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ARTICLE INFO ABSTRACT

Keywords: Dihydroceramide desaturase 1 (Desl) catalyzes the formation of a C—C double bond in dihydroceramide to

P3230 ) furnish ceramide. Inhibition of Desl is related to cell cycle arrest and programmed cell death. The lack of the

iihﬁd??srzamlde desaturase 1 Desl crystalline structure, as well as that of a close homologue, hampers the detailed understanding of its in-
phaFo

hibition mechanism and difficults the design of new inhibitors, thus making Desl a strategic target. Based on
previous structure-activity studies, different ceramides containing rigid scaffolds were designed. The synthesis
and evaluation of these compounds as Desl inhibitors allowed the identification of PR280 as a better Des 1
inhibitor in vitro (ICso = 700 nM) than GT11 and XM462, the current reference inhibitors. This cyclopropenone
ceramide was obtained in a 6-step synthesis with a 24 % overall yield. The highly confident 3D structure of Des1,
recently predicted by AlphaFold2, served as the basis for conducting docking studies of known Desl inhibitors
and the ceramide derivatives synthesized by us in this study. For this purpose, a complete holoprotein structure
was previously constructed. This study has allowed a better knowledge of key ligand-enzyme interactions for

Ceramide derivatives
Des1 inhibition
Organic synthesis

Desl inhibitory activity. Furthermore, it sheds some light on the inhibition mechanism of GT11.

1. Introduction

Dihydroceramide desaturase 1 (Desl), is a membrane protein that
catalyzes the formation of the E-configured double bond in C4-C5 po-
sitions in dihydroceramide (dhCer) to furnish ceramide (Cer) in the de
novo synthesis pathway of this sphingolipid (Scheme 1) [1].

Regarding the active site, Desl contains a non-heme dioxo-diiron
species as a prosthetic group that specifically abstracts the C4 hydrogen
atom from dihydroceramide via a rate-limiting step to form a very short-
lived radical intermediate, followed by the fast elimination of a
hydrogen at C5 to give ceramide [2].

Inhibition of Desl would cause an accumulation of dhCer, a sphin-
golipid regarded as biologically inactive for a long time. However,
studies in the last decade demonstrate the implication of dhCer in
various biological processes [2,3], dhCer accumulation being related to
autophagy induction and cell cycle arrest in cancer cells [4].

* Dedicated to Professor Sergio Castillon.
* Corresponding authors.

The scarce number of Desl inhibitors described to date and the lack
of a crystalline structure of the enzyme hamper the detailed under-
standing of its inhibition mechanism. Moreover, unlike other membrane
proteins, (e.g. the G-protein coupled receptors), no close homologue
existed for Desl in the protein data bank (PDB), which made homology
modelling impossible for this protein. Overall, there was no reasonable
Desl model available before the development of AlphaFold2, and
therefore, Des1 represents a strategic target (Scheme 1).

Among the scarce pool of Des1 inhibitors documented so far, GT11
was the first to be repored [5]. This C8-N-acylated-cyclopropenyl cer-
amide (Scheme 2a) induces Des1 inhibition in rat liver microsomes with
a ICsp = 20 uM at substrate concentration of 50 uM, being also active in
primary cultured cerebellar neurons [6].

Different N-acylated derivatives of this ceramide were described.
However, only the N-hexanoyl and N-decanoyl GT11 analogues
(Scheme 2a) retained inhibitory activity (ICsq values of 31 and 13 uM
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respectively) [7]. Inhibition by reaction of the cyclopropene ring with a
cysteine residue in the active site of the enzyme has been suggested [5].
Nevertheless, this aspect has not been confirmed yet.

XM462 (Scheme 2a), with a -CH,S- moiety replacing the natural C4-
C5 ethylene scaffold, stands out among the few other ceramide Desl
inhibitors described [8]. The incorporation of a sulphur atom into the
sphingoid base on this compound is justified on the activity of some thio
fatty acids as fatty acyl-CoA desaturase inhibitors [9].

Structure-activity relationship (SAR) studies of GT11 analogs [10],
XM462 derivatives [11] and a few other sphingolipid-based inhibitors
[12] enabled the identification of critical structural features for the in-
hibition of Desl activity by ceramide-type compounds (Scheme 2b).
These requirements include: a) a (2S,3R)-configured aminoalcohol
moiety, b) the presence of free hydroxyl groups at positions C-1 and C-3,
and c) a secondary amide functionality. In addition, the presence of
short N- acyloyl chains has been related to a good degree of cell
permeability [7].

In our pursuit of a more potent ceramide-type Des1 inhibitor, guided
by the aforementioned principles, we considered the possibility of
integrating an alternative rigid cyclic framework at C4-C5 positions,
related to that found in GT11. This structural variation could potentially
enhance interactions within the enzyme’s active site. Considering our
experience in the synthesis of sphingolipids [13], we envisioned the
design of N-acyl sphingoid bases as potential Des1 inhibitors containing
1,4- or 1,5-disubstituted 1,2,3-triazoles (Scheme 2c, 1-2, respectively); a
2,4-disubstituted furan system (Scheme 2¢, 3) [14] as well as a cyclo-
propenone moiety (Scheme 2c, 4) as rigid spacers between the head-
group and the lipophilic tail. Additionally, short N-hexanoyl (a),
octanoyl (b) and decanoyl (c) derivatives were proposed to generate
diversity and facilitate cell permeability. The design of the comple-
mentary 1,4- and 1,5- regioisomeric disubstituted 1,2,3-triazole systems
arises from the knowledge that double bond geometry matters in Des1
inhibition [15].

Besides aiming at an effective ceramide-type inhibitor for Desl, this
work also intends to solve some uncertainties related to the inhibition of
this enzyme, since structure-activity studies conducted so far have not
been able to provide with an answer (Scheme 2). In this regard, other
objectives of the work are: a) to provide evidence allowing to confirm or
rule out the proposed inhibition mechanism of GT11 through reaction of
the cyclopropene moiety with a cysteine residue in Desl; b) to have a
better knowledge of key ligand-enzyme interactions for Des1 inhibitory
activity; c) to explore the effects of having a rigid cyclic framework other
than cyclopropene in the inhibitory activity of ceramide analogs.

To address these questions, we implemented the syntheses of the
aforementioned analogs with the construction of a complete holoprotein
model of Desl based on the structure of the enzyme predicted by
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AlphaFold2. Docking studies of known Des1 inhibitors as well as the
ceramide analogues synthesized in our laboratory were subsequently
performed with the constructed dioxo diiron-Desl system.

2. Results and discussion

2.1. Synthesis of ceramide analogues and Des1 inhibitory activity
evaluation

Analogues having 1,4- and 1,5-disubstituted 1,2,3-triazole systems
(1a-c, 2a-c) were obtained by diastereoselective nucleophilic addition
of lithium trimethylsilyl acetylide derivative to (S)-Garner’s aldehyde.
The described methodology towards 5 [16] was improved via one-pot
ethynylation and catalytic desilylation [17] performing the addition
reaction at —55 °C. This adapted procedure allowed obtaining inter-
mediate 5, as the only diastereoisomer, in 87 % yield from Garner’s
aldehyde (Scheme 3). Subsequent Cu(l) catalyzed azide-alkyne 1,3-
dipolar cycloaddition (CuAAC) [18], gave efficient access (98 % yield)
to 1,4-disubstituted triazole motif [19] in compound 6. Deprotection of
both the isopropylidene and the Boc groups in a single step by using a
mixture of TFA/H50, resulted in the formation of aminodiol 7. Final N-
acylation of 7 with hexanoic, octanoic and decanoic acid using EDC in
the presence of HOBt, furnished ceramide analogues 1a-c in a 4-step
syntheses with overall yields of 28 %, 31 % and 29 % respectively
(Scheme 3).

Additionally, the 1,5-disubstituted-1,2,3-triazole series of ceramides
2a-c, were accessed from 5 through a less conventional alkyne-azide
cycloaddition. The reaction was assayed with CpaNi/Xantphos [20],
Cp*RhCI(PPh3), [21], and Cp*RuCl(COD) [22] as catalytic systems
under different conditions (Table S1, Supporting Information). The use
of Cp*RuCl(COD) in toluene at room temperature provided the best
result, yielding compound 8 in 72 % yield with no traces of the 1,4-
regioisomer [23]. After hydrolysis of compound 9 and N-acylation,
ceramide derivatives 2a-c were obtained in four steps from Garner’s
aldehyde in 29-33 % total yield (Scheme 3). X-ray crystallography of
compound 2c confirmed the desired anti-relative configuration of the 2-
amido-3-hydroxy moiety (see Supporting information).

Moreover, 2,5-disubtituted furan compounds (3a-c) were synthe-
sized by sequential furan alkylation using 2-furyllithium as nucleophile
to obtain 2-dodecylfuran 10 [24] in a 99 % yield. Subsequent diaster-
eoselective addition of (5-alkyl-2-furyD)lithium to (S)-Garner’s alde-
hyde, afforded alcohol 11 in a 7:1 anti/syn ratio.

Next deprotection step was not obvious. Treatment of compound 11
with either TFA/H50, HCI 2 M in Ety0, TMSBr in CH3Cl, or acetyl
chloride in anhydrous MeOH [25] led to product decomposition
(probably via furan opening or Piancatelli rearrangement of the
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Scheme 1. Dihydroceramide desaturase 1 (Desl), a strategic target.
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furfurylcarbinol moiety) [26], or 3-O-methyl derivatives (most likely via
carbocation formation and subsequent methanol trapping) when this
solvent was used. Previous protection of OH-3 as acetyl ester or tert-
butyldiphenylsilyl ether was not effective either. Eventually, treatment
of 11 with TMSOT{/Et3N and TBAF led to aminodiol 12 in 97 % yield.
Final N-acylation afforded furan derivatives 3a-c in 48-61 % overall
yield (Scheme 4).

Des1 inhibition activity of 1a-c, 2a-c and 3a-c was tested in vitro with
intact T98 tumor cells using XM462 or GT11 as positive controls of
inhibition in the presence of fluorescent dhCerC6NBD (N-[6-[(7nitro2-
1,3-benzoxadiazol-4-yl)amino]hexanoyl]- D -erythro-sphinganine) as
substrate.

Triazole derivatives (1a-c, 2a-c) caused statistically significant Des1
inhibition in intact T98 cells ranging from 10 % to 50 %, at 10 pM
concentration, the 1,4-disubstituted triazole N-decanoyl chain ceramide
analog 2c¢ reaching the maximum inhibition. As for the furan series, only
the N-hexanoyl chain ceramide 3a showed a significant 40 % of inhib-
itory activity in intact cells (Fig. 1).

Additionally, Des1 inhibition experiments using 1a-c, 2a-c and 3a-c
in T98 cell lysates resulted negative (Fig. 1). Since none of these de-
rivatives inhibits Desl in T98 cell lysates, the moderate inhibition
observed in intact cells might be considered indirect, probably not
affecting therefore the enzyme active site but the previous electron
transport chain instead or via a down-regulation of Desl gene
expression.

a) Most relevant Des1 inhibitors
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Thus, the absence of Desl inhibition in lysates displayed by com-
pounds la-c, 2a-c, and 3a-c suggests a limited interaction of these li-
gands within the enzyme’s active site. Hypothesizing that lack of direct
inhibitory activity could arise from the large size of the ring in these
compounds, we focused our attention on the installation of a smaller
ring as a rigid scaffold.

In this regard, we envisioned the installation of a cyclopropenone
moiety as a linker for achieving inhibition. First, it retains the small
steric volume and the cis-configuration than that of cyclopropene moi-
ety. Besides, the oxo moiety in this functionality could well be engaged
in favourable interactions with the iron center in the prosthetic group.
The selection of a cyclopropenone as an alternative functionality to
cyclopropene is not as straightforward as it might seem, taking into
account that cyclopropenone fatty acids proved inactive as inhibitors of
fatty acyl desaturases [27]. Furthermore, if the proposed Des1 inhibition
caused by GT11 arises, as described, from reaction with a cysteine res-
idue within the active site of Desl, a comparable response from a
cyclopropenone functionality is not readily apparent [27,28].

The synthesis of cyclopropenone derivative, named PR280, was
carried out as depicted in Scheme 5. The first step involved a [2+1]
cycloaddition of pentadec-1-yne with trifluoromethyltrimethylsilane
(Ruppert-Prakash reagent) as a difluorocarbene source [29]. The
difluorocyclopropene product 13 generated could not be isolated due to
its fast hydrolysis, but fortunately, the reaction crude was clean enough
to confirm the formation of the desired compound by '°F NMR analysis
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Scheme 3. Syntheses of 1,4- and 1,5-disubstituted-1,2,3-triazole ceramide analogs (1a-c, 2a-c). Reagents and conditions: (a) 1. trimethylsilylacetylide, BuLi, HMPA/
THF, —55 °C. 2. TBAF (0.1 eq.)/THF, r.t., 87 %. (b) N3(CH2);1CH3, CuSO4-H>0 (5.5 % mol), sodium ascorbate, HoO/CH2Cly, r.t., 98 %. (c) TFA/H50 (10:1), r.t. 54 %.
(d) RCOOH, EDC-HCl, HOBt, CH,Cl,, r.t. 62 % (1a, from hexanoic acid), 67 % (1b, from octanoic acid), 63 % (1c¢, from decanoic acid). (e) N3(CH3);2CHs, Cp*RuCl
(COD) (5 mol %), Toluene, r.t., 72 %. (f) TFA/H,0 (10:1), r.t., 73 %. (g) RCOOH, EDC-HCI, HOBt, CH,Cl,, 64 % (2a, from hexanoic acid), 70 % (2b, from octanoic

acid), 72 % (2¢, from decanoic acid).
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Scheme 4. Syntheses of 2,5-disubstituted furan ceramide analogs (3a-c). Reagents and conditions: (a) 1. BuLi, THF, 0 °C. 2. CH3(CHy)1Br, THF, r.t., 99 %. (b) 1.
BuLi, HMPA, THF, 0 °C. 2. (S)-Garner’s aldehyde, THF, —55 °C, 83 %. (c) 1. TMSOT, Et3N, CH,Cl,, 0 °C. 2. TBAF (1 M), THF, r.t., 97 %. (d) RCOOH, HOBt, EDC,
CH,Cl,, r.t., 77 % (3a, from hexanoic acid), 60 % (3b, from octanoic acid), 73 % (3¢, from deecanoic acid).
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Fig. 1. Effect of compounds 1a-c, 2a-c, 3a-c on the activity of Des1. T98G cell lysates or T98G cells were incubated with EtOH (control), compounds 1a-c, 2a-c, 3a-c
(10 pM) or GT11/XM462 (10 uM) (positive control). The Desl substrate (dhCerC6NBD, 10 pM) was then added and cells were collected 4 h later. Medium and cell
samples were analyzed by HPLC coupled to a fluorescence detector. Values are the mean of 2 independent experiments with triplicates. Asterisks indicate statistical

significant over DMSO or EtOH controls at P < 0.05 (unpaired, two-tailed, t—test).

(see Supporting Information).

Reaction of crude 13 with silica gel in a mixture of Hexane/AcOH
then produced cyclopropenone 14 in almost quantitative yield. The
cyclopropenone formation can be rationalized by the initial release of a
fluoride ion that would result in the formation of the aromatic fluo-
rocyclopropenyl cation, which could react with water, leading to the
cyclopropenone derivative after HF elimination [30].

The carbonyl group of compound 14 was then protected to prevent
side reactions under the strong basic conditions used in the next step.
The reaction was conducted using neopentylglycol in the presence of
triethyloxonium tetrafluoroborate to furnish 15 in 89 % yield. Subse-
quent diastereoselective addition of the lithium ylide obtained from the
protected derivative 15 to (S)-Garner’s aldehyde [31] under Felkin-Anh
control furnished alcohol 16 (76 % yield) as a single diastereomer
(mixture of rotamers, see Supporting information), with the desired anti-
aminoalcohol stereochemistry.

Full deprotection of product 16 using HCI in ethereal solution led to
compound 17 as the corresponding chloride salt, from which free ami-
noalcohol 17 was obtained (62 % yield) after purification by flash col-
umn chromatography with neutralized silica gel. With aminodiol 17 in
hand, final N-acylation with octanoic acid afforded compound PR280 in
60 % yield. As ceramide analogues la-c, 2a-c and 3a-c had shown

similar inhibition results in cell lysates regardless the length of the N-
acyl chain, only the N-octanoyl chain (also present in GT11) was
introduced. Altogether, the target ceramide analogue was obtained in a
6-step synthesis in an overall yield of 24 %.

The confirmation of the anti-relative configuration of the 2-amido-3-
hydroxy moiety, crucial for inhibitory activity, was obtained via X-ray
crystallography (Fig. 2, for details see Supporting information).

Inhibitory activity of PR280 on Desl using DhCerC6NBD as a sub-
strate was evaluated (Fig. 3). Thus, PR280 displayed an 86 % of inhi-
bition (at 10 pM) in intact T98-cells, a similar value to that of XM462
(85 % at 10 pM). More importantly, this compound showed a remark-
able 92 % of inhibition in T98 cell lysates, surpassing the value obtained
for XM462 (78 %) which suggests an improved direct inhibition effect
against Desl.

The Des1 inhibition induced by PR280 is dose-dependent with an
ICsq value of 700 nM (10 pM dhCerC6NBD substrate, Fig. 4), lower than
that reported for GT11 (20 uM) [5] and XM462 (8.2 uM) [8],
respectively.

To discard a Desl inhibition by reaction of the cyclopropenone
moiety of PR280 with a cysteine residue of Desl, PR280 was subjected
to react with ethanethiol under the same conditions assayed by J.
Quintana et al. [27] PR280 proved to be unreactive after 6 days of
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Scheme 5. Synthesis of PR280. Reagents and conditions: (a) Nal, TMSCF3, dry
THF, 110 °C, overnight. (b) Silica, Hexane/AcOH (aq. sol.) (99:1), r.t., over-
night, 96 % (2 steps) (c) Neopentylglycol, BF4-OEts, dry CH,Cl,, dry Et3N, r.t.,
89 %. (d) 1. BuLi, HMPA, dry THF, —55 °C, 30 min. 2. (S)-Garner’s aldehyde,
dry THF, —55 °C, overnight, 76 %. (e) HCI (2 M in Et;0), H3O, r.t., 2 h. puri-
fication in CH,Cl,/MeOH/NH,4OH (9:1:0.1), r.t., 62 % (f) HOBt, EDC, octanoic
acid, dry CHCl,, r.t. overnight, 60 %.

Fig. 2. X-ray analysis of PR280 [CDCC: 2252495] confirming the desired anti
relative configuration of the 2-amido-3-alcohol moiety.

reaction, as confirmed by 'H NMR (Fig. $52, Supporting Information).

Thus, the synthesized triazole and furan-derived compounds showed
moderate indirect enzyme inhibition in intact cells and no direct inhi-
bition in lysates. However, the cyclopropenone derivative PR280 dis-
plays a strong direct inhibition of Desl. This suggests that while the
former are not capable of interacting strongly with the enzyme’s active
site, the latter does. Nevertheless, this outcome presents a challenge for
straightforward interpretation, as all compounds meet the structural
requirements for Desl inhibition outlined in the current state of SAR
studies.
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2.2. Docking study

With the experimental process in course, AlphaFold2 appeared as a
powerful tool for the 3D prediction of proteins [32]. The use of this
software is specially interesting for targets like Desl, where the
experimentally-determined 3D structure of the enzyme from the PDB
archive or that of a close homologue is lacking, making the prediction of
crucial protein-ligand interactions exceptionally challenging.

To our delight, the model of Desl predicted by Alpha Fold2 (AF-
015121-F1-model_v4) has a very high confidence level (Fig. 5, A and B),
with a per-residue estimate of its confidence (pLDDT) greater than 90 on
a scale from 0 to 100. It is important to note that this situation is not very
common: the proportion of proteins unavailable by homology studies
showing high confidence by Alphafold2 is rather low (~15 %) [33].

With this perspective, we set out to construct a 3D model of Desl
based on the AlphaFold2 predictions. Since the AlphaFold2 does not
provide information on the location of prosthetic groups [34], the most
plausible location for the FesOy species was estimated based on the
presence of donor amino acid residues. In this regard, AlphaFold2 model
of Des1 showed an area of high concentration of histidines at the end of
well-defined deep binding pocket of the enzyme, mostly surrounded by a
highly hydrophobic environment.

Thus, the Fe;0, system was positioned in this area so that one iron
atom could coordinate to five histidine residues (His89, His93, His128,

120-
1001 ¢ ICs0 = 0.7 uM
80
60-
40-

20

Conversion (%DMSO)

0 T T T T 1
-2 -1 0 1 2

Log Conc. (uM)

Fig. 4. Concentration-dependence of dihydroceramide desaturase inhibition by
PR280 in T98 lysates. Enzyme activity was determined as indicated in the
experimental section using a substrate concentration of 10 uM and different
concentrations of PR280 (0.1, 0.6, 1.2, 2.5, 5, and 10 uM). Data correspond to
the mean + SD of 2 independent experiments with three replicates. The
calculated ICsq value is 700 nM.
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Fig. 3. Effect of PR280 on Desl activity. T98G cell lysates or T98G cells were incubated with ethanol (control), PR280 (10 pM) or XM462 (10 pM) (positive control).
Then, the Desl substrate (dhCerC6NBD, 10 pM) was added and cells were collected 4 h later. Medium and cell samples were analyzed by HPLC coupled to a
fluorescence detector. Values are the mean of 2 independent experiments with triplicates. Asterisks indicate statistical significance over vehicle (EtOH) at P < 0.0001

(unpaired, two-tailed ¢ test).
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Fig. 5. A: AlphaFold structure of human Des1 (AF-015121-F1-model_v4). Dark blue color shows a pLDDT > 90. B: predicted aligned error. The colour at position (x,
y) indicates AlphaFold’s expected position error at residue x, when the predicted and true structures are aligned on residue y. C: Detail of the Desl deep pocket
showing the constructed Fe;O,-Desl complex. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

His132 and His262), and the second one to four histidine residues
(His131, His233, His263, and His259) and a glutamic acid residue
(Glu232) (Fig. 5C). The Feg03-Desl complex was then prepared for
docking studies with MOE software, using the protein preparation pro-
tocol [35].

A preliminary study of the constructed Fe;Oy-Desl model showed
that there are no cysteine residues in the Des1 active site or nearby [36].
This piece of evidence could rule out the Des1 inhibition mechanism of
GT11 initially proposed arising from reaction of the cyclopropene
moiety with a cysteine residue in the active site of the enzyme [5,37].

To gain insight into the key ligand-enzyme interactions that govern
Desl inhibition, docking studies of reference Desl inhibitors (GT11,
XM462) and the natural substrate dhCer were performed using the
AlphaFold2-based Fe;0z-Desl system model (Fig. 6).

The proposed binding mode for GT11 showed a folded conformation
of the hydrophobic chains of the sphingolipid (Fig. 6A) so that the
methylene group in the cyclopropene ring was in close proximity to one
of the iron metal centers [38]. Further analyzing this arrangement in the
binding pocket, the OH-3 group of GT11 hydrogen bonded to an oxygen
at the dioxo-diiron complex, while the OH-1 participated in a hydrogen

Table 1
Summary of enzyme-ligand interactions identified.

Compound”  Tyrl70 Tyrl20 Glu232 Oxygen Fe,0, cluster
(Fe05) proximity
GT11 OH-1 OH-3 Cyclic methylene
H-bond H-bond group
donor donor
XM462 OH-1 OH-3 S atom
H-bond H-bond
donor donor
DhCer OH-1 CH-4
H-bond
donor
PR280 OH-1 OH-3 Cyclopropenone
H-bond H-bond oxo moiety
donor donor

# A folded conformation of alkylic chains was observed in all cases.

Fig. 6. Binding mode of GT11 (A), XM462 (B) and dhCer (C). Aminoacid residues involved in ligand-enzyme interactions are marked and indicated in sticks; those
not involved in specific interactions are represented with lines. The length of interactions in A is specified.
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bond donor with Tyr170 (Table 1).

For compound XM462, a folded conformation was also observed
(Fig. 6B). The best docking pose showed the same H-bond interaction
between the oxygen atom at the complex and OH-3, as observed in
GT11, thus bringing the sulfur atom in close proximity to the same iron
metal center. Additionally, the OH-1 group participates as a hydrogen
bond donor in the interaction with the Tyr120 phenolic group (Fig. 6B
and Table 1).

The different orientation of OH-1 in GT11 and XM462 could be
forced by the size of sulphur atom in the latter. Should the primary
alcohol in XM462 take a similar orientation to that of GT11, it could
hydrogen bond to the sulfur atom [39], thus losing favorable in-
teractions with the enzyme.

Based on this docking study, the main requisites for a good Desl
inhibitory activity in a ceramide-like ligand are: a) a folded conforma-
tion of the ligand in the Des1 active site; b) a close proximity of positions
4 or 5 of the ceramide to the FeyO5 cluster; ¢) a hydrogen bond inter-
action of OH-3 with one of the oxygen atoms of the dioxo-diiron system;
and d) the involvement of the primary hydroxyl group in a hydrogen
bond (donor) interaction with a residue of the enzyme.The essential OH-
1 hydrogen bond donor interaction with the enzyme was also observed
in the natural substrate, dhCer (OH1-Tyr170 in Fig. 6C and Table 1), as
well as an intramolecular hydrogen bond between OH-3 group and the
carbonyl oxygen of the dhCer. It is important to highlight that in all the
ligands studied, the most probable position of the amido group, is far
from residues with which it could be engaged in polar interactions.

Molecular docking was also performed with the synthesized com-
pounds 1b, 2b and 3b. As ceramide analogues 1a-c, 2a-c, 3a-c showed
no inhibition in cell lysates regardless the length of the N-acyl chain, the
study was only conducted with ceramide analogues b, containing the
same acyl chain as GT11 and XM462, for comparative purposes.
Regarding compound 1b, with a 1,4-disubstituted triazole core, the
bulky size of the ring moiety might affect the folding of the structure
and, as a result, the arrangement of the hydroxyl groups, thus leading to
a loss of all the favourable H-bond interactions previously identified
(Fig. 7A).

In comparison, the 1,5-disubstituted triazole ring of compound 2b,
which behaves like a cis-olefino mimetic surrogate, was able to approach
the iron metal center and allowed the structure to fold more adequately
(Fig. 7B). Thus, the position of the ring allowed the formation of the
hydrogen bond between the OH-3 and the dioxo-diiron oxygen. How-
ever, the key H-bond donor interaction involving OH-1 group was not
formed, possibly due to the ring’s size or even its nature. Nevertheless,
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the hydroxyl group was able to establish an intramolecular hydrogen
bond with the OH-3. For compound 3b, with a 2,4-disubstituted furan
core, similar in size to the triazole group, both OH-1 and OH-3 were
unable to participate in favourable interactions, again due to the
different arrangement of the heterocycle in relation to that of the
cyclopropane moiety in GT11 (Fig. 7C). Thus, the lack of key ligand-
enzyme interactions observed in GT11 and XM462, in particular the
one involving the primary hydroxyl group, could explain the inability of
ceramide analogs 1-3 to inhibit Des1 in cell lysates.

Finally, ceramide PR280 was docked in the dioxo-diiron-Desl
complex (Fig. 8). The most probable binding mode showed hydrogen
bond interactions of OH-3 with the dioxo-diiron oxygen atom while the
OH-1 group formed a hydrogen bond with Glu232. The location of the
cyclopropenone moiety, in close proximity to the iron complex, might be
due to coordination of the oxo moiety to the iron center, thus stabilizing
the folded conformation. The identification of the three crucial in-
teractions, as outlined earlier, responsible for Des1 inhibition (proximity
to FeyO, cluster, H-bonding with OH-1 and OH-3) offers a plausible
explanation for the PR280 strong inhibitory activity.

The consistency of the results obtained by inhibitory assays with
those obtained from docking studies may well validate the 3D construct
of the enzyme provided by Alphafold2.

The docking studies here presented are a first reasonable hypothesis,
but not definitive, and will be complemented in the future with mo-
lecular dynamic simulations [40]. On the other hand, ongoing efforts in
our group are being held to undertake the study of a large library of
cyclopropenone-based inhibitors covering diversity sites in order to gain
insight into the inhibition mode of this enzyme, and to expand the
structure-activity relationship of these PR280 derivatives. Eventually,
inhibition assays of those with better-predicted inhibition profile,
complemented with molecular dynamic simulations will enable us to
validate the constructed Alphafold2-based model.

3. Conclusions

A small set of ceramide analogs containing 1,4-triazole, 1,5-triazole
and cyclopropenone ring systems as rigid spacers between the polar
headgroup and the fatty tail, and featuring different N-acylated chains to
provide diversity, were synthetized and biologically and computation-
ally evaluated as Desl inhibitors, and further compared with reference
inhibitors GT11 and XM462. This study shows that five-membered ring
scaffolds are not good surrogates of the cyclopropene moiety in GT11,
the bulkyness of the ring probably causing a distortion of the optimal

Fig. 7. Binding mode of 1b (A, yellow), 2b (B, yellow) and 3c (C, grey) overlapped with that of GT11 (blue). Interaction between OH-3 and the dioxo-diiron oxygen
is indicated in the binding mode of product 2b (B). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 8. Binding mode of PR280 (A, green), overlapped with GT11 (B, blue), and XM462 (C, magenta). Amino acid residues involved in PR280-enzyme interactions
are marked and indicated in sticks; those not involved in specific interactions are represented with lines (A). The length of interactions in Ais specified (A). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

position of the ligand in the active site of the enzyme. This piece of
evidence could explain the lack of direct Desl inhibitory activity dis-
played by these compounds.

Nevertheless, PR280, an N-octanoyl ceramide derivative with a
cyclopropenone ring as a rigid scaffold, obtained in an efficient 6-step
synthesis in 24 % overall yield, showed a very high in vitro Des 1
inhibitory activity in T98 lysates with IC5¢ value of 700 nM, being
therefore more active than XM462 and GT11, the current reference
inhibitors [41].

To the best of our knowledge, this work provides the first reported
example of the use of AlphaFold2 in the prediction of the 3D structure of
Desl to identify key ligand-protein interactions in well-known ceramide
Desl inhibitors, previous construction of the full Fe;0O2-Desl model.
This information is relevant, due to the lack of the Desl crystalline
structure and the impossibility of conducting homology studies. The
determinant interactions found were OH-1 and OH-3 hydrogen bonds
with Desl amino acid residues and Fe;O, prosthetic group respectively,
as well as a close location of atoms at positions 4 or 5 in the ceramide
type ligand to the Fe;0, cluster.

Docking experiments of the five-membered ring-analogues synthe-
sized 1b, 2b and 3b revealed the absence of key ligand-protein in-
teractions necessary for inhibition, thus supporting the low Desl
inhibitory activity thereof.

Docking experiments of the cyclopropenone derivative PR280
revealed the presence of the key ligand-protein interactions previously
identified for inhibition, thus supporting its high in vitro Des1 inhibitory
activity, in contrast with those of the corresponding inactive five-
membered analogues.

As confirmed in this study, the active center of Desl lacks any
cysteine residue. This fact opens up the door to explore inhibition
mechanisms for GT11 different to those previously reported, involving a
reaction of the cyclopropene moiety with a cysteine residue of the
enzyme. The present study points out an alternative inhibition mecha-
nism consisting of specific and strong non-covalent interactions of the
ligand with polar residues and the prosthetic group located at the end of
the long deep channel constituted by the active site. This perspective can
also be applied to the inhibition offered by PR280. Thus, the present
study may pave the way to gaining greater knowledge on Desl
inhibition.

4. Experimental section
4.1. General methods and synthetic procedures

All reactions sensitive to air and/or moisture were carried out in
anhydrous conditions: performing vacuum-argon cycles in the flasks to
be used, previously dried heating with a heating gun under vacuum, as
well as transferring the reagents and solvents with cannulas or syringes
previously purged with argon. The procedures described below are the
ones that performed with the highest yield.

IR spectra were obtained with a JASCO FT/IR-680 plus infrared
spectrophotometer with Fourier transform and visualized with the
SpectraManager software (JASCO®). Optical rotations ([(x]ZDS) were
obtained with Perkin-Elmer 241 polarimeter with a path length of 1.0
dm. Melting points (M.p.) were obtained with a Mettler Toledo DSC
822e. High-resolution mass spectra (HRMS) were recorded on an Agi-
lent 1100 Series LC/MSD mass spectrometer with electrospray ioniza-
tion (ESI). Exact m/z values are reported in Daltons. x, 3¢, 1°F, Ccosy,
HSQC and HMBC NMR spectra were obtained with a Varian Mercury VX
400 and visualized with the MestreNova software (MestreLab®).

The coupling constants (J) are described in Hz using the following
abbreviations: s = singlet, d = doublet, t = triplet, = quadruplet, p =
quintuplet, m = multiplet, dd = doublet of doublets, dt = doublet of
triplets, td = triplet of doublets, ap = apparent, br = broad. All spectra
are referenced in relation to the residual signal of the deuterated solvent
used.

Thin-layer chromatography was performed on 0.25 mm E. Merck®
aluminum plates coated with 60 Fas4 silica, using p-anisaldehyde or
KMnOy as developer as indicated. Chromatographic columns were per-
formed by passing the mentioned solvent under pressure through
Fluka® or Merck® silica gel 60 (230-400 mesh).

4.1.1. General procedure for N-acylation of aminodiol intermediates
Hexanoic acid (products a), octanoic acid (products b) or decanoic
acid (products ¢) (0.14 mmol), EDC (0.14 mmol) and HOBt (0.14 mmol)
were dissolved in dry CHyCl, (6.9 mL) and the solution was stirred at
room temperature for 30 min. The resulting mixture was added over a
solution of aminodiol 7, 9, 12 or 17 (0.092 mmol) in dry CHxCl, (7.5
mL) and stirred at r.t. overnight. After this time, water was added, both
phases were separated, and the aqueous phase was extracted with
CHyCl,. The combined organic extracts were dried over anhydrous
MgSO4 and concentrated under vacuum to give a residue which was
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purified by flash column chromatography on silica gel using CHyCly/
MeOH mixtures.

4.1.2. (S)-tert-butyl 4-((R)-1-hydroxyprop-2-yn-1-yl)-2,2-
dimethyloxazolidine-3-carboxylate (5)

Ethynyltrimethylsilane (0.25 mL, 1.77 mmol) was dissolved in dry
THF (8.4 mL). The resulting solution was cooled down to —78 °C and
BulLi solution (2.5 M in hexanes, 0.7 mL, 1.75 mmol) was added drop-
wise. The resulting mixture was stirred for 1 h at —78 °C. Then, HMPA
(0.38 mL, 2.18 mmol) was added and the mixture was stirred for another
additional hour. After this time, (S)-Garner’s aldehyde (252 mg, 1.10
mmol) dissolved in dry THF (1 mL) was added. The mixture was warmed
up to —55 °C and stirred at this temperature overnight (18 h.). After this
time, TBAF solution (1 M in THF, 0.12 mL, 0.12 mmol) was added and
the resulting mixture was stirred for 5 additional hours at —55 °C. Af-
terwards, the reaction mixture was neutralized with NH4Cl aqueous
solution. After dilution with brine both phases were separated, and the
aqueous phase was extracted with Et;0. The combined organic extracts
were dried over anhydrous MgSO4 and concentrated under vacuum to
give a yellowish oily residue which was purified by flash column chro-
matography on silica gel (hexane/ethyl acetate, 8:2). Finally, a yellow
oil was obtained, which was identified as the desired deprotected alkyne
5 (244 mg, 0.96 mmol, 87 % yield). Rf = 0.33 (hexane/ethyl acetate,
8:2); &% —54.7 (c 0.8, CHCl3); 'H NMR (400 MHz, CDCl3) & in ppm: 5.05
(d, J = 8.1 Hz,1H), 4.50 (d, J = 8.1 Hz, 1H), 4.19-4.16 (m, 1H), 4.10 (t
ap, J = 8.3 Hz, 1H), 3.91-3.88 (m, 1H), 2.43 (s, 1H), 1.59 (s, 3H), 1.50
(s, 3H), 1.49 (s, 9H); *C NMR (100.6 MHz, CDCl3) & in ppm: 154.5,
95.2, 82.1, 81.7, 74.2, 65.2, 64.4, 62.7, 28.5, 26.0, 25.4; HRMS (TOF
ES+) for [M + Na]t C;3H2;NNaOZ (m/2): calculated: 278.1363 found:
278.1367. FT-IR (ATR) vin cm™: 3438, 3310, 3256, 2978, 2930, 2116,
1684, 1389, 1365, 1258, 1170, 1067, 1046, 849, 770, 657, 554.

4.1.3. Tert-butyl (S)-4-((S)-(1-dodecyl-1H-1,2,3-triazol-4-yl) (hydroxy)
methyl)-2,2-dimethyloxazolidine-3-carboxylate (6)

1-Azidododecane [42] (378 mg, 1.79 mmol) and terminal alkyne 5
(398 mg, 1.56 mmol) were dissolved in dry CH;Cl, (8.5 mL). The so-
lution was stirred at room temperature and a solution of CuSO4-5H20
(21.3 mg, 0.086 mmol) in distilled HoO (1.5 mL) followed by a solution
of sodium ascorbate (31.6 mg, 0.16 mmol) in distilled HyO (1.5 mL)
were added dropwise. The resulting mixture was stirred at room tem-
perature for 48 h. The reaction mixture was diluted with brine, both
phases were separated and the aqueous one was extracted with CHyCl,.
The combined organic extracts were dried over anhydrous MgSOsu,
filtered, and concentrated under reduced pressure. The reaction crude
was then purified by flash column chromatography on silica gel (hex-
ane/ethyl acetate, from 3:1 to 3:2), to yield the desired product 6 (715
mg, 1.53 mmol, 98 %) as a colorless oil. R¢ = 0.33 (hexane/ethyl acetate,
6:4); a%,s —27.6 (c 0.6, CHCl3); Spectroscopic data of the mixture of both
rotamers (a and b): 'H NMR (400 MHz, CD30D) 6 in ppm: 7.87 (s, 1H),
7.85 (s, 1H), 5.10 (d, J = 3.1 Hz, 1H), 5.04 (d, J = 4.3 Hz, 1H), 4.40-4.35
(m, 4H), 4.26-4.23 (m, 2H), 4.12-4.04 (m, 2H), 3.99-3.89 (m, 2H),
1.92-1.89 (m, 4H), 1.65 (s, 3H), 1.56 (s, 3H), 1.50 (s, 6H), 1.43-1.34 (m,
18H), 1.34-1.26 (m, 36H), 0.90 (t, J = 6.8 Hz, 6H); '*C NMR (100 MHz,
CD30D) 6 for two rotamers in ppm: 154.3 and 153.7, 150.8 and 150.5,
124.0 and 123.8, 95.8 and 95.4, 81.7 and 81.3, 67.6 and 67.5, 65.3 and
65.1, 63.0 and 62.8, 51.3, 33.1, 31.4, 30.77, 30.76, 30.67, 30.60, 30.5,
30.2, 28.6, 27.5, 27.3 and 26.5, 25.0 and 23.8, 23.6, 14.5; HRMS (TOF
ES+) for [M + Na]™ CasH4eN4NaOJF (m/2): calculated: 489.3417 found:
489.3416; FT-IR (ATR) vin em L 3419, 3135, 2925, 2855, 1698, 1463,
1389, 1173, 1075, 853.

4.1.4. (1S,2S)-2-amino-1-(1-dodecyl-1H-1,2,3-triazol-4-y)propane-1,3-
diol (7)

Protected triazole derivative 6 (720 mg, 1.54 mmol) was dissolved in
a HyO/TFA (1:10, 15.4 mL) mixture and the solution was stirred at room

10
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temperature for 1 h 45 min. After this time, the reaction mixture was
slowly poured into a saturated aqueous NaHCO3 (350 mL) solution at
—10 °C. Bubbling was observed due to neutralization of the excess of
TFA. The resulting suspension was extracted with AcOEt. The combined
organic extracts were dried over anhydrous MgSO4 and concentrated
under vacuum to give a white oily residue. The residue was purified by
flash column chromatography on silica gel (CH3Clp/MeOH/EtsN,
9:1:0.1) to yield the desired aminodiol 12 as a white solid (274 mg, 0.84
mmol, 54 % yield). R = 0.12 (CH2Cl/MeOH/Et3N, 9:1:0.1); a2’ + 1.5
(c 1.0, MeOH); 'H NMR (400 MHz, CD30D) § in ppm: 7.91 (s, 1H), 4.81
(d, J = 6.2 Hz, 1H), 4.40 (t, J = 7.1 Hz, 2H), 3.66 (dd, J = 10.9 Hz, J =
4.3 Hz, 1H), 3.57 (dd, J = 10.9 Hz, J = 6.6 Hz, 1H), 3.19-3.14 (m, 1H),
1.94-1.87 (m, 2H), 1.33-1.29 (m, 18H), 0.90 (t, J = 6.8 Hz, 3H); 13C
NMR (100 MHz, CDsOD) & in ppm: 150.2, 124.1, 69.1, 63.8, 58.1, 51.4,
33.1, 31.3, 30.77, 30.76, 30.68, 30.60, 30.5, 30.1, 27.5, 23.8, 14.5;
HRMS (TOF ES+) for [M + Na]t C;7H34N4NaO3 (m/z): calculated:
349.2579 found: 349.2577; FT-IR (ATR) v in cm™': 3333, 3289, 3213,
3150, 2916, 2849, 1617, 1469, 1152, 1065, 827.

4.1.5. N-((1S,2S)-1-(1-dodecyl-1H-1,2,3-triazol-4-yl)-1,3-
dihydroxypropan-2-yl)hexanamide (1a)

The reaction was performed as described in general procedure for N-
acylation, by using hexanoic acid (17.3 uL, 0.14 mmol), EDC (26.5 mg,
0.14 mmol), HOBt (18.9 mg, 0.14) and aminodiol 7 (30.0 mg, 0.092
mmol). Purification of the yellow oily residue thus obtained, by using
CHyCly/MeOH, 96:4 as eluent; furnish ceramide analogue 1a as a white
oil (24.2 mg, 0.056 mmol, 62 % yield). Rf = 0.18 (CH2Cly/MeOH, 96:4);
alz)S -33.8 (c 0.4, CHCl3); 'H NMR (400 MHz, CDCl3) § in ppm: 7.60 (s,
1H), 6.55 (d, J = 6.5 Hz, 1H), 5.65 (bs, 1H), 5.09 (d, J = 2.0 Hz, 1H),
4.90 (bs, 1H), 4.35-4.27 (m, 3H, H-2), 4.17 (dd, J = 12.0 Hz, J = 1.6 Hz,
1H), 3.79 (dd, J = 12.0 Hz, J = 4.8 Hz, 1H), 2.19-2.05 (m, 2H),
1.91-1.84 (m, 2H), 1.55-1.44 (m, 2H), 1.31-1.15 (m, 22H), 0.87 (t, J =
6.5 Hz, 3H), 0.85 (t, J = 7.3 Hz, 3H); 13C NMR (400 MHz, CDCl3) & in
ppm: 175.8, 149.3,122.7, 71.6, 62.3, 56.4, 50.7, 36.4, 32.0, 31.3, 30.3,
29.73, 29.66, 29.53, 29.46, 29.1, 26.6, 25.5, 22.8, 22.4, 14.3, 14.0;
HRMS (TOF ES+) for [M + Na]® Cy3H44N4NaO3 (m/z): calculated:
447.3311 found: 447.3309; FT-IR (ATR) v in em ™ 3388, 3236, 3064,
2922, 2852, 1734, 1645, 1559, 1211, 1062, 774.

4.1.6. N-((1S,2S)-1-(1-dodecyl-1H-1,2,3-triazol-4-yD)-1,3-
dihydroxypropan-2-yl)octanamide (1b)

Compound 1b was synthesized following the general procedure for
N-acylation from octanoic acid (21.9 pL, 0.14 mmol), EDC (26.5 mg,
0.14 mmol), HOBt (18.9 mg, 0.14 mmol) and aminodiol 7 (30.0 mg,
0.092 mmol). Purification by using a mixture CH,Cl,/MeOH, 96:4 as
solvent led ceramide analogue 1b as a white oil (28.0 mg, 0.062 mmol,
67 % yield). R = 0.19 (CH,Cl,/MeOH, 96:4); alz)s —4.6 (c 0.41, CHCl3);
H NMR (400 MHz, CDCl3) & in ppm: 7.59 (s, 1H), 6.53 (d, J = 6.4 Hz,
1H), 5.63 (bs, 1H), 5.08 (d, J = 1.8 Hz, 1H), 4.35-4.27 (m, 3H), 4.17 (dd,
J=12.1Hz, J = 1.7 Hz, 1H), 3.79 (dd, J = 12.1 Hz, J = 5.0 Hz, 1H),
2.19-2.05 (m, 2H), 1.92-1.84 (m, 2H), 1.53-1.45 (m, 2H), 1.30-1.22
(m, 26H), 0.87 (t, J = 6.8 Hz, 3H), 0.86 (t, J = 6.9 Hz, 3H); 3C NMR
(400 MHz, CDCl5) & in ppm: 175.9, 149.3, 122.7, 71.8, 62.4, 56.5, 50.8,
36.5, 32.0, 31.8, 30.3, 29.8, 29.74, 29.67, 29.54, 29.47, 29.2, 29.13,
29.08, 26.6, 25.8, 22.8, 22.7, 14.3, 14.2; HRMS (TOF ES+) for [M +
Na]™ CasHygN4NaOF (m/2): calculated: 475.3624 found: 475.3620; FT-
IR (ATR) v in em™ 3391, 3234, 3067, 2923, 2852, 1734, 1646, 1558,
1209, 1056, 773.

4.1.7. N-((1S,2S)-1-(1-dodecyl-1H-1,2,3-triazol-4-yl)-1,3-
dihydroxypropan-2-yl)decanamide (1c)

Compound 1c was prepared following the general procedure of N-
acylation by using decanoic acid (11.9 mg, 0.07 mmol), EDC (13.7 mg,
0.07 mmol), HOBt (9.9 mg, 0.07 mmol) and aminodiol 7 (15.0 mg,
0.046 mmol). After the work-up, the yellow oily residue was purified
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(CH,Cly/MeOH, 96:4). Ceramide analogue 1c was obtained as a white
0il (14.1 mg, 0.029 mmol, 63 % yield). R = 0.28 (CH,Cl/MeOH, 96:4);
alz)5 —20.8 (¢ 0.75, CHCl3); 'H NMR (400 MHz, CDCl3) 6 in ppm: 7.59 (s,
1H), 6.51 (d, J = 6.2 Hz, 1H), 5.08 (d, J = 1.6 Hz, 1H), 4.37-4.26 (m, 3H,
H-2),4.18 (dd, J = 12.1 Hz, J = 1.5 Hz, 1H), 3.80 (dd, J = 12.1 Hz, J =
5.1 Hz, 1H), 2.19-2.05 (m, 2H), 1.92-1.85 (m, 2H), 1.53-1.45 (m, 2H),
1.31-1.17 (m, 30H), 0.87 (t, J = 6.7 Hz, 6H); °C NMR (400 MHz,
CDClg) & in ppm: 176.0, 149.4, 122.7, 72.1, 62.4, 56.6, 50.8, 36.5, 32.1,
32.0, 30.3, 29.9, 29.8, 29.7, 29.58, 29.55, 29.48, 29.44, 29.43, 29.2,
29.1, 26.6, 25.9, 22.83, 22.82, 14.3; HRMS (TOF ES+) for [M + H]*"
Co7H5oN4NaO3 (m/z): calculated: 503.3937 found: 503.3961; FT-IR
(ATR) v in ecm™: 3409, 3236, 3056, 2921, 2850, 1731, 1645, 1569,
1210, 1057, 774.

4.1.8. Tert-butyl (S)-4-((S)-hydroxy(1-tridecyl-1H-1,2,3-triazol-5-yl)
methyl)-2,2-dimethyloxazolidine-3-carboxylate (8)

Cp*RuCl(COD) (46.0 mg, 0.12 mmol) was dissolved in dry and
previously degassed toluene (9 mL, toluene was degassed for 1 h with
nitrogen purge). A solution of alkyne 5 (442.1 mg, 1.73 mmol) and 1-
azidotridecane [42,43] (549 mg, 2.43 mmol) in dry and previously
degassed toluene (5.6 mL) was added. The mixture was stirred at room
temperature overnight in which time the total consumption of the
starting material was observed by TLC analysis. Then, the reaction
mixture was filtered through a short path of Celite followed by the
evaporation of the solvent under reduced pressure. The residue was
purified by flash column chromatography on silica gel (hexane/ethyl
acetate, 7:3) and product 8 was obtained in form of a white oil (594 mg,
1.24 mmol, 72 %). Ry = 0.33 (hexane/ethyl acetate, 8:2); a,z)s -10.4 (c
1.0, CHCly); 'H NMR (400 MHz, CDCl3) 6 in ppm: 7.53 (s, 1H), 5.16 (s,
1H), 4.48-4.34 (m, 2H), 4.25 (m, 1H), 4.08-4.04 (m, 1H), 4.00 (dd, J =
9.6 Hz, J = 6.5 Hz, 1H), 1.99-1.91 (m, 2H), 1.49-1.43 (m, 15H),
1.35-1.24 (m, 20H), 0.87 (t, J = 6.7 Hz, 3H); 13C NMR (100.6 MHz,
CDClg) & in ppm: 153.6, 136.9, 131.6, 94.7, 81.7, 66.4, 64.0, 61.2, 49.4,
32.1, 30.3, 29.83, 29.79, 29.76, 29.7, 29.6, 29.5, 29.2, 28.4, 26.9, 26.8,
24.0, 22.8, 14.3; HRMS (TOF ES+) for [M + H]" CosHsoN4O4 (m/2):
calculated: 481.3748 found: 481.3751; FT-IR (ATR) v in cm L 3226,
2923, 2852, 1698, 1458, 1364, 1252,1170, 1099, 1067, 1051, 847, 768,
605, 566, 526.

4.1.9. (1S,2S)-2-amino-1-(1-tridecyl-1H-1,2,3-triazol-5-y))propane-1,3-
diol (9)

Triazole derivative 8 (570 mg, 1.19 mmol) was dissolved in a H,O/
TFA (1:10, 12.2 mL) mixture and the solution was stirred at room
temperature for 1 h 45 min. After this time, the reaction mixture was
slowly poured into a saturated aqueous NaHCO3 (250 mL) solution at
—10 °C. Bubbling was observed due to TFA neutralization. The resulting
suspension was extracted with AcOEt. The combined organic extracts
were dried over anhydrous MgSO4 and concentrated under vacuum to
give a white oily residue. The residue was purified by flash column
chromatography on silica gel (CH2Cly/MeOH/Et3N, 9:1:0.1) obtaining
deprotected product 9 as a white solid (294 mg, 0.86 mmol, 73 % yield).

R¢=0.26 (CH3Cl,/MeOH/Et3N, 9:1:0.1); le,s —4.0 (c 1.1, MeOH); M.
p- 105-107 °C; 'H NMR (400 MHz, CDCl3) 6 in ppm: 7.72 (s, 1H), 4.80
(d, J = 7.3 Hz, 1H), 4.44 (m, 2H), 3.69 (d, J = 5.2 Hz, 2H), 3.16 (dt, J =
7.3 Hz, J = 5.2 Hz, 1H), 1.94 (m, 2H), 1.40-1.26 (m, 20H), 0.90 (t, J =
6.7 Hz, 3H); 13C NMR (100.6 MHz, CDCl3) & in ppm: 139.3, 133.1, 66.0,
62.8, 57.5, 49.8, 33.1, 31.2, 30.79, 30.76, 30.68, 30.6, 30.5, 30.2, 27.7,
23.7, 14.4, 8.46; HRMS (TOF ES+) for [M + H]" C1gH3yN403 (m/2):
calculated: 341.2911 found: 341.2920; FT-IR (ATR) v in cm’: 3342,
3276, 3121, 2954, 2919, 2848, 1598, 1468, 1375, 1303, 1239, 1123,
1084, 1032, 989, 956, 831, 721, 694, 619.

4.1.10. N-((1S,25)-1,3-dihydroxy-1-(1-tridecyl-1H-1,2,3-triazol-5-yl)
propan-2-yl)hexanamide (2a)
Following the general procedure, aminodiol 9 (83.5 mg, 0.25 mmol)
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was N-acylated by using hexanoic acid (62 uL, 0.50 mmol), EDC (93.9
mg, 0.49 mmol), and HOBt (66.0 mg, 0.49). The crude was purified
employing CH,Clo/MeOH/NH4OH, 97:3:1 as eluent. Thus, ceramide
analogue 2a was obtained as a white solid (69.2 mg, 0.16 mmol, 64 %
yield). Rf = 0.22 (CHyClo/MeOH/NH4OH, 9:1:0.1); &2 + 31,7 (¢ 1.1,
CH2Cly/MeOH (1:1)); M.p. 56-57 °C; 'H NMR (400 MHz, CDCl3) & in
ppm: 7.51 (s, 1H), 6.78 (d, J = 7.7 Hz, 1H), 5.34 (d, J = 6.2 Hz, 1H),
5.14-5.12 (m, 1H), 4.44-4.32 (m, 2H), 4.12-4.07 (m, 2H), 4.01 (d, J =
11.2 Hz, 1H), 3.69 (d, J = 11.2 Hz, 1H), 2.20 (t, J = 7.6 Hz, 2H),
1.93-1.86 (m, 2H), 1.59 (quint ap, J = 7.5 Hz, 2H), 1.34-1.24 (m, 24H),
0.87 (t, J = 6.6 Hz, 6H); 13C NMR (100.6 MHz, CDCl3) & in ppm: 174.5,
137.8,132.0, 66.6, 61.4, 53.8, 49.1, 36.7, 32.1, 31.5, 30.4, 29.82, 29.79,
29.7, 29.6, 29.5, 29.3, 26.8, 25.4, 22.8, 22.5, 14.3, 14.1; HRMS (TOF
ES+) for [M + Na]™* Ca4HyeN4NaO3 (m/z): calculated: 461.3462 found:
461.3465; FT-IR (ATR) vin em ™ 3494, 3383, 3275, 3127, 2957, 2917,
2847,1635, 1550, 1464, 1329, 1251, 1133, 1091, 1065, 1048, 878, 800,
756, 721, 634, 589, 527.

4.1.11. N-((1S,2S)-1,3-dihydroxy-1-(1-tridecyl-1H-1,2,3-triazol-5-yl)
propan-2-yl)octanamide (2b)

The reaction was performed as described in general procedure for N-
acylation starting from octanoic acid (78 uL, 0.49 mmol), EDC (95.2 mg,
0.50 mmol), HOBt (66.1 mg, 0.49 mmol) and aminodiol 9 (83.4 mg,
0.25 mmol). The resulting yellow oily crude was purified (CH2Cly/
MeOH/NH40H, 97:3:1), getting ceramide analogue 2b as a white solid
(80.0 mg, 0.17 mmol, 70 % yield). R¢ = 0.23 (CH,Cl,/MeOH/NH4OH,
9:1:0.1); a2 + 24.7 (c 0.5, CHyCly/MeOH (1:1)); M.p. 67-68 °C; 'H
NMR (400 MHz, CDClg) & in ppm: 7.50 (s, 1H), 6.74 (d, J = 7.7 Hz, 1H),
5.23-5.22 (m, 1H), 5.14-5.12 (m, 1H), 4.44-4.32 (m, 2H), 4.11-4.06
(m, 1H), 4.02-3.99 (m, 2H), 3.72-3.66 (m, 1H), 2.21 (t,J = 7.7 Hz, 2H),
1.94-1.84 (m, 2H), 1.63-1.55 (m, 2H), 1.35-1.24 (m, 28H), 0.87 (t, J =
6.6 Hz, 6H); 13¢C NMR (100.6 MHz, CDCl3) & in ppm: 174.5, 137.6,
132.0, 66.9, 61.5, 53.8, 49.1, 36.7, 32.1, 31.8, 30.4, 29.83, 29.79, 29.7,
29.6, 29.5, 29.4, 29.3, 29.1, 26.8, 25.8, 22.8, 22.8, 14.3, 14.2; HRMS
(TOF ES+) for [M + HI]" Co¢Hs51N4O3 (m/2): calculated: 467.3956
found: 467.3961; FT-IR (ATR) vin cm™!: 3459, 3408, 3291, 3126, 3072,
2954, 2918, 2850, 1636, 1544, 1466, 1375, 1325, 1246, 1128, 1065,
1049, 1000, 869, 801, 758, 718, 680, 634, 549.

4.1.12. N-((1S,2S)-1,3-dihydroxy-1-(1-tridecyl-1H-1,2,3-triazol-5-yl)
propan-2-yldecanamide (2c)

Following the general procedure for N-acylation, decanoic acid
(84.5 mg, 0.49 mmol), EDC (93.3 mg, 0.49 mmol), HOBt (65.7 mg, 0.49
mmol) and aminodiol 9 (82.5 mg, 0.24 mmol) were reacted. The yellow
oily residue was purified using CH2Cly/MeOH/NH4OH, 97:3:1) tto give
ceramide analogue 2c as a white solid (86.3 mg, 0.17 mmol, 72 % yield).
R¢ = 0.27 (CH,Cl,/MeOH/NH40H, 9:1:0.1); alz)5 —10.3 (¢ 1.1, CH,Cly/
MeOH (1:1)); M.p. 79-80 °C; 'H NMR (400 MHz, CDCl3) § in ppm: 7.57
(s, 1H), 6.54-6.52 (m, 1H), 5.18 (d, J = 4.0 Hz, 1H), 4.45-4.34 (m, 2H),
4.040 (bs, 1H), 4.035 (dd, J = 15.2 Hz, J = 3.5 Hz, 1H), 3.72 (dd, J =
15.2Hz, J = 3.5 Hz, 1H), 2.24 (t,J = 7.7 Hz, 2H), 1.92 (quint ap, J = 7.2
Hz, J = 7.2 Hz, 2H), 1.62 (quint ap, J = 7.3 Hz, J = 7.3 Hz, 2H),
1.33-1.25 (m, 32H), 0.88 (t, J = 7.0 Hz, 6H); '3*C NMR (100.6 MHz,
CDClg) & in ppm: 174.8, 138.6, 131.2, 66.1, 61.4, 54.3, 49.8, 36.6, 32.1,
32.0, 30.2, 29.84, 29.80, 29.75, 29.64, 29.61, 29.5, 29.44, 29.41, 29.3,
26.8, 25.8, 22.83, 22.81, 14.3; HRMS (TOF ES+) for [M + H]*"
CagHs5N403 (m/2): calculated: 495.4269 found: 495.4274; FT-IR (ATR)
vin em™!: 3525, 3439, 3284, 3138, 2952, 2915, 2868, 2848, 1743,
1644, 1543, 1469, 1415, 1379, 1327, 1295, 1254, 1232, 1196, 1124,
1115, 1064, 1040, 1027, 865, 762, 718, 696, 614, 580, 526, 496.

4.1.13. 2-dodecylfuran (10) [24]

A solution of furan (0.91 mL, 12.5 mmol) in anhydrous THF (41.7
mL) was cooled down to —78 °C. Then, butyllithium solution (2.5 M in
hexanes, 4.7 mL, 11.8 mmol) was added dropwise and the resulting
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mixture was stirred at 0 °C for 2 h. After that time, the mixture was
cooled down to —40 °C and 1-bromododecane (2 mL, 8.3 mmol) dis-
solved in dry THF (2.3 mL) was added dropwise. The resulting mixture
was stirred at room temperature overnight. Then, a saturated aqueous
NaHCOs solution was added. Both phases were separated, the aqueous
phase was diluted with saturated NaCl solution and extracted with
AcOEt. The combined organic extracts were washed with saturated NaCl
aqueous solution, dried over anhydrous Na;SO4 and concentrated under
vacuum to give a yellowish oily residue. The residue was purified by
flash column chromatography (dichloromethane) on silica gel and a
yellow liquid was obtained, which was identified as 2-dodecylfuran, 10,
(1.960 g, 8.34 mmol, 99 %). Rf = 0.77 (hexane/ethyl acetate, 8:2); H
NMR (400 MHz, CDCl3) & in ppm: 7.29 (dd, J = 1.85 Hz, J = 0.9 Hz, 1H),
6.27 (dd, J =1.85Hz, J = 3.1 Hz, 1H), 5.97 (m, 1H), 2.61 (t,J = 7.6 Hz,
2H), 1.66-1.61 (m, 2H), 1.35-1.26 (m, 18H), 0.88 (t, J = 7.0 Hz, 3H);
13C NMR (100 MHz, CDCls) & in ppm: 156.8, 140.7, 110.2, 104.6, 32.1,
29.82, 29.79, 29.7, 29.52, 29.51, 29.3, 28.2, 28.1, 22.8, 14.3; HRMS
(TOF ES+) for [M + H]" C16H290™ (m/2): calculated: 237.2213 found:
237.2211; FT-IR (ATR) vin em 2953, 2922, 2852, 1597, 1507, 1465,
1146, 1007, 924, 885, 794, 723, 599 em L

4.1.14. Tert-butyl (S)-4-((S)-(5-dodecylfuran-2-yD) (hydroxy)methylD)-2,2-
dimethyloxazolidine-3-carboxylate (11)

2-dodecylfuran, 10, (412 mg, 1.59 mmol) was dissolved in dry THF
(8.3 mL). The resulting solution was cooled down to —78 °C and BuLi
solution (2.5 M in hexanes, 0.70 mL, 1.75 mmol) was added dropwise.
After the addition, the mixture was warmed up to 0 °C and stirred at this
temperature for 1 h. Then, dry HMPA (0.38 mL, 2.18 mmol) was added
and the mixture was stirred an additional hour at 0 °C. Afterwards, the
solution was cooled down to —55 °C and (S)-Garner’s aldehyde (249 mg,
1.09 mmol) dissolved in dry THF (1 mL) was added. The resulting
mixture was stirred at —55 °C overnight. After this time, NH4Cl satu-
rated aqueous solution was added, both phases were separated and ex-
tractions of the aqueous phase with AcOEt were performed. The
combined organic extracts were dried over anhydrous NaySO4 and
concentrated under vacuum to give a yellowish oily residue. The residue
was then dissolved in dry THF/MeOH solution (8 mL, 3:1). NaBH,4 (25.2
mg, 0.66 mmol) was added to the solution and the mixture was stirred at
room temperature until the total consumption of the residual (S)-Gar-
ner’s aldehyde was observed by TLC analysis. At this point, the mixture
was diluted with aqueous NaCl saturated solution and extractions of the
aqueous phase with AcOEt were performed. Finally, the combined
organic extracts were dried over anhydrous NaySO4 and concentrated
under vacuum to give a yellowish oily residue. The residue was purified
by flash column chromatography on silica gel (hexane/ethyl acetate,
8:2) and a yellow oil was obtained, which was identified as a diastero-
meric mixture of the desired product 11 (420 mg, 0.90 mmol, 83 %
yield) in a 7:1 (anti/syn) molar relation. R = 0.31 (hexane/ethyl acetate,
8:2); Data shown for the major isomer (anti: H NMR (400 MHz, CDCl3) &
in ppm: 6.15 (d, J = 3.0 Hz, 1H), 5.91 (d, J = 3.0 Hz, 1H), 4.89-4.85 (m,
1H), 4.64 (bs, 1H), 4.35-4.32 (m, 1H), 4.07-4.05 (m, 2H), 2.56 (t, J =
7.6 Hz, 2H), 1.66-1.47 (m, 17H), 1.34-1.26 (m, 18H), 0.88 (t, J = 3.8
Hz, 3H); 13C NMR 5§ in ppm: 156.4, 154.3, 151.9, 107.9, 105.3, 94.7,
81.3, 69.9, 64.8, 62.1, 32.1, 29.9, 29.82, 29.79, 29.70, 29.5, 29.4, 28.5,
28.2, 22.8, 14.3; HRMS (TOF ES+) for [2 M + Na]* Cs4Hg4NoNaO7y (m/
2): calculated: 953.6801 found: 953.6798; FT-IR (ATR) vin em L 3454,
2924, 2853, 1670, 1457, 1388, 1365, 1255, 1206, 1172, 1093, 1069,
1011, 949, 849, 781, 768, 721, 563, 524, 462.

4.1.15. (18,2S)-2-amino-1-(5-dodecylfuran-2-yDpropane-1,3-diol (12)

A diasteromeric mixture (7:1, anti/syn) of protected furan derivate
11 (422 mg, 0.91 mmol) was dissolved in dry CH,Clz (9.1 mL). EtsN
(0.89 mL, 6.39 mmol) was added and the resulting mixture was stirred
20 min at room temperature. The mixture was cooled down to 0 °C and
TMSOTf (0.50 mL, 2.76 mmol) was added, the reaction mixture was
stirred at 0 °C for 3 h. After this time, NH4Cl saturated solution was
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added to the reaction mixture. Both phases were separated, the aqueous
phase was extracted with CH,Cly and, afterwards, the combined organic
extracts were washed up with NaHCOg saturated solution, dried over
anhydrous MgSO4 and concentrated under vacuum to give a yellow oily
residue. Without further purification, the previous crude was dissolved
in anhydrous THF (9.1 mL). Then, TBAF solution (1 M in THF, 2.72 mL,
2.72 mmol) was added and the reaction mixture was stirred overnight at
room temperature. After this time, a NH4Cl saturated solution was added
to the reaction mixture. Both phases were separated, the aqueous phase
was extracted with AcOEt and the combined organic extracts were dried
over anhydrous MgSO4 and concentrated under vacuum to give a white
oily residue, which was purified by flash column chromatography on
silica gel (CH,Cly/MeOH/Et3N, 95:5:1). A white solid was obtained,
identified as a diasteromeric mixture (18:1, anti/syn) of the desired
aminodiol 12 (286.4 mg, 0.88 mmol, 97 %). Rf = 0.26 (CHCly/MeOH/
NH40H, 9:1:0.1); Data shown for the major isomer (1S,2S): 'H NMR
(400 MHz, MeOD) & in ppm: 6.23 (d, J = 3.1 Hz, 1H), 5.99 (d, J = 3.1 Hz,
1H), 4.52 (d, J = 7.1 Hz, 1H), 3.72 (dd, J = 11.0 Hz, J = 4.1 Hz, 1H),
3.59 (dd, J = 11.0 Hz, J = 6.5 Hz, 1H), 3.12-3.08 (m, 1H), 2.61 (t, J =
7.5 Hz, 2H), 1.67-1.60 (m, 2H), 1.34-1.27 (m, 18H), 0.90 (t, J = 6.8 Hz,
3H); '3C NMR & in ppm: (100.6 MHz, MeOD) 157.5, 154.3, 109.3, 106.4,
70.1, 64.1, 57.1, 33.1, 30.81, 30.78, 30.73, 30.5, 30.3, 29.2, 28.9, 23.8,
14.47; HRMS (TOF ES+) for [M + Na]™ C;9H35NNaO3 (m/2): calcu-
lated: 348.2509 found: 348.2510; FT-IR (ATR) v in em™ L 3313, 2955,
2922, 2852, 1653, 1633, 1558, 1541, 1522, 1457, 1260, 1089, 1017,
798.

4.1.16. N-((1S,2S)-1-(5-dodecylfuran-2-yl)-1,3-dihydroxypropan-2-yl)
hexanamide (3a)

The reaction was performed as described in general procedure for N-
acylation starting from hexanoic acid (62 uL, 0.50 mmol), EDC (94.6 mg,
0.49 mmol), HOBt (66.0 mg, 0.49) and aminodiol 12 (79.2 mg, 0.24
mmol) in dry CH,Cly. The resulting yellow oily residue was purified by
using CH,Cl,/MeOH/NH4OH, 96:4:1) to afford 3a as a white solid (79.4
mg, 0.19 mmol, 77 % yield). Rf = 0.11 (CH»Cly/MeOH/NH40H,
9.5:0.5:0.1); a[z)s —12.0 (c 1.1, CHCl3); M.p. 58-59 °C; 'H NMR (400
MHz, CDCls) & in ppm: "H NMR & in ppm: (400 MHz, CDCls) § 6.31-6.30
(m, 1H), 6.21 (d, J = 3.0 Hz, 1H), 5.92 (d, J = 3.0 Hz, 1H), 4.90 (d, J =
4.4 Hz, 1H), 4.23 (m, 1H), 3.90 (dd, J = 11.5 Hz, J = 3.4 Hz, 1H), 3.70
(d, J=11.5Hz,J = 3.3 Hz, 1H), 2.57 (t,J = 7.7 Hz, 2H), 2.20 (t, J=7.6
Hz, 2H), 1.64-1.56 (m, 4H), 1.34-1.22 (m, 22H), 0.88 (t, J = 6.9 Hz,
3H), 0.87 (t, J = 6.8 Hz, 3H);'3C NMR (100.6 MHz, CDCl3) & in ppm:
174.4, 156.8, 151.7, 108.2, 105.5, 69.9, 62.8, 54.5, 36.9, 32.1, 31.5,
29.81, 29.79, 29.78, 29.7, 29.5, 29.4, 28.2, 28.1, 25.5, 22.8, 22.5, 14.3,
14.1; HRMS (TOF ES+) for [M + Na]* CosH4sNNaOZ (m/z): calculated:
446.3241 found: 446.3234; FT-IR (ATR) v in em ™ 3288, 2954, 2923,
2852, 1651, 1636, 1541, 1456, 1418, 1376, 1302, 1259, 1218, 1189,
1057, 1013, 965, 784, 721, 669.

4.1.17. N-((1S,2S)-1-(5-dodecylfuran-2-yl)-1,3-dihydroxypropan-2-yl)
octanamide (3b)

Following the general procedure for N-acylation, octanoic acid (31
uL, 0.20 mmol), EDC (38.4 mg, 0.20 mmol), HOBt (26.3 mg, 0.20) and
aminodiol 12 (31.8 mg, 0.10 mmol) were used in dry CH,Cly. The re-
action was quenched and the yellow oily crude using CH2Clo/MeOH/
NH40H, 96:4:1 to give 3b as a white solid (26.5 mg, 0.06 mmol, 60 %
yield). R¢= 0.17 (CH3Cl,/MeOH/NH40H, 9.5:0.5:0.1); otlz)5 —15.0(c 1.0,
CHCl3); M.p. 46-47 °C; 'H NMR (400 MHz, CDCl3) & in ppm: 6.24 (m,
1H), 6.22 (d, J = 3.3 Hz, 1H), 5.92 (d, J = 3.3 Hz, 1H), 4.91 (t ap., J =
4.6 Hz, 1H), 4.26-4.21 (m, 1H), 3.94-4.21 (m, 1H), 3.75-3.70 (m, 1H),
3.39 (bs, 1H), 2.72 (bs, 1H), 2.58 (t, J = 7.6 Hz, 2H), 2.22 (t,J = 7.6 Hz,
2H), 1.65-1.57 (m, 4H), 1.34-1.22 (m, 26H), 0.88 (t, J = 6.9 Hz, 6 H);
13C NMR (100.6 MHz, CDCl3) & in ppm:174.4, 156.9, 151.7, 108.3,
105.6, 70.1, 63.0, 54.5, 36.9, 32.1, 31.8, 29.82, 29.80, 29.7, 29.5, 29.4,
29.3), 29.2, 28.2, 28.1, 25.9, 22.84, 22.76, 14.3, 14.2; HRMS (TOF ES+)
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for [M 4+ Na]™ CyyH4NNaOZ (m/z): calculated: 474.3554 found:
474.3558; FT-IR (ATR) v in cm™': 3301, 2955, 2922, 2851, 653, 1636,
1541, 1507, 1458, 1377, 1257, 1086, 1015, 858, 796, 724, 683, 668,
549,

4.1.18. N-((1S,2S)-1-(5-dodecylfuran-2-yl)-1,3-dihydroxypropan-2-yl)
decanamide (3c)

The reaction was performed as described in N-acylation general
procedure by using decanoic acid (84.5 mg, 0.49 mmol), EDC (93.9 mg,
0.49 mmol), HOBt (66.2 mg, 0.49) and aminodiol 12 (75.1 mg, 0.23
mmol) in dry CH,Cly. The resulting yellow oily residue was purified by
flash column chromatography on silica gel (CH2Clo/MeOH/NH40OH,
96:4:1). Ceramide analogue 3c was thus obtained as a white solid (81.2
mg, 0.17 mmol, 73 % yield). Rf = 0.20 (CH2Cly/MeOH/NH40OH,
9.5:0.5:0.1); a,%s —14.0 (c 1.5, CHCl3); M.p. 38-39 °C; 'H NMR (400
MHz, CDCl3) § in ppm: 6.26 (d, J = 7.7 Hz, 1H), 6.22 (d, J = 3.1 Hz, 1H),
5.93 (d, J = 3.1 Hz, 1H), 4.91 (d, = 4.4 Hz, 1H), 4.24 (m, 1H), 3.97 (dd,
J=11.5Hz,J =3.8 Hz, 1H), 3.71 (d, J = 11.5 Hz, J = 3.8 Hz, 1H), 2.57
(t, J = 7.7 Hz, 2H), 2.21 (t, J = 7.6 Hz, 2H), 1.64-1.56 (m, 4H),
1.33-1.25 (m, 30H), 0.87 (t, J = 6.8 Hz, 6H); 13C NMR (100.6 MHz,
CDClg) & in ppm: 174.4, 156.9, 151.7, 108.3, 105.5, 70.1, 62.9, 54.5,
36.9, 32.1, 32.0, 29.82, 29.80, 29.7, 29.6, 29.5, 29.4, 29.37, 29.36, 28.2,
28.1, 25.9, 22.84, 22.82, 14.27, 14.26; HRMS (TOF ES+) for [M + Na] "
Co9H53sNNaOf (m/z): calculated: 502.3867 found: 474.3866; FT-IR
(ATR) v in ecm™ & 3383, 3310, 2918, 2849, 1644, 1620, 1557, 1466,
1378, 1262, 1234, 1102, 1051, 1013, 957, 787, 721, 651, 549, 427.

4.1.19. 2-tridecylcycloprop-2-en-1-one (14)

Nal (2.526 g, 16.85 mmol) and 1-pentadecyne (2 mL, 7.62 mmol)
were dissolved in dry THF (10.2 mL) under argon atmosphere in a
Schlenck pressure tube. TMSCF3 (5.63 mL, 38.09 mmol) was added to
the solution. The Schlenck pressure tube was sealed and the mixture was
heated at 110 'C while vigorously stirring. After 21 h NaHCO3 saturated
aqueous solution was added to the reaction mixture. Both phases were
separated, and the aqueous phase was extracted with Et;0. The com-
bined organic extracts were desiccated with anhydrous MgSO4 and
concentrated under vacuum to give a yellowish oily residue. The ob-
tained residue was dissolved in a hexane/AcOH mixture (99:1, 140 mL)
and treated with silice at room temperature overnight. Afterwards, the
mixture was filtrated under vacuum through a filter plate and extracted
with NaHCOj5 saturated solution. The organic phase was desiccated with
anhydrous MgSO4 and concentrated under vacuum to give a yellowish
oily residue. The residue was purified by flash column chromatography
on silica gel (gradient: hexane/ethyl acetate, from 7:3 to 6:4) and finally
the desired cyclopropenone 14 was obtained as a white solid (1.724 g,
7.29 mmol, 96 % yield). Rf = 0.20 (hexane/ethyl acetate, 1:1); M.p.
41-42 °C; 'H NMR (400 MHz, CDCl3) 8 in ppm: 8.40 (s, 1H), 2.64 (t, J =
7.3 Hz, 2H), 1.68 (q ap., J = 7.4 Hz, 2H), 1.40-1.33 (m, 2H), 1.30-1.17
(m, 20H), 0.84 (t, J = 6.6 Hz, 3H); 13C NMR (100.6 MHz, CDCl3) & in
ppm: 170.3, 158.0, 148.2, 32.0, 29.70, 29.68, 29.6, 29.5, 29.4, 29.2,
29.0, 27.5, 25.7, 22.7, 14.2; HRMS (TOF ES+) for [M + H]" C16H290™
(m/2): calculated: 237.22129 found: 237.22124; FT-IR (ATR) vin cm
3047, 2957, 2914, 2847, 1877, 1827, 1804, 1745, 1577, 1469, 1460,
1411, 1158, 1032, 886, 874, 715.

4.1.20. 6,6-dimethyl-1-tridecyl-4,8-dioxaspiro[2.5]oct-1-ene (15)
Tridecylcyclopropenone, 14, (1.005 g, 4.25 mmol) and BF4OEt;
(1.215 g, 6.39 mmol) were dissolved in dry CH,Cly (7 mL) under argon
atmosphere. The resulting mixture was vigorously stirred at room tem-
perature for 30 min. Neopentylglycol (888 mg, 8.53 mmol) and EtsN
(1.18 mL, 8.47 mmol) dissolved in dry CH,Cl, (2.3 mL) were added over
the previous mixture dropwise. After the addition, the reaction mixture
was stirred at room temperature overnight. After this time, NaHCO3
saturated solution was added to the reaction mixture. The organic phase
was washed multiple times with NaHCO3 saturated solution, then,
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desiccated with NaysSO4 and concentrated under reduced pressure. A
brown oily residue was obtained, which was purified by flash column
chromatography on silica gel (hexane/AcOEt, 9:1) to give the desired
ketal 15 in form of a yellow liquid (1.218 g, 3.78 mmol, 89 % yield). R¢
= 0.40 (hexane/ethyl acetate, 9:1); 1 NMR (400 MHz, CDCl3) § in ppm:
7.32 (t,J = 1.2 Hz, 1H), 3.63 (d, J = 10.4 Hz, 2H), 3.59 (d, J = 10.4 Hz,
2H), 2.52 (td, J = 7.3 Hz, J = 1.2 Hz, 2H), 1.62 (q ap, J = 7.4 Hz, 2H),
1.40-1.25 (m, 22H), 1.06 (s, 3H), 1.00 (s, 3H), 0.88 (t, J = 6.9 Hz, 3H);
13C NMR (100.6 MHz, CDCls) & in ppm: 138.2, 115.3, 83.7, 77.3, 32.1,
30.5, 29.83, 29.81, 29.80, 29.76, 29.7, 29.5, 29.4, 29.3, 27.4, 25.1, 22.8,
22.6, 22.3, 14.3; HRMS (TOF ES+) for [M + H]™ Ci6Ha00™ (m/2):
calculated: 323.29446 found: 323.29373; FT-IR (ATR) v in em™ b 2952,
2924, 2852,1729,1467,1393,1362,1279,1217,1076, 1024, 994, 935,
723.

4.1.21. Tert-butyl (S)-4-((R)-(6,6-dimethyl-2-tridecyl-4,8-dioxaspiro[2.5]
oct-1-en-1-yl) (hydroxy)methyl)-2, 2-dimethyloxazolidine-3-carboxylate
(16)

Protected cyclopropenone 15 (609 mg, 1.89 mmol) and HMPA (0.66
mL, 3.79 mmol) were dissolved in dry THF (8.5 mL) under argon at-
mosphere. The solution was cooled down to —55 °C and BuLi (0.75 mL,
2.5 M in hexanes, 1.88 mmol) was added dropwise. The mixture was
stirred for 30 min at —55 °C and then, (S)-Garner’s aldehyde (234 mg,
1.05 mmol) dissolved in dry THF (1.9 mL) was added. The resulting
mixture was stirred at —55 °C overnight. After this time, an aqueous
NH,4Cl saturated solution was added to the reaction mixture, both phases
were separated, and the aqueous phase was extracted with dichloro-
methane. The combined organic extracts were dried over anhydrous
NaySOy, filtered and concentrated under vacuum to give a brownish
residue, which was purified by flash column chromatography on silica
gel (hexane/AcOEt, 8:2). The addition product 16 was obtained as a
colourless liquid (438 mg, 76 % yield). Rf = 0.17 Hexane/AcOEt (8:2);
a2 —8,4 (c 1.3, CHCl3); 'H NMR (400 MHz, CDCls, 50 °C) & in ppm:
5.04-5.03 (m, 1H), 4.16 (br s, 1H), 4.00-3.99 (m, 2H), 3.69-3.64 (m,
2H), 3.56 (d, J = 11.0 Hz, 2H), 2.47 (t, J = 7.5 Hz, 2H), 1.65-1.57 (m,
6H), 1.50 (s, 9H), 1.37-1.26 (m, 22H), 1.06 (s, 3H), 0.94 (s, 3H), 0.88 (t,
J = 6.7 Hz, 3H); 13C NMR (100.6 MHz, CDCl3) & in ppm: 154.0, 130.1,
128.7, 95.0, 84.9, 81.3, 77.7, 77.2, 68.5, 64.8, 61.4, 32.0, 30.4, 29.82,
29.79, 29.78, 29.76, 29.68, 29.55, 29.49, 29.4, 28.5, 27.7, 26.2, 24.5,
22.8, 22.6, 22.2, 14.3; HRMS (ESI+) for [M + H]* C35HsgNOZ (m/z):
calculated: 552.42587, found: 552.42346; FT-IR (ATR) vin cm™ 3418,
2953, 2923, 2852, 1811, 1703, 1668, 1466, 1390, 1365, 1259, 1173,
1022, 989, 932, 849, 808, 769, 721, 636, 516.

4.1.22. 2-((1R,2S)-2-amino-1,3-dihydroxypropyl)-3-tridecylcycloprop-2-
en-1-one (17)

Compound 16 (438 mg, 0.79 mmol) was dissolved in water (15.3
mL), the solution was cooled down to 0 °C and HCI (4.9 mL, 2 M in Et,0,
9.8 mmol) was added dropwise. After the addition, the reaction mixture
was warmed up to room temperature and stirred for 3 h. After this time,
it was concentred under vacuum to obtaining a brown solid residue.

The residue was then dissolved in a CH5Clo/MeOH/NH4OH (9:1:1)
mixture stirred for 30 min and concentrated again under vacuum. The
obtained brown solid was the purified by flash column chromatography
on silica gel CH2Clo/MeOH/NH4OH (95:5:1) to furnish the desired
aminodiol 17 as a white solid (159 mg, 62 % yield). Rf = 0.20 CHyCly/
MeOH/NH4OH (9:1:0.1); alz,5 + 1.6 (¢ 1.1, MeOH); M.p. = 132-133 °G;
'H NMR & in ppm (400 MHz, CDsOD) & in ppm: 4.75 (dt, J = 5.5 Hz, J =
1.0 Hz, 1H), 3.66 (dd, J = 11.0 Hz, J = 5.5 Hz, 1H), 3.61 (dd, J = 11.0
Hz,J = 5.5 Hz, 1H), 3.09 (q ap, J = 5.5 Hz, 1H), 2.74 (td, J = 7.2 Hz, J =
1.0 Hz, 2H), 1.75 (p, J = 5.5 Hz, 2H), 1.46-1.26 (m, 20H), 0.90 (t, J =
7.0 Hz, 3H); 3¢ NMR (100.6 MHz, CD30D) § in ppm: 162.8, 162.0,
161.2,71.3,63.6, 57.6, 33.1, 30.9, 30.82, 30.79, 30.76, 30.6, 30.5, 30.4,
30.3, 27.4, 26.8, 23.8, 14.5; HRMS (ESI+) for [M + H] " C19H3¢NOF (m/
2): calculated: 326,26897, found: 326,26923; FT-IR (ATR) v in cm ™
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3288, 2955, 2920, 2851, 1844, 1615, 1466, 1413, 1377,1048, 889,
720,619, 580, 550.

4.1.23. N-((1R,2S)-1,3-dihydroxy-1-(3-oxo-2-tridecylcycloprop-1-en-1-
yDpropan-2-yl)octanamide (PR280)

Following the general procedure for N-acylation, octanoic acid (32
uL, 0.20 mmol), EDC (38.8 mg, 0.20 mmol), HOBt (28.1 mg, 0.21 mmol)
and aminodiol 17 (66.7 mg, 0.18 mmol) were reacted. After work-up,
the yellowish solid residue obtained was purified by using CHyCly/
MeOH/NH40H, 95:5:1 as eluent. The resulting solid was recrystallized
with pentane and product PR280 was obtained as a white solid (59.6
mg, 0.13 mmol, 60 % yield). Rf = 0.09 CH,Cl,/MeOH/NH,4OH (95:5:1);
a2 —41.2 (¢ 0.5, CHCl3); M.p. = 126-127 °C; 'H NMR (400 MHz, CDCl3)
8 in ppm: 6.81 (d, J = 5.2 Hz, 1H), 5.87 (d, J = 5.2 Hz, 1H), 4.82 (d, J =
5.2 Hz, 1H), 4.2 (m, 1H), 4.02-3.98 (m, 2H), 3.94-3.89 (m, 1H), 2.67 (t,
J=7.3 Hz, 2H), 2.29-2.17 (m, 2H), 1.75-1.68 (m, 2H), 1.59 (p, J = 7.3
Hz, 1H), 1.39-1.25 (m, 28H), 0.88 (t, J = 6.5 Hz, 6H); 13C NMR (100.6
MHz, CDCl3) & in ppm: 176.8, 162.1, 160.6, 159.5, 71.8, 61.5, 56.4,
36.4, 32.1, 31.8, 29.8, 29.83, 29.80, 29.77, 29.6, 29.5, 29.4, 29.30,
29.28, 29.1, 26.6, 26.3, 25.8, 22.79, 22.84, 22.76, 14.3, 14.21; HRMS
(ESI+) for [M + H]" CoyHsoNOZ (m/2): calculated: 452.37343, found:
452.37360; FT-IR (ATR) vin em 3307, 2955, 2920, 2871, 2851, 1838,
1647, 1577, 1546, 1465, 1418, 1377, 1329, 1293, 1264, 1243, 1207,
1122, 1073, 981, 944, 798, 721, 696, 654, 621, 537.

4.2. Biological evaluation

4.2.1. Materials

All reactions sensitive to air and/or moisture. GT11, XM462 and
dhCerC6NBD were available in our laboratories. Dulbecco’s Modified
Eagle Medium, Fetal bovine serum, penicillin and streptomycin, trypsin-
EDTA and NADH were from Sigma-Aldrich/Merck.

4.2.2. Cell culture

Human glioblastoma cell lines T98G were cultured at 37 °C in 5 %
CO; in Dulbecco’s Modified Eagle Medium supplemented with 10 %
fetal bovine serum and 100 ng/mL each of penicillin and streptomycin.

4.2.3. Desaturase activity in intact cells

To determine the compounds activity on Desl in intact cells, cells
were seeded in 6 well plates at a density of 2.5x10° cells/mL. After
incubation at 37 °C and 5 % COs, the medium was replaced with 1 mL of
fresh complete medium containing the inhibitory candidates, positive
control (XM462 or GT11) or negative control (EtOH or DMSO) with a
10 pM final concentration. After incubation at 37 °C for 20 h, 1 mL of
fresh complete medium containing dhCerC6NBD (fluorescent marked
substrate) with a 10 uM concentration was added to the medium and
incubated for an additional 4 h. The media was then collected in an
Eppendrof tube, cells were washed with PBS (400 pL/well) and the
washing solution was combined with the collected media. After col-
lecting the media, cells were detached by trypsinization (400 pL/well
Trypsin-EDTA, 5 min. incubation at 37 °C, 5 % CO>), 600 pL of medium
was then added to the cell suspension and the solution was transferred to
an Eppendorf tube. One millilitre of MeOH was added to each Eppendorf
tube (medium and cell suspension) which was then vortexed and kept at
4 °C overnight. After centrifugation (10,000 rpm for 3 min), the su-
pernatants were transferred to HPLC vials and either 25 pL (media) or
100 pL (cells) were injected in to HPLC. Analyses were performed with
an Alliance apparatus coupled to a fluorescence detector using a C18
reversed-phase column eluted with 15 % H20 and 8 % acetonitrile, both
with a 0.1 % trifluoroacetic acid, flowing at 1 mL/min. The detector was
set at an excitation wavelength of 470 nm and the emission wavelength
at 530 nm. Each sample was run for up to 15 min.
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4.2.4. Desaturase activity in cell lysates

The needed volume (1x10° cells/sample) of a cell suspension in
medium was transferred to a falcon tube and centrifugated at 400 g at
4 °C during 3 min, supernatant was discarded, and the obtained pellet
was washed twice with PBS. Cellular lysates were obtained by sus-
pending the previously obtained pellet with 0.25 M sacarose solution,
applying a probe sonication (Branson Sonifier 150, 50 % amplitude,
microtip 2.4 mm) and centrifuging. 100 uL of the supernatant (1x10°
cells) were transferred to an Eppendorf tube with 85 uL dhCerNBD so-
lution (in PBS, final concentration: 10 pM), 85 pL inhibitor candidate
solution (in DMSO or EtOH, final concentration: 10 pM), 35 uL. NADH
solution (in PBS, final concentration: 2.25 mM). The mixture was
incubated for 4 h at 37 °C. After this time, one millilitre of MeOH was
added to the Eppendorf tube, which was then vortexed and kept at 4 °C
overnight. After centrifugation (10,000 rpm for 3 min), the supernatant
was transferred to HPLC vials and 25 pL were injected in to HPLC. An-
alyses were performed with an Alliance apparatus coupled to a fluo-
rescence detector using a C18 reversed-phase column eluted with 15 %
H,0 and 8 % acetonitrile, both with a 0.1 % trifluoroacetic acid, flowing
at 1 mL/min. The detector was set at an excitation wavelength of 470 nm
and the emission wavelength at 530 nm. Each sample was run for up to
15 min.

4.2.5. ICsp determination

Cellular lysates were obtained by suspending the pellet with 0.25 M
sacarose solution, applying a probe sonication (Branson Sonifier 150, 50
% amplitude, microtip 2.4 mm) and centrifuging. 100 pL of the super-
natant (1x10° cells) were transferred to an Eppendorf tube with 85 pL
dhCerNBD solution (in PBS, final concentration: 10 uM), 85 pL inhibitor
candidate solution (in DMSO or EtOH, final concentrations between 0.1
and -10 uM), 30 uL NADH solution (in PBS, final concentration: 2.25
mM). The mixture was incubated for 4 h at 37 C. After this time, 700 uL
of MeOH was added to the Eppendorf tube, which was then vortexed and
kept at 4 °C overnight. After centrifugation (10,000 rpm for 3 min), the
supernatant was transferred to HPLC vials and 25 pL were injected in to
HPLC. Analyses were performed with an Alliance apparatus coupled to a
fluorescence detector using a C18 reversed-phase column eluted with
15 % H50 and 8 % acetonitrile, both with a 0.1 % trifluoroacetic acid,
flowing at 1 mL/min. The detector was set at an excitation wavelength
of 470 nm and the emission wavelength at 530 nm. Each sample was run
for up to 15 min.

4.3. Docking study

GT11, XM462, the natural substrate (dhCer), and the synthesized
compounds 1b, 2b, 3¢, and PR280 were drawn in MOE and underwent
ligand preparation using openbabel 3 version 3.0.0 [44] for format
conversion, ChemAxon’s cxcalc software [45] for tautomer and stereo-
isomer generation and Corina version 4.3.0 software [46] to generate 3D
conformers. After the preparation steps, the rDock software [47] was
used for cavity generation and all molecules were docked in the
generated binding pocket.

GT11, XM462 and dhCer were subjected to exhaustive docking (50
independent genetic algorithm optimizations) using a free docking
protocol. Each ligand’s top 10 docking poses were visualised, from
which the best scoring pose forming hydrogen bonds through the polar
head was selected as the candidate-binding pose. This was necessary to
compensate for the insufficient desolvation penalty of rDock’s native
scoring function. Compounds 1b, 2b, 3¢, and PR280 were docked using
a modified protocol that included pharmacophoric restraints to achieve
the same effect. The restraints consisted of flat bottom potentials (2 A
radius) for two hydrogen bond donors located near the Fe;O5 prosthetic
group.
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