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Chapter 1
Chemical Tools to Study Sphingolipid Metabolism

1.1 Introduction

Sphingolipids are, together with sterols and glycerophospholipids, the major lipids present
in mammalian cell membranes. Sphingolipids are composed of ceramide that is
functionalized at the primary alcohol with a hydrophilic head group which can be neutral
or charged carbohydrates, phosphates or phosphodiesters.!! Ceramide in turn is
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Chapter 1

composed of sphingosine, the secondary amine of which is condensed with a fatty acid to
give the corresponding amide. Sphingolipids are found in the outer cell membrane layer,
with the hydrophobic part embedded within the membrane and the hydrophilic part
pointing towards the extracellular matrix. Sphingolipids are key players in many
physiological processes and malfunctioning of sphingolipid metabolism is at the basis of
many human pathologies. For these reasons, many studies have been directed towards
understanding of sphingolipid biochemistry and biology: how are they (dis)assembled and
what is the molecular basis of their physiological activity? In these studies, synthetic
sphingolipid analogues and derivatives have been used. The main body of the work in this
Thesis focuses on such sphingolipid analogues, and specifically on the design and synthesis
of stable-isotope-encoded sphingolipids. This chapter provides a brief overview of the
various classes of synthetic, labeled sphingolipids, including stable-isotope-encoded
derivatives but also analogues bearing other chemical reporter groups (such as
fluorophores and radio-isotopes).

1.2 Radioisotope labeled sphingolipids

In the past decades, several strategies for the preparation of radio-isotopic sphingolipids
have been reported. Carbon-142% and tritium (hydrogen-3)1”) are obvious choices with
respect to the nature of the radioisotope employed and examples of both have appeared
in the literature. The most commonly applied method for introducing carbon/hydrogen
isotopes comprises N-acylation of sphingosine with an appropriately labeled fatty acid.?*
7201 Other commonly used methods to introduce radioisotopes are reductive tritiation of
the alkene bond in sphingosine (catalytic palladium on charcoal, 3H2 (g)®®?, or by reducing
the ketone of 3-ketosphingosine to sphingosine using sodium borotritide (NaB3Ha).[1>-13]
Radioisotopes can also be introduced to the carbohydrate moiety in glycosphingolipids.
For instance, introduction of tritium (3H) in the glucose moiety of glucosylceramide can be
accomplished by selective manipulation of the C6-hydroxyl of glucosylceramide 1 as
described in Scheme 1.1. Selective 6-O-tritylation, followed by global O-acetylation and
removal of the trityl group using acidic conditions resulted in partially protected resulted
glucosylceramide 2. The free primary hydroxyl in 2 was oxidized to aldehyde 3 and next
reduced with NaB3Hs (3 to 4) followed by global deprotection, yielding tritium-labeled
glucosylceramide 5.4 A similar strategy (selective oxidation followed by tritide reduction)
has been developed for galactosyl/GM2/GalNAc*>* sphingolipids, although here the
primary alcohol-to-aldehyde transformation was effected by the use of galactose oxidase.
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Scheme 1.1 Synthesis of tritium-labeled glucosylceramide 5.
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Reagents and conditions: (a) (i) TrCl, pyridine, 40 °C, 18 h; (ii) Ac,0, pyridine, r.t., 20 h; (iii) HBr (33%
in HOAc), HOAc/DCM (1:1), -10 °C, 5 min; (b) (i) N,N-dicyclohexylcarbodiimide, H3PO,4, DMSO; (ii)
HOAG; (c) (i) NaB3H4, 1 mM NaOH (aq), THF, r.t., 20 h; (ii) 1 M HOAc (aq); (d) NaOMe, MeOH, r.t., 20
h.

An alternative strategy for the introduction of radio-isotopic labels in the glycan part
comprises glycosylating the primarily hydroxyl of the ceramide with a radio-isotope
labeled glycan donor.>®! This strategy is exemplified in the use of carbon-14 labeled
glucosyl donor 5 (Scheme 1.2). Donor 5 was condensed with partially protected ceramide
6 producing glucosylceramide 7, followed by global deprotection (sodium methoxide in
methanol) resulting in **C-glucosylceramide 8.

Scheme 1.2 Synthesis of C-glucosylceramide.
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Reagents and conditions: (a) BF3OEt,, DCM, -10 °C to r.t., 10 h, 55%; (b) NaOMe, MeOH, r.t., 24 h,
95%.

1.3 Stable isotope-labeled sphingolipids
Both carbon-13[®1819 and deuterium (hydrogen-2)?°21 have been used for isotopic
labeling of sphingolipids. The most convenient method for introducing deuterium isotopes



Chapter 1

has been N-acylation of sphingosine with a deuterium labeled fatty acid.?” In the example
depicted in Scheme 1.3, phosphocholinyl sphingosine 9 was N-acylated using deuterated
nitrophenyl ester 10 with K2COs3 as the base, resulting in deuterated sphingomeylin 11.
This compound was used in NMR-experiments aimed to establish the conformation and

interaction of sphingolipids with other lipids in membranes.?%

Scheme 1.3. Synthesis of deuterium labeled sphingomyelin 11.
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Reagents and conditions: (a) K2,CO3, DMF/DCM, r.t., 24 h.

Glycosphingolipids in which the carbohydrate moiety contains carbon-13 atoms have been
synthesized as well. 3Ce-Glucosylsphingosine 15!%! was for instance prepared (Scheme 1.4)
by condensation of carbon-13 labeled glucosyl-donor 12 with N-trifluoracetamide
protected sphingosine 13 using BF3OEt: as the activator for the glycosylation reaction. The
resulting fully protected and carbon-13-labeled glucosylsphingosine 14 was transformed
into 15 by treatment with sodium methoxide.

Scheme 1.4. Synthesis of 13Cs-labeled glucosylsphingosine 15.
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Reagents and conditions: (a) BF3OEt;, DCM, -10 °C to r.t.,, 10 h, 27%; (b) NaOMe, MeOH, r.t., 24 h,
78%.

1.4 Fluorescent sphingolipids

Sphingolipids containing a fluorescent reporter group have been used over the past
decades to follow the trafficking and localization of sphingolipids in living cells as well as to
measure activities of several sphingolipid-processing enzymes. The most common

fluorophore applied in these studies is 7-nitro-2-1,3-benzoxadiazole (NBD).[22%5]
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Alternative  fluorophores are borondipyrromethene (BODIPY),[2631  pyrene, 3233
diphenylhexatrientyl,2® lissamine rhodamine,”! Nile red®® and dansyl.’®! Again, N-
acylation of sphingosine with an appropriately modified fatty acid to give the
corresponding ceramide has been the method of choice. As an example (Scheme 1.5), the
synthesis of NBD-glucosylceramide 18 by N-acylation of glucosylsphingosine 16 with NBD-
hexanoic acid 17 under the agency of PPhs and 2,2-dipyridyldisulfide has been
accomplished.??

Scheme 1.5 N-acylation of glucosylsphingosine 16 with NBD-hexanoic acid 17.
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Reagents and conditions: (a) PPhs, 2,2 dipyridyldisulfide, DCM.

A related strategy had been applied by Bittman!?®, who prepared the three stereoisomeric
(2R,3R), (2S5,3S) and (2R,3S) lactosylceramides to study the influence of the
stereochemistry of the sphingosine base on endocytosis (Scheme 1.6). In the first instance
the stereoisomeric sphingosines 20 were synthesized, after which glycosylation of primary
hydroxyl with donor lactoside 19 produced the fully protected lactosylsphingosines 21.
Removal of the ester protecting groups (sodium methoxide in methanol) gave the set of
stereoisomers of azido-lactosylsphingosine 22. Staudinger reduction of the azide in 21 and
ensuing condensation of the in situ formed amine with BODIPY-Cs-NHS provided target
compounds 23.

Scheme 1.6 Synthesis of BODIPY-labeled stereoisomers of lactosylceramide 23.
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Reagents and conditions: (a) BF3OEt;, DCM, 20 h, (2R,3R) 66%, (2R,3S) 54%; (b) NaOMe, MeOH, 6 h,
(2R,3R) 68%, (2R,3S) 62%; (c) BODIPY-Cs-NHS, PPh3, THF/H,0 (9:1), (2R,3R) 38%, (2R,3S) 36%, (2S,3S)
38% (over three steps).
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In the above examples, the fluorophores were all located on the fatty acid of the
ceramide. In case however lysosphingolipids (that is, compounds featuring sphingosine,
not ceramide) are the subject of study, the fluorescent label has to be introduced in the
sphingosine backbone. One such strategy entails addition of lithium-alkyne 25 to ester 24
to form alkyne 26 (Scheme 1.7). Stereoselective reduction of the ketone in 26, followed by
Birch reduction of the triple bond to the trans-alkene, removal of the cyclic carbamate and
N-benzyl and N-Boc protection of the thus liberated amine gave sphingosine 27.%°! Next,
the hydroxyls of the N-Boc protected sphingosine 27 were silylated followed by removal of
the THP protective group. The primary hydroxyl was converted to an azide, by mesylation
followed by azide substitution to produce azido-sphingosine 28. This azido-sphingosine 28,
after removal of all protecting groups, can be used as bioorthogonal handle (see part 1.6)
for metabolic studies of sphingolipids. The azide in 28 was reduced to the amine, which
was then reacted with NBD-Cl in a nucleophilic aromatic substitution reaction to give 29.
The silyl-groups of the protected NBD-sphingosine were removed using 2 M aqueous
hydrochloric acid. The resulting NBD-sphingosine 29 was next phosphorylated to produce
NBD-sphingosine-1-phosphate 30.

Scheme 1.7 Synthesis of NBD-labeled sphingosine-1-phospate 30.

> ¥ ju 9
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HO g_ o U \/\‘/\/Q\ N3

OTBS

30 29 28
Reagents and conditions: (a) n-BuLi, THF, -100 °C, 93% (b) (i) diisobutylaluminum hydride, 2,6-di-tert-
butyl-4-methylphenoxide, toluene, 0 °C, 99%; (ii) Li, NHs, THF, reflux, 96%; (iii) KOH, EtOH, reflux; (iv)
Boc,0, K,COs, THF, H30, 0 °C, 84%; (c) (i) TBSCI, imidazole, DMF; (ii) MgBr,, Et,0, 82% (over the two
steps); (iii) MsCl, EtsN, THF; (iv) NaNs, DMF, 50 °C, 89% (for two steps); (d) (i) PPhs, 10% aq THF, 60
°C; (i) NBDCI, EtsN, THF; (iii) 2 M HCI, MeOH, 82% (over the three steps); (e) (i) CBrs, P(OMe)s,
pyridine, -10 °C, 82%; (ii) TMSBr, CHsCN, 71%.

Cross-metathesis has often been used as a versatile strategy to create chemically modified
sphingosines.*%*Y For instance, alkenes 31 and 32 undergo efficient cross-metathesis
using Grubbs’ 2™ catalyst to give, after deprotection, fluorescent sphingosine derivative
34 (Scheme 1.8).
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Scheme 1.8 Synthesis of BODIPY-sphingosine 34 featuring cross-metathesis as the key step.

\/‘LNBOC
o -

\/Y\ +
OH
31 32an=4 33an=4 34an=4
32bn=7 33bn=7 34bn=7
32cn=9 33cn=9 34cn=9

Reagents and conditions: (a) Grubbs’ 2" catalyst, DCM, reflux, 31a: 67%, 31b: 79%, 31c: 57%; (b)
HCI, dioxane, 31a: 48%, 31b: 68%, 31c: 54%.

1.5 Fluorogenic ceramides

Bedia and co-workers have developed compound 37 as a fluorogenic substrate to
measure ceramidase activities.!*? After ceramidase-mediated deacylation, the sphingosine
is subjected to oxidation and subsequent beta-elimination releasing umbelliferone, which
becomes fluorescent in alkaline conditions. The amount of fluorescent signal produced is
proportional to the activity of ceramidase. The synthesis of 37 is depicted in Scheme 1.9
and comprises hydroboration and subsequent oxidation of the alkene in 31 followed by
mesylation of the primary alcohol in 35, nucleophilic substitution of the resulting
mesylate, acid-mediated cleavage of the Boc- and isopropylidene protective groups and
final N-acylation (36 to 37).

Scheme 1.9 Synthesis of umbelliferone-ceramide 37.
o

?LNBOC a #NBOC b ?LNBOC HNJ\/\C13H27
‘ —a 5 - OH ——> 2 (¢} o_0 _¢ HO__~ o 0_0
A i S 6 il L S
OH OH OH % OH =
31 35 36 37
Reagents and conditions: (a) (i) BHs, THF, 0 °C to r.t., 4 h; (ii) H202, 80%; (b) (i) MsCl, EtsN, DCM, 0 °C,

30 min; (ii) umbelliferone, CsCOs, acetone, 65 °C, 6 h; (c) (i) TFA, H,O, DCM, 0 °C, 10 min; (ii)
palmitoyl chloride, NaOAc, H,0, DCM, 0 °Cto r.t., 16 h.

1.6 Bioorthogonal sphingolipids.

Sphingolipid derivatives containing an azide or terminal alkyne have been applied in
bioorthogonal chemistry based studies.[***®! The main advantages of bioorthogonal
groups is that they are small and therefore are less likely to interfere with, or prohibit,
sphingolipid metabolic steps. Fluorophores, biotin or mass tags can be introduced in a
later stage by means of click chemistry. Scheme 1.10 provides representative examples of
bioorthogonal sphingolipids by depicting the syntheses of azido-sphingosine 41 and azido-
sphinganine 45.13 Delgado and co-workers reacted alkene 38 and bromo-alkene 39 in a
cross-metathesis event to produce bromo-sphingosine 40. Substitution of the bromide for
azide followed by global deprotection gave azido-sphingosine 41. In a conceptually

11
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different strategy, Garner aldehyde 37 was reacted with the lithium anion of undec-10-yn-
1-ol to give alkyne 42. Full reduction of the alkyne in 42 followed by introduction of the
azide (tosylation of the primary free alcohol followed by nucleophilic displacement of the
resulting tosylate) and removal of the acid-labile groups gave azidosphinganine 44.

Scheme 1.10 Synthesis of azido-sphingosine 41 and azido-sphinganine 44.
R ?LNBOC b ?LNBOC . NH;
8 x Br > . : Br — % » HOWNg
¥—> \/\O(H\ \/\98 \Ms r 5

OH
38 39 40 4
% NBoc
Ay
37 O
%NBOC P OH \/‘L[\IBOC NH;
d O\/‘\‘/\H?3 & . OMOTS . HOW N3

OH OH 8 OH s
42 43 44

Reagents and conditions: (a) (i) Tetravinyl tin, THF, n-Buli, -78 °C to r.t, 1h; (ii) 37, THF, -78 °C to r.t.,
20 h, 49%,; (b) Grubbs’ 2" generation catalyst, DCM, reflux, 59%; (c) (i) NaN3, DMF, 80 °C, 93%; (ii)
HCl, MeOH, r.t., 1 h, 84%; (d), undec-10-yn-1-ol, BuLi, HMPA, THF, -78 °C, 50%, (e) (i) Hz (g), Rh
catalyst, MeOH, 89%; (i) TsCl, DMAP, EtsN, DCM, r.t., 58%; (f) (i) NaNs, DMF, 80 °C, 76%; (i) HCl,
MeOH, r.t., 1 h, 85%.

Besides introduction of a bioorthogonal tag in the sphingosine/sphinganine base, such
moieties can also be introduced in the fatty acid moiety of the corresponding ceramide, or
alternatively in the carbohydrate moiety of glycosphingolipids. Scheme 1.111** represents
an example of the former in the synthesis of alkyne-terminating glucosylceramide 48
following established procedures both for the N-acylation and O-glycosylation steps.

12
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Scheme 1.11 Synthesis of N-alkyne glucosylceramide 48.
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Reagents and conditions: (a) 7-heptynoic acid N,O-succinate ester, EtsN, DCM, r.t.,, 16 h; (b) (i)
TBDMSCI, imidazole, DCM, r.t., 20 h, 60% (two steps); (ii) BzCl, pyridine, r.t., 2 h, 95%, (iii)
HF.pyridine, THF, r.t., 16 h, 50%; (c) (i) BFsOEt,, DCM, r.t., 2.5 h, 44%; (ii) NaOMe, MeOH, r.t. 16 h;
71%.

Scheme 1.12 depicts an illustrative example of a synthesis of bioorthogonal
glucosylceramide 50,“4 with the bioorthogonal tag now on the sugar moiety, and again by
following standard transformations related to those described earlier in this Chapter.

Scheme 1.12. Synthesis of 6-deoxy-6-azido glucosylceramide.

(e}
Hujvc11H23 C11H23
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Reagents and conditions: (a) BFsOEt,, DCM, r.t., 2.5 h, 20%; (ii) NaOMe, MeOH, r.t. 16 h, 48%.

Finally, with respect to bioorthogonal sphingosines, alkyne-modified sphingomyelin 55 has
been synthesized®® from partially protected sphingosine 51 as shown in Scheme 1.13.
Treatment of 51 with cyclic chlorophosphate and base resulted in the formation of
phosphate triester 52. Treatment of triester 52 with propargyldimethylamine and Lewis
acid led to the quaternary ammonium salt 53. Reduction of the azide in 53, ensuing N-
acylation followed by removal of the para-methoxybenzyl group gave sphingomyelin
derivative 55.

13
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Scheme 1.13 Synthesis of alkyne-sphingomeylin 55.
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Reagents and conditions: (a) EtsN, DMAP, toluene, 12 h; (b) TMSOTf, DCM, 12 h, 70% (for two steps);
(c) (i) Zn, HOAc, 24 h; (ii) NHS-palmitate, DMAP (cat), DCM, 12 h; (d) TFA, DCM, 0 °C, 1 h, 76% (for
two steps).

1.7 Photo-reactive sphingolipids

The previous parts described chemical tools that mainly focused on trafficking, localization
and quantification of sphingolipids and their metabolic pathways. However, these tools do
not allow the identification of proteins or other biomolecules that may interact with
specific sphingolipids. With the aim to enable the study of protein-sphingolipid
interactions, diazirine sphingolipids have been developed.*’-*2 Under influence of UV-
light, diazirines collapse under expulsion of dinitrogen to yield a carbene that will insert in
any X-H bond available. When the diazirine is in close proximity to a sphingolipid-
interacting protein a covalent linkage will be the result. For the purpose to identify such
sphingolipid-interacting proteins, the development of diazirine-sphingolipids further
functionalized with radio-isotopes“’-*>52 or bioorthogonal handles,’®™® have been
described.

Scheme 1.14 depicts the synthesis of 3°S-tagged diazirine-containing sphingosine
derivative 58, as a relevant example of the former class.*®! N-Bromoacetylation of
sphingosine 45 yielded alkylating agent 56, which was reacted with diazirine reagent 57
and base to give target compound 58.

14
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Scheme 1.14 Synthesis of N-acyl-[3>S]-diazirine ceramide 58.
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Reagents and conditions: (a) 2-bromoacetyl chloride, EtsN, MeOH, -40 °C to r.t., 1 h, 91%; (b) 57,
K2CO3, MeOH, 55-70 °C; 39%.

An alternative sphingosine-based photo-cross linker, now with the diazirine embedded
within the sphingosine backbone, rather than the fatty acid moiety, and bearing a tritium
atom, is represented by compound 63, the synthesis of which is depicted in Scheme 1.15.
Ester 59 was reacted with dimethoxymethyl phosphonate forming ketophosphonate
60.1%8! Horner-Wadsworth-Emmons olefination of aldehyde 61 with ketophosphonate 60
provided protected 3-keto-sphingosine 62, which was reduced with NaB3Ha, followed by
acidic removal of the isopropylidene and N-Boc protective groups yielding 63. More
recently, variation of this synthesis strategy enabled the synthesis of compound 66
(Scheme 1.15), now bearing a bioorthogonal alkyne instead of a radioisotope as a reporter
entity.

Scheme 1.15 Synthesis of tritium-diazirine-sphingosine 63 and alkyne-diazirine-sphingosine 66.
N=N
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W(CAHB :/LNBOC N-N c NH, N=N
— : ¢ 5 HO W%)(
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59 60 L2 » 0 : W LHOV‘Y\\W
NeN \/\[(\ 7 73 L 7 73
O z o
773 65 66
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Reagents and conditions: (a) (i) CH3PO(OMe),, BulLi, THF, -78 °C, 30 min; (ii) 59, -78 °C, 30 min; (iii)
10% citric acid (aq); (b) (i) K2COs, H,0, CH3CN, 5 min; (ii) 61 or 64, DCM, 45 °C, 6 h; (c) (i)
NaBH4/NaB3H,, CeCls. H,0, MeOH, 4 °C, 3 h; (ii) 6 M HCI, MeOH, 50 °C, 6 h.

1.8 Fluorine-containing sphingolipids

In a recent article, Saito and co-workers describe the synthesis and use of fluorine
containing sphingolipids for metabolic studies.l®® Fluorine is considered to be an attractive
hydrogen isostere at least when regarding steric bulk: fluorine and hydrogen substituents
on carbon have about the same size. In case, numerous fluorines are installed, as in the
described study, fluorous phase extraction should enable enrichment of fluorine-
containing compounds, including metabolites derived from the parent compounds, from
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lipid fractions. The synthese of fluorous sphingolipids 68 and 69 and fluorous ceramide 69
are depicted in Scheme 1.16 and followed a synthetic strategy closely related to that
described above for the synthesis of photo-reactive diazirine sphingolipids (see part 1.7),
featuring a Horner-Wadsworth-Emmons (HWE) reaction as the key step.

Scheme 1.16 Synthesis of fluorine-containing sphingolipids.
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Reagent and conditions: (a) (i) K,COs3, H,0, THF, 0 °C to r.t., 72 h, 79%; (ii) Zn(BH4), Et,0, -78 to 0 °C,
88%; (b) 1 M HCI, THF, 70 °C, 18 h, 85%; (c) hexanoyl chloride, NaOAc, THF/H,0, r.t., 12 h. 90%; (d) (i)
Pd/C, Hz (g), MeOH, r.t., 3 h; (i) 1 M HCI, THF, reflux, 2 h, 63%.

1.9 Contents of this thesis

This first Chapter provides an overview of the chemical tools that have been developed for
studying sphingolipids, with as main focus the routes of synthesis. The described research
tools and the routes of synthesis are complementary to the reagents and chemistry
described in this Thesis, which, as mentioned before, focused on the design and
development of carbon-13-enriched sphingolipid derivatives. Chapter 2 describes the
synthesis of a panel of carbon-13-labeled (glyco)sphingolipids containing five carbon-13
isotopes in the sphingosine backbone. Chapter 3 discusses optimization of the
glycosylation reaction between glycosyl donors and protected sphingosines. Chapter 4
describes the synthesis of a panel of carbon-13-labeled phosphosphingolipids. Chapter 5
describes the synthesis of another sphingosine backbone, namely 6-hydroxysphingosine,
which was assembled using a cross-metathesis strategy. Chapter 6 discusses the synthesis
of modified sphingolipids, containing an aziridine for activity based protein profiling.
Chapter 7 provides a summary of the results describes in this Thesis and projects some
directions for future research.
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