H), 4.05 (dd, /= 12.0, 4.7 Hz,
2H, major rotamer), 3.81 (s, 3H), 3.63 — 3.55 (m, 1H), 3.48 — 3.38 (m, 1H), 2.53 — 2.44
(m, 1H), 2.25 —2.12 (m, 1H), 2.11 —2.00 (m, 1H), 1.98 — 1.85 (m, 1H). °*C NMR (101
MHz, CDCls) 8 169.2, 169.0, 166.9, 156.5, 148.0, 138.7, 136.4, 130.9, 129.5, 128.6,
128.3, 128.2, 121.6, 121.5, 119.7, 117.1, 67.1, 61.3, 53.2, 50.9, 46.7, 43.6, 27.7, 25.0.
HRMS calcd. for Co6Ho9NgOg ([M + H]+): 521.2149, found: 521.2181.

(S)-methyl 3—(4—-(3—(1-(2—(((benzyloxy)carbonyl)amino)acetyl)pyrrolidine—2—
carboxamido) phenyl)-1H-1,2,3—triazol-1-yl)propanoate (RBM7-028)

@o ! ﬂ é§§_N;H " cooMe
o

Compound RBM7-028 (white solid, 40 mg, 61%) was obtained from aniline RBM7-

022 (30 mg, 0.122 mmol), Z-Gly—Pro—OH (41 mg, 0.134 mmol), HATU (93 mg, 0.244

mmol) and DIPEA (42 pL, 0.244 mmol), according to general procedure 2. The title

compound was purified by preparative RP chromatography (from 5 to 100 % CH;3CN in

H,0).
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'"H NMR (400 MHz, CDCl3) & 9.39 (s, 1H), 7.87 — 7.84 (m, 1H), 7.82 (s, 1H), 7.54 —
7.49 (m, 2H), 7.34 — 7.25 (m, 6H), 5.86 (t, J = 4.4 Hz, 1H), 5.10 (s, 2H), 4.75 (dd, J =
8.1, 1.9 Hz, 1H), 4.65 (t, J = 6.5 Hz, 2H), 4.04 (dd, J = 8.9, 4.8 Hz, 2H), 3.69 (s, 3H),
3.63 — 3.55 (m, 1H), 3.46 — 3.36 (m, 1H), 2.99 (t, J = 6.5 Hz, 2H), 2.48 — 2.40 (m, 1H),
2.24 — 2.12 (m, 1H), 2.08 — 1.98 (m, 1H), 1.98 — 1.88 (m, 1H). °C NMR (101 MHz,
CDCls) & 171.1, 169.1, 169.1, 156.5, 147.4, 138.7, 136.4, 131.2, 129.5, 128.6, 128.3,
128,2, 121.5, 121.0, 119.6, 117.1, 67.2, 61.2, 52.3, 46.7, 45.7, 43.6, 34.5, 27.5, 25.0.
HRMS caled. for Co7H3NgOg ([M + H]): 535.2305, found: 535.2318.

(S)-methyl 2—(4—(3—(2—((((9H—fluoren—9—yl)methoxy)carbonyl)amino)-3—
cyclohexyl propanamido)phenyl)-1H-1,2,3—triazol-1-yl)acetate (RBM7-033)

O. NJ @

Compound RBM7-033 (white solid, 161 mg, 62 %) was obtained from aniline RBM7-
021 (100 mg, 0.43 mmol), Fmoc—Cha—OH (186 mg, 0.47 mmol), HATU (328 mg, 0.86
mmol) and DIPEA (150 pL, 0.86 mmol), according to general procedure 2. The title
compound was purified by flash chromatography on silica gel (CH,Cl,/MeOH =
98.5:1.5).

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.14 (s, 1H), 7.95 (t, J = 1.7 Hz, 1H), 7.73
(app d, J = 7.5 Hz, 2H), 7.64 — 7.51 (m, 4H), 7.40 — 7.31 (m, 3H), 7.26 (app t, J = 7.4
Hz, 2H), 5.28 (s, 2H), 4.44 — 4.32 (m, 3H), 4.20 (app t, J = 6.8 Hz, 1H), 3.80 (s, 3H),
1.87 — 1.53 (m, 7H), 1.48 — 1.34 (m, 1H), 1.33 — 1.07 (m, 4H), 1.05 — 0.86 (m, 2H). °C
NMR (101 MHz, CD;OD/CDCIl5 (1:1)) 6 173.1, 167.9, 157.6, 148.3, 144.5, 144.4
141.9, 139.3, 131.3, 130.1, 128.3, 127.6, 127.6, 125.6, 123.0, 122.2, 120.9, 120.4,
118.0, 67.5, 54.3, 53.3, 51.3, 47.8, 40.5, 34.8, 34.3, 32.9, 27.0, 26.8, 26.6. HRMS calcd.
for C3sH3sNsOs ([M + H]"): 608.2873, found: 608.2866.
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Methyl 2—(4—(3—(2—(2—fluoro—[1,1'-biphenyl|-4—yl)propanamido)phenyl)-1H—
1,2 3—triazol-1-yl)acetate (RBM7-034)

F N A\

NN
N=N COOMe

Compound RBM7-034 (white solid, 166 mg, 84 %) was obtained from aniline RBM7-
021 (100 mg, 0.43 mmol), 2—fluoro—a—methyl—-4—biphenylacetic acid (116 mg, 0.47
mmol), HATU (328 mg, 0.86 mmol) and DIPEA (150 pL, 0.86 mmol), according to
general procedure 2. The title compound was purified by flash chromatography on silica

gel (CH,ClyMeOH = 98.5:1.5).

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.17 (s, 1H), 7.96 (t, J = 1.8 Hz, 1H), 7.60
(ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.54 — 7.51 (m, 1H), 7.51 — 7.47 (m, 2H), 7.42 — 7.22
(m, 7H), 5.29 (s, 2H), 3.84 (q, J = 7.0 Hz, 1H), 3.80 (s, 3H), 1.57 (d, J = 7.0 Hz, 3H).
BC NMR (101 MHz, CD;0D/CDCl; (1:1)) 8 174.0, 167.8, 160.3 (d, Je_r = 248.5 Hz),
148.3, 143.5 (d, Jcr = 8.1 Hz), 139.7, 136.2 (d, Jcr = 2.0 Hz), 131.3 (d, Jcr = 4.0 Hz),
131.2, 130.0, 129.4 (d, Jcr = 3.0 Hz), 128.9, 128.3 (d, Jcr = 14.1 Hz), 128.1, 124.0 (d,
Jer = 4.0 Hz), 123.0, 122.0, 120.7, 117.8, 115.6 (d, Jc_r = 23.2 Hz), 53.3, 51.3, 47.2,
18.9. HRMS calcd. for CsH24FN4O3 ([M + H]"): 459.1832, found: 459.1848.

(S)-methyl 2—(4—(3—(2,6-bis(((benzyloxy)carbonyl)amino)hexanamido)phenyl)—
1H-1,2 3-triazol-1-yl)acetate (RBM7-035)

Aot SO
OjgN\/”i;;rﬁfL” Nj'N/\

=N  COOMe
o

<

Compound RBM7-035 (pale yellow solid, 243 mg, 90 %) was obtained from aniline
RBM7-021 (100 mg, 0.43 mmol), Z-Lys(Z)-OH (196 mg, 0.47 mmol), HATU (328
mg, 0.86 mmol) and DIPEA (150 pL, 0.86 mmol), according to general procedure 2.
The title compound was purified by flash chromatography on silica gel (CH,Cl,/MeOH
=98:2).
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'H NMR (400 MHz, CD;0D/CDCI; (1:1)) & 8.15 (s, 1H), 7.96 (br s, 10H), 7.55 (dd, J =
7.2,1.9 Hz, 2H), 7.38 —7.21 (m, 10H), 5.29 (s, 2H), 5.07 (s, 2H), 5.01 (s, 2H), 4.25 (dd,
J=18.0,5.5 Hz, 1H), 3.80 (s, 3H), 3.11 (t, J = 6.5 Hz, 2H), 1.90 — 1.78 (m, 1H), 1.78 —
1.64 (m, 1H), 1.59 — 1.35 (m, 4H). >*C NMR (101 MHz, CD;0D/CDCl; (1:1)) & 172.3,
167.8, 158.1, 157.6, 148.3, 139.2, 137.3, 136.9, 131.3, 130.0, 129.0, 128.9, 128.6,
128.5, 128.4, 128.2, 123.0, 122.2, 120.8, 118.0, 67.5, 67.0, 56.2, 53.3, 51.3, 40.8, 32.7,
29.8, 23.2. HRMS calcd. for C33H37N¢O7 ([M + H]+): 629.2724, found: 629.2758.

(R)-methyl 3—(4—(3—(2—(((benzyloxy)carbonyl)amino)—2—-henylacetamido)phenyl)—
1H-1,2 3—triazol-1-yl)propanoate (RBM7-038)

4O
@\/O\H/N N/©\K\
N
o H N=y \—COOMe

Compound RBM7-038 (white solid, 178 mg, 85 %) was obtained from aniline RBM7-
022 (100 mg, 0.40 mmol), N—Carbobenzoxy—D—-2—phenylglycine (127 mg, 0.45 mmol),
HATU (309 mg, 0.81 mmol) and DIPEA (142 pL, 0.81 mmol), according to general
procedure 2. The title compound was purified by flash chromatography on silica gel

(CH2Clo/MeOH = 98.5:1.5).

'H NMR (400 MHz, CDCl3) § 8.37 (br s, 1H), 7.80 (s, 2H), 7.56 — 7.42 (m, 4H), 7.36 —
7.24 (m, 9H), 6.28 (br d, J = 5.4 Hz, 1H), 5.54 (br d, / = 4.7 Hz, 1H), 5.11 (d, J = 4.4
Hz, 2H, major rotamer), 4.64 (t, J = 6.4 Hz, 2H), 3.69 (s, 3H), 2.97 (t, J = 6.4 Hz, 2H).
C NMR (101 MHz, CDCls) & 171.2, 168.5, 156.1, 147.1, 138.1, 137.5, 136.1, 131.1,
129.6, 129.3, 128.8, 128.6, 128.3, 128.2, 127.4, 122.0, 121.1, 119.9, 117.2, 67.4, 59.6,
52.3, 45.8, 34.5. HRMS calcd. for C,5H,sNsO5s (M + H]"): 514.2090, found: 514.2097.
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(R)—methyl 3—(4—(3—(2—(((benzyloxy)carbonyl)amino)—2—cyclohexylacetamido)
phenyl)-1H-1,2 3—triazol-1-yl)propanoate (RBM7-039)

H (0]
N
(e} H N=pN /\/COOMe

Compound RBM7-039 (white solid, 124 mg, 59 %) was obtained from aniline RBM7-
022 (100 mg, 0.41 mmol), Z-D—Chg—OH (130 mg, 0.45 mmol), HATU (309 mg, 0.81
mmol) and DIPEA (142 pL, 0.81 mmol), according to general procedure 2. The title
compound was purified by flash chromatography on silica gel (CH,Cl,/MeOH =
98.5:1.5).

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.02 (s, 1H), 7.87 (s, 1H), 7.60 (d, J = 8.0
Hz, 1H), 7.49 (d, J=7.7 Hz, 1H), 7.37 - 7.17 (m, 6H), 5.07 (s, 2H, major rotamer), 4.67
(t, J=6.5 Hz, 2H), 4.09 (d, J = 6.9 Hz, 1H), 3.68 (s, 3H), 3.01 (t, J = 6.5 Hz, 2H), 1.83
— 1.58 (m, 6H), 1.30 — 0.95 (m, 5H). °C NMR (101 MHz, CD;0D/CDCl; (1:1)) &
171.5, 171.3, 157.2, 147.6, 138.8, 136.6, 130.9, 129.8, 128.8, 128.4, 128.2, 121.9,
121.8, 120.4, 117.5, 67.3, 60.9, 52.4, 46.1, 41.3, 34.5, 29.9, 28.8, 26.3, 26.2, 26.2.
HRMS calcd. for C,gH34N5O5 ([M + H]+): 520.2560, found: 520.2549.

Benzyl 3—((3—(1-(2—methoxy—2—oxoethyl)-1H-1,2 ,3—triazol-4—yl)phenyl)
carbamoyl)piperidine—1-carboxylate (RBM7-041)

o} o}
@A"*“@A“ -
H NN
N=N COOMe

Compound RBM7-041 (white solid, 189 mg, 92 %) was obtained from aniline RBM7-
021 (100 mg, 0.43 mmol), 1-[(benzyloxy)carbonyl]-3—piperidinecarboxylic acid (125
mg, 0.47 mmol), HATU (328 mg, 0.86 mmol) and DIPEA (150 pL, 0.86 mmol),
according to general procedure 2. The title compound was purified by flash

chromatography on silica gel (CH,Cl,/MeOH = 98.5:1.5).

'H NMR (400 MHz, CDCl3) & 7.97 (br s, 1H), 7.89 (s, 1H), 7.61 — 7.50 (m, 2H), 7.36 —
7.25 (m, 6H), 5.20 (s, 2H), 5.15 (br s, 2H, major rotamer), 4.12 (br s, 1H), 3.90 — 3.74
(br s, 1H) 3.80 (s, 3H), 3.36 (br s, 1H), 3.16 (br s, 1H), 2.51 (br s, 1H), 2.22 (br s, 1H),
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1.97 (br s, 2H), 1.70 (br s, 1H), 1.56 — 1.45 (m, 1H). >C NMR (101 MHz, CDCl3) &
171.6, 166.8, 155.7, 148.0, 138.7, 136.7, 131.0, 129.7, 128.7, 128.2, 128.0, 121.7,
121.5, 119.9, 117.2, 67.5, 53.2, 51.0, 46.4, 44.6, 44.1, 27.8, 24.3. HRMS calcd. for
Ca5Hy7NsNaOs ([M + Na]"): 500.1910, found: 500.1912.

Methyl 3-(4-(3—(2—phenylacetamido)phenyl)-1H-1,2,3—triazol-1-yl)propanoate

(RBM7-054)
A0
H < \coome

/
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Compound RBM7-054 (white solid, 330 mg, 74 %) was obtained from aniline RBM7-
022 (300 mg, 1.22 mmol), phenylacetic acid (182 mg, 1.34 mmol), HATU (926 mg,
2.44 mmol) and DIPEA (424 pL, 2.44 mmol), according to general procedure 2. The
title compound was purified by flash chromatography on silica gel (from 0 to 2 %

MeOH in CH,Cl,).

'H NMR (400 MHz, CDCl3) & 7.83 (s, 1H), 7.77 (t, J = 1.6 Hz, 1H), 7.57 (dd, J = 8.2,
1.1 Hz, 1H), 7.52 (app d, J = 7.8 Hz, 1H), 7.42 — 7.30 (m, 7H), 4.66 (t, J = 6.4 Hz, 2H),
3.75 (s, 2H), 3.69 (s, 3H), 2.99 (t, J = 6.4 Hz, 2H). °C NMR (101 MHz, CDCl;) &
171.1, 169.4, 147.3, 138.4, 134.4, 131.3, 129.7, 129.4, 127.9, 121.8, 121.0, 119.7,
116.9, 52.3, 45.7, 45.0, 34.6. HRMS calcd. for CyHyN4O5 ([M + H]"): 365.1614,
found: 351.1618.

Methyl 3—(4—(3—benzamidophenyl)-1H-1,2 3-triazol-1-yl)propanoate (RBM7-
065)

O /©\(\
N =
N
©)LH Ney  \—COOMe

Compound RBM7-065 (pale yellow solid, 272 mg, 64 %) was obtained from aniline
RBM7-022 (300 mg, 1.22 mmol), benzoic acid (164 mg, 1.34 mmol), HATU (926 mg,
2.44 mmol) and DIPEA (424 uL, 2.44 mmol), according to general procedure 2. The
title compound was purified by flash chromatography on silica gel (from 0 to 2 %

MeOH in CH2C12)
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'H NMR (400 MHz, CDCl3) & 8.06 (t, J = 1.8 Hz, 1H), 7.96 (br s, 1H), 7.91 (s, 1H),
7.91 —7.87 (m, 2H), 7.77 (dd, J = 8.1, 1.3 Hz, 1H), 7.63 — 7.60 (m, 1H), 7.59 — 7.54 (m,
1H), 7.53 — 7.48 (m, 2H), 7.43 (t, J = 7.9 Hz, 1H), 4.70 (t, J = 6.4 Hz, 2H), 3.72 (s, 3H),
3.02 (t, J = 6.4 Hz, 2H). *C NMR (101 MHz, CDCl) & 171.1, 166.1, 147.3, 138.7,
134.9, 132.0, 131.4, 129.7, 128.9, 127.2, 121.8, 121.0, 120.1, 117.4, 52.3, 45.7, 34.5.
HRMS calcd. for CoH9N4O3 ([M + H]"): 351.1457, found: 351.1462.

Methyl 3—(4—(3—(2-hydroxy—2—(4-hydroxy—3—-methoxyphenyl)acetamido)phenyl)—
1H-1,2 3-triazol-1-yl)propanoate (RBM7-037)

HO
MeO N =
N
H N= “\_coome

OH

Compound RBM7-037 (white solid, 178 mg, 83 %) was obtained from aniline RBM7—-
022 (124 mg, 0.51 mmol), 4-hydroxy—3-methoxy—-DL-mandelic acid (100 mg, 0.51
mmol), EDC (116 mg, 0.61 mmol) and HOBt (82 mg, 0.61 mmol), according to general
procedure 3. The title compound was purified by flash chromatography on silica gel

(CH,CL/MeOH = 96.5:3.5).

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) 5 9.49 (br s, 1H), 8.12 (s, 1H), 7.99 — 7.94
(m, 1H), 7.63 — 7.52 (m, 2H), 7.37 (t, J = 7.9 Hz, 1H), 7.04 (d, J = 1.7 Hz, 1H), 6.95
(dd, J=8.2, 1.8 Hz, 1H), 6.80 (d, J = 8.1 Hz, 1H), 5.08 (s, 1H), 4.69 (t, J = 6.5 Hz, 2H),
3.86 (s, 3H), 3.68 (s, 3H), 3.02 (t, J = 6.5 Hz, 2H). *C NMR (101 MHz, CD;0D/CDCl;
(1:1)) & 172.6, 171.6, 147.9, 147.7, 146.6, 138.5, 131.7, 131.2, 130.0, 122.1, 121.9,
120.4, 120.1, 117.6, 1153, 110.4, 74.7, 56.1, 52.4, 46.2, 34.6. HRMS calcd. for
C21H23N4Og ([M + H]"): 427.1618, found: 427.1607.

(R)—methyl 3—(4—(3—(2—(((benzyloxy)carbonyl)amino)-3—(4-hydroxyphenyl)
propanamido)phenyl)-1H-1,2 ,3—triazol-1-yl)propanoate (RBM7-040)

@\/O H i O\(\

N =

N

l( H N=y  \—COOMe
OH

Compound RBM7-040 (colorless oil, 75 mg, 87 %) was obtained from aniline RBM7-
022 (39 mg, 0.16 mmol), Z-D-Tyr—OH (50 mg, 0.16 mmol), EDC (37 mg, 0.19 mmol)
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and HOBt (26 mg, 0.19 mmol), according to general procedure 3. The title compound
was purified by flash chromatography on silica gel (CH,Cl,/MeOH = 97.5:2.5).

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.11 (s, 1H), 7.81 (br s, 1H), 7.55 — 7.51
(m, 1H), 7.47 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.34 (t, J = 7.9 Hz, 1H), 7.31 — 7.23 (m,
4H), 7.18 (br s, 1H), 7.04 (app d, J = 8.5 Hz, 2H), 6.73 — 6.67 (m, 2H), 5.10 — 4.98 (m,
2H), 4.70 (t, J = 6.5 Hz, 2H), 4.46 (t, J = 7.0 Hz, 1H), 3.69 (s, 3H), 3.10 — 3.00 (m, 1H),
3.03 (t, J = 6.5 Hz, 2H), 2.91 (dd, J = 13.8, 7.6 Hz, 1H). *C NMR (101 MHz,
CD;OD/CDCl; (1:1)) 8 171.9, 171.8, 157.4, 156.5, 147.9, 139.0, 137.1, 131.4, 131.0,
130.0, 129.0, 128.6, 128.3, 128.0, 122.2, 120.9, 118.2, 115.9, 67.4, 57.9, 52.5, 46.4,
38.5, 34.7. HRMS calcd. for C,9H30NsOs ([M + H]"): 544.2196, found: 544.2208.

(8)—-3—(4—(3—(1-(2—(((benzyloxy)carbonyl)amino)acetyl)pyrrolidine—2—
carboxamido) phenyl)-1H-1,2,3-triazol-1-yl)propanoic acid (RBM7-030)

N\\N
\_N
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Compound RBM7-030 (white solid, 31 mg, 91 %) was obtained from methyl ester

RBM7-028 (35 mg, 0.07 mmol) and LiOH (5 mg, 0.20 mmol), according to general

procedure 4.

"H NMR (400 MHz, CDs0OD, major rotamer) 6 8.26 (s, 1H), 7.98 (t, / = 1.8 Hz, 1H),
7.60 — 7.51 (m, 1H), 7.42 — 7.22 (m, 6H), 5.09 (s, 2H), 4.69 (t, J = 6.6 Hz, 2H), 4.58
(dd, J = 8.3, 3.7 Hz, 2H), 4.02 (app q, J = 17.1 Hz, 2H), 3.74 — 3.66 (m, 1H), 3.65 —
3.58 (m, 1H), 3.00 (t, J = 6.6 Hz, 2H), 2.32 — 2.21 (m, 1H), 2.19 — 1.92 (m, 3H). °C
NMR (101 MHz, CD;0D, major rotamer) 6 173.9, 172.9, 170.4, 159.1, 148.4, 140.2,
138.2, 132.3, 130.4, 129.4, 129.0, 128.8, 122.9, 122.5, 121.3, 118.6, 67.8, 62.5, 47.8,
47.2,44.2,35.2,30.7, 25.9. HRMS calcd. for Co6H2oNgOg ([M + H]): 521.2149, found:
521.2178.
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(8)—2—(4—(3—(1-(2—(((benzyloxy)carbonyl)amino)acetyl)pyrrolidine—2—
carboxamido) phenyl)-1H-1,2 3—triazol-1-yl)acetic acid (RBM7-031)

o o\_ WNVCOOH
H N—NH
[ l o_N
T
0
Compound RBM7-031 (white solid, 32 mg, 82 %) was obtained from methyl ester

RBM7-027 (40 mg, 0.08 mmol) and LiOH (6 mg, 0.23 mmol), according to general

procedure 4.

"H NMR (400 MHz, CDs0D, major rotamer) 6 8.28 (s, 1H), 8.00 (t, J = 1.8 Hz, 1H),
7.60 — 7.52 (m, 2H), 7.41 — 7.22 (m, 5H), 5.30 (s, 2H), 5.08 (s, 2H), 4.57 (dd, J = 8.3,
3.7 Hz, 1H), 4.01 (app q, J = 17.1 Hz, 2H), 3.73 — 3.64 (m, 1H), 3.64 — 3.56 (m, 1H),
2.32-2.19 (m, 1H), 2.17 — 1.95 (m, 3H). >C NMR (101 MHz, CD;0D, major rotamer)
0 172.9, 170.4, 169.9, 159.1, 148.6, 140.2, 138.2, 132.3, 130.4, 129.4, 129.0, 128.8,
123.9, 122.5, 121.3, 118.6, 67.8, 62.5, 51.8, 47.8, 44.2, 30.7, 25.9. HRMS calcd. for
CsH27N¢Os (IM + H])): 507.1992, found: 507.1996.

2—(4-(3—(2—(2—fluoro—1,1'-biphenyl]-4—yl)propanamido)phenyl)-1H-1,2,3—
triazol-1-yl)acetic acid (RBM7-042)

F N AN

N—
N=\  COOH

Compound RBM7-042 (white solid, 27 mg, 56 %) was obtained from methyl ester
RBM7-034 (50 mg, 0.11 mmol) and LiOH (8 mg, 0.33 mmol), according to general

procedure 4.

'"H NMR (400 MHz, CD;0D/CDCl; (1:1)) 8 8.15 (s, 1H), 7.93 (t, J = 1.8 Hz, 1H), 7.62
(ddd, J = 8.1, 2.1, 0.9 Hz, 1H), 7.54 — 7.46 (m, 3H), 7.42 — 7.21 (m, 7H), 5.22 (s, 2H),
3.84 (q, J = 7.0 Hz, 1H), 1.57 (d, J = 7.0 Hz, 3H). °C NMR (101 MHz, CD;0D/CDCl;
(1:1)) § 174.0, 168.9, 160.3 (d, Jo_r = 248.5 Hz), 148.2, 143.6 (d, Joy = 7.1 Hz), 139.7,
136.2 (d, Jer = 1.0 Hz), 131.3 (d, Je ¢ = 8.1 Hz), 131.3, 130.0, 129.4 (d, Jc ¢ = 3.0 Hz),
128.9, 128.3 (d, Jor = 14.1 Hz), 128.1, 124.0 (d, Jor = 3.0 Hz), 123.0, 122.0, 120.7,
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117.8, 115.6 (d, J_r = 24.2 Hz), 51.4, 47.2, 18.9. HRMS calcd. for CosHFN4O3 ([M +
H]"): 445.1676, found: 445.1664.

(8)—2—(4—(3—(2,6-bis(((benzyloxy)carbonyl)amino)hexanamido)phenyl)-1H-1,2,3—
triazol-1-yl)acetic acid (RBM7-043)

OY NH N=N COOH

Compound RBM7-043 (white solid, 31 mg, 63 %) was obtained from methyl ester
RBM7-035 (50 mg, 0.08 mmol) and LiOH (6 mg, 0.24 mmol), according to general

procedure 4.

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.16 (s, 1H), 7.94 (br s, 1H), 7.59 — 7.54
(m, 3H), 7.39 — 7.14 (m, 10H), 5.23 (s, 2H), 5.08 (s, 2H), 5.01 (s, 2H), 4.25 (dd, J = 8.1,
5.5 Hz, 1H), 3.12 (t, J = 6.5 Hz, 2H), 1.91 — 1.78 (m, 1H), 1.77 — 1.64 (m, 1H), 1.58 —
1.36 (m, 4H). °C NMR (101 MHz, CD;0D/CDCl; (1:1)) 8 172.4, 168.9, 158.1, 157.6,
148.2, 139.2, 137.3, 137.0, 131.4, 130.0, 129.0, 128.9, 128.6, 128.5, 128.4, 128.3,
123.0, 122.2, 120.8, 118.0, 67.5, 67.0, 56.2, 51.4, 40.8, 32.7, 29.8, 23.3. HRMS calcd.
for C3,H3sNsO7 ([M + H]"): 615.2567, found: 615.2552.

(8)—2—(4—(3—(2—(((9H—-luoren—9—yl)methoxy)carbonyl)amino)—3—
cyclohexylpropana—-mido)phenyl)-1H-1,2 ,3—triazol-1-yl)acetic acid (RBM7-044)

&
O. Ojorn\;)km N

N N=\  COOH

Compound RBM7-044 (white solid, 20 mg, 41 %) was obtained from methyl ester
RBM7-033 (50 mg, 0.08 mmol) and LiOH (6 mg, 0.25 mmol), according to general

procedure 4.
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'"H NMR (400 MHz, CD;OD/CDCl; (1:1)) 5 8.15 (s, 1H), 7.93 (t, / = 1.8 Hz, 1H), 7.74
(d, J=7.5 Hz, 2H), 7.65 — 7.53 (m, 4H), 7.40 — 7.32 (m, 3H), 7.27 (app t, J = 7.4 Hz,
2H), 5.24 (s, 2H), 4.46 — 431 (m, 3H), 4.22 (t, J = 6.8 Hz, 1H), 1.82 (br d, J = 11.8 Hz,
1H), 1.77 — 1.56 (m, 6H), 1.40 (br s, 1H), 1.32 — 1.09 (m, 3H), 1.04 — 0.88 (m, 2H). 1*C
NMR (101 MHz, CD;OD/CDCIl; (1:1)) & 173.2, 168.9, 157.7, 148.2, 144.5, 144.4,
142.0, 139.3, 131.4, 130.1, 128.3, 127.7, 125.6, 123.1, 122.3, 120.9, 120.5, 118.1, 67.5,
54.3, 51.5, 47.8, 40.5, 34.8, 34.3, 33.0, 27.0, 26.9, 26.7. HRMS calcd. for C34H36N505
(M + H]"): 594.2716, found: 594.2716.

(R)-3—(4—(3—(2—(((benzyloxy)carbonyl)amino)—2—phenylacetamido)phenyl)-1H—-
1,2,3-triazol-1-yl)propanoic acid (RBM7-045)

©\/O H i /@\(\
N =
f N
E H Ny \—COOH

Compound RBM7-045 (white solid, 36 mg, 74 %) was obtained from methyl ester
RBM7-038 (50 mg, 0.10 mmol) and LiOH (7 mg, 0.29 mmol), according to general

procedure 4.

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.10 (s, 1H), 7.89 (br s, 1H), 7.59 — 7.53
(m, 2H), 7.52 — 7.44 (m, 3H), 7.37 — 7.22 (m, 8H), 5.40 (br s, 1H), 5.09 (d, J = 2.6 Hz,
2H), 4.67 (t, J = 6.5 Hz, 2H), 2.98 (t, J = 6.5 Hz, 2H). °C NMR (101 MHz,
CD;0OD/CDCl; (1:1)) § 173.1, 170.1, 157.1, 147.8, 139.2, 138.0, 136.9, 131.4, 130.0,
129.4, 129.0, 128.6, 128.4, 127.8, 122.2, 120.7, 117.8, 67.6, 59.9, 46.6, 34.8. HRMS
calcd. for Cp7H26NsOs ([M + H]"): 500.1934, found: 500.1917.
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(R)-3—(4—(3—(2—(((benzyloxy)carbonyl)amino)—2—cyclohexylacetamido)phenyl)—
1H-1,2 3—triazol-1-yl)propanoic acid (RBM7-046)

y
Qe i 2
N
o] H N=pN “\_—cooH

Compound RBM7-046 (white solid, 21 mg, 43 %) was obtained from methyl ester
RBM7-039 (50 mg, 0.10 mmol) and LiOH (7 mg, 0.29 mmol), according to general

procedure 4.

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.15 (s, 1H), 7.92 (br s, 1H), 7.61 — 7.56
(m, 1H), 7.54 — 7.50 (m, 1H), 7.39 — 7.16 (m, 6H), 5.08 (s, 2H), 4.69 (t, J = 6.5 Hz, 2H),
4.10 (d, J=17.1 Hz, 1H), 2.99 (t, J = 6.5 Hz, 2H), 1.83 — 1.61 (m, 6H), 1.28 — 1.03 (m,
5H). C NMR (101 MHz, CD;OD/CDCl; (1:1)) & 173.1, 171.9, 157.7, 147.9, 139.1,
137.1, 131.4, 130.1, 129.0, 128.6, 128.4, 122.2, 120.8, 117.9, 67.5, 61.3, 46.6, 41.5,
34.8, 30.3, 29.2, 26.6, 26,5, 26.5. HRMS calcd. for C,7H3,N505 ([M + H]"): 506.2403,
found: 506.2391.

2—(4-(3—(1-((benzyloxy)carbonyl)piperidine-3—carboxamido)phenyl)-1H-1,2,3—-
triazol-1-yl)acetic acid (RBM7-047)

o o)
C@’JLNQAN -
H PANEAN
N=N COOH

Compound RBM7-047 (white solid, 20 mg, 41 %) was obtained from methyl ester
RBM7-041 (50 mg, 0.11 mmol) and LiOH (8 mg, 0.31 mmol), according to general

procedure 4.

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) 8 8.15 (s, 1H), 7.90 (br s, 1H), 7.59 (br d, J =
7.6 Hz, 1H), 7.52 (br d, J = 7.6 Hz, 1H), 7.39 — 7.22 (m, 6H), 5.23 (s, 2H), 5.15 — 5.06
(m, 2H), 4.28 — 4.21 (m, 1H), 4.10 (app d, J = 13.0 Hz, 1H), 3.06 (br s, 1H), 2.88 (brs,
1H), 2.50 (tt, J = 11.0, 3.7 Hz, 1H), 2.05 (br d, J = 10.8 Hz, 1H), 1.86 — 1.70 (m, 2H),
1.59 — 1.43 (m, 1H). *C NMR (101 MHz, CD;OD/CDCl; (1:1)) & 174.0, 169.4, 156.7,
148.5, 140.0, 137.6, 131.9, 130.3, 129.3, 128.9, 128.6, 123.5, 122.3, 120.9, 118.1, 68.2,

156



5. Experimental section

51.6, 47.3, 45.1 (br), 44.7, 28.8 (br), 25.4 (br). HRMS calcd. for C4HsN5O5 ([M +
H]"): 464.1934, found: 464.1924.

(R)-3—(4—(3—(2—(((benzyloxy)carbonyl)amino)—3—(4-hydroxyphenyl)propanamido)
phenyl)-1H-1,2,3—triazol-1-yl)propanoic acid (RBM7-048)

o it @
N =
N

T H N=y  \—COOH

(0]

OH

Compound RBM7-048 (white solid, 19 mg, 39 %) was obtained from methyl ester
RBM7-040 (50 mg, 0.09 mmol) and LiOH (7 mg, 0.28 mmol), according to general

procedure 4.

'H NMR (400 MHz, CD;0D/CDCl; (1:1)) § 8.11 (s, 1H), 7.78 (br s, 1H), 7.54 — 7.51
(m, 1H), 7.49 (ddd, J = 8.1, 2.1, 1.1 Hz, 1H), 7.37 — 7.16 (m, 6H), 7.04 (d, J = 8.5 Hz,
2H), 6.73 — 6.68 (m, 2H), 5.05 (d, J = 11.4 Hz, 2H, major rotamer), 4.68 (t, J/ = 6.5 Hz,
2H), 4.46 (t, J = 7.0 Hz, 1H), 3.05 (dd, J = 13.7, 6.7 Hz, 1H), 2.99 (t, J = 6.5 Hz, 2H),
2.91 (dd, J = 13.6, 7.6 Hz, 1H). C NMR (101 MHz, CD;0D/CDCl; (1:1)) & 173.1,
171.7, 157.3, 156.4, 147.8, 139.0, 137.0, 131.4, 130.9, 130.0, 129.0, 128.6, 128.3,
127.9, 122.3, 122.2, 120.9, 118.1, 115.9, 67.4, 57.8, 46.6, 38.5, 34.8. HRMS calcd. for
CasHsN506 ([M + H]"): 530.2040, found: 530.2048.

3—(4—(3—(2-hydroxy—2—(4-hydroxy—3-methoxyphenyl)acetamido)phenyl)-1H-
1,2,3-triazol-1-yl)propanoic acid (RBM7-049)

HO.
m /©Y\
MeO N =
N
H N= T \_-CooH

OH

Compound RBM7-049 (white solid, 59 mg, 91 %) was obtained from methyl ester
RBM7-037 (67 mg, 0.16 mmol) and LiOH (11 mg, 0.47 mmol), according to general
procedure 4. Once evaporated, the crude reaction mixture was dissolved in DMSO/H,0
(1:1) and loaded on an Amberlite® XAD4 column (5 g), which had been washed
thoroughly with acetone and then equilibrated with water. Elution with a linear gradient

from 0 to 40 % CH;3;CN in H,O provided pure RBM7-049.
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'H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.13 (s, 1H), 7.95 (t, J = 1.8 Hz, 1H), 7.61
(ddd, J=8.1, 2.1, 1.0 Hz, 1H), 7.56 — 7.52 (m, 1H), 7.37 (t, J = 7.9 Hz, 1H), 7.04 (d, J =
2.0 Hz, 1H), 6.95 (dd, J = 8.2, 2.0 Hz, 1H), 6.80 (d, J = 8.1 Hz, 1H), 5.08 (s, 1H), 4.68
(t, J = 6.5 Hz, 2H), 3.86 (s, 3H), 2.98 (t, J = 6.5 Hz, 2H). >*C NMR (101 MHz,
CD;OD/CDCl; (1:1)) & 173.2 (br), 173.0, 148.2, 147.8, 146.8, 138.7, 131.9, 131.5,
130.1, 122.3, 122.2, 120.6, 120.2, 117.9, 115.5, 110.6, 74.9, 56.1, 46.6, 34.9. HRMS
calcd. for Cy0H,1N4Og ([M + H]+): 413.1461, found: 413.1473.

3—-(4—-(3—benzamidophenyl)-1H-1,2 3—triazol-1-yl)propanoic acid (RBM7-066)

o /©Y
N =
N
Ej)L H " \—cooH

N:N

Compound RBM7-066 (white solid, 111 mg, 93 %) was obtained from methyl ester
RBM7-065 (125 mg, 0.36 mmol) and LiOH (26 mg, 1.07 mmol), according to general

procedure 4.

'"H NMR (400 MHz, CD;OD) & 8.33 (s, 1H), 8.12 (t, J = 1.8 Hz, 1H), 7.98 — 7.94 (m,
2H), 7.73 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.63 — 7.56 (m, 2H), 7.56 — 7.50 (m, 2H), 7.44
(t, J = 7.9 Hz, 1H), 4.72 (t, J = 6.6 Hz, 2H), 3.02 (t, J = 6.6 Hz, 2H). '°C NMR (101
MHz, CD;OD/CDCl; (1:1)) § 173.6, 168.6, 148.1, 140.0, 135.7, 132.6, 131.7, 130.2,
129.2, 128.3, 122.5, 122.5, 121.8, 118.9, 46.9, 35.1. HRMS calcd. for C1sH;7N40; ([M
+H]): 337.1301, found: 337.1299.

3—(4—(3—(2—phenylacetamido)phenyl)-1H-1,2 3-triazol-1-yl)propanoic acid

(RBM7-067)
N/[::wax
H N"\_coon

N:N

St

Compound RBM7-067 (white solid, 114 mg, 79 %) was obtained from methyl ester
RBM7-54 (150 mg, 0.41 mmol) and LiOH (30 mg, 1.23 mmol), according to general

procedure 4.

'"H NMR (400 MHz, CD;0D/CDCl; (1:1)) & 8.12 (s, 1H), 7.88 (t, J = 1.8 Hz, 1H), 7.60
(ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.52 — 7.48 (m, 1H), 7.37 — 7.28 (m, 5H), 7.26 — 7.20
(m, 1H), 4.67 (t, J = 6.5 Hz, 2H), 3.68 (s, 2H), 2.98 (t, J = 6.5 Hz, 2H). *C NMR (101
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MHz, CD;0D/CDCl; (1:1)) & 173.2, 171.6, 147.9, 139.6, 135.7, 131.3, 130.0, 129.6,
129.1, 127.5, 122.1, 122.0, 120.6, 117.7, 46.6, 44.4, 34.9. HRMS calcd. for C1oH;oN;05
(IM + H]"): 351.1457, found: 351.1454.

5.1.4 Synthesis and characterization of compounds from Section 3.2

5.1.4.1 Synthesis of PLP—derivatives

Phosphopyridoxyl ethanolamine phosphate (RBM7-001) and Pyridoxine—5’—
phosphate (RBM7-002)

9 ® H> HO
HO’P\O/\/N 1) m
= 1 HO P~
N -"\~OH

HO_/ o F-oH S
oI 0o SN “NH
N “NH, 4

RBM7-001 RBM7-002

Compound RBM7-001 (pale yellow solid, 110 mg, 79 %) was obtained from solution
A (O-phosphorylethanolamine (50 mg, 0.36 mmol), KO'Bu (80 mg, 0.71 mmol)),
solution B (PLP monohydrate (122 mg, 0.46 mmol), KO'Bu (103 mg, 0.92 mmol) and
NaBH, (17 mg, 0.46 mmol), according to general procedure 5. The crude material was
dissolved in 10 mM aq. NH4HCOs3 and applied to a DEAE—Sephadex A-25-120 ion
exchange column (10 g) previously equilibrated with the same buffer. Elution with a
linear gradient from 10 to 300 mM aq. NH4HCO; yielded the title compound.
Monophosphate RBM7-002 (22 mg, white solid) was also isolated.

For RBM7-001:

'H NMR (400 MHz, D,0) & 7.68 (s, 1H), 4.86 (d, J = 6.3 Hz, 2H), 4.45 (s, 2H), 4.10 —
4.01 (m, 2H), 3.38 — 3.30 (m, 2H), 2.48 (s, 3H). °C NMR (101 MHz, D,0) & 165.7,
147.4, 137.6 (d, Jep = 7.9 Hz), 134.12, 126.1, 64.2 (d, Je_p = 4.3 Hz), 62.3 (d, Jcp =
4.4 Hz), 50.7 (d, Je_p = 6.9 Hz), 47.0, 17.6. *'P NMR (162 MHz, D,0) & 2.93, 2.76.
HRMS calcd. for C1oH9N,O9P; ([M + H]"): 373.0566, found: 373.0565.

For RBM7-002:
'"H NMR (400 MHz, D,0) 6 7.78 (s, 1H), 4.96 (d, J = 6.4 Hz, 2H), 4.85 (s, 2H), 2.49 (s,

3H). *C NMR (101 MHz, D,0) & 172.7, 146.8, 141.9, 136.7 (d, Jc_p = 8.2 Hz), 128.1,
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64.3 (d, Je_p = 4.3 Hz), 58.8, 18.1. *'P NMR (162 MHz, D,0) § 2.01. HRMS calcd. for
CsH 3NOGP ([M + HJ"): 250.0481, found: 250.0486.

Phosphopyridoxyl sphingosine—1-phosphate (RBM7-032)

9 oH
_P :
HO I\O/\‘/\/\C13H27
o0 @®
H2N §
|1
HO R~
= o '\“OH
| ~ Oe
N 52
N NHEt,

Compound RBM7-032 (pale yellow solid, 47 mg, 74%) was obtained from solution A
(S1P (34 mg, 0.09 mmol), KO'Bu (20 mg, 0.18 mmol)), solution B (PLP monohydrate
(31 mg, 0.12 mmol), KO'Bu (26 mg, 0.23 mmol)) and NaBH4 (4 mg, 0.12 mmol),
according to general procedure 5. The title compound was purified by preparative RP

chromatography (from 5 to 100 % CH3CN in 100 mM TEAA buffer (pH 7.0)).

[a]*’p =—14.1 (¢ 1.0, CH;0H). "H NMR (400 MHz, CD;0D) & 7.82 (s, 1H), 5.93 — 5.82
(m, 1H), 5.54 (dd, J = 15.4, 6.6 Hz, 1H), 4.99 —4.92 (m, 2H), 4.58 (d, J = 13.9 Hz, 1H),
4.46 (app t, T = 5.8 Hz, 1H), 4.41 (d, J = 13.9 Hz, 1H), 4.23 (ddd, J = 11.7, 6.6, 3.4 Hz,
1H), 4.16 — 4.07 (m, 1H), 3.26 (ddd, J = 8.2, 5.1, 3.5 Hz, 1H), 3.19 (q, J = 7.3 Hz, 6H),
2.46 (s, 3H), 2.11 (dd, J = 14.1, 7.1 Hz, 2H), 1.56 — 1.17 (m, 31H), 0.90 (t, J = 6.9 Hz,
3H). *C NMR (101 MHz, CD;0D) & 157.2, 147.6, 135.9, 135.7, 133.2 (d, Jc.p = 8.7
Hz), 131.4, 129.7, 71.2, 63.8 (d, Jc_p = 6.9 Hz), 63.7 (d, Jo_p = 4.8 Hz), 62.5 (d, Je_p =
4.8 Hz), 47.5,45.5,33.5, 33.1, 30.8, 30.8, 30.8, 30.8, 30.7, 30.5, 30.2, 23.7, 17.7, 14.5,
9.2.*'P NMR (162 MHz, CD;0D) & 2.64, 1.76. HRMS calcd. for CaH4oN,0;0P, ([M +
H]"): 611.2862, found: 611.2859.

Phosphopyridoxyl sphinganine—1-phosphate (RBM7-012)

o oH
-P 5
HO TS0 N ey
= H N"*'
’ 9
HO ~ o-f-oH
| Oc
NS +
N NHEt,

Compound RBM7-012 (pale yellow solid, 40 mg, 71%) was obtained from solution A
(dhS1P (30 mg, 0.08 mmol), KO'Bu (18 mg, 0.16 mmol)), solution B (PLP
monohydrate (27 mg, 0.10 mmol), KO'Bu (23 mg, 0.21 mmol) and NaBH4 (4 mg, 0.10
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mmol), according to general procedure 1. The title compound was purified by
preparative RP chromatography (from 5 to 100 % CH3;CN in 100 mM TEAA buffer (pH
7.0)).

[a]*’p =—-4.5 (¢ 1.0, CH;0H). '"H NMR (400 MHz, CD;0D) & 7.83 (s, 1H), 5.01 — 4.92
(m, 2H), 4.54 (d, J = 13.8 Hz, 1H), 4.43 (d, J = 13.8 Hz, 1H), 4.29 — 4.21 (m, 1H), 4.18
—4.09 (m, 1H), 4.02 —3.95 (m, 1H), 3.26 (dt, J = 7.6, 3.7 Hz, 1H), 3.19 (q, J = 7.3 Hz,
6H), 2.47 (s, 3H), 1.72 — 1.17 (m, 37H), 0.90 (t, J = 6.9 Hz, 3H). *C NMR (101 MHz,
CD;0D) & 157.9, 147.5, 134.5, 134.0 (d, Jc_p = 8.1 Hz), 130.9, 69.5, 64.0 (d, Jc_p = 6.5
Hz), 63.7 (d, Je_p = 4.6 Hz), 62.0 (d, Jc_p = 4.9 Hz), 47.6, 44.6, 34.4, 33.1, 30.8, 30.8,
30.8, 30.7, 30.5, 27.1, 23.7, 17.7, 14.5, 9.2. *'P NMR (162 MHz, CD;0D) & 2.78, 1.92.
HRMS calcd. for CosHsiN,O1oP2 ([M + HJ"): 613.3019, found: 613.3024.

5.1.4.2 Synthesis of azido—S1P/dhS 1P stereosiomers

(S)—tert-butyl 4—((R)-1-hydroxyallyl)-2,2—dimethyloxazolidine—-3—carboxylate
(RBM7-023)

‘ot
)VNBOC

Vinylmagnesium bromide (24.9 mL, 17.45 mmol, 0.7 M in THF) was added dropwise
to a solution of (S)—(—)—Garner’s aldehyde (2.0 g, 8.72 mmol) in THF (35 mL) at —78
°C. After stirring at this temperature for 3 h, the reaction mixture was allowed to warm
to 0 °C and then quenched by the dropwise addition of saturated aqueous NH4Cl (20
mL). The mixture was extracted with Et,O (3 x 25 mL) and the combined organic layers
were washed with brine (2 x 20 mL), dried over anhydrous MgSOQ,, filtered and
evaporated in vacuo. Flash chromatography of the residue (from 0 to 15 % EtOAc in
hexane) gave RBM7-023 (anti/syn = 86:14) as a colourless oil (1.43 g, 64 %).
Subsequent purification of the diastereomeric mixture by flash chromatography

afforded pure anti—-RBM7-023.

[a]*h = —26.2 (¢ 1.0, CH;0H) [lit.* [0]*’p = —32.0 (¢ 1.0, CH;0H)]. '"H NMR (400
MHz, CD;OD) & 5.89 (ddd, J = 17.0, 10.4, 6.3 Hz, 1H), 5.26 (d, J = 17.2 Hz, 1H), 5.18
—5.08 (m, 1H), 4.29 — 4.14 (m, 1H), 4.07 — 3.77 (m, 3H), 1.65 — 1.42 (m, 15H). *C
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NMR (101 MHz, CD;0D) (mixture of rotamers) & 154.6, 153.7, 140.1, 139.6, 116.3,
116.1, 95.4, 95.3, 81.8, 81.3, 74.2, 74.0, 65.5, 65.1, 62.7, 62.5, 28.7, 28.6, 27.3, 27.0,
24.9, 23.4. HRMS calcd. for C3Hx3NO4Na ([M + Na]+): 280.1525, found: 280.1519.

(R)—tert-butyl 4—((S)-1-hydroxyallyl)-2,2-dimethyloxazolidine-3—carboxylate
(ent-RBM7-023)

OH

W

)

%/R]Boc

Compound ent—-RBM7-023 was obtained from (R)—(+)-Garner’s aldehyde following
the procedure described for the preparation of RBM7-023. Spectroscopic data were
identical to those reported for RBM7-023.

[a]*b =+31.3 (¢ 1.0, CH;0H) [lit.” [a]*’p = +54.6 (c 1.47, CHCl3)]

(S)-tert-butyl 4—((R,E)-1-hydroxyhexadec—2—en—1-yl)-2,2—dimethyloxazolidine—
3—carboxylate (RBM7-024)

OH

O
)VNBOC

Compound RBM7-024 (inseparable 94:6 E/Z mixture, colourless oil, 501 mg, 78 %)
was obtained from RBM7-023 (374 mg, 1.45 mmol), 1-pentadecene (1.58 mL, 5.81

=
CizHaz

mmol) and Grubbs catalyst 2nd generation (37 mg, 0.04 mmol), according to general
procedure 6. The title compound was purified by flash chromatography on silica gel
(from 0 to 10 % EtOAc in hexane). Pure E alkene was obtained in further purification

steps along the synthetic route.

[a]*p = —26.1 (¢ 0.25, CHCl3) [lit.° [0]*p = —26.0 (¢ 0.25, CHCl;)]. '"H NMR (400
MHz, CD;0D) & 5.65 (dt, J = 13.4, 6.4 Hz, 1H), 5.55 — 5.44 (m, 1H), 4.11 (t, J = 6.7
Hz, 1H), 4.07 — 3.84 (m, 3H), 3.83 — 3.74 (m, 1H), 2.04 (td, J = 14.4, 7.8 Hz, 2H), 1.54
(s, 3H), 1.48 (s, 12H), 1.44 — 1.23 (m, 22H), 0.90 (t, J = 6.9 Hz, 3H). >C NMR (101
MHz, CD;0D) (mixture of rotamers) 6 154.6, 153.6, 134.0, 133.9, 131.5, 131.0, 95.3,
95.1, 81.7, 81.0, 74.3, 74.2, 65.8, 65.6, 62.9, 62.8, 33.7, 33.4, 33.1, 30.8, 30.8, 30.8,
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30.7, 30.7, 30.5, 30.4, 28.9, 28.8, 27.5, 27.0, 25.0, 23.8, 23.5, 14.5. HRMS calcd. for
Ca6HsoNO4 ([M + H]"): 440.3740, found: 440.3741.

(R)—tert-butyl 4—((S,F)-1-hydroxyhexadec—2—en—1-yl)-2,2—dimethyloxazolidine—
3—carboxylate (ent—RBM7-024)

OH

/\/k/\
o Ci3Hyz7
)VNBOC

Compound ent—-RBM7-024 was obtained from ent—RBM7-023 following the
procedure described for the preparation of RBM7-024. Spectroscopic data were
identical to those reported for RBM7-024.

[a]*’b =+26.9 (¢ 0.25, CHCls)

S)—tert-butyl 4-((S,E)-1-hydroxyhexadec—2—en—1-yl)-2,2—dimethyloxazolidine—
3—carboxylate (RBM7-093)

OH
=
Ci3Har

(0]
)(NBOC

To an ice—cooled stirred suspension of Cp,Zr(H)Cl (773 mg, 3.00 mmol) in CH,Cl, (5
mL) at 0 °C was added neat 1-pentadecyne (787 pL, 3.00 mmol), and the mixture was
stirred at rt for 40 min and then cooled to —40 °C. To the resulting solution was added
Et,Zn (3.36 mL, 3.36 mmol, 1.0 M in hexanes) followed by (S)—(—)—Garner’s aldehyde
(550 mg, 2.40 mmol) in CH,Cl, (4 mL). The reaction mixture was allowed to warm to 0
°C and then quenched by the dropwise addition of saturated aqueous sodium potassium
tartrate (10 mL) at the same temperature. The mixture was extracted with CH,Cl, (3 x
25 mL) and the combined organic layers were washed with brine (2 x 20 mL), dried
over anhydrous MgSQ., filtered and evaporated in vacuo. Flash chromatography of the
residue (from 0 to 12 % EtOAc in hexane) gave an inseparable 93:7 mixture of
syn/anti-RBM7-093 as a colourless oil (789 mg, 75 %). Pure syn diastereomer was

obtained in further purification steps along the synthetic route.

[a]*p =—40.2 (¢ 1.0, CHCIL). [lit.” [a]**p = —37.8 (¢ 0.84, CHCl5)]. 'H NMR (400 MHz,
CD;0D) & 5.71 — 5.60 (m, 1H), 5.56 — 5.44 (m, 1H), 4.46 — 4.36 (m, 1H), 4.15 — 3.86
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(m, 4H), 2.11 — 2.01 (m, 2H), 1.56 — 1.24 (m, 37H), 0.90 (t, J = 6.7 Hz, 3H). °*C NMR
(101 MHz, CD;0D) (mixture of rotamers) & 154.6, 153.6, 135.6, 135.5, 129.8, 129.6,
95.6, 95.3, 81.9, 81.2, 72.9, 64.3, 62.6, 62.1, 33.4, 33.1, 30.8, 30.8, 30.7, 30.7, 30.5,
30.3,30.2, 28.8, 28.7, 27.3, 26.3, 24.6, 23.7, 23.2, 14.5. HRMS calcd. for CHsoNO4Na
(IM + Na]"): 462.3559, found: 462.3547.

(R)-tert-butyl 4—((R,E)-1-hydroxyhexadec—2—en—1-yl)-2,2—dimethyloxazolidine—
3—carboxylate (ent—RBM7-093)

OH

N
/~"FC 5

O)(lilBoc

Compound ent—RBM7-093 was obtained from (R)—(+)-Garner’s aldehyde following
the procedure described for the preparation of RBM7-093. Spectroscopic data were
identical to those reported for RBM7-093.

[a]*’b =+39.7 (¢ 1.0, CHCl5)

tert-butyl ((25,3R ,E)-1,3—dihydroxyoctadec—4—en—2-yl)carbamate (RBM7-025)

OH

HOWC13H27

NHBoc

Compound RBM7-025 (white solid, 402 mg, 94 %) was obtained from RBM7-024
(470 mg, 1.07 mmol) and p—TsOH (20 mg, 0.11 mmol), according to general procedure
7.

[a]*b =—1.9 (¢ 1.0, CHCLy). [lit.” [0]**p = —1.4 (¢ 1.25, CHCl3)]. '"H NMR (400 MHz,
CDCl3) & 5.83 — 5.73 (m, 1H), 5.53 (dd, J = 15.4, 6.4 Hz, 1H), 5.28 (br s, 1H), 4.37 —
4.28 (m, 1H), 3.94 (dd, J=11.3, 3.7 Hz, 1H), 3.71 (dd, J = 11.4, 3.7 Hz, 1H), 3.60 (brs,
1H), 2.05 (dd, J = 14.3, 7.0 Hz, 2H), 1.45 (s, 9H), 1.42 — 1.19 (m, 22H), 0.88 (t, J = 6.8
Hz, 3H). °C NMR (101 MHz, CDCl3) 8 156.4, 134.3, 129.1, 80.0, 74.9, 62.8, 55.6,
32.4,32.1,29.8,29.8, 29.8, 29.8, 29.6, 29.5, 29.4, 29.3, 28.5, 22.8, 14.3. HRMS calcd.
for C;3H4sNOyNa ([M + Na]+): 422.3246, found: 422.3268.
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tert-butyl ((2R,3S,.E)-1,3—-dihydroxyoctadec—4—-en—2-yl)carbamate (ent—RBM7-
025)

OH
HOWCBHN

IilHBoc

Compound ent—~RBM7-025 was obtained from ent—RBM7-024 following the
procedure described for the preparation of RBM7-025. Spectroscopic data were
identical to those reported for RBM7-025.

[0]*’p =+1.4 (¢ 1.0, CHCL) [lit.* [a]*b = +1.4 (¢ 1.0, CHCL3)].

tert-butyl ((25 35,E)-1,3—dihydroxyoctadec—4—en—2—yl)carbamate (RBM7-094)

OH

HOW\CHHN

NHBoc

Compound RBM7-094 (colorless oil, 566 mg, 92 %) was obtained from RBM7-093
(675 mg, 1.54 mmol) and p—TsOH (29 mg, 0.15 mmol), according to general procedure
7.

[a]*’b = 0.6 (¢ 1.0, CHCLy). [lit.” [0]*’p = —0.4 (¢ 1.0, CHCl3)]. "H NMR (400 MHz,
CDCl3) & 5.81 —5.70 (m, 1H), 5.52 (dd, J = 15.4, 6.6 Hz, 1H), 5.14 (br s, 1H), 4.34 (dd,
J=6.3,3.6 Hz, 1H), 3.80 (app d, J = 3.8 Hz, 2H), 3.63 (td, J = 8.3, 4.4 Hz, 1H), 2.39
(brs, 2H), 2.09 — 1.98 (m, 2H), 1.65 — 1.17 (m, 37H), 0.88 (t, J = 6.8 Hz, 3H). °C NMR
(101 MHz, CDCls) 8 156.8, 133.9, 129.1, 79.8, 73.1, 64.1, 55.7, 32.4, 32.0, 29.8, 29.8,
29.8,29.7, 29.6, 29.5, 29.4, 29.2, 28.5, 22.8, 14.2. HRMS calcd. for Cp3HysNOsNa ([M
+ Na]"): 422.3246, found: 422.3247.

tert-butyl ((2R,3R,E)-1,3-dihydroxyoctadec—4—-en—2—yl)carbamate (ent—RBM7—-
094)

OH
HOWC13H27
NHBoc
Compound ent—-RBM7-094 was obtained from ent—RBM7-093 following the
procedure described for the preparation of RBM7-094. Spectroscopic data were
identical to those reported for RBM7-094.
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[a]*’p =+0.9 (¢ 1.0, CHCI;) [lit." [a]*p = +0.4 (¢ 0.9, CHCl5)].

tert-butyl ((25 ,3R)-1,3—dihydroxyoctadecan—2—yl)carbamate (RBM7-009)

OH

HO/Y\/\Cszv

NHBoc

Compound RBM7-009 (white solid, 485 mg, 97 %) was obtained from alkene RBM7-
025 (500 mg, 1.25 mmol) and Rh/Al,O3 (50 mg), according to general procedure 8.

[a]*p = +8.3 (¢ 1.0, CHCL). [lit."" [0]*'p = +8.2 (¢ 1.0, CHCL3)]. 'H NMR (400 MHz,
CDCl3) 6 5.38 (br's, 1H), 3.99 (dd, J = 11.4, 3.4 Hz, 1H), 3.84 — 3.71 (m, 2H), 3.52 (br
s, 1H), 1.63 — 1.15 (m, 37H), 0.88 (t, J = 6.8 Hz, 3H). °C NMR (101 MHz, CDCl5) &
156.2, 79.9, 74.5, 62.8, 55.0, 34.6, 32.1, 29.8, 29.8, 29.8, 29.7, 29.7, 29.5, 28.5, 26.1,
22.8, 14.3. HRMS calcd. for Co3Hy7NO,Na ([M + Na]"): 424.3403, found: 424.3401.

tert—butyl (2R ,35)-1,3—dihydroxyoctadecan—2—-yl)carbamate (en-—RBM7-009)

OH
HO/\./'\/\C13H27

IilHBoc

Compound ent—RBM7-009 was obtained from alkene ent—RBM7-025 following the
procedure described for the preparation of RBM7-009. Spectroscopic data were
identical to those reported for RBM7-009.

[a]*’p =-9.3 (¢ 1.0, CHCL;).

tert-butyl ((25,35)-1,3—dihydroxyoctadecan—2—yl)carbamate (RBM7-099)

OH

Ho/\‘/K/\C13H27

NHBoc

Compound RBM7-099 (colourless oil, 474 mg, 91 %) was obtained from alkene
RBM7-094 (520 mg, 1.30 mmol) and Rh/Al,O3; (52 mg), according to general

procedure 8.

[a]*’p = +7.5 (¢ 1.0, CHCL) [lit."" [a]*'p = +19.8 (¢ 1.0, CHCl3)]. "H NMR (400 MHz,
CDCls) 6 5.20 (br d, J = 7.7 Hz, 1H), 3.91 (app t, J = 5.9 Hz, 1H), 3.82 (app d, J = 3.8
Hz, 2H), 3.59 (br s, 1H), 2.44 (br s, 2H), 1.60 — 1.16 (m, 37H), 0.88 (t, J = 6.8 Hz, 3H).
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BC NMR (101 MHz, CDCls) & 156.7, 79.8, 73.2, 65.6, 54.4, 34.4, 32.1, 29.9, 29.8,
29.8, 29.8, 29.7, 29.5, 28.5, 25.7, 22.8, 14.3. HRMS calcd. for C,3H47NO4sNa ([M +
Na]"): 424.3403, found: 424.3374.

tert-butyl (2R ,3R)-1,3—dihydroxyoctadecan—2—-yl)carbamate (ent—RBM7-099)

OH
HO/\i/:\/\CmHﬂ
NHBoc
Compound ent—RBM7-099 was obtained from ent—RBM7-094 following the
procedure described for the preparation of RBM7-099. Spectroscopic data were
identical to those reported for RBM7-099.

[a]*’p =-8.6 (¢ 1.0, CHCL3) [lit."* [0]*’p = —20.6 (¢ 1.0, CHCI3)].

(2S,3R E)-2—aminooctadec—4—ene-1,3—diol hydrochloride (RBM7-086)

OH

HO N N C gy
NH,-HCl
Compound RBM7-086 (white solid, 243 mg, 84 %) was obtained from RBM7-025
(345 mg, 0.86 mmol) and AcCl (308 uL, 4.32 mmol), according to general procedure 9.

'H NMR (400 MHz, CD;0D) & 5.90 — 5.77 (m, 1H), 5.48 (dd, J = 15.4, 6.9 Hz, 1H),
430 — 4.20 (m, 1H), 3.78 (dd, J = 11.5, 4.1 Hz, 1H), 3.64 (dd, J = 11.5, 8.1 Hz, 1H),
3.14 (dt, J = 8.7, 4.4 Hz, 1H), 2.10 (dd, J = 14.1, 7.1 Hz, 2H), 1.48 — 1.21 (m, 22H),
0.90 (t, J = 6.8 Hz, 3H). *C NMR (101 MHz, CD;0D) & 136.3, 128.7, 71.3, 59.8, 58.5,
33.4, 33.1, 30.8, 30.8, 30.7, 30.6, 30.5, 30.4, 30.2, 23.7, 14.5. HRMS calcd. for
C1sH3sNO; ([M + HT%): 300.2903, found: 300.2884.

(2R 35 ,E)-2—aminooctadec—4—ene—1,3—diol hydrochloride (ent—RBM7-086)

OH
Ho/\./'\/\cmH27

NH,-HCI

Compound ent—-RBM7-086 was obtained from ent—RBM7-025 following the
procedure described for the preparation of RBM7-086. Spectroscopic data were
identical to those reported for RBM7-086.
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(25,35 ,E)-2—aminooctadec—4—ene-1,3—diol hydrochloride (RBM7-095)

OH

HOWCQHN
NH,-HCl
Compound RBM7-095 (white solid, 222 mg, 90 %) was obtained from RBM7-094
(295 mg, 0.74 mmol) and AcCl (263 pL, 3.69 mmol), according to general procedure 9.

'H NMR (400 MHz, CD;0D) § 5.91 — 5.78 (m, 1H), 5.45 (dd, J = 15.4, 7.5 Hz, 1H),
4.11 (app t, J = 7.8 Hz, 1H), 3.74 (dd, J = 11.7, 3.6 Hz, 1H), 3.59 (dd, J=11.7, 6.5 Hz,
1H), 3.08 — 3.00 (m, 1H), 2.15 — 2.04 (m, 2H), 1.52 — 1.16 (m, 28H), 0.90 (t, J = 6.6 Hz,
3H). *C NMR (101 MHz, CD;OD) & 136.8, 129.7, 71.0, 60.1, 58.9, 33.3, 33.0, 30.8,
30.7, 30.7, 30.6, 30.4, 30.3, 30.1, 23.7, 14.5. HRMS calcd. for C1sH3sNO, ([M + H]"):
300.2903, found: 300.2878.

(2R 3R ,E)-2—aminooctadec—4—ene—1,3—diol hydrochloride (ent—RBM7-095)

Compound ent—RBM7-095 was obtained from ent—RBM7-094 following the
procedure described for the preparation of RBM7-095. Spectroscopic data were
identical to those reported for RBM7-095.

(25 ,3R)—2—aminooctadecane—1,3—diol hydrochloride (RBM7-062)

OH

HO™ " " Cighyy
NH,-HCI
Compound RBM7-062 (white solid, 336 mg, quant. yield) was obtained from RBM7—
009 (400 mg, 0.996 mmol) and AcCl (355 uL, 4.98 mmol), according to general

procedure 9.

'H NMR (400 MHz, CD;0D) & 3.83 (dd, J = 11.5, 4.0 Hz, 1H), 3.80 — 3.74 (m, 1H),
3.70 (dd, J = 11.5, 8.7 Hz, 1H), 3.23 — 3.16 (m, 1H), 1.60 — 1.21 (m, 28H), 0.90 (t, J =
6.8 Hz, 3H). *C NMR (101 MHz, CD;0D) § 70.3, 58.9, 58.4, 34.2, 33.0, 30.8, 30.7,
30.7, 30.7, 30.6, 30.4, 27.0, 23.7, 14.4. HRMS calcd. for C;sHsNO, (M + H]"):
302.3059, found: 302.3047.
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(2R 3S)—2—-aminooctadecane—1,3—diol hydrochloride (ent-—RBM7-062)

OH
HO/\.)\/\C13H27

NH,-HCI

Compound ent—-RBM7-062 was obtained from ent—RBM7-009 following the
procedure described for the preparation of RBM7-062. Spectroscopic data were
identical to those reported for RBM7-062.

(25,35)—2—aminooctadecane—1,3—diol hydrochloride (RBM7-100)

OH
HO/Y'\/\C13H27

NH,-HCI
Compound RBM7-100 (white solid, 258 mg, 85 %) was obtained from RBM7-099
(363 mg, 0.90 mmol) and AcCl (323 pL, 4.52 mmol), according to general procedure 9.

'H NMR (400 MHz, CD;0D) & 4.58 (s, 2H), 3.76 (dd, J = 11.6, 4.1 Hz, 1H), 3.70 —
3.61 (m, 2H), 3.03 (td, J = 6.8, 4.2 Hz, 1H), 1.64 — 1.16 (m, 28H), 0.90 (t, J = 6.9 Hz,
3H). *C NMR (101 MHz, CD;0D) § 69.2, 60.6, 59.1, 34.9, 33.1, 30.8, 30.8, 30.7, 30.7,
30.6, 30.5, 26.3, 23.7, 14.4. HRMS calcd. for C15HgNO, ([M + HJ"): 302.3059, found:
302.3047.

(2R 3R)-2—-aminooctadecane-1,3—diol hydrochloride (ent—RBM7-100)

OH
/\/\/\
HO = C13H27
NH,-HCI

Compound ent—RBM7-100 was obtained from ent—RBM7-099 following the
procedure described for the preparation of RBM7-100. Spectroscopic data were
identical to those reported for RBM7-100.
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(28 3R E)-2-azidooctadec—4—ene—1,3—diol (RBM7-087)

OH

HO N N Coghyr
N3
Compound RBM7-087 (white solid, 152 mg, 91%) was obtained from RBM7-086
(173 mg, 0.52 mmol), K,CO;3 (192 mg, 1.39 mmol), CuSO4-5H,0 (0.8 mg, 5 umol) and
ISA-HCI (130 mg, 0.62 mmol), according to general procedure 10.

[a]*b =—34.6 (¢ 1.0, CHCL) [lit." [a]*p = —33.2 (¢ 2.0, CHCl5)]. "H NMR (400 MHz,
CDCl3) 6 5.89 —5.75 (m, 1H), 5.59 — 5.48 (m, 1H), 4.28 — 4.21 (m, 1H), 3.84 — 3.73 (m,
2H), 3.51 (dd, J = 10.4, 5.5 Hz, 1H), 2.12 — 1.99 (m, 4H), 1.46 — 1.18 (m, 22H), 0.88 (t,
J = 6.8 Hz, 3H). >C NMR (101 MHz, CDCl3) § 136.1, 128.1, 73.9, 66.9, 62.7, 32.5,
32.1, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 29.3, 29.1, 22.8, 14.2. HRMS calcd. for
CisH3sN3ONa (M + Na]+): 348.2627, found: 348.2637. Rr (Column B,
hexane/isopropanol (96.5:3.5)): 16.5 min. ca. 99 % ee.

(2R 35S ,E)-2-azidooctadec—4—ene—1,3—diol (ent—RBM7-087)

OH

HOWCHHN

N3

Compound ent—RBM7-087 was obtained from ent—RBM7-086 following the
procedure described for the preparation of RBM7-087. Spectroscopic data were
identical to those reported for RBM7-087.

[0]*’p = +32.4 (¢ 1.0, CHCL) [lit." [a]*'p = +39.3 (¢ 1.0, CHCL)]. Rt (Column B,
hexane/isopropanol (96.5:3.5)): 15.4 min. ca. 99 % ee.

(28,35 ,E)-2-azidooctadec—4—ene-1,3—diol (RBM7-096)

OH

HOWCmHy

N3

Compound RBM7-096 (white solid, 217 mg, 82 %) was obtained from RBM7-095
(272 mg, 0.81 mmol), K,CO3 (302 mg, 2.19 mmol), CuSO4 5H,0 (1.3 mg, 8 pmol) and
ISA-HCI (204 mg, 0.97 mmol), according to general procedure 10.
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[a]*p = +1.0 (¢ 1.0, CHCl3) [lit."” [a]**p = +0.9 (¢ 1.0, CHCl;)]. "H NMR (400 MHz,
CDCls) 6 5.86 — 5.74 (m, 1H), 5.52 (dd, J = 15.4, 7.1 Hz, 1H), 4.21 (app t, J = 6.2 Hz,
1H), 3.82 (dd, J = 11.4, 3.8 Hz, 1H), 3.70 (dd, J = 11.4, 6.4 Hz, 1H), 3.52 — 3.42 (m,
1H), 2.12 — 1.95 (m, 4H), 1.48 — 1.10 (m, 22H), 0.88 (t, J = 6.7 Hz, 3H). *C NMR (101
MHz, CDCl;) 6 135.8, 128.4, 73.7, 67.7, 63.1, 32.4, 32.1, 29.8, 29.8, 29.7, 29.6, 29.5,
29.3, 29.1, 22.8, 14.3. HRMS calcd. for CgH3sN30,Na ([M + Na]"): 348.2627, found:
348.2595. Rt (Column A, hexane/isopropanol (95:5)): 15.3 min. ca. 97 % ee.

(2R 3R ,[E)-2-azidooctadec—4—ene—1,3—diol (ent—RBM7-096)

OH
HOWC13H27
N3

Compound ent-RBM7-096 was obtained from ent—RBM7-095 following the
procedure described for the preparation of RBM7-096. Spectroscopic data were
identical to those reported for RBM7-096.

[a]*p = —1.5 (¢ 1.0, CHCL3) [lit."® [0]*'p = —2.4 (¢ 0.3, CHCl;)]. Ry (Column A,

hexane/isopropanol (95:5)): 13.1 min. ca. >99 % ee.

(28 ,3R)-2-azidooctadecane—1,3—diol (RBM7-112)

OH

HO/Y\/\C13H27
N3
Compound RBM7-112 (white solid, 201 mg, 86 %) was obtained from RBM7-062
(240 mg, 0.71 mmol), K,COs (265 mg, 1.92 mmol), CuSO4 5H,0 (1.1 mg, 7 pmol) and
ISA-HCI (179 mg, 0.85 mmol), according to general procedure 10.

[a]*p = +7.9 (¢ 1.0, CHCl3) [lit."” [a]*'p = +4.1 (¢ 0.5, CHCl3)]. '"H NMR (400 MHz,
CDCl3) 6 3.94 — 3.85 (m, 2H), 3.81 — 3.74 (m, 1H), 3.43 (dd, J = 10.1, 5.1 Hz, 1H), 2.03
(br's, 2H), 1.66 — 1.17 (m, 28H), 0.88 (t, J = 6.8 Hz, 3H). >C NMR (101 MHz, CDCls)
8 72.8, 67.0, 62.7, 33.9, 32.1, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 25.7, 22.8, 14.3.
HRMS caled. for C1gH37N30,Na ([M + Na]"): 350.2783, found: 350.2780. Rt (Column
A, hexane/isopropanol (95:5)): 9.7 min. ca. 98 % ee.
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(2R ,3S)—2-azidooctadecane—1,3—diol (ent—RBM7-112)

OH

Ho/\./'\/\(:13,H27

N3

Compound ent—RBM7-112 was obtained from ent—RBM7-062 following the
procedure described for the preparation of RBM7-112. Spectroscopic data were
identical to those reported for RBM7-112.

[0]*’p = —10.6 (¢ 1.0, CHCI3). Rt (Column A, hexane/isopropanol (95:5)): 7.8 min. ca.
98 % ee.

(25 ,35)—2-azidooctadecane-1,3—diol (RBM7-101)

OH

HO/\KK/\C13H27

N3

Compound RBM7-101 (white solid, 225 mg, 80 %) was obtained from RBM7-100
(289 mg, 0.86 mmol), K,CO; (319 mg, 2.31 mmol), CuSOq4 5H,0 (1.4 mg, 9 umol) and
ISA-HCI (215 mg, 1.03 mmol), according to general procedure 10.

[a]*’b = +7.3 (¢ 1.0, CHCI3). '"H NMR (400 MHz, CDCl3) & 3.97 — 3.82 (m, 2H), 3.79 —
3.70 (m, 1H), 3.44 (dt, J = 6.1, 4.2 Hz, 1H), 2.07 — 2.00 (m, 1H), 1.91 — 1.86 (m, 1H),
1.62 — 1.20 (m, 28H), 0.88 (t, J = 6.8 Hz, 3H). >C NMR (101 MHz, CDCl3) § 72.5,
67.0, 63.8, 34.6, 32.1, 29.8, 29.8, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 25.7, 22.8,
14.3. HRMS caled. for CigsH37N3;0,Na ([M + Na]+): 350.2783, found: 350.2755. Ry
(Column A, hexane/isopropanol (96.5:3.5)): 19.3 min. ca. 95 % ee.

(2R 3R)—-2-azidooctadecane—1,3—diol (en—RBM7-101)

OH
HOWC13H27
N3
Compound ent—RBM7-101 was obtained from ent—RBM7-100 following the
procedure described for the preparation of RBM7-101. Spectroscopic data were
identical to those reported for RBM7-101.
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[a]*p = -8.3 (c 1.0, CHCI3). Ry (Column A, hexane/isopropanol (96.5:3.5)): 15.2 min.

ca. 99 % ee.
(28 3R E)-2-azido—3-hydroxyoctadec—4—en—1-yl dimethyl phosphate (RBM7-088)

O OH

Mﬁj’\o/\,\‘:\/ﬂcmHﬂ
Compound RBM7-088 (colorless oil, 171 mg, 85%) was obtained from alcohol
RBM7-087 (152 mg, 0.47 mmol), N-methylimidazole (56 pL, 0.70 mmol) and
dimethyl chlorophosphate (60 puL, 0.56 mmol), according to general procedure 11. The
title compound was purified by flash chromatography on silica gel (from 0 to100 %
Et,0 in hexane).

[0]*’p = 7.4 (¢ 1.0, CHCI3). '"H NMR (400 MHz, CDCl5) & 5.88 — 5.77 (m, 1H), 5.57 —
5.46 (m, 1H), 4.28 — 4.15 (m, 3H), 3.82 (d, J = 3.7 Hz, 3H), 3.80 (d, J = 3.7 Hz, 3H),
3.57 (dd, J = 10.3, 5.8 Hz, 1H), 2.11 — 2.02 (m, 2H), 1.45 — 1.19 (m, 22H), 0.88 (t, J =
6.8 Hz, 3H). C NMR (101 MHz, CDCl3) 6 136.2, 127.7, 71.8, 67.2 (d, Jc_p = 5.4 Hz),
65.6 (d, Je_p = 6.6 Hz), 54.7 (d, Jc_p = 6.1 Hz), 54.7 (d, Je_p = 6.1 Hz), 32.4, 32.0, 29.8,
29.8,29.8,29.7, 29.6, 29.5, 29.3, 29.0, 22.8, 14.2. *'P NMR (162 MHz, CDCl3) & 2.07.
HRMS calcd. for C2oH4N3;05PNa ([M + Na]"): 456.2603, found: 456.2603.

(2R 3S ,E)-2-azido—3-hydroxyoctadec—4—en—1-yl dimethyl phosphate (en-—RBM7-
088)

OH

(6]
}':', W\
MeMOeO, e i Ci3Ha7
N3

Compound ent—RBM7-088 was obtained from ent—RBM7-087 following the
procedure described for the preparation of RBM7-088. Spectroscopic data were
identical to those reported for RBM7-088.

[0]*’p = +6.8 (¢ 1.0, CHCl).
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(25,38 ,E)-2-azido—-3-hydroxyoctadec—4—en—1-yl dimethyl phosphate (RBM7-097)

OH

o
3

Compound RBM7-097 (colorless oil, 99 mg, 68 %) was obtained from alcohol RBM7—-

096 (110 mg, 0.34 mmol), N-methylimidazole (40 pL, 0.51 mmol) and dimethyl

chlorophosphate (44 pL, 0.41 mmol), according to general procedure 11. The title

compound was purified by flash chromatography on silica gel (from 0 to100 % Et,O in

hexane).

[a]*b = —1.6 (¢ 1.0, CHCls). '"H NMR (400 MHz, CDCl3) & 5.86 — 5.72 (m, 1H), 5.49
(dd, J = 15.4, 6.9 Hz, 1H), 4.29 — 4.20 (m, 1H), 4.18 — 4.12 (m, 1H), 4.12 — 4.02 (m,
1H), 3.80 (s, 3H), 3.77 (s, 3H), 3.63 — 3.55 (m, 1H), 2.10 — 1.99 (m, 2H), 1.47 — 1.12
(m, 22H), 0.86 (t, J = 6.6 Hz, 3H). °C NMR (101 MHz, CDCl;) § 135.8, 127.8, 72.1,
67.2 (d, Je_p = 5.4 Hz), 66.0 (d, Jc_p = 7.0 Hz), 54.7 (d, Je_p = 5.9 Hz), 32.4, 32.0, 29.8,
29.8, 29.7, 29.6, 29.5, 29.3, 29.0, 22.8, 14.2. *'P NMR (162 MHz, CDCl;) & 1.38.
HRMS calcd. for C0H4N3;05PNa ([M + Na]"): 456.2603, found: 456.2591.

(2R 3R ,E)-2-azido—-3-hydroxyoctadec—4—en—1-yl dimethyl phosphate (en-—~RBM7—-
097)

Q oH
-P W
M?\/Ioed e Y Ci3Ha7
N3

Compound ent—-RBM7-097 was obtained from ent—RBM7-096 following the
procedure described for the preparation of RBM7-097. Spectroscopic data were
identical to those reported for RBM7-097.

[0]*’p = +2.3 (¢ 1.0, CHCL5).
(25,3R)-2-azido-3-hydroxyoctadecyl dimethyl phosphate (RBM7-113)
1] (:)H

N3

Compound RBM7-113 (colorless oil, 66 mg, 76 %) was obtained from alcohol RBM7-
112 (65 mg, 0.20 mmol), N-methylimidazole (24 pL, 0.30 mmol) and dimethyl
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chlorophosphate (26 pL, 0.24 mmol), according to general procedure 11. The title
compound was purified by flash chromatography on silica gel (from 0 to100 % Et,0 in

hexane).

[a]*’p = +22.0 (¢ 1.0, CHCl3). "H NMR (400 MHz, CDCl3) & 4.43 — 4.26 (m, 2H), 3.83
(d, J = 4.7 Hz, 3H), 3.80 (d, J = 4.7 Hz, 3H), 3.74 — 3.67 (m, 1H), 3.43 — 3.36 (m, 1H),
1.67 — 1.20 (m, 28H), 0.88 (t, J = 6.8 Hz, 3H). °C NMR (101 MHz, CDCl3) & 70.0,
67.3 (d, Je_p = 5.4 Hz), 65.8 (d, Je_p = 5.9 Hz), 54.9 (d, Je_p = 6.1 Hz), 54.8 (d, Jc_p =
6.1 Hz), 33.6, 32.1, 29.8, 29.8, 29.8, 29.7, 29.7, 29.7, 29.5, 25.6, 22.8, 14.3. *'P NMR
(162 MHz, CDCl;) § 2.44. HRMS calcd. for C50H4oN305PNa ([M + Na]"): 458.2760,
found: 458.2765.

(2R 3S5)-2-azido—3-hydroxyoctadecyl dimethyl phosphate (ent—RBM7-113)

(e} OH
'I:I’ /\/'\/\
M?\Aoeo’ T07 Y Ci3Hzz
N3

Compound ent—~RBM7-113 was obtained from ent—RBM7-112 following the
procedure described for the preparation of RBM7-113. Spectroscopic data were
identical to those reported for RBM7-113.

[a]*’p =—22.6 (¢ 1.0, CHCL;).

(25,35)—2—-azido—-3-hydroxyoctadecyl dimethyl phosphate (RBM7-102)

O OH

Mmf\o“,‘\l/kﬂcmy

3

Compound RBM7-102 (colorless oil, 66 mg, 64 %) was obtained from alcohol RBM7-
101 (78 mg, 0.24 mmol), N-methylimidazole (29 pL, 0.36 mmol) and dimethyl
chlorophosphate (31 pL, 0.29 mmol), according to general procedure 11. The title
compound was purified by flash chromatography on silica gel (from 0 tol % CH3OH in
CH,CL).

[a]*’b = +4.3 (¢ 1.0, CHCI3). '"H NMR (400 MHz, CDCl3) & 4.35 — 4.27 (m, 1H), 4.25 —

4.16 (m, 1H), 3.82 (s, 3H), 3.80 (s, 3H), 3.71 — 3.64 (m, 1H), 3.57 (ddd, J= 8.0, 5.1, 3.3

Hz, 1H), 1.68 — 1.17 (m, 28H), 0.88 (t, J = 6.8 Hz, 3H). *C NMR (101 MHz, CDCl;) &

70.7, 67.6 (d, Je_p = 5.5 Hz), 65.4 (d, Jc_p = 6.8 Hz), 54.8 (d, Jc_p = 6.1 Hz), 54.7 (d, Jc_
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p=6.1 Hz), 34.3, 32.1, 29.8, 29.8, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 25.8, 22.8, 14.2.
3P NMR (162 MHz, CDCl3) & 1.96. HRMS calcd. for CoH4,N30sPNa ([M + Na]"):
458.2760, found: 458.2764.

(2R 3R)—-2—-azido—-3-hydroxyoctadecyl dimethyl phosphate (ent—RBM7-102)

OH

|1 -

~P. /\/\/\

M?\%d e Y Ca3Ha7
N3

Compound ent—RBM7-102 was obtained from ent—RBM7-101 following the
procedure described for the preparation of RBM7-102. Spectroscopic data were
identical to those reported for RBM7-102.

[a]*p =-3.4 (¢ 1.0, CHCL).

(25,3R ,E)-2-azido—3-hydroxyoctadec—4—en—1-yl dihydrogen phosphate (RBM7-
089)

(0] OH

HOH/CZ%\O/\I\‘:\/\CHHZ
Compound RBM7-089 (pale yellow solid, 52 mg, 71%) was obtained from dimethyl
phosphate RBM7-088 (78 mg, 0.18 mmol) and TMSBr (95 pL, 0.72 mmol), according
to general procedure 12. The crude reaction mixture was dissolved in methanol and
loaded on an Amberlite® XAD4 column (10 g), which had been washed thoroughly
with acetone and then equilibrated with water. Elution with a linear gradient from 0 to

70 % CH;CN in H,O provided the title compound.

[0]*’p = —18.5 (¢ 1.0, CH;0H). '"H NMR (400 MHz, CD;0D) & 5.83 — 5.72 (m, 1H),
5.51 (dd, J = 15.3, 7.4 Hz, 1H), 4.16 — 4.08 (m, 2H), 3.98 — 3.89 (m, 1H), 3.64 — 3.56
(m, 1H), 2.13 — 2.02 (m, 2H), 1.48 — 1.21 (m, 22H), 0.90 (t, J = 6.7 Hz, 3H). °C NMR
(101 MHz, CD;0D) & 136.0, 129.6, 73.1, 67.5 (d, Jep = 7.8 Hz), 67.1 (d, Jep = 5.1
Hz), 33.4, 33.1, 30.8, 30.8, 30.8, 30.8, 30.7, 30.6, 30.5, 30.2, 30.2, 23.7, 14.4. *'P NMR
(162 MHz, CD3;0D) & 1.22. HRMS calcd. for C sH3¢N305PNa ([M + Na]"): 428.2290,
found: 428.2287.
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(2R 3S ,E)-2-azido—3-hydroxyoctadec—4—en—1-yl dihydrogen phosphate (ent—
RBM7-089)

(0] OH

1}
-P /\/k/\
H(I)-Id e i Ci3Hz7
N3

Compound ent—RBM7-089 was obtained from ent—RBM7-088 following the
procedure described for the preparation of RBM7-089. Spectroscopic data were
identical to those reported for RBM7-089.

[0]*’p = +16.8 (¢ 1.0, CH;0OH).

(25,38 ,E)-2-azido—-3-hydroxyoctadec—4—en—1-yl dihydrogen phosphate (RBM7-
098)

OH

o}
H%g\OWC13H27
Ns
Compound RBM7-098 (pale yellow solid, 57 mg, 68 %) was obtained from dimethyl
phosphate RBM7-097 (90 mg, 0.21 mmol) and TMSBr (110 pL, 0.83 mmol),
according to general procedure 12. The crude material was purified as described above

for RBM7-089.

[a]*’p = =5.1 (¢ 0.7, CHCL3). 'H NMR (400 MHz, CD;0D) 5.85 — 5.72 (m, 1H), 5.53
(dd, J = 15.4, 6.9 Hz, 1H), 4.20 — 4.04 (m, 2H), 3.96 (br s, 1H), 3.53 (br s, 1H), 2.14 —
2.01 (m, 2H), 1.62 — 1.19 (m, 22H), 0.90 (t, J = 6.8 Hz, 3H). °C NMR (101 MHz,
CD;0D) & 135.3, 130.1, 73.1, 67.7 (d, Je_p = 4.1 Hz), 66.9 (d, Jc_p = 4.2 Hz), 33 .4,
33.1,30.8, 30.8, 30.7, 30.6, 30.5, 30.3, 30.2, 23.7, 14.4.*'P NMR (162 MHz, CD;0D) &
3.05. HRMS calcd. for C;sH36N3OsPNa ([M + Na]+): 428.2290, found: 428.2287.
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(2R 3R ,[E)-2-azido—3-hydroxyoctadec—4—-en—1-yl dihydrogen phosphate (ent-
RBM7-098)
® OH
H%’CB)D\OWCnsz
N3
Compound ent—RBM7-098 was obtained from ent—RBM7-097 following the

procedure described for the preparation of RBM7-098. Spectroscopic data were
identical to those reported for RBM7-098.

[a]*’p = +4.2 (¢ 0.7, CHCL5).

(2S,3R)-2-azido—3-hydroxyoctadecyl dihydrogen phosphate (RBM7-114)

O OH

H(I)-IIOF\O/\,(-\/\CHHW

3

Compound RBM7-114 (pale yellow solid, 39 mg, 56 %) was obtained from dimethyl
phosphate RBM7-113 (75 mg, 0.17 mmol) and TMSBr (91 uL, 0.69 mmol), according
to general procedure 12. The crude material was purified as described above for

RBM7-089.

[a]*’p =+21.3 (¢ 0.7, CHCI3). '"H NMR (400 MHz, CD;0D) & 4.31 —4.21 (m, 1H), 4.09
—3.98 (m, 1H), 3.61 —3.49 (m, 2H), 1.64 — 1.21 (m, 28H), 0.90 (t, J = 6.7 Hz, 3H). "°C
NMR (101 MHz, CD;0D) 6 71.6, 67.7 (d, Jc_p = 6.6 Hz), 67.4 (d, Jc_p = 3.1 Hz), 34.4,
33.1, 30.8, 30.8, 30.8, 30.7, 30.7, 30.7, 30.5, 26.6, 23.7, 14.5. *'P NMR (162 MHz,
CDs;0D) ¢ 1.58. HRMS calcd. for CgH3sN3;OsPNa ([M + Na]+): 430.2447, found:
430.2441.

(2R ,35)-2—azido—3-hydroxyoctadecyl dihydrogen phosphate (ent-RBM7-114)

OH

Q

~P. /\)\/\

HOHd ~o Y CizHa7
N3

Compound ent-RBM7-114 was obtained from ent-RBM7-113 following the
procedure described for the preparation of RBM7-114. Spectroscopic data were
identical to those reported for RBM7-114.
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[a]*’p =-23.7 (¢ 0.7, CHCI5).

(25,35)-2-azido—3-hydroxyoctadecyl dihydrogen phosphate (RBM7-103)

O OH

N3
Compound RBM7-103 (pale yellow solid, 50 mg, 69 %) was obtained from dimethyl
phosphate RBM7-102 (78 mg, 0.18 mmol) and TMSBr (95 pL, 0.72 mmol), according

to general procedure 12. The crude material was purified as described above for

RBM7-089.

[a]*’p = +8.4 (¢ 0.5, CHCl3). "H NMR (400 MHz, CD;0D) & 4.19 — 4.05 (m, 2H), 3.73
—3.65 (m, 1H), 3.57 — 3.50 (m, 1H), 1.63 — 1.18 (m, 28H), 0.90 (t, J = 6.8 Hz, 3H). °C
NMR (101 MHz, CD;0D) & 71.7, 67.4 (d, Jc_p = 5.1 Hz), 67.1 (d, Jc_p = 7.6 Hz), 34.9,
33.1, 30.8, 30.8, 30.7, 30.7, 30.7, 30.5, 26.8, 23.7, 14.5. >'P NMR (162 MHz, CD;0D) &
1.29. HRMS calcd. for CgH33N30sPNa ([M + Na]+): 430.2447, found: 430.2445.

(2R 3R)-2-azido—3-hydroxyoctadecyl dihydrogen phosphate (ent—~RBM7-103)
o} OH

Il =
—P. e P N
HOHCS e i Ci3Hz7

N3

Compound ent—-RBM7-103 was obtained from ent—RBM7-102 following the
procedure described for the preparation of RBM7-103. Spectroscopic data were
identical to those reported for RBM7-103.

[0]*’p =-8.1 (¢ 0.5, CHCL,).
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5.1.4.3 Synthesis of S1P and dhS1P

tert-butyl ((2S,3R,E)-1—((dimethoxyphosphoryl)oxy)-3-hydroxyoctadec—4—en—2—
yl) carbamate (RBM7-026)

OH

o
Mmf\O/Y\/\C13H27
NHBoc
Compound RBM7-026 (white solid, 192 mg, 76 %) was obtained from alcohol
RBM7-025 (200 mg, 0.50 mmol), N-methylimidazole (60 pL, 0.75 mmol) and
dimethyl chlorophosphate (65 pL, 0.60 mmol), according to general procedure 11. The
title compound was purified by flash chromatography on silica gel (from 0 to 60 %
EtOAc in hexane).

[a]*p = +3.9 (¢ 1.0, CHCLs) [lit."® [a]*’p = +4.7 (¢ 1.1, CHCl;)]. "H NMR (400 MHz,
CDCl3) & 5.81 — 5.70 (m, 1H), 5.50 (dd, J = 15.4, 7.0 Hz, 1H), 5.00 (br d, J = 7.9 Hz,
1H), 4.33 (ddd, J = 10.9, 7.9, 4.7 Hz, 1H), 4.19 — 4.08 (m, 2H), 3.90 — 3.65 (m, 7H),
2.78 (br d, J = 3.9 Hz, 1H), 2.03 (dd, J = 14.1, 7.0 Hz, 2H), 1.52 — 1.14 (m, 31H), 0.87
(t, J = 6.8 Hz, 3H). *C NMR (101 MHz, CDCl3) 6 155.8, 134.9, 128.7, 79.8, 72.6, 66.8
(d, Je_p = 5.8 Hz), 55.0 (d, Jc_p = 5.1 Hz), 54.7 (d, Jc_p = 6.0 Hz), 32.5, 32.1, 29.8, 29.8,
29.7, 29.6, 29.5, 29.4, 29.2, 28.5, 22.8, 14.2. *'P NMR (162 MHz, CDCl;) & 2.31.
HRMS calcd. for C,5HsNO7P ([M + H]"): 508.3403, found: 508.3408.

tert-butyl ((25,3R)—-1—((dimethoxyphosphoryl)oxy)-3—hydroxyoctadecan—2-yl)
carbamate (RBM7-010)

Compound RBM7-010 (white solid, 465 mg, 75 %) was obtained from alcohol
RBM7-009 (486 mg, 1.21 mmol), N-methylimidazole (145 pL, 1.82 mmol) and
dimethyl chlorophosphate (157 pL, 1.45 mmol), according to general procedure 11. The
title compound was purified by flash chromatography on silica gel (from 0 to 60 %
EtOAc in hexane).

[a]*p = +20.5 (¢ 1.0, CHCL3). '"H NMR (400 MHz, CDCl;) & 5.07 (br d, J = 8.4 Hz,
1H), 4.44 — 4.34 (m, 1H), 4.16 — 4.05 (m, 1H), 3.80 (d, J = 2.9 Hz, 3H), 3.77 (d, J=2.9
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Hz, 3H), 3.68 (br s, 1H), 3.60 (br s, 1H), 3.08 (brs, 1H), 1.62 — 1.17 (m, 37H), 0.87 (t, J
= 6.8 Hz, 3H). >C NMR (101 MHz, CDCl5) § 155.8,79.9, 71.5, 67.1 (d, Jc_p = 5.8 Hz),
55.0 (d, Je_p = 5.6 Hz), 54.7 (d, J_p = 6.0 Hz) 33.9, 32.0, 29.8, 29.8, 29.8, 29.8, 29.7,
29.5, 28.5, 26.0, 22.8, 14.2. *'P NMR (162 MHz, CDCl3) & 2.53. HRMS calcd. for
CasHs3sNO;P ([M + H]"): 510.3560, found: 510.3577.

(2S,3R ,E)-2—ammonio—3-hydroxyoctadec—4—en—1-yl hydrogen phosphate:
Sphingosine—1-phosphate (S1P)

o on
~Po ~
HO Do ™ et
=0 o
“NH;

Compound RBM7-029 (white solid, 81 mg, 54 %) was obtained from dimethyl
phosphate RBM7-026 (200 mg, 0.39 mmol) and TMSBr (234 uL, 1.77 mmol),
according to general procedure 12. The crude material was recrystallized from
THF/H,O (2:1, v/v) and the precipitate was collected by centrifugation of the mixture
and removal of the supernatant. Following the same procedure (vortexing / centrifuging
at 4 °C for 3 min (2000 rpm)), the white pellet was washed with H,O (2 x 2 mL),
(CH3)2CO (2 x 2 mL) and Et,0 (2 x 2 mL) and dried under vacuum to give the title

compound.
HRMS calcd. for C;3H3oNOsP ([M + H]"): 380.2566, found: 380.2583.

(25, ,3R)-2—ammonio—3-hydroxyoctadecyl hydrogen phosphate: Sphinganine—1—
phosphate (dhS1P)

9 o
—P_ ~
HO Do ™ ey
=0 o
“NH;

Compound RBM7-011 (white solid, 177 mg, 79 %) was obtained from dimethyl
phosphate RBM7-010 (300 mg, 0.59 mmol) and TMSBr (350 upL, 2.65 mmol),

according to general procedure 12. The crude material was worked—up as described for

S1P.

HRMS caled. for C;sHs NOsP ([M + H]"): 382.2722, found: 382.2707.
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5.1.5 Synthesis and characterization of compounds from Section 3.3

5.1.5.1 Synthesis of coumarinic precursors RBM7—069 and RBM7-115

But-3—en—1-yl 4-methylbenzenesulfonate (RBM7-084)

o LT
\\

/\/\0/3\\0

To a solution of 3—buten—1-ol (1.5 g, 20.8 mmol) in CH,Cl, (50 mL) at 0 °C were
added pyridine (1.85 mL, 22.9 mmol) and p—TsCl (4.36 g, 22.9 mmol). After stirring at
rt for 12 h, the reaction mixture was poured into 1 M aq. HCI (30 mL) and extracted
with CH,Cl; (3 x 50 mL). The combined organic layers were washed with brine (2 x 50
mL), dried over anhydrous MgSO,, filtered and evaporated to dryness. Flash
chromatography of the residue (from 0 to 5 % EtOAc in hexane) afforded tosylate
RBM7-084 (3.40 g, 72 %) as a colourless oil.

'H NMR (400 MHz, CDCl3) & 7.79 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 5.67
(ddt, J=17.1, 10.4, 6.7 Hz, 1H), 5.11 — 5.04 (m, 2H), 4.06 (t, J = 6.7 Hz, 2H), 2.45 (s,
3H), 2.44 — 2.36 (m, 2H). *C NMR (101 MHz, CDCls) & 144.9, 133.3, 132.5, 129.9,
128.0, 118.3, 69.5, 33.3, 21.8. HRMS calcd. for C;;H;505S ([M + H]"): 227.0742,
found: 227.0743.

7—(but-3—-en—1-yloxy)-2H—-chromen—2—one (RBM7-069)

/@\/1
A0 o o

To a suspension of NaH (60 % in mineral oil, 581 mg, 14.5 mmol) in DMF (10 mL) at 0
°C was added dropwise a solution of umbelliferone (2.29 g, 14.1 mmol) in DMF (10
mL). The resulting mixture was stirred at the same temperature for 10 min and then
treated with a solution of RBM7-084 (3.19 g, 14.1 mmol) in DMF (10 mL). After
stirring for 16 h at 80 °C, the reaction mixture was carefully diluted with water (20 mL)
and extracted with diethyl ether (3 x 20 mL). The combined organic layers were washed
with brine (2 x 25 mL), dried over anhydrous MgSOQy, filtered and evaporated in vacuo.
Flash chromatography of the residue (from 0 to 21 % EtOAc in hexane) gave RBM7-
069 (2.58 g, 85 %) as a white solid.
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'H NMR (400 MHz, CDCl3) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J = 8.5 Hz, 1H), 6.87 —
6.79 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 5.90 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.19 (dq, J
=17.2, 1.6 Hz, 1H), 5.14 (ddd, J = 10.2, 2.8, 1.2 Hz, 1H), 4.07 (t, J = 6.7 Hz, 2H), 2.58
(qt, J = 6.7, 1.3 Hz, 2H). *C NMR (101 MHz, CDCl3) & 162.3, 161.3, 156.0, 143.5,
133.9, 128.9, 117.7, 113.2, 113.1, 112.6, 101.5, 67.9, 33.4. HRMS calcd. for C;3H;30;
(IM + H]"): 217.0865, found: 217.0869.

7—(allyloxy)-2H—chromen—2—-one (RBM7-115)

L
\/\O o o

Allyl bromide (3.36 mL, 38.9 mmol) was added dropwise to a stirred mixture of
umbelliferone (3.0 g, 18.5 mmol) and K»COs3 (3.58 g, 25.9 mmol) in acetone (75 mL).
The reaction mixture was refluxed for 4 h, then cooled to rt, diluted with water (50 mL)
and extracted with EtOAc (3 x 40 mL). The combined organic layers were washed with
brine (2 x 30 mL), dried over anhydrous MgSQ,, filtered and concentrated under
reduced pressure. Recrystallization of the residue from methanol in two consecutive

crops yielded allyl ether RBM7-115 (3.29 g, 88 %) as creamy—yellow crystals.

'"H NMR (400 MHz, CDCl3) § 7.63 (d, J = 9.5 Hz, 1H), 7.37 (d, J = 8.6 Hz, 1H), 6.89 —
6.81 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 6.05 (ddt, J = 17.2, 10.6, 5.3 Hz, 1H), 5.44 (ddd,
J=17.3,3.0, 1.5 Hz, 1H), 5.34 (dq, J = 10.5, 1.3 Hz, 1H), 4.60 (dt, J = 5.3, 1.5 Hz, 2H).
13C NMR (101 MHz, CDCI3) § 161.9, 161.3, 155.9, 143.5, 132.3, 128.9, 118.7, 113.3,
113.2, 112.8, 101.9, 69.4. HRMS calcd. for C;H;;05 ([M + HJ): 203.0708, found:
203.0701.

5.1.5.2 Synthesis of sphingoid precursors RBM7-072 and RBM7-135

(S)—tert-butyl (1-((tert-butyldimethylsilyl)oxy)-3—oxopent—4—en—2—yl)carbamate
(RBM7-071)

O

TBSO 7

NHBoc

Vinylmagnesium bromide (82.8 mL, 57.9 mmol, 0.7 M in THF) was added dropwise to
a solution of RBM7-070 (6.0 g, 16.60 mmol) in THF (50 mL) at 0 °C. After stirring at

rt for 1 h, the reaction mixture was added dropwise via canula to a 1 M aq. solution of
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HCI (50 mL) at 0 °C and the resulting mixture was extracted with EtOAc (3 x 50 mL)
The organic layers were combined, washed with brine (2 x 50 mL), dried over
anhydrous MgSQy, filtered and concentrated in vacuo to give the crude product. Flash
chromatography (from 0 to 5 % EtOAc in hexane) gave RBM7-071 (3.85 g, 71 %) as a

colourless oil.

[a]*p = +62.2 (¢ 1.0, CHCL) [lit.* [a]**p = +63.3 (¢ 0.62, CHCl5)]. "H NMR (400 MHz,
CDCl3) § 6.56 (dd, J = 17.5, 10.6 Hz, 1H), 6.35 (dd, J = 17.4, 1.3 Hz, 1H), 5.83 (d, J =
10.6 Hz, 1H), 5.52 (br d, J = 7.0 Hz, 1H), 4.60 (dt, J = 7.6, 3.9 Hz, 1H), 4.01 (dd, J =
10.3, 3.3 Hz, 1H), 3.85 (dd, J = 10.3, 4.4 Hz, 1H), 1.45 (s, 9H), 0.84 (s, 9H), 0.01 (s,
3H), 0.00 (s, 3H). *C NMR (101 MHz, CDCls) 6 197.0, 155.4, 133.3, 129.5, 79.9, 63.6,
59.7, 28.5, 25.9, 18.3, —5.5, =5.5. HRMS calcd. for C;H3NO,4SiNa ([M + Na]):
352.1920, found: 352.1937.

tert-butyl ((25,3R)-1—((tert—butyldimethylsilyl)oxy)-3-hydroxypent—4—en—2—yl)
carbamate (RBM7-072)

OH

TBSO ~F
NHBoc
A solution of RBM7-071 (1.01 g, 3.08 mmol) in ethanol (12 mL) was added dropwise
to a suspension of lithium tri—tert—butoxyaluminum hydride (1.72 g, 6.78 mmol) in
ethanol (30 mL) at —78 °C. After stirring at the same temperature for 30 min, the
reaction mixture was allowed to warm to 0 °C and was quenched with 10 % (w/v)
aqueous citric acid (20 mL). The resulting mixture was extracted with EtOAc (3 x 50
mL) and the combined organic layers were washed with brine (2 x 50 mL), dried over
anhydrous MgSQ,, filtered, and concentrated in vacuo to give a 98:2 anti/syn crude
mixture of diastereomers. Flash chromatography of the residue (from 0 to 11 % EtOAc

in hexane) gave pure anti—-RBM7-072 (922 mg, 90 %) as a colourless oil.

[0]*’p = +28.1 (¢ 1.0, CHClLs) [lit.” [0]*p = +24.8 (¢ 1.45, CHCl3)]. "H NMR (400 MHz,
CDCl3) § 5.93 (ddd, J = 17.2, 10.6, 4.9 Hz, 1H), 5.39 (dt, J = 17.2, 1.7 Hz, 1H), 5.32 —
5.19 (m, 2H), 4.27 (s, 1H), 3.93 (dd, J = 10.4, 2.9 Hz, 1H), 3.76 (dd, J = 10.3, 2.6 Hz,
1H), 3.63 (dd, J = 7.3, 3.5 Hz, 2H), 3.44 (br s, 1H), 1.45 (s, 9H), 0.90 (s, 9H), 0.07 (s,
3H), 0.07 (s, 3H). C NMR (101 MHz, CDCl3) & 156.0, 138.0, 116.0, 79.7, 75.0, 63.6,
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54.2,28.5,25.9, 18.3, -5.5, —5.5. HRMS calcd. for C;4H34NO4Si ([M + H]): 332.2257,
found: 332.2267.

tert-butyl ((25 ,3R)-1—((tert-butyldimethylsilyl)oxy)-3—-hydroxyhex—5—-en—2—yl)
carbamate (RBM7-135)

TBSO” YT TN
NHBoc

Allylmagnesium chloride (6.9 mL, 13.79 mmol, 2.0 M in THF) was added dropwise to
a solution of RBM7-070 (2.50 g, 6.90 mmol) in THF (30 mL) at —20 °C. The reaction
mixture was allowed to warm to 0 °C over 5 h with stirring and was then quenched with
saturated aqueous NH4Cl (25 mL). The resulting mixture was extracted with EtOAc (3
x 50 mL) and the combined organic layers were washed with brine (2 x 50 mL), dried
over anhydrous MgSQ,, filtered, and concentrated under reduced pressure. The
resulting residue was dissolved in ethanol (15 mL) and was added dropwise to a
suspension of lithium tri—terz—butoxyaluminum hydride (3.86 g, 15.18 mmol) in ethanol
(60 mL) at —78 °C. After stirring at the same temperature for 30 min, the reaction
mixture was allowed to warm to 0 °C and was quenched with 10 % (w/v) aqueous citric
acid (40 mL). The resulting mixture was carefully concentrated under reduced pressure
and then extracted with EtOAc (3 x 50 mL). The organic layers were combined and
were washed with brine (2 x 50 mL), dried over anhydrous MgSQ., filtered, and
concentrated in vacuo to give a 99:1 anti/syn crude mixture of diastereomers. Flash
chromatography of the residue (from 0 to 9 % EtOAc in hexane) gave pure anti—
RBM7-135 (1.85 g, 78 %) as a colourless oil.

[a]*p = +32.6 (¢ 1.0, CHCl3) [lit."* [o]p = +32.2 (¢ 1.32, CHCl5)]. 'H NMR (400 MHz,
CDCl3) & 5.85 (ddt, J = 17.2, 10.2, 7.0 Hz, 1H), 5.23 (br d, J = 7.9 Hz, 1H), 5.19 — 5.06
(m, 2H), 3.98 (dd, J = 10.6, 2.9 Hz, 1H), 3.84 — 3.76 (m, 1H), 3.76 — 3.67 (m, 1H), 3.60
—3.48 (m, 1H), 3.02 (br s, 1H), 2.42 — 2.27 (m, 2H), 1.45 (s, 9H), 0.90 (s, 9H), 0.08 (s,
6H). *C NMR (101 MHz, CDCls) & 155.8, 134.7, 117.9, 79.6, 73.0, 63.4, 53.8, 39.5,
28.5, 26.0, 18.3, =5.5, =5.5. HRMS calcd. for C;7H3;sNO4NaSi ([M + Na]"): 368.2233,
found: 368.2235.
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(R)~(-)-MPA ester of alcohol RBM7-072 ((2’R)-RBM7-073)

MeO"

TBSO NS
NHBoc
Compound (2°R)-RBM7-073 (colorless oil, 52 mg, 64 %) was obtained from RBM7-
072 (56 mg, 0.17 mmol), (R)—(—)-MPA (45 mg, 0.27 mmol), EDC (49 mg, 0.25 mmol)

and DMAP (23 mg, 0.19 mmol), according to general procedure 13.

'"H NMR (400 MHz, CDCls) 8 7.46 — 7.40 (m, 2H), 7.40 — 7.29 (m, 3H), 5.82 (ddd, J =
17.3, 10.5, 6.8 Hz, 1H), 5.37 — 5.21 (m, 3H), 4.75 (s, 1H), 4.49 (br d, J = 9.4 Hz, 1H),
3.78 — 3.69 (m, 1H), 3.43 — 3.36 (m, 4H), 3.19 (dd, J = 10.3, 3.5 Hz, 1H), 1.40 (s, 9H),
0.81 (s, 9H), —0.10 (s, 3H), —0.13 (s, 3H). *C NMR (101 MHz, CDCl3) & 169.4, 155.4,
136.4, 133.3, 128.9, 128.8, 127.3, 119.3, 82.6, 79.6, 74.2, 61.2, 57.5, 53.9, 28.5, 25.9,
18.3, -5.5, —5.6. HRMS caled. for CpsHpNOGSi (M + HJY): 480.2781, found:
480.2782.

(S)—(+)-MPA ester of alcohol RBM7-072 ((2°S)-RBM7-073)

MeO

TBSO S
NHBoc
Compound (2°’S)-RBM7-073 (colorless oil, 72 mg, 82 %) was obtained from RBM?7-
072 (61 mg, 0.184 mmol), (S)—(+)-MPA (49 mg, 0.29 mmol), EDC (53 mg, 0.28 mmol)

and DMAP (25 mg, 0.20 mmol), according to general procedure 13.

'"H NMR (400 MHz, CDCl3) 8 7.45 — 7.39 (m, 2H), 7.38 — 7.29 (m, 3H), 5.68 (ddd, J =
17.1, 10.7, 6.3 Hz, 1H), 5.39 (t, J = 6.5 Hz, 1H), 5.07 (d, J = 10.7 Hz, 1H), 4.95 (d, J =
17.2 Hz, 1H), 4.77 (s, 1H), 4.67 (br d, J = 9.4 Hz, 1H), 3.95 — 3.84 (m, 1H), 3.62 (dd, J
=10.3, 3.5 Hz, 1H), 3.55 (dd, J = 10.3, 4.6 Hz, 1H), 3.43 (s, 3H), 1.43 (s, 9H), 0.87 (s,
9H), 0.00 (s, 3H), —0.01 (s, 3H). *C NMR (101 MHz, CDCls) § 169.4, 155.5, 136.3,
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132.5, 128.8, 128.7, 127.3, 118.9, 82.7, 79.6, 74.1, 61.8, 57.6, 53.7, 28.5, 25.9, 18.3, —
5.4,-5.5. HRMS calcd. for C,5sH;NOgSi ([M + H]): 480.2781, found: 480.2762.

Table 5.1. Absolute configuration determination of alcohol RBM7-072."

OR

AA' B - E/E'
TBSO 5
CNHBoc

0Hy oO0Hs, o0Hg O6Hc o6Hp oO6Hg dHp

R=(R)-MPA 3.18 340 373 449 58 529 525
R=(S)-MPA 355 361 390 467 567 507 494
AS®S 037 021 -017 -018 015 022 031

*Chemical shifts (8) are reported in ppm relative to the solvent signal

(R)—(-)-MPA ester of alcohol RBM7-135 ((2’R)-RBM7-137)

- O
MeO'

o
TBSO/Y\/\

NHBoc
Compound (2°’R)-RBM7-137 (yellow oil, 38 mg, 36 %) was obtained from RBM7-
135 (75 mg, 0.22 mmol), (R)~(-)-MPA (58 mg, 0.35 mmol), EDC (62 mg, 0.33 mmol)
and DMAP (29 mg, 0.24 mmol), according to general procedure 13.

'"H NMR (400 MHz, CDCls) & 7.45 — 7.38 (m, 2H), 7.38 — 7.28 (m, 3H), 5.83 — 5.69 (m,
1H), 5.09 — 4.98 (m, 3H), 4.70 (s, 1H), 4.53 (br d, J = 9.5 Hz, 1H), 3.73 — 3.63 (m, 1H),
3.40 (s, 3H), 3.31 (dd, J = 10.3, 3.7 Hz, 1H), 3.06 (dd, J = 10.4, 3.5 Hz, 1H), 2.55 — 2.45
(m, 1H), 2.38 — 2.28 (m, 1H), 1.41 (s, 9H), 0.81 (s, 9H), —0.12 (s, 3H), -0.15 (s, 3H).
13C NMR (101 MHz, CDCl3) § 169.7, 155.5, 136.5, 133.6, 128.9, 128.8, 127.3, 118.1,
82.6, 79.6, 72.5, 61.3, 57.5, 53.5, 36.0, 28.5, 25.9, 18.3, -5.5, —5.6. HRMS calcd. for
Ca6HuNOGSi ([M + H]"): 494.2938, found: 494.2926.
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(S)—(+)-MPA ester of alcohol RBM7-135 ((2°S)-RBM7-137)

MeO

TBSO” YT TN
NHBoc
Compound (2°S)-RBM7-137 (yellow oil, 73 mg, 68 %) was obtained from RBM7-135
(75 mg, 0.22 mmol), (S)—(+)-MPA (58 mg, 0.35 mmol), EDC (62 mg, 0.33 mmol) and
DMAP (29 mg, 0.24 mmol), according to general procedure 13.

'"H NMR (400 MHz, CDCl3) & 7.45 — 7.37 (m, 2H), 7.37 — 7.28 (m, 3H), 5.43 (ddt, J =
17.0, 10.2, 7.2 Hz, 1H), 5.01 (td, J = 7.5, 4.0 Hz, 1H), 4.81 — 4.65 (m, 4H), 3.89 — 3.79
(m, 1H), 3.57 (d, J = 3.6 Hz, 2H), 3.42 (s, 3H), 2.40 — 2.31 (m, 1H), 2.26 — 2.16 (m,
1H), 1.44 (s, 9H), 0.87 (s, 9H), 0.01 (s, 3H), —0.01 (s, 3H). >C NMR (101 MHz, CDCl;)
5 170.0, 155.5, 136.4, 132.9, 128.8, 128.6, 127.4, 118.0, 82.8, 79.7, 73.1, 61.8, 57.6,
53.2, 35.4, 28.5, 26.0, 18.3, —5.4, —5.5. HRMS calcd. for CagHuNOgSi (M + H]):
494.2938, found: 494.2933.

Table 5.2. Absolute configuration determination of alcohol RBM7-135."

0H, O0Hx O6Hgy oO0Hc O6Hp O6Hp oOHg oHr

R=(R-MPA 331 3.07 368 454 251 233 576 5.03
R=(S-MPA 3.58 358 384 472 236 221 543 472
ASRS -027 -051 -016 -018 015 012 033 031

*Chemical shifts (8) are reported in ppm relative to the solvent signal
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5.1.5.3 Synthesis of probes RBM7—077 and RBM7-148

Tert-butyl ((2S 3R ,E)-1—((tert-butyldimethylsilyl)oxy)-3—hydroxy—7—((2—oxo—2H—
chromen-7-yl)oxy)hept—4—en—2-yl)carbamate (RBM7-078)

* LI
TBSOWO o Yo
NHBoc

Compound RBM7-078 (inseparable 94:6 E/Z mixture, colourless oil, 860 mg, 63 %)
was obtained from RBM7-072 (875 mg, 2.64 mmol), RBM7-069 (2.28 g, 10.56 mmol)
and Grubbs catalyst 2nd generation (67 mg, 0.08 mmol), according to general procedure
6. The title compound was purified by flash chromatography on silica gel (from 0 to 1
% CH30H in CH,Cl,). Early—eluting fractions were independently collected to give a

sample of pure E—alkene, from which the following data were acquired.

[a]*p = +11.1 (¢ 1.0, CHCl;) 'H NMR (400 MHz, CDCl;) 6 7.63 (d, J = 9.5 Hz, 1H),
7.36 (d, J = 8.6 Hz, 1H), 6.85 — 6.76 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 5.92 — 5.81 (m,
1H), 5.71 (dd, J = 15.4, 5.4 Hz, 1H), 5.24 (br d, J = 8.2 Hz, 1H), 4.29 — 4.22 (m, 1H),
4.06 (t, J = 6.5 Hz, 2H), 3.94 (dd, J = 10.4, 2.9 Hz, 1H), 3.80 — 3.70 (m, 1H), 3.65 —
3.55 (m, 1H), 2.60 (app q, J = 6.6 Hz, 2H), 1.45 (s, 9H), 0.88 (s, 9H), 0.06 (s, 3H), 0.05
(s, 3H). "C NMR (101 MHz, CDCl3) § 162.2, 161.3, 156.0, 155.9, 143.5, 132.9, 128.9,
127.5, 113.2, 113.0, 112.7, 101.5, 79.7, 74.5, 67.8, 63.5, 54.5, 32.1, 28.5, 25.9, 18.2, —
5.5, -5.5. HRMS calcd. for C,7H41NO;NaSi ([M + Na]+): 542.2550, found: 542.2557.

tert-butyl ((25 3R ,E)—1—((tert—butyldimethylsilyl)oxy)-3-hydroxy—7—((2—oxo—2H—
chromen-7-yl)oxy)hept—5—en—2—-yl)carbamate (RBM7-141)

TBSO/YWO 0 o
NHBoc

Compound RBM7-141 (93:7 E/Z mixture, colourless oil, 865 mg, 66 %) was obtained
from RBM7-135 (868 mg, 2.51 mmol), RBM7-115 (2.03 g, 10.05 mmol) and Grubbs
catalyst 2nd generation (64 mg, 0.08 mmol), according to general procedure 6. The title
compound was purified by flash chromatography on silica gel (from 0 to 27 % EtOAc
in hexane). Pure E—alkene was obtained after purification of the diastereomeric mixture

by flash chromatography using the same gradient.
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[a]*p = +16.5 (¢ 1.0, CHCI;). '"H NMR (400 MHz, CDCl3) 6 7.62 (d, J = 9.5 Hz, 1H),
7.36 (d, J = 8.5 Hz, 1H), 6.87 — 6.78 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 6.00 — 5.90 (m,
1H), 5.80 (dt, J = 15.5, 5.8 Hz, 1H), 5.22 (br d, J = 8.3 Hz, 1H), 4.55 (d, J = 5.8 Hz,
2H), 3.97 (dd, J = 10.6, 2.9 Hz, 1H), 3.85 — 3.69 (m, 2H), 3.60 — 3.49 (m, 2H), 3.14 (br
s, 1H), 2.46 — 2.32 (m, 2H), 1.45 (s, 9H), 0.90 (s, 9H), 0.08 (s, 6H). °C NMR (101
MHz, CDCl3) § 161.9, 161.3, 155.9, 155.8, 143.5, 132.1, 128.9, 126.9, 113.2, 113.1,
112.7, 101.8, 79.7, 73.1, 69.1, 63.4, 53.9, 37.9, 28.5, 25.9, 18.3, —5.5, —5.5. HRMS
calcd. for Cp7H4NO;NaSi ([M + Na]"): 542.2550, found: 542.2556.

tert-butyl ((2S 3R E)-1 3—-dihydroxy—7—((2—oxo—2H—-chromen—7-yl)oxy)hept—4—
en—2-yl) carbamate (RBM7-079)

> JQ BN
HOWO o o

NHBoc

Diol RBM7-079 (colorless oil, 345 mg, 95 %) was obtained from RBM7-078 (465 mg,
0.90 mmol) and TBAF (1.79 mL, 1.79 mmol), according to general procedure 14.

[a]*b = =3.6 (¢ 1.0, CHCl3). '"H NMR (400 MHz, CDCl3) § 7.63 (d, J = 9.5 Hz, 1H),
7.36 (d, J = 8.5 Hz, 1H), 6.86 — 6.76 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 5.94 — 5.83 (m,
1H), 5.74 (dd, J = 15.5, 6.0 Hz, 1H), 5.33 (br d, J = 7.2 Hz, 1H), 4.40 — 4.35 (m, 1H),
4.07 (t, J = 6.4 Hz, 2H), 3.94 (dd, J = 11.4, 3.5 Hz, 1H), 3.73 (dd, J = 11.4, 3.7 Hz, 1H),
3.65 (brs, 1H), 2.65 — 2.55 (m, 1H), 1.45 (s, 9H). >C NMR (101 MHz, CDCl;) & 162.1,
161.5, 156.4, 155.9, 143.6, 132.6, 128.9, 128.3, 113.1, 113.1, 112.7, 101.5, 80.0, 74.4,
67.8, 62.5, 55.4, 32.1, 28.5. HRMS calcd. for CH,;NO,Na ([M + Na]"): 428.1685,
found: 428.1691.

tert-butyl ((25 3R ,E)-1,3—dihydroxy—7—((2—ox0—2H—chromen—7-yl)oxy)hept—5—
en—2-yl) carbamate (RBM7-143)

* LI
HO/YW\O o Yo

NHBoc

Diol RBM7-143 (colorless oil, 427 mg, 88 %) was obtained from RBM7-141 (620 mg,
1.19 mmol) and TBAF (2.39 mL, 2.39 mmol), according to general procedure 14.
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[a]*p = +4.5 (¢ 1.0, CHCls). '"H NMR (400 MHz, CDCl;) & 7.63 (d, J = 9.5 Hz, 1H),
7.37 (d, J = 8.5 Hz, 1H), 6.87 — 6.78 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 5.99 — 5.88 (m,
1H), 5.83 (dt, J = 15.5, 5.5 Hz, 1H), 5.31 (br d, J = 10.4 Hz, 1H), 4.56 (d, J = 5.6 Hz,
2H), 4.01 (dd, J = 11.4, 3.4 Hz, 1H), 3.92 — 3.83 (m, 1H), 3.77 (dd, J = 11.4, 3.4 Hz,
1H), 3.61 — 3.50 (m, 1H), 2.46 — 2.33 (m, 3H), 1.45 (s, 9H). °C NMR (101 MHz,
CDCl3) & 161.9, 161.5, 156.2, 155.8, 143.7, 131.7, 128.9, 127.4, 113.3, 113.1, 112.7,
101.8, 80.0, 72.9, 69.0, 62.5, 54.8, 37.5, 28.5. HRMS calcd. for Cy;H,;NO;Na ([M +
Na]"): 428.1685, found: 428.1682.

tert-butyl  ((2S,3R E)-1-((dimethoxyphosphoryl)oxy)-3-hydroxy—7—((2—oxo-2H-
chromen-7-yl)oxy)hept—4—en—2-yl)carbamate (RBM7-076)

Compound RBM7-076 (colorless oil, 105 mg, 69 %) was obtained from alcohol
RBM7-079 (120 mg, 0.30 mmol), N-methylimidazole (35 pL, 0.44 mmol) and
dimethyl chlorophosphate (38 pL, 0.36 mmol), according to general procedure 11. The
title compound was purified by flash chromatography on silica gel (from 0 to100 %
EtOAc in hexane).

[a]*b = +6.4 (¢ 0.9, CHCl;). '"H NMR (400 MHz, CDCl;) & 7.63 (d, J = 9.5 Hz, 1H),
7.36 (d, J = 8.6 Hz, 1H), 6.87 — 6.77 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 5.91 — 5.81 (m,
1H), 5.70 (dd, J = 15.5, 6.4 Hz, 1H), 5.09 (br d, J = 7.8 Hz, 1H), 4.35 (ddd, J = 10.8,
8.2, 4.7 Hz, 1H), 4.20 (t, J = 6.3 Hz, 1H), 4.16 — 4.08 (m, 1H), 4.05 (t, J = 6.5 Hz, 2H),
3.88 — 3.73 (m, 7H), 2.62 — 2.53 (m, 2H), 1.42 (s, 9H). >C NMR (101 MHz, CDCls) &
162.2, 161.33, 156.0, 155.8, 143.5, 132.0, 128.9, 113.2, 113.0, 112.7, 101.5, 80.0, 72.2,
67.8, 66.7 (d, Jep = 5.7 Hz), 55.0 (br d, Je_p = 4.4 Hz), 54.7 (d, Jc_p = 5.9 Hz), 32.1,
28.5. *'P NMR (162 MHz, CDCl3) & 2.65. HRMS calcd. for C,3H3,NOoNaP ([M +
Na]"): 536.1662, found: 536.1670.
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tert-butyl  ((2S.3R .E)-1-((dimethoxyphosphoryl)oxy)-3-hydroxy—7—((2—oxo—2H—
chromen-7-yl)oxy)hept—S5—en—2-yl)carbamate (RBM7-144)

Compound RBM7-144 (colorless oil, 232 mg, 78 %) was obtained from alcohol
RBM7-143 (236 mg, 0.58 mmol), N-methylimidazole (70 pL, 0.87 mmol) and
dimethyl chlorophosphate (75 pL, 0.70 mmol), according to general procedure 11. The
title compound was purified by flash chromatography on silica gel (from 0 to100 %
EtOAc in hexane).

[a]*’p = +14.1 (¢ 1.0, CHCl3). "H NMR (400 MHz, CDCl;) & 7.63 (d, J = 9.5 Hz, 1H),
7.36 (d, J = 8.5 Hz, 1H), 6.87 — 6.78 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 6.02 — 5.91 (m,
1H), 5.82 (dt, J = 15.5, 5.8 Hz, 1H), 5.05 (br d, J = 8.1 Hz, 1H), 4.56 (d, J = 5.7 Hz,
2H), 4.50 — 4.41 (m, 1H), 4.15 — 4.05 (m, 1H), 3.81 (d, J = 3.4 Hz, 3H), 3.78 (d, J=3.4
Hz, 3H), 3.71 (brs, 2H), 3.34 (br s, 1H), 2.53 —2.40 (m, 1H), 2.31 (dt, J = 14.1, 6.9 Hz,
1H), 1.44 (s, 9H). >C NMR (101 MHz, CDCl;) & 161.9, 161.3, 155.9, 155.6, 143.6,
131.9, 128.9, 127.3, 113.2, 113.2, 112.7, 101.8, 80.1, 70.1, 69.1, 67.0 (d, Jc_p = 5.7 Hz),
54.8 (d, Jo_p= 6.0 Hz), 54.8 (d, Jc_p = 6.0 Hz), 54.7 (br d, Jc_p = 5.4 Hz), 36.8, 28.5.*'P
NMR (162 MHz, CDCls) § 2.96. HRMS calcd. for Cp3H3NOjNaP (M + Nal"):
536.1662, found: 536.1660.

(25 3R ,E)-2—ammonio—3-hydroxy—7—((2—oxo—2H—chromen—7-yl)oxy)hept—4—en—
1-yl hydrogen phosphate (RBM7-077)

HO/F\O/YWO (o) (0]
0 @

© NH,

Compound RBM7-077 (white solid, 49 mg, 85 %) was obtained from dimethyl
phosphate RBM7-076 (77 mg, 0.15 mmol) and TMSBr (99 pL, 0.75 mmol), according
to general procedure 12. The crude reaction mixture was dissolved in methanol and
loaded on an Amberlite ® XAD4 column (10 g), which had been washed thoroughly
with acetone and then equilibrated with water. Elution with a linear gradient from 0 to

50 % CH;CN in H,O provided pure RBM7-077.
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[a]*’b =+14.7 (¢ 0.7, DMSO). 'H NMR (400 MHz, CD;0D) & 7.88 (d, J = 9.5 Hz, 1H),
7.54 (d, J = 8.6 Hz, 1H), 6.99 — 6.89 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 6.06 — 5.93 (m,
1H), 5.68 (dd, J = 15.4, 6.6 Hz, 1H), 4.34 (t, J = 5.6 Hz, 1H), 4.20 — 4.07 (m, 3H), 4.00
(dt, J = 11.8, 7.9 Hz, 1H), 3.43 — 3.36 (m, 1H), 2.67 — 2.58 (m, 2H). >C NMR (101
MHz, DMSO-ds) 8 161.6, 160.3, 155.4, 144.3, 131.0, 129.5, 128.4, 112.7, 112.4, 112.3,
101.1, 69.0, 67.5, 61.5 (br d, Jc_p = 2.7 Hz), 56.2 (br d, Jc_p = 2.7 Hz), 31.3. >'P NMR
(162 MHz, DMSO—ds) & 1.84. HRMS calcd. for C 6H, NOsP ([M + HJ"): 386.1005,
found: 386.0997.

(25 3R E)-2—ammonio—3-hydroxy—7—((2—oxo—2H—chromen—7-yl)oxy)hept—5—en—
1-yl hydrogen phosphate (RBM7-148)

9 4 /@fi
P ~
HO P o™ N0 0N

“NH;

Compound RBM7-148 (white solid, 45 mg, 82 %) was obtained from dimethyl
phosphate RBM7-144 (73 mg, 0.14 mmol) and TMSBr (94 pL, 0.71 mmol), according
to general procedure 12. The title compound was purified as described above for

RBM7-077.

[a]*’p = +4.2 (¢ 1.0, DMSO). 'H NMR (400 MHz, CD;0D) & 7.89 (d, J = 9.5 Hz, 1H),
7.54 (d, J = 8.5 Hz, 1H), 6.98 — 6.90 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 6.01 — 5.84 (m,
2H), 4.65 (d, J = 4.9 Hz, 2H), 4.18 (ddd, J = 10.8, 6.9, 3.7 Hz, 1H), 4.08 (dt, J = 11.5,
7.9 Hz, 1H), 3.88 (dt, J = 9.4, 4.8 Hz, 1H), 3.39 (dt, J = 8.2, 3.9 Hz, 1H), 2.45 — 2.29
(m, 2H). °C NMR (101 MHz, DMSO-ds) & 161.4, 160.3, 155.3, 144.3, 131.7, 129.5,
126.6, 112.8, 112.4, 112.3, 101.4, 68.8, 68.1, 61.4 (d, Jcp = 5.7 Hz), 55.8 (d, Jc p=3.4
Hz), 35.6. *'P NMR (162 MHz, DMSO—dg) & 2.08. HRMS calcd. for C¢H, NOgP ([M
+ HJ"): 386.1005, found: 386.0994.
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5.1.5.4 Synthesis of aldehydes RBM7—083 and RBM7-136

(E)-7-((5-hydroxypent—-3—en—1-yl)oxy)-2H—chromen—2—one (RBM7-081)

/©\/1
HO N "0 o o

Compound RBM7-081 (inseparable 85:15 E/Z mixture, brownish oil, 114 mg, 33 %)
was obtained from RBM7-069 (300 mg, 1.39 mmol), allyl alcohol (377 pL, 5.55
mmol) and Grubbs catalyst o generation (35 mg, 0.04 mmol), according to general
procedure 6. The title compound was purified by flash chromatography on silica gel

(from 0 to 1.5 % MeOH in CH,Cl,).

'H NMR (400 MHz, CDCl3, major isomer) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J = 8.6
Hz, 1H), 6.86 — 6.76 (m, 2H), 6.24 (d, J = 9.5 Hz, 1H), 5.87 — 5.74 (m, 2H), 4.15 (br s,
2H), 4.06 (t, J = 6.6 Hz, 2H), 2.66 — 2.52 (m, 2H). *C NMR (101 MHz, CDCl;, major
isomer) & 162.2, 161.4, 156.0, 143.6, 132.2, 128.9, 127.6, 113.2, 113.1, 112.7, 101.5,
68.0, 63.5, 32.0. HRMS calcd. for C14H;5s04 (M + H]"): 247.0970, found: 247.0961.

(E)-5—((2—0x0—2H—-chromen-7-yl)oxy)pent—2—enal (RBM7-083)

R L
HJ\/\/\O o o

Dess—Martin periodinane (530 mg, 1.25 mmol) was added to a solution of allylic
alcohol RBM7-081 (205 mg, 0.83 mmol) in CH,Cl, (4 mL) at 0°C. After stirring for 2
h at rt, the reaction mixture was filtered through a plug of Celite and the filtrate was
evaporated to dryness. The residue was purified by flash chromatography (from 0 to 50
% EtOAc in hexane) to afford aldehyde RBM7-083 (130 mg, 64 %) as a white solid.
Late—eluting fractions were independently collected to give a 95:5 E:Z mixture of

RBM?7-083, from which the following data were acquired.

"H NMR (400 MHz, CDCls, major isomer) & 9.57 (d, J = 7.8 Hz, 1H), 7.64 (d, J=9.5
Hz, 1H), 7.39 (d, J = 8.5 Hz, 1H), 6.93 (dt, J = 15.7, 6.7 Hz, 1H), 6.88 — 6.78 (m, 2H),
6.31 —6.21 (m, 2H), 4.20 (t, J = 6.1 Hz, 2H), 2.91 — 2.83 (m, 2H). °C NMR (101 MHz,
CDCl3, major isomer) & 193.7, 161.7, 161.2, 156.0, 153.0, 143.4, 134.9, 129.0, 113.6,
113.0, 101.5, 66.2, 32.3. HRMS calcd. for C4sH;304 (M + HJ"): 245.0814, found:
245.0810.
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(But—3-en—1-yloxy)(tert—butyl)diphenylsilane (RBM7-116)

TBDPSO™ "X

A solution of 3-buten—1-ol (500 mg, 6.93 mmol) in DMF (10 mL) was treated
successively with imidazole (1.04 g, 15.26 mmol) and TBDPSCI (1.98 mL, 7.63 mmol).
The resulting mixture was stirred overnight at rt, diluted with Et,O (10 mL) and poured
into 1 M aqueous HCI (10 mL). The mixture was extracted with Et,O (3 x 10 mL) and
the combined organic layers were washed with brine (2 x 15 mL), dried over anhydrous
MgSQ,, filtered and evaporated in vacuo. Flash chromatography of the residue (from 0
to 1 % EtOAc in hexane) gave RBM7-116 (2.17 g, quant. yield) as a colorless oil.

'H NMR (400 MHz, CDCl3) & 7.72 — 7.64 (m, 4H), 7.46 — 7.33 (m, 6H), 5.83 (ddt, J =
17.1,10.2, 6.9 Hz, 1H), 5.09 — 4.99 (m, 2H), 3.71 (t, J = 6.7 Hz, 2H), 2.32 (qt, J = 6.8,
1.3 Hz, 2H), 1.05 (s, 9H). °C NMR (101 MHz, CDCl;) § 135.7, 135.6, 134.1, 129.7,
127.7, 116.5, 63.7, 37.4, 27.0, 19.4. HRMS calcd. for C2H,70Si ([M + H]"): 311.1831,
found: 311.1834.

(E)-7—((5—((tert=butyldiphenylsilyl)oxy)pent—2—en—1-yl)oxy)-2H—chromen—2—one
(RBM7-118)

m
TBDPSO™ " X"0 o o

Compound RBM7-118 (inseparable 91:9 E/Z mixture, colourless oil, 347 mg, 58 %)
was obtained from RBM7-115 (250 mg, 1.24 mmol), RBM7-116 (1.54 g, 4.95 mmol
and Grubbs catalyst nd generation (32 mg, 0.04 mmol), according to general procedure
6. The title compound was purified by flash chromatography on silica gel (from 0 to 16
% EtOAc in hexane). Late—eluting fractions were independently collected to give a 94:6

E:7Z mixture of RBM7-118, from which the following data were acquired.

'"H NMR (400 MHz, CDCl3, major isomer) & 7.69 — 7.60 (m, 4H), 7.46 — 7.32 (m, 6H),
6.86 — 6.76 (m, 2H), 6.25 (d, J = 9.5 Hz, 1H), 5.93 — 5.82 (m, 1H), 5.73 (dt, J = 15.5,
5.9 Hz, 1H), 4.51 (d, J = 5.8 Hz, 2H), 3.74 (t, J = 6.5 Hz, 2H), 2.42 — 2.31 (m, 2H), 1.04
(s, 9H). >C NMR (101 MHz, CDCls, major isomer) & 162.0, 161.4, 156.0, 143.5, 135.7,
134.0, 133.1, 129.8, 128.9, 127.8, 125.8, 113.2, 112.7, 101.8, 69.3, 63.3, 35.8, 27.0,
19.4. HRMS calcd. for C30H3,04NaSi ([M + Na]"): 507.1968, found: 507.1972.
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(E)-7—((5-hydroxypent—2—en—1-yl)oxy)-2H—chromen—2—one (RBM7-134)

JO B\
HO "0 0 Yo

To an ice cooled solution of RBM7-118 (175 mg, 0.36 mmol) in THF (3.5 mL) was
added dropwise TBAF (1 M in THF, 722 pL, 0.72 mmol). After completion of addition
the ice bath was removed and the mixture was stirred for 2 h at rt. The reaction was then
quenched with saturated aqueous NH4Cl (5 mL) and the resulting mixture was extracted
with Et;O (3 x 10 mL). The combined organic layers were washed with brine (2 x 15
mL), dried over anhydrous MgSQy, filtered, and evaporated to give the crude product.
Purification by flash chromatography on silica gel (from 0 to 70 % AcOEt in hexane)
afforded homoallylic alcohol RBM7-134 (85 mg, 96 %) as a colourless oil. Late—
eluting fractions were independently collected to give a 98:2 E:Z mixture of RBM7-

134, from which the following data were acquired.

"H NMR (400 MHz, CDCls, major isomer) & 7.63 (d, J = 9.5 Hz, 1H), 7.36 (d, J = 8.5
Hz, 1H), 6.88 — 6.78 (m, 2H), 6.24 (d, /= 9.5 Hz, 1H), 5.95 — 5.86 (m, 1H), 5.81 (dt, J
=15.5,5.6 Hz, 1H), 4.55 (dd, J = 5.5, 0.7 Hz, 2H), 3.72 (t, J = 6.3 Hz, 2H), 2.46 — 2.35
(m, 2H), 1.61 (s, 1H). BC NMR (101 MHz, CDCls, major isomer) & 161.9, 161.4,
155.8, 143.6, 132.4, 128.9, 126.5, 113.2, 113.0, 112.6, 101.7, 69.1, 61.7, 35.7. HRMS
calcd. for C;4H404Na ([M + Na]+): 269.0790, found: 269.0785.
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5.2 Biological studies
5.2.1 General remarks

All biochemical reagents were commercially available and were used without further
purification. RBM13,” pentadecanal,”’ and SIP'®*** (see Section 5.1.4.3) were
synthesized in our laboratories following previously described methods. Inhibitor 3¢

and recombinant hS1PL were from Novartis.

Fluorogenic assays were performed on flat-bottom 96—well plates. Substrates and
inhibitors were added from stock solutions in H,O (RBM7-001, RBM7-002, RBM7—-
012 and RBM7-032), DMSO (umbelliferone (7), 3c, RBM7-077, RBM7-148, N—
acylanilino carboxylates and VS01-28), 0.5 M potassium phosphate buffer pH 7.2
(RBM13) or 1 % (v/v) aq. Triton X—100 (S1P and azido—S1P/dhS1P stereoisomers).
Buffer solution A corresponds to a 1 mM potassium phosphate buffer pH 7.2,
containing 100 mM NaCl, 1 mM EDTA, 1 mM DTT and 10 uM pyridoxal 5’—
phosphate. Buffer solution B corresponds to a 100 mM HEPES buffer pH 7.4,
containing 0.1 mM EDTA, 0.05 % Triton X-100, 0.01 % Pluronic F127 (Biotium), and
100 uM pyridoxal 5'—phosphate.

Vmax and Ky values were determined by measuring initial velocities at different
substrate concentrations and fitting the data to the Michaelis—Menten equation in Prism
5 (GraphPad Software, La Jolla). ICsy values were determined by plotting percent
activity versus log [I] and fitting the data to the log(inhibitor) vs. response equation in
Prism 5 (GraphPad Software, La Jolla). In both cases, settings for curve adjustments
were kept with their default values. Type of inhibition and K; values for more active
compounds were determined by Lineweaver—Burk plots of assays performed with

different concentrations of inhibitor and substrate.
5.2.2 Expression and purification of StS1PL

Plasmid (pQE70-StSPL)** was transformed into E. coli strain M—15 [pREP-4] from
QIAGEN and grown in 100 mL of LB medium containing ampicillin (100 ug/mL) and
kanamycin (50 pg/mL) for 14 h at 30 °C on a rotary shaker at 160 rpm. A final optical
density at 600 nm (ODggo) of 2 was usually achieved. An aliquot of the pre—culture (5
mL) was transferred into a shake—flask (2 L) containing LB medium (final volume: 500

mL) with ampicillin (100 pg/mL), kanamycin (50 pg/mL) and pyridoxine (0.1 g/L) and
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incubated for 2.5 h at 37 °C with shaking at 100 rpm. The culture was then cooled down
to 30 °C while maintaining the shaking at 100 rpm for 30 min. Protein expression was
finally induced at an ODgg of 0.8 by adding cold ethanol, pyridoxine and IPTG at final
concentrations of 2 % (v/v), 0.1 g/L and 0.1 mM, respectively.

After incubation for 14 h at 30 °C with shaking (100 rpm), cells were harvested by
centrifuging at 8000 g for 30 min at 4 °C. The obtained pellet (from 2 L induced—culture
broths) was frozen overnight at —20 °C, thawed on ice and resuspended with 100 ml of
sodium phosphate buffer (50 mM, pH 7.2), containing NaCl (300 mM), imidazole (10
mM), PLP (200 pM), DTT (1 mM) and cOmplete™ ULTRA tablets (Mini, EDTA—
free) Protease Inhibitor Cocktail (4 tablets). Cells were lysed using a Cell Disrupter
(Constant Systems). Cellular debris was removed by centrifugation at 30000 g for 30
min at 4 °C and the supernatant was incubated at 60 °C for 1 h. After centrifugation to
pellet the precipitated thermolabile proteins, the clear supernatant was collected and
purified by affinity chromatography (IMAC) in a FPLC system (Amersham
Biosciences). The crude supernatant was applied to a cooled HisTrapTM HP 5 mL
column (GE Healthcare) previously equilibrated with a sodium phosphate buffer (50
mM, pH 7.2), containing NaCl (300 mM) and imidazole (10 mM), and washed with the
same buffer containing 20 mM imidazole. Finally, the protein was eluted at a flow rate
of 3 mL/min by increasing the imidazole concentration up to 250 mM. Fractions
containing the recombinant protein were pooled and dialyzed against buffer solution A.
The dialyzed solution (12 mL) was separated into 20 pL aliquots and stored at —80 °C.
A protein concentration of 600 pg/mL was determined following the Bradford assay
and using BSA as standard for quantification.”® Purity and identity of purified StS1PL
was confirmed by SDS-PAGE (Figure 3.1.9) and LC/MS analysis (See Section 5.2.3
and Figure 3.1.10). In both cases, results are in full agreement with those reported by

Bourquin and coworkers.**
5.2.3 LC/MS analysis of StS1PL

To 100 pL of a 60 pg/mL solution of purified StS1PL in buffer solution A were added
50 puL of 0.5 % (v/v) aq. TFA and 50 pL of 0.5 % (v/v) TFA in CH3CN. A 10 uL
aliquot of the resulting solution was subjected to HPLC chromatography (C4 reverse
phase column, 300 A) coupled to an ESI spectrometer, under the following

chromatographic conditions: mobile phase A, 0.5 % (v/v) aq. TFA; mobile phase B, 0.5
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% (v/v) TFA in CH3CN; gradient elution, from 10 to 100 % B in A over 20 min at a
flow rate of 1 mL/min. Multiple—charged protein ion signals were deconvoluted to

produce zero—charge spectra using ProMass Xcali software.
5.2.4 Assays of S1PL enzyme activity

5.2.4.1 Fluorogenic assay using RBM13 as substrate

Recombinant bacterial or human SI1PL (50 pL from stock solutions in buffer A
(StS1PL) or B (hS1PL), final concentration: 25 pg/mL for StSIPL and 3 pg/mL for
hS1PL) was added to a mixture of RBM13 (final concentration: 125 pM) and putative
inhibitors (at the indicated concentrations) in either buffer solution A (StSIPL) or B
(hS1PL) (final volume: 100 pL). The mixture was incubated at 37 °C for 1 h and the
enzymatic reaction was stopped by the addition of 50 pL. of MeOH. Finally, 100 uL of a
200 mM glycine-NaOH buffer, pH 10.6, were added to the resulting solution and the
mixture was incubated for 20 additional min at 37 °C in order to complete the p—
elimination reaction. The amount of umbelliferone formed was determined on either a
SpectraMax M5 (Molecular Devices) or Synergy 2 (BioTek) microplate readers (Aex/em

= 355/460 nm), using a calibration curve.

5.2.4.2 Fluorogenic assay using RBM7—077 as substrate

hSTPL (50 pL from stock solutions in buffer B, final concentration: 0.8 pg/mL) was
added to a mixture of RBM7-077 (final concentration: 125 uM) and putative inhibitors
(at the indicated concentrations) in buffer solution B (final volume: 100 pL). The
mixture was incubated at 37 °C for 1 h and the enzymatic reaction was stopped by the
addition of 100 uL of KOH/EtOH (100 mM). After incubation at 37 °C for 20 min, the
resulting mixture was treated with 50 uL of a 200 mM glycine—NaOH buffer, pH 10.6,
and the amount of umbelliferone formed was determined as described for RBM13 (See

Section 5.2.4.1).

5.2.4.3 Fluorogenic assay using RBM7-148 as substrate

The assay was performed as described above for RBM13 (See Section 5.2.4.1) using
hS1PL at a final concentration of 0.8 pg/mL.
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5.2.4.4 LC/MS assay

Recombinant bacterial or human S1PL (50 pL from stock solutions in buffer B; final
concentration: 0.8 pg/mL) was added to a mixture of S1P (final concentration: 10 uM)
and compound 3c¢ (final concentration: 50 uM) in buffer solution B (final volume: 100
uL). The reaction mixture was incubated at 37 °C for 1 h and stopped by the successive
addition of pentadecanal (5 uL of a stock solution in ACN; final concentration: 3.7 uM)
and isoniazid (95 pL of a stock solution in ACN/300 mM aq. H,SO4 (1:1); final
concentration: 3.1 mM). A 10 pL aliquot of the resulting solution was analyzed using a
Waters Aquity UPLC system connected to a Waters LCT Premier Orthogonal
Accelerated Time of Flight Mass Spectrometer (Waters, Millford, MA), operated in
positive ESI mode. Full scan spectra from 50 to 1500 Da were obtained. Mass accuracy
and reproducibility were maintained by using an independent reference spray via
LockSpray. A C18 Acquity UPLC BEH analytical column (Waters, 100 mm x 2.1 mm,
1.7 um) was used. The two mobile phases were CH3CN (phase A) and water (phase B),
both phases with 0.2 % (v/v) of formic acid. The linear gradient was: 0 min, 90% B; 5
min, 100% A; 6.5 min, 100% A; 7.2 min, 90% B and 8 min, 90% B at 0.3 mL/min. The
column was held at 30 °C. Positive identification of compounds was based on the
accurate mass measurement with an error < 5 ppm and its LC retention time calculated
with authentic 2EC16-ISO and C15-ISO standards. Exact masses ([M + H]") of both
(E)-N'—((E)-hexadec—2—en—1—ylidene)isonicotinohydrazide (2EC16-ISO) and (E)-N'—
pentadecylideneisonicotinohydrazide (C15-ISO) (m/z: 358.2858 and 346.2858,
respectively) were extracted from TIC chromatograms and the area of the resulting
peaks was calculated using MassLynx. The area ratio between 2EC16-ISO and C15-

ISO was used as a measure of SIPL activity.
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5.3 Computational virtual screening and docking methods

All the computational work was carried out with the Schrodinger Suite 2015,% through
its graphical interface Maestro.*” Coordinates of StS1PL and hS1PL (PDB codes 3SMAD
and 4Q6R)24’28 were obtained from the Protein Data Bank®’ at Brookhaven National
Laboratory. The protein X-ray structures were prepared using the Protein Preparation
Wizard®>* included in Maestro to remove solvent molecules and ions, adding

hydrogens, setting protonation states” and minimizing the energies.

Ligands were set up with the LigPrep module®® included in Maestro to generate
ionization states, tautomers, ring conformers and stereoisomers, as well as for geometry

optimization previous to docking.

A virtual database of over 650000 commercial lead—like compounds3 7 was screened
against both S1PL proteins using the virtual screening workflow implemented in the

3942 at different

Schrodinger Suite.*® This workflow uses the docking program Glide
levels of accuracy to successively filter the compounds according to their predicted
binding potency. Thus, initially all the compounds in the database were docked at the
HTVS level, then the best 10 % was subjected to a second round of docking at the SP
level, and finally the best 10 % was submitted to a third round of docking at the XP
level, from which the best 10 % hits were reported. Among the final hits from screening
against both protein targets in the two ionization states considered (see Section 3.1.2),

compounds that bound to the anion binding site and that exhibited scores better than 9

kcal/mol were considered as positive hits.

A second virtual database of compounds based on scaffold 9 was generated. For that
purpose, a diverse collection of commercial carboxylic acids was extracted from the

clean lead-like subset from the ZINC database.*****

Compounds were selected according
to different criteria: molecular weight <500; a single carboxylic group present; no
undesirable chemical functions present. Additional compounds available in house were
also considered resulting in a collection of 6048 carboxylic acids. These were combined
with scaffold 10a and 10b (setting n = 1 or 2), using the CombiGlide® application of
the Schrodinger Suite to enumerate a virtual library of 12096 compounds. This library
was virtually screened as described above, but this time performing only the SP and XP

docking steps and considering only the neutral state for the phenol—imine pair of the

lysine—bound PLP complex, to yield 120 hits for each protein target. The hits from both
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proteins were then submitted to the Induced Fit Docking Protocol* of the Schrodinger
Suite, which takes in consideration the flexibility of the protein residues within a given
distance (5 A) from the bound ligands, in order to refine the geometries and scores of

the docked poses.

In the case of the azido—S1P/dhS1P series, docking studies were conducted considering
the 3—hydroxypyridine and imino groups of the Lys—bound PLP prosthetic group in
their neutral state. The azido phosphate structures were built within Maestro and set up
with the LigPrep module (see above) to generate ionization states, as well as for
geometry optimization previous to docking. Ligands were docked into the active site of

S1PL using the Induced Fit Docking Protocol (see above).
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Els esfingolipids (SLs) soén components estructurals essencials de les membranes
cel-lulars. A més, una bona part dels seus metabolits actuen com a molecules de
senyalitzacid en cel-lules eucariotes. Els SLs fosforilats, els quals presenten un grup
fosfat en I’hidroxil terminal, formen un grup rellevant de metabolits d’aquesta gran
familia de lipids d’origen natural. Entre ells, 1’esfigosina—1—fosfat (S1P) és una
reconeguda molécula de senyalitzacio, la qual pot actuar com a missatger secundari
intracel-lular o com lligand d’una série de receptors acoblats a proteines G (S1P_s),
activant diverses vies de senyalitzacid, les quals estan involucrades en el
desenvolupament vascular, la integritat endotelial, el control del ritme cardiac o la

resposta immunitaria, entre d’altres.

L’esfingosina—1—fosfat liasa (S1PL), és un enzim depenent de piridoxal 5’—fosfat (PLP)
situat al reticle endoplasmatic, el qual catalitza la degradaci6 irreversible de la S1P, per
donar fosfat d’etanolamina (EAP) i trans—2—hexacedenal (Figura 6.1). Juntament amb
la S1P fosfatasa i la esfingosina cinasa, la SIPL regula els nivells intracel-lulars de la
S1P i contribueix a I’anomenat “redstat esfingolipidic”, un sistema que controla el desti
cel-lular, basant-se en la relaci6 de concentracions entre la S1P, que actua com a agent
proliferatiu, i ’esfingosina i/0 la ceramida, les quals son molécules apoptogeniques.
Addicionalment, s’ha demostrat que la SIPL té un paper important en la regulacié del
sistema immunitari, ja que la seva inhibici6 altera el gradient de concentracié de S1P
que promou la sortida de cel-lules T dels teixits limfoides. En aquest context, la S1PL
ha estat recentment validada com a diana terapéutica per al tractament d’algunes

malalties autoimmunes, tals com 1’esclerosi multiple o 1’artritis reumatoide.

CHO 9
HO _R~OH
AS \
C OH | O oH
P = N~ PLP o 5
HO/I\OWC H If 2
07 e 1 0 CiHy * HO-Pr g NHs
NHs S1PL .
S1P trans—2—-hexadecenal EAP

Figura 6.1. Reaccio retroaldolica de degradacio de la S1P catalitzada per la S1PL.

Degut al potencial terapéutic associat a la modulacié de 1’activitat SIPL, en la present
tesi doctoral s’ha abordat el disseny de nous inhibidors de la SIPL des de dues
aproximacions diferents. Primerament, es va duu a terme un disseny basat en la

estructura (SBDD) de nous inhibidors de la S1PL emprant les estructures cristal-lines de
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la SIPL humana (hS1PL) i la de Symbiobacterium thermophilum (StS1PL), les quals
varen presentar un elevat grau de similitud estructural i de seqiiéncia. Atenent als trets
estructurals comuns presents en una serie de compostos identificats com a hits en un
cribratge preliminar d’inhibidors de la SIPL, i basant-se en els resultats de docking duts
a terme amb les estructures de raig X de la hS1PL i la StS1PL, una col-lecci6 de
potencials inhibidors de la S1PL derivats de 1’estructura general 9, va ser dissenyada i

sintetitzada (Figura 6.2)

Figura 6.2. Estructura general dels potencials inhibidors de la S1PL sintetitzats.

Per tal d’avaluar I’activitat biologica de possibles inhibidors de la SIPL, es va
desenvolupar un assaig basat en 1’Gs d’enzims recombinants purificats, tals com la
StS1PL o la hS1PL. En aquest cas, el compost RBM13, un substrat fluorogenic de la
S1PL préviament reportat en el nostre grup de recerca, va ser emprat com a substrat del
nou assaig (Figura 6.3). Malauradament, pero, les modestes activitats presentades per
els inhibidors dissenyats en el nou assaig desenvolupat, va permetre concloure que la

primera aproximacio en el disseny racional d’inhibidors de la SIPL no va ser exitosa.

CN

o A LI
N

RBM13 3c

Figura 6.3. Estructures del substrat fluorogénic RBM13 i de I’inhibidor de la hS1PL 3c.
Sorprenentment, tot i que el compost RBM13 va presentar uns parametres cinétics molt
semblants vers els dos enzims, quan el compost 3¢ (Figura 6.3), un inhibidor de

referéncia de la hS1PL, va ser testat contra I’enzim bacteria, aquest no va resultar ser

actiu. No obstant, la comparacié de les estructures d’ambdds enzims va permetre

210



6. Summary in catalan

identificar algunes diferéncies estructurals en el canal d’entrada al centre actiu

d’aquests, les quals podrien explicar la manca d’activitat observada per al compost 3c.

En una segona aproximacid, basant-se en consideracions mecanistiques del cicle
catalitic de I’enzim, es van dissenyar i sintetitzar dues families d’inhibidors de la S1PL.
D’aquesta manera, una familia d’analegs no reactius d’alguns intermedis clau del cicle
catalitic (compostos RBM7-001, RBM7-012 i RBM7-032) aixi com una serie
d’azido-derivats del substrat natural SIP (compostos d’estructural general A) varen ser
dissenyats, sintetitzats i testats vers la hS1PL i la StS1PL (Figura 6.4). Tot i que alguns
dels mimetics dels intermedis del procés catalitic van ser inhibidors de poténcia
moderada, tots els azido fosfats sintetitzats van resultar ser inhibidors competitius en el

rang uM baix en els dos isoenzims.

o) OH
5 -
HO=Pr o >N ™
9 H Ho © % CusHz
H%fg\o/\/N o HN o 0 OH
1l |1
HO R~ HO R~ HO-P~ *
= o\ OH = o\ OH 10 * Cq<H
| 0) OH | 0] OH HO 13M27
J NS
N N
RBM7-001 RBM7-032 (4-¢) A

RBM7-012 (4,5—dihidro)

Figura 6.4. Estructura dels inhibidors de la S1PL basats en el mecanisme de reaccio.

Amb tot, els resultats obtinguts suggereixen que la StS1PL és un bon model per al
disseny 1 identificacié de nous inhibidors de la hSIPL, sempre que aquests siguin
concebuts per unir-se al centre actiu de I’enzim. No obstant, atenent als resultats
obtinguts per a I’inhibidor de referéncia de la hS1PL (3c¢), la utilitat de la StS1PL com a
model de I’enzim huma esdevé limitada, especialment quan hom vol dissenyar

inhibidors que interaccionin amb el canal d’entrada al centre actiu de 1I’enzim.

Finalment, dues noves sondes fluorogéniques amb potencial aplicabilitat en assaigs
HTS van ser dissenyades i sintetitzades (compostos RBM7-077 i RBM7-148, Figura
6.5). Estructuralment, ambdues sondes deriven formalment del compost RBM13, en els
quals un grup vinil va ser intercalat entre la fraccié d’amino alcohol fosfat i la unitat de
cumarina situada en la posicié ®. En aquest cas, els dos compostos varen ser validats
com a substrats de la hS1PL, els quals van presentar millors parametres cinetics que els

determinats per al substrat RBM13. Ambdues sondes van resultar ser substrats no—
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naturals adequats per al cribratge d’inhibidors de la S1PL, ja que van permetre la
determinacio de diferents valors d’ICsy de I’inhibidor de referéncia 3¢, els quals van
resultar ser del mateix ordre de magnitud que els determinats pel mateix inhibidor

emprant la S1P natural com a substrat.

- ~ H I/---\ /P\ X /---"
HO"} O/Y\:_//_:\/\o o o HO" OWO o o

0 0
“NH; © “NH;

RBM7-077 RBM7-148

Figura 6.5. Estructura de les sondes fluorogeniques RBM7-077 i RBM7-148.
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Supplementary data related to the present doctoral thesis can be found in the attached

CD. The following material is included:

e PDF file of the Doctoral Thesis.

e Dose-response curves of compounds from Section 3.2.

e Lineweaver—Burk plots of compounds from Section 3.2.

e HPLC chromatograms of compounds RBM7-087, ent—RBM7-087, RBM7—
096, ent—RBM7-096, RBM7-112, ent-RBM7-112, RBM7-101 and ent-
RBM7-101.

e NMR spectra of compounds from Sections 3.1, 3.2 and 3.3.
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