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Abstract

Gangliosides are sialic acid-containing glycosphingolipids that have been found in the cell
membranes of all vertebrates. Their important biological functions are contributed by both the
glycan and the ceramide lipid components. GM3 is a major ganglioside and a precursor for many
other more complex gangliosides. To obtain structurally diverse GM3 gangliosides containing
various sialic acid forms and different fatty acyl chains in low cost, an improved process was
developed to chemically synthesize lactosyl sphingosine from an inexpensive L-serine derivative.
It was then used to obtain GM3 sphingosines from diverse modified sialic acid precursors by an
efficient one-pot multienzyme sialylation system containing Pasteurella multociaa sialyltransferase
3 (PmST3) with in situ generation of sugar nucleotides. A highly effective chemical acylation
and facile C18-cartridge purification process was then used to install fatty acyl chains of varying
lengths and different modifications. The chemoenzymatic method represents a powerful total
synthetic strategy to access a library of structurally defined GM3 gangliosides to explore their
functions.
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INTRODUCTION

Gangliosides are sialic acid-containing glycosphingolipids (GSLs). They have been found
in the cell plasma membranes of all vertebrates and are the most abundant in their

central nervous systems.! Similar to other GSLs, gangliosides are structurally diverse

with differences in both the glycan and the lipid components. Compare to other GSLs,
gangliosides have additional structural variations on the sialic acid forms. In addition

to N-acetylneuraminic acid (Neu5Ac) which is the most common sialic acid form, 9-C-
acetyl Neu5Ac (Neu5,9Ac,),2 7-O-acetyl NeuSAc (Neu5,7Ac,),2 and non-human sialic acid
N-glycolylneuraminic acid (Neu5Gc)*° have been found in gangliosides. Ceramide, the
unique lipid component of GSLs including gangliosides, consists of a sphingoid base and a
single acyl chain.® In mammals, a sphingosine with 18 or 20 carbons’ is the most common
sphingoid base while the fatty acyl component varies significantly in lengths, degrees of
unsaturation (16:0 to 26:0/26:18 or longer®), and with or without additional hydroxylation.®
The combinations of different ceramides, the glycan structures, and sialic acid forms result
in a significantly large number of structurally diverse gangliosides.

GM3 is a major ganglioside and the precursor for the formation of other more complex
major ganglio-series gangliosides.1? Overexpression of GM3 has been connected to
cancer!1-12 and GM3 is among the four gangliosides in a 75-prioritized-cancer-antigen
list.11 The levels of human serum GM3 gangliosides containing various acyl chains have
been shown to correlate with risk factors for metabolic diseases.® Increased GM3 synthesis
has been shown to associate with insulin resistance and impaired wound healing in patients
with type 2 diabetes or in related mouse models.13-15> GM3 has also been shown to

inhibit the activities of receptor tyrosine kinases such as epidermal growth factor receptor
(EGFR),16-18 and such activity varies according to the sialic acid forms (NeuSAc or
Neu5Gc).1® GM3 containing the Neu5Ge sialic acid form (Neu5Gc-GM3) has been found
in different cancers?? and Neu5Gc-GM3 extracted from horse erythrocytes has been used to
form very-small-size-proteoliposomes (VSSP) with Neisseria meningitidis outer membrane
protein complex2! in clinical trials for breast cancer patients.21-26

Due to the influence of both sialic acid forms and the ceramide structures on the

functions of GM3, developing efficient methods for synthesizing structurally diverse GM3
gangliosides is urgently needed. Among various methods developed for GM3 synthesis, 2’34
the glycosyltransferase-based one-pot multienzyme (OPME) chemoenzymatic strategy that
we developed3! has distinct advantages. In this method, lactosyl sphingosine (LacBSph)
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was chemically synthesized and used as a water-soluble acceptor substrate for the
sialyltransferase-catalyzed synthesis of GM3 sphingosine with /n situ generation of cytidine
5’-monophosphate (CMP)-sialic acid, the sugar nucleotide donor of the sialyltransferase.
Here we explore the efficiency of the approach in accessing a versatile library of GM3
gangliosides containing different sialic acid forms and various fatty acyl chains. An efficient
chemical synthetic process for accessing LacpSph from less expensive starting materials

is also developed. Different from previous chemoenzymatic synthetic strategies for GM3
sphingosine which used Neu5Ac or a modified sialic acid as a sialyltransferase donor
precursors,31-32 our current approach uses ManNAc and its chemically modified derivatives
as readily accessible donor precursors.

RESULTS AND DISCUSSION

Efficient Chemical Synthesis of Lactosyl Sphingosine (LacfSph) from Inexpensive N-Boc
L-Serine Methyl Ester.

Obtaining LacBSph is an essential step for OPME chemoenzymatic total synthesis of GM3.
Previously we used commercially available phytosphingosine3L: 3° as a starting material. In
order to further decrease the cost to access the critical intermediate LacpSph in large scales
more economically, A-Boc L-serine methyl ester 1 (e.g. $10 for 5 grams and $44 for 100
grams from Aaron Chemicals )36 (Scheme 1), a compound that is much less expensive than
phytosphingosine ($276 for 5 grams from TCI Chemical), was identified as a well suited
starting material.

As shown in Scheme 1, the acetonide protection of MBoc)-protected amino alcohol 1

using 2,2-dimethoxypropane in the presence of BF3-EtoO provided acetonide 2. In order

to minimize the purification steps to develop an economic and efficient approach towards
the synthesis of LacpSph, compound 2 was used directly for the next step to form the
corresponding B-ketophosphonate 3 by treating it with an excess amount of lithium dimethyl
methylphosphonate at =78 °C. The critical step to establish the £ olefin geometry in the
sphingoid base skeleton was achieved using the Horner-Wadsworth-Emmons reaction.3’
The B-ketophosphonate 3 reacted with myristyl aldehyde in the presence of K,COg in
CH3CN/H,0 to form exclusively the £-olefin derivative 438 in a good yield (55% over three
steps). It was then necessary to carry out column purification at this stage to increase the
diastereomeric excess of the product in the next reaction. Subsequently, compound 4 was
subjected to diastereoselective Luche reduction with CeCl3/NaBH,4 to produce a mixture of
Rand Sdiastereomers 5 with the desired R isomer as the major product (9:1 R/S). It is
worth noting that many of the previous methods reported used chromatographic purification
to separate the diastereomers. Such a purification approach in a large-scale synthesis is
laborious and often results in a mixture. Therefore, a more reliable and straightforward
large-scale approach to purify the diastereomers is necessary.3%-41 In this context, we aimed
to develop a more efficient purification strategy. It was rationalized that the open-chain
forms of compound 5 diastereomers would be conformationally more flexible and be more
difficult to separate.*2 In contrast, forming cyclic structures encompassing the chiral centers
by simultaneously protecting the diols as an acetal would make the separation easier. Indeed,
deprotection of the oxazolidine moiety in compound 5 diastereomers using p-TsOH/MeOH
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followed by the formation of a six-membered ring acetal using anisaldehyde dimethyl acetal
led to a clean separation of the isomers as shown by thin-layer chromatography (Fig S1).
Furthermore, the desired acetal protected D-erythro isomer was readily crystallized out from
the mixture in hexane/EtOAc to provide the enantiomerically pure compound 6 (78%),

thus making the synthetic route more applicable for large-scale production of sphingosine.
Later, compound 6 was converted to a diBoc-protected sphingosine 7 in good yield (70%)
by reacting with Boc,0 followed by selective reductive opening of p-methoxybenzylidene
acetal with AlH3. Compound 7 served as a novel acceptor for glycosylation, which was
coupled with lactosy! trichloroacetimidate 842 using catalytic TMSOTf as the promoter to
produce the p-linked product 9 in an excellent yield (88%). Subsequent global deprotection
produced LacBSph 10 (92%) on a 5.2-gram scale, which served as the acceptor substrate for
enzymatic synthesis of GM3 glycosphingosines and their derivatives.

One-Pot Multienzyme (OPME) Synthesis of GM3 Sphingosines Containing Different Sialic

Acid Forms.

To introduce diverse sialic acid forms to LacpSph to form GM3 sphingosines, the one-pot
multienzyme (OPME) sialylation system containing a sialyltransferase and enzymes for

in situ generation of its sugar nucleotide CMP-sialic acid or derivatives has significant
advantages. While GM3 synthases responsible for the formation of GM3 from lactosyl
ceramide have been cloned from human (ST3GAL V)** and mouse (ST3Gal V),*° they have
so far been expressed in mammalian cell culture expression systems.*4-47 Expression of
active mammalian GM3 synthases as soluble and active enzymes in Escherichia coli has not
been reported. For ganglioside enzymatic synthesis purpose, obtaining glycosyltransferases
and related sugar nucleotide biosynthetic enzymes in Escherichia coli expression systems
will allow an easier access to these robust biocatalysts at lower costs, which is highly
desirable. While bacterial a2-3-sialyltransferases from Pasteurella multocida PmST248

and PmST32L can both use LacpSph as an acceptor substrate for the synthesis of GM3
sphingosine (GM3BSph), PmST3 has a higher expression level in £. coliand can use
oligosaccharides and glycopeptides in addition to glycolipids as acceptor substrates.49-50
The previous application of PmST3 in synthesizing GM3BSph from LacBSph was limited to
the introduction of NeuS5Ac with /n situ generation of CMP-Neu5Ac from commercially
available Neu5Ac with N. meningitidis CMP-sialic acid synthetase (NmCSS).3! Here

we report the exploration of the donor substrate promiscuity of PmST3 in synthesizing
GM3BSph containing different sialic acid forms and derivatives. The PmST3 donor
substrates were generated /n situ from six-carbon precursors (11-16, Table 1) of sialic

acids and derivatives with the combined functions of Pasteurella multocida sialic acid
aldolase (PmNanA)°1 and NmCSS,>2 two enzymes both with substrate promiscuity as
shown previously.

As shown in Table 1, GM3 sphingosines Neu5Aca2-3LacBSph (17) and Neu5Gca2—-
3LacBSph (18) containing natural sialic acid forms NeuSAc and Neu5Gc, respectively,
were readily synthesized from LacpSph as the acceptor substrate and the corresponding
sialic acid precursors ManNAc (11) and A-glycolylmannosamine (ManNGc, 12)°2 in very
good yields (95% and 87%, respectively) using the OPME sialylation system containing
PmNanA, NmCSS, and PmST3.
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Next, the synthesis of GM3 sphingosine containing an azido group- or a fluorine-
substituted terminal sialic acid was carried out. NeuSAc9N3za.2-3LacpSph (19, 86%),
Neu5ACcN3za2-3LacpSph (20, 90%), and NeuSAcFa2-3LacBSph (21, 91%) were obtained
in excellent yields from ManNAc6N3 (13), ManNAcN3 (14),%2 and ManNACF (15),53
respectively. The gangliosides containing the azido group can be used as important chemical
glycobiological tools for bioorthogonal chemoselective ligation reactions®*-55 or for azide
reduction followed by further conjugation to form an amide bond.36-59 Attachment of the
electronegative fluorine on sialic acid moiety may lead to compounds with novel properties.
For instance, the introduction of a sialic acid analogue bearing a fluorine atom at C-7 to the
N-glycans of a therapeutic glycoprotein was shown to enhance its serum half-life in a mouse
model.50

Glycolipids are vital mediators of cell-cell, cell-virus, and cell-ligand interactions, but these
interactions are often difficult to study due to their fast off rates and low affinities. Diazirine
has been widely used for photo-labelling to capture the highly interesting glycan-protein
interactions by forming a covalent bond upon irradiation, and different “photo-sugars” that
contain a diazirine moiety on the Atacyl side chain have been developed.61-62 5-SjaDAz-
modified gangliosides produced by metabolic cell surface glycan engineering have been
confirmed as new partners of CD22 using cholera toxin subunit B (CTxB).53 We were
interested in synthesizing new photo-active GM3 ganglioside derivatives with a diazirine-
modified sialic acid. To our delight, the six-carbon sialic acid precursor ManNDAz (16)%2
was well tolerated by all enzymes in the OPME sialylation system and NeuSDAza.2—
3LacpBSph (22) was obtained in 85% yield. We envision compound 22 as an important
molecular tool for discovering novel GM3-binding proteins.

Facile Synthesis and Purification of GM3 Gangliosides with Different Fatty Acyl Chains.

The synthesis of GM3 gangliosides is completed by installing a fatty acyl chain to
GM3BSph. We tested the method that we developed previously for glycosphingosine
acylation by coupling palmitoyl chloride with the amine in sphingosine using THF/sat.
ag. NaHCO3.31 To our delight, as shown in Scheme 2, the method was confirmed to be
robust and the acylation reactions of 17-22 with stearoyl (18:0) chloride in a mixture

of tetrahydrofuran (THF) and saturated aqueous NaHCO3 solution (1:1, v/v) reached
completion in 2 h. GM3 gangliosides 23-28 containing different sialic acid forms were
produced in nearly quantitative yields. Furthermore, the installation of fatty acyl chains
of different lengths and with or without a c¢/s- or #rans-double bond was succeeded in
high yields. Reactions of GM3BSph 17 with myristoyl chloride, palmitoyl chloride, 10-
undecenoy! chloride, and (2)-9-octadecenoy! chloride in a mixture of THF and saturated
aqueous NaHCO3 solution (1:1, v/v) produced GM3 gangliosides 29 (100%), 30 (99%), 31
(98%), and 32 (99%), respectively.

CONCLUSIONS

In conclusion, an improved process which requires minimal column purification steps
for large-scale chemical synthesis of LacpSph from inexpensive L-serine derivative has
been developed. Importantly, D-erythro and D-threo sphingosine derivatives were separated
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cleanly by forming six-membered acetals followed by recrystallization of the desired isomer
from the mixture which made the process more reliable and more adaptable for large-

scale synthesis. The sphingosine hydrophobic tag in water-soluble LacpSph facilitates the
product purification from the enzymatic reaction mixture by using a simple C18-cartridge
purification process. The OPME sialylation system with /n situ generation of CMP-sialic
acids and derivatives from their six-carbon precursors allows the easy introduction of
different sialic acid forms. The installation of a fatty acyl chain of choice in the last step in
high yields with a streamlined synthesis and purification procedure makes the production of
gangliosides with diverse fatty acyl chains easy. The high efficiency of the chemoenzymatic
method is demonstrated by the total synthesis of a diverse library of GM3 gangliosides
containing different sialic acid residues, including natural sialic acids Neu5Ac and Neu5Gc,
and sialic acid derivatives with a F, N3, or diazirine substitution. The method described here
using a highly efficient OPME sialylation system with a downstream chemical acylation
process to install the desired fatty acid chains to the sphingosine moiety can be a general
strategy for producing diversified GM3 gangliosides in preparative scales.

EXPERIMENTAL SECTION

Materials and General Methods.

Chemicals were purchased and used without further purification. 'H NMR (800 MHz) and
13C NMR (200 MHz) spectra were recorded on a Bruker Avance-800 NMR spectrometer
and 'H NMR (600 MHz) and 13C NMR (150 MHz) spectra were recorded on a Bruker
Avance-111 HD 600 NMR spectrometer. High resolution electrospray ionization (ESI) mass
spectra were obtained using Thermo Electron LTQ-Orbitrap Hybrid Mass Spectrometer or
a Thermo Scientific Q Exactive HF Orbitrap Mass Spectrometer at the Mass Spectrometry
Facilities in the University of California, Davis. Silica gel 60 A (230-400 mesh, Sorbent
Technologies) was used for flash column chromatography. Thin-layer chromatography
(TLC, Sorbent Technologies) was performed on silica gel plates using anisaldehyde sugar
stain for detection. Melting point was recorded on a Stuart SMP10 instrument. Recombinant
enzymes Pasteurella multocida sialic acid aldolase (PmAldolase),?! Neisseria meningitidis
CMP-sialic acid synthetase (NmCSS),%2 and Pasteurella multocida multifunctional a.2—
3-sialyltransferase 3 (PmST3)*° were expressed and purified as described previously.
Compounds 12—16 were synthesized as described previously.52-53. 62, 64

Chemical Synthesis of Lactosyl Sphingosine (10).

3-(tert-Butyl) 4-methyl (S)-2,2-dimethyloxazolidine-3,4-dicarboxylate (2).—To
the commercially available methyl(fer-butoxycarbonyl)-L-serinate 1 (43 g, 196.1 mmol)

in acetone (300 mL) at room temperature, 2,2-dimethoxypropane (217.2 mL, 1.77 mol) was
added. To the above reaction mixture, BF3-OEt, (1.40 mL, 11.2 mmol) was added at the
same temperature and stirred for 6 h. The reaction mixture was concentrated under reduced
pressure and dissolved in dichloromethane (100 mL) was washed with sat. ag. NaHCO3
solution (500 mL), brine (500 mL), and water (500 mL). The organic layer was dried over
anhydrous sodium sulfate, filtered, and concentrated to dryness to obtain compound 2 as

a liquid, which was used in the next step without further purification. A small portion of
the crude compound was purified using flash column chromatography using hexanes and
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EtOAc , and the data were in agreement with the reported literature.55-66 1H NMR (600
MHz, CDCls) & 4.43 (ddd, J=10.1, 6.9, 2.8 Hz, 1H), 4.14 (ddd, J= 13.8, 9.2, 7.0 Hz, 1H),
4.04 (ddd, J= 155, 9.2, 2.8 Hz, 1H), 3.76 (d, J= 1.9 Hz, 3H), 1.66 (d, J= 19.9 Hz, 3H),
1.52 (d, J=22.4 Hz, TH), 1.41 (s, 5H).

tert-Butyl (S,E)-4-(hexadec-2-enoyl)-2,2-dimethyloxazolidine-3-carboxylate (4).
—To a solution of dimethyl methyl phosphonate in anhydrous THF (150 mL) was added
n-BuLi (237.6 mL, 1.6 M in hexanes, 380.6 mmol) slowly over 30 min at =78 °C. After
stirring for 1 h at the same temperature, crude serine derivative 2 in anhydrous THF (40 mL)
was added slowly at the same temp and stirred for 10 min. The reaction was slowly warmed
to 0 °C for a 1 h-period, stirred at the same temperature for 30 min, and quenched with
THF/water mixture (5:1, 6 mL) at 0 °C. The pH was adjusted to 6.0-7.0 with 20% citric
acid and extracted with EtOAc (3 x 300 mL). The organic layer was dried over anhydrous
sodium sulfate, filtered, and concentrated under reduced pressure to obtain crude compound
3, which was used further without purification.

The crude compound 3 and potassium carbonate (54.2 g, 392.2 mmol.) was dissolved in

1 L of acetonitrile. To the above solution, 1-tetradecanal (33.2 g, 156.8 mmol, 0.8 eq)

and 12 mL of water were added to adjust the pH to 9. The reaction was stirred at room
temperature for 12 hours. The reaction mixture was filtered, and the solid was washed with
1 L of hexanes. The organic phases were combined and evaporated to dryness under reduced
pressure. The crude concentrate was dissolved in 1 L of hexanes and washed with of sat. ag.
brine solution (500 mL). The organic layer was collected and dried over anhydrous sodium
sulfate. The organic layer was filtered, concentrated under reduced pressure, and purified by
flash column chromatography using hexanes/EtOAc to obtain 47.2 g (55% yield over three
steps) of compound 4 and the data were in agreement with the reported literature.5” 1H NMR
(600 MHz, CDCl3) & 7.0-6.94 (m, 1H), 6.28 (dd, J=27.1, 15.7 Hz, 1H), 4.73-4.48 (m, 1H),
4.21-4.13 (m, 1H), 3.93 (ddd, /= 12.8, 9.0, 3.0 Hz, 1H), 2.23 (dt, /= 13.5, 6.8 Hz, 2H),
1.68 (d, J=34.2 Hz, 3H), 1.57-1.44 (m, 9H), 1.37 (s, 6H), 1.26 (s, 22H), 0.88 (t, /= 7.0 Hz,
3H).

tert-Butyl ((4R, 5S)-2-(4-methoxyphenyl)-4-((E)-pentadec-1-en-1-yl)-1,3-
dioxan-5-yl)carbamate (6).—Compound 4 (30 g, 68.6 mmol) and cerium chloride
heptahydrate (38.3 g, 102.9 mmol) were stirred in methanol in a 500 mL round bottom flask
over 30 min at rt and cooled to —20 °C. A sodium borohydride solution (3.8 g, 102.9 mmol)
in 30% caustic soda (15.5 mL) was cooled to 0 °C and then carefully added to the allylic
ketone solution dropwise over 2 h. After the complete addition, the reaction was allowed to
stir at =20 °C for 30min and allowed to reach the rt over 2 h. Methanol was evaporated at
40 °C under reduced pressure and diluted with Et,O (300 mL), and filtered. The precipitate
was washed with 300 mL Et,O over portions, and the organic layer was washed with sat.

ag. NaHCOg3, dried over anhydrous sodium sulphate, filtered, and concentrated to dryness.
The crude compound 5 was used further without purification. The ratio of diastereomers was
found to be on an average of 9:1 (D-erythrolL-erythro-sphingosine) using IH crude NMR of
5and 6.
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To the crude solution of compound 5 in anhydrous methanol (300 mL), was added p-TsOH
(2.3 g, 13.7 mmol) at 0 °C and allowed to reach the rt over 1 h. The reaction was stirred until
completion and quenched with sat. ag. NaHCO3 (10 mL). Methanol was evaporated under
reduced pressure, and the crude was dissolved in Et,O (300 mL). The organic layer was
washed with water (300 mL), and the organic layer was collected, dried over anhydrous
sodium sulfate, and concentrated under reduced pressure to dryness. The crude was
dissolved in anhydrous dichloromethane (300 mL). To the reaction mixture, anisaldehyde
dimethyl acetal (15.0 g, 82.3 mmol) and camphor sulfonic acid (3.17 g, 13.7 mmol) were
added successively at room temperature. The reaction was stirred over 2 h and quenched
with triethylamine (13.7 mmol). The reaction mixture was diluted with dichloromethane
(300 mL) and washed with sat. ag. NaHCO3 (300 mL), brine (300 mL) and water (300 mL).
The organic layer was dried over anhydrous sodium sulfate and concentrated to dryness
under reduced pressure. D-Erythro isomer was crystallized using 15% hexanes/EtOAc to
obtain a pure compound 6 (27.6 g, 78% yield), leaving the other diastereomer in the crude
solution. MP 112-114 °C. 1H NMR (600 MHz, CD30D/CDCl3 = 9:1, by volume) & 7.38 (d,
J=8.4 Hz, 2H, Ar), 6.88 (d, J= 9.0 Hz, 2H, Ar), 5.86-5.81 (m, 1H, HC=C), 5.50 (dd, /=
7.2,15.6 Hz, 1H, C=CH), 5.46 (S, 1H, acetal), 4.17-4.14 (m, 1H), 4.02 (t, /= 8.4 Hz, 1H,
HC-C=C), 3.79 (s, 3H, OMe), 3.62-3.59 (m, 2H), 2.05 (q, /= 7.2 Hz, 2H, C=C-CH), 1.43
(s, 9H), 1.28 (s, 22H), 0.89 (t, J= 7.2 Hz, 3H). 13C{1H} NMR (150 MHz, CD30D/CDCl3
=9:1, by volume) 6 161.4, 157.6, 136.8, 131.8, 128.5, 127.9, 114.4, 162.1, 82.9, 70.6, 55.7,
33.3, 32.9, 30.6, 30.5, 30.4, 30.2, 30.1, 30.0, 28.8, 23.5, 14.3. HRMS (ESI-Orbitrap) m/z:
[M + Na]* Calcd for C31H51NNaOs5 540.3665; found 540.3660.

Di-tert-butyl ((2S, 3R, E)-1-hydroxy-3-((4-methoxybenzyl)oxy)octadec-4-en-2-
yl)iminodicarbonate (7).—To a solution of compound 6 (20 g, 38.6 mmol) in anhydrous
acetonitrile, EtzN (3.9 g, 38.6 mmol) and Boc,0 (10.1 g, 46.3 mmol) were added
successively at room temperature and stirred over 12 h (0.2 eq of DMAP was added

to increase the rate of the reaction). The solvent was evaporated and dissolved in
dichloromethane (500 mL) and washed with 1N HCI (250 mL), sat. ag. NaHCO3 (250 mL)
and water (250 mL). The organic layer was dried over anhydrous sodium sulfate, filtered,
and concentrated to dryness under reduced pressure. The crude was taken forward without
purification.

The crude was co-evaporated with anhydrous toluene (2 x 50 mL) and dissolved in 1:1
anhydrous Et,O/dichloromethane (200 mL). The reaction was cooled to —20 °C and LiAlH,4
(6.6 g, 173.7 mmol) was added. To the above reaction mixture, AICl3 (4M in anhydrous
Et,0, 7.7 g, 57.9 mmol) was added slowly at —20 °C. The reaction was allowed to reach 0
°C and stirred at the same temperature for 3 h. After completion, the reaction was quenched
by adding EtOAc (50 mL) and water (50 mL) slowly at 0 °C. The reaction mixture was
extracted with EtOAc (650 mL) and washed with 1N HCI (350 mL), sat. ag. NaHCO3

(350 mL) and water (350 mL). The organic layer was dried over anhydrous sodium sulfate,
filtered, and concentrated to dryness under reduced pressure. The crude was purified using
flash column chromatography over silica gel using hexanes/EtOAc to obtain compound 7
(16.7 g, 70% yield). 1H NMR (600 MHz, CDCl5) § 7.22 (d, J= 8.5 Hz, 2H, Ar), 6.88 (d, J=
8.5 Hz, 2H, Ar), 5.83-5.71 (m, 1H, HC=C), 5.43 (dd, J= 15.4, 7.9 Hz, 1H, C=CH), 4.56 (d,
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J=11.5 Hz, 1H), 4.25 (d, /= 11.5 Hz, 1H), 4.00 (s, 1H), 3.95 (d, J= 9.4 Hz, 1H), 3.81 (s,
3H, OMe), 3.62 (d, J= 6.8 Hz, 2H), 2.89 (s, 1H), 2.10 (dd, J= 14.2, 7.0 Hz, 2H, C=C-CH),),
1.44 (s, 9H), 1.28 (s, 21H), 0.90 (t, J= 7.0 Hz, 3H). 133C{*H} NMR (150 MHz, CDCl3) &
159.2, 155.8, 136.6, 129.9, 129.3, 126.6, 113.8, 81.4, 79.3, 70.1, 62.3, 54.1, 54.8, 32.2, 31.8,
29.6, 29.6, 29.5, 29.4, 29.3, 29.1, 29.0, 28.3, 22.6, 14.0.. HRMS (ESI-Orbitrap) m/z: [M +
H]* Calcd for C36HgpNO7 620.4526; found 620.4533.

(2R,3S,4S,5R,6S)-2-((Benzoyloxy)methyl)-6-(((2R,3R,4S,5R,6R)-4,5-
bis(benzoyloxy)-2-((benzoyloxy)methyl)-6-(((2S,3R,E)-2-(bis(tert-
butoxycarbonyl)amino)-3-((4-methoxybenzyl)oxy)octadec-4-en-1-
yhoxy)tetrahydro-2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4,5-triyl tribenzoate
(9).—To solution of glycosyl donor 843

(23.5 g, 19.3 mmol) and acceptor 7 (10 g, 16.13 mmol)in

anhydrous dichloromethane was added activated 4 A MS (25 g) at room temperature

and the solution was stirred at the same temperature for 2 h. The reaction mixture was
cooled to —40 °C using acetonitrile and dry ice. After 10 min, TMSOTf (0.36 mL, 1.6 mmol)
was added dropwise at —40 °C. The reaction was allowed to stir at the same temperature for
1 h and quenched with triethylamine (400 uL) after confirming the reaction with TLC. The
solution was filtrated to remove 4 A MS and the filtrate was diluted with dichloromethane
(300 mL) and washed by sat. ag. NaHCO3 (200 mL) and brine (200 mL). The organic layer
was dried with anhydrous Na, SOy, filtered, and purified over silica gel using hexanes and
EtOAC to obtain compound 9 (23.7 g, 88%) as a white foam. 1H NMR (600 MHz, CDCl5)
8 8.05-7.99 (m, 10H, Ar), 7.92 (dd, /= 8.3, 1.2 Hz, 2H, Ar), 7.75 (dd, /= 8.4, 1.2 Hz,

2H, Ar), 7.67-7.63 (m, 1H, Ar), 7.63— 7.59 (m, 1H, Ar), 7.59-7.55 (m, 1H, Ar), 7.55-7.49
(m, 5H, Ar), 7.45-7.40 (m, 6H, Ar), 7.40-7.32 (m, 4H, Ar), 7.26-7.22 (m, 2H, Ar), 7.19

(t, J=7.8 Hz, 2H, Ar), 7.13 (d, /= 8.6 Hz, 2H, Ar), 6.77 (d, J= 8.6 Hz, 2H, Ar), 5.85-5.80
(m, 1H), 5.78-5.72 (m, 2H), 5.48 (dd, /=9.9, 7.9 Hz, 1H), 5.39 (dd, /= 10.3, 3.4 Hz, 1H),
5.35 (t, /= 6.9 Hz, 1H, HC=C), 5.24 (dd, J=15.4, 8.3 Hz, 1H, C=CH), 4.89 (d, J= 7.9 Hz,
1H, anomeric), 4.71 (d, J= 7.9 Hz, 1H, anomeric), 4.58 (dd, /= 16.0, 5.6 Hz, 2H), 4.53 (dd,
J=12.1,4.3 Hz, 1H), 4.37 (d, J= 11.0 Hz, 1H), 4.27 (dd, J= 19.5, 10.0 Hz, 2H), 4.20 (d,
J=10.9 Hz, 1H), 3.90 (t, /= 6.7 Hz, 1H), 3.84-3.81 (m, 1H), 3.79-3.74 (m, 4H), 3.71 (dd,
J=11.3, 7.0 Hz, 2H), 3.65 (t, /= 8.2 Hz, 1H), 3.56 (dd, /=9.7, 3.0 Hz, 1H), 1.95-1.89 (m,
2H), 1.34 (s, 9H), 1.28 (s, 22H), 0.91 (t, J= 7.0 Hz, 3H). 13C{*H} NMR (150 MHz, CDCls)
5 165.8, 165.5, 165.4, 165.3, 165.2, 164.8, 159.0, 155.2, 136.7, 133.5, 133.4, 133.3, 133.2,
130.5, 130.0, 129.8, 129.7, 129.6, 129.4, 129.2, 128.8, 128.6, 128.5, 128.5, 128.2, 127.2,
113.6, 101.5, 100.9, 79.2, 79.0, 75.9, 73.0, 72.8, 72.0, 71.8, 71.3, 70.1, 69.8, 68.6, 67.5,
62.5, 61.0, 55.2, 53.1, 32.2, 31.9, 29.7, 29.6, 29.5, 29.3, 29.2, 29.1, 28.3, 22.7, 14.1. HRMS
(ESI-Orbitrap) m/z: [M + Na]* Calcd for Cg7H1goNNaO,4 1694.7237; found 1694.7245.

(2S,3R,4S,5R,6R)-2-(((2R,3S,4R,5R,6R)-6-(((2S,3R,E)-2-Amino-3-
hydroxyoctadec-4-en-1-yl)oxy)-4,5-dihydroxy-2-(hydroxymethyl)tetrahydro-2H-
pyran-3-yl)oxy)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol (10).—

To a solution of compound 9 (15 g, 8.9 mmol) in anhydrous methanol (200 mL),

NaOMe was added until the pH reached 9. The pH was maintained at 9 over 2 h and stirred
at room temperature over 12 h. The reaction was neutralized with Dowex 50WX8 acid resin
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and filtered over celite. The filtrated was concentrated to dryness under reduced pressure.
Hexanes (2 x 50 mL) was added and decanted to remove the nonpolar side products.

The crude was dried under vacuum over 6 h and dissolved in 9:1 TFA/Anisole (100 mL)
and stirred over 3 h. The solvent was evaporated, and under reduced pressure, the crude was
purified using water and acetonitrile over the C18 reverse phase column to obtain LacpSph
10 (5.2 g, 92%) as a white solid. The data is in agreement with the reported literature.3!

General Procedure of One-Pot Three-Enzyme Preparative-Scale Synthesis of GM3
Sphingosines 17-22.

Lactosyl sphingosine (LacpSph, 10 mM), sialic acid precursor (11-16, 15 mM), and CTP
(20 mM) were incubated at 30 °C in a Tris-HCI buffer (100 mM, pH 8.5) containing

MgCl, (20 mM), PmAldolase (0.2 mg/mL), NmCSS (0.1 mg/mL), PmST3 (0.3 mg/mL).
The reaction was incubated in an incubator shaker at 30 °C for 24 h with agitation at 100
rpm. The product formation was monitored by mass spectrometry. Upon completion, the
same volume of cold ethanol was added and the mixture was incubated at 4 °C for 30 min
before it was centrifuged to remove precipitates. The supernatant was concentrated and the
residue was dissolved in 20 mL water. The sample was purified using a 51 g ODS-SM
column (50 M, 120 A, Yamazen) on a CombiFlash® Rf 200i system. After loading the
sample, the column was washed with water for 5 min then with gradient acetonitrile in water
(0 to 100%). Products 17-22 were eluted with 60% acetonitrile in water (v/v). The fractions
containing the product were collected to give the target glycolipid.

(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-p-D-galactopyranosyl-(1—4)-p-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-amino-4-octadecene-1,3-diol (17).—White powder, 142 mg, 95% yield; 1H
NMR (800 MHz, CD30D) 6 5.75 (dt, /= 14.4, 6.4 Hz, 1H, = CH), 5.39 (dd, J=15.2,

7.2 Hz, 1H, = CH), 4.32 (d, /= 8.0 Hz, 1H, anomeric), 4.26 (d, /= 8.0 Hz, 1H, anomeric),
4.16 (t, /= 6.4 Hz, 1H), 3.96 (dd, J= 9.6, 3.2 Hz, 1H), 3.88-3.35 (m, 18H), 3.20 (t, /=
9.6 Hz, 1H), 2.77 (dd, J=12.0, 4.0 Hz, 1H, H3g), 2.03-1.99 (m, 2H), 1.92 (s, 3H, CHg),
1.62 (t, J= 12.0 Hz, 1H), 1.35-1.15 (m, 22 H), 0.80 (t, /= 7.2 Hz, 3H, CH3); 13C{1H}
NMR (200 MHz, CD30D) 6 174.1, 173.4, 135.1, 127.2, 103.6, 102.4, 99.6, 79.1, 76.2,
75.7,75.1,74.8, 73.5, 73.0, 71.5, 70.1, 69.3, 68.7, 67.8, 67.5, 66.5, 63.2, 61.3, 60.2, 55.2,
52.5,40.7, 31.9, 31.6, 29.3, 29.3, 29.3, 29.3, 29.2, 29.0, 28.9, 28.7, 22.3, 21.1, 13.0. HRMS
(ESI-Orbitrap) m/z: [M - H]~ Calcd for C41H73N209 913.4762; found 913.4766.

(3,5-Dideoxy-5-glycolamido-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-p-D-galactopyranosyl-(1—4)-p-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-amino-4-octadecene-1,3-diol (18).—White powder, 67 mg, 87% yield; 1H NMR
(800 MHz, CD30D) 6 5.85 (dt, J= 14.4, 6.4 Hz, 1H, = CH), 5.46 (dd, J= 15.2, 7.2 Hz, 1H,
= CH), 4.40 (d, /= 8.0 Hz, 1H, anomeric), 4.35 (d, J= 8.0 Hz, 1H, anomeric), 4.06-4.00
(m, 3H), 3.96-3.37 (m, 22H), 3.29 (t, /= 8.0 Hz, 1H), 2.85 (dd, /= 12.0, 4.0 Hz, 1H,

H3eq), 2.10-2.16(m, 2H), 1.72 (t, J= 12.0 Hz, 1H), 1.42-1.24 (m, 22H), 0.87 (t, /= 7.2 Hz,
3H); 13C{1H} NMR (200 MHz, CD30D) & 176.0, 173.6, 135.3, 127.0, 103.8, 102.4, 99.7,
79.3,76.3,75.7,75.2,74.8,73.4,73.1,71.7, 69.6, 69.4, 68.8, 67.7, 67.7, 66.0, 63.4, 61.4,
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61.3, 60.3, 55.4, 52.3, 40.8, 32.0, 29.4, 29.4, 29.3, 29.2, 29.1, 29.0, 28.8, 22.3, 13.0. HRMS
(ESI-Orbitrap) m/z: [M - H]™ Calcd for C41H73N2021 929.4711; found 929.4713.

(5-Acetamido-9-azido-3,5,9-trideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonic acid)-(2—3)-p-D-galactopyranosyl-(1—4)-B-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-amino-4-octadecene-1,3-

diol (19).—White powder, 66 mg, 86% yield; 1H NMR (600 MHz, CD30D) & 5.79

(dt, J=14.4,6.6 Hz, 1H, = CH), 5.41 (dd, /= 15.4, 6.8 Hz, 1H, = CH), 4.33 (d, /= 7.8 Hz,
1H, anomeric), 4.29 (d, J= 7.8 Hz, 1H, anomeric), 4.24 (t, /= 6.0 Hz, 1H), 3.98-3.24 (m,
22H), 2.78 (dd, J=12.0, 4.2 Hz, 1H, H3¢g), 2.02 (p, /= 6.6, 6.0 Hz, 2H), 1.94 (s, 3H), 1.65
(t, J=11.4 Hz, 1H), 1.35 (g, /= 7.2 Hz, 2H), 1.22-1.17 (m, 22H), 0.82 (t, /= 6.6 Hz, 3H);
13C{1H} NMR (150 MHz, CD30D) 6 172.7, 172.0, 133.7, 125.3, 102.2, 100.8, 98.3, 77.9,
74.8,74.1,73.7,73.3,71.8, 715, 69.2, 68.0, 67.9, 66.3, 66.2, 64.3, 59.8, 59.0, 53.8, 51.9,
51.0, 39.0, 30.5, 30.4, 30.1, 27.9, 27.8, 27.7, 27.7, 27.5, 27.5, 27.4, 27.3, 20.8, 19.8, 11.6.
HRMS (ESI-Orbitrap) m/z: [M - H]~ Calcd for C41H7,N5019 938.4827; found 938.4823.

[5-(2-Azidoacetamido)-3,5-dideoxy-D-glycero-a.-D-galacto-2-
nonulopyranosylonic acid]-(2—3)-p-D-galactopyranosyl-(1—4)-B-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-amino-4-octadecene-1,3-

diol (20).—White powder, 70 mg, 90% yield; 1H NMR (600 MHz,

CD30D) & 5.75 (dt, /= 14.4, 6.8 Hz, 1H, = CH), 5.40 (dd, J= 15.4, 6.9 Hz, 1H, = CH), 4.33
(d, J= 7.8 Hz, 1H, anomeric), 4.27 (d, J= 7.8 Hz, 1H, anomeric), 4.16 (t, J= 6.0 Hz, 1H),
3.96 (dd, J= 9.6, 3.0 Hz, 1H), 3.91-3.36 (m, 22H), 2.76 (dd, J= 12.4, 4.2 Hz, 1H, H3¢),
2.01(q, /=7.2Hz, 2H), 1.66 (t, /= 11.6 Hz, 1H), 1.33-1.16 (m, 22H), 0.80 (t, /= 7.0 Hz,
3H); 13C{1H} NMR (150 MHz, CD30D) & 172.0, 169.2, 133.5, 126.0, 102.1, 101.0, 98.2,
77.7,74.7,74.1,73.6,73.2,71.7,71.6, 70.3, 68.8, 67.9, 67.1, 66.4, 66.1, 65.3, 61.8, 59.8,
58.8, 53.7,51.0, 49.9, 39.1, 30.5, 30.1, 27.9, 27.8, 27.8, 27.7, 27.5, 27.5, 27.3, 20.8, 11.5.
HRMS (ESI-Orbitrap) m/z: [M - H]~ Calcd for C41H75N5050 954.4776; found 954.4781.

[3,5-Dideoxy-5-(2-fluoroacetamido)-D-glycero-a-D-galacto-2-
nonulopyranosylonic acid]-(2—3)-p-D-galactopyranosyl-(1—4)-B-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-amino-4-octadecene-1,3-

diol (21).—White powder, 71 mg, 91% yield; 1H NMR (800

MHz, CD30D) 6 5.76 (dt, /= 14.4, 6.4 Hz, 1H, = CH), 5.40 (dd, /=15.2, 7.2 Hz, 1H, =
CH), 4.33 (d, /= 8.0 Hz, 1H, anomeric), 4.27 (d, J= 8.0 Hz, 1H, anomeric), 4.20 (t, /= 6.4
Hz, 1H), 3.96 (dd, J= 9.6, 3.2 Hz, 1H), 3.88-3.21 (m, 23H), 2.76 (dd, /= 12.0, 4.0 Hz, 1H,
H3eq), 2.04-1.98 (M, 2H), 1.65 (t, /= 12.0 Hz, 1H), 1.36-1.13 (m, 22H), 0.80 (t, /= 7.2 Hz,
3H); 13C{1H} NMR (200 MHz, CD30D) & 173.6, 170.9, 170.8, 135.2, 127.1, 103.7, 102.4,
99.7,80.0, 79.2, 79.1, 76.3, 75.7, 75.2, 74.8, 73.1, 73.0, 71.8, 69.8, 69.4, 68.6, 67.7, 67.6,
66.2, 63.3,61.4, 60.3, 55.3,52.1, 40.7, 32.0, 31.7, 29.4, 29.4, 29.3, 29.1, 29.0, 28.8, 22.4.
HRMS (ESI-Orbitrap) m/z: [M - H]~ Calcd for C41H72FN205 931.4668; found 931.4662.

[3,5-Dideoxy-5-[3-(3-methyl-3H-diazirin-3-yl)-1-oxopropyllamido-D-glycero-a-D-

galacto-2-nonulopyranosylonic acid]-(2—3)-p-D-galactopyranosyl-(1—4)-8-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-amino-4-octadecene-1,3-diol (22).—White
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powder, 68 mg, 85% vyield; 1H NMR (800 MHz, CD30D) & 5.75 (dt, J= 14.4, 7.2 Hz,

1H, = CH), 5.45 (dd, J=15.2, 7.2 Hz, 1H, = CH), 4.42 (d, J= 8.0 Hz, 1H, anomeric),

4.30 (d, J= 8.0 Hz, 1H, anomeric), 4.04 (dd, J= 9.6, 4.0 Hz, 1H), 4.01 (J= 8.0 Hz, 1H),
3.92-3.41 (m, 18H), 3.28 (t, J= 8.0 Hz, 1H), 2.96-2.93 (m, 1H), 2.84 (dd, /= 12.0, 4.0 Hz,
1H, H3¢g), 2.20-2.11 (m, 2H), 2.08-2.06 (m, 2H), 1.71 (t, J= 12.0 Hz, 1H), 1.67-1.65 (m,
2H), 1.42-1.23 (m, 22H), 1.00 (s, 3H), 0.81 (t, J= 7.2 Hz, 3H); 13C{1H} NMR (200 MHz,
CD30D) 6 175.3, 173.5, 134.3, 129.1, 103.7, 102.8, 99.7, 79.5, 76.2, 75.7, 75.1, 74.7, 73.6,
73.3,72.8,71.7,69.8, 69.4, 68.8, 67.9, 67.6, 63.4, 61.4, 60.5, 55.0, 52.5, 43.9, 40.8, 32.0,
31.7,29.9, 29.8, 29.4, 29.4, 29.4, 29.4, 29.4, 29.2, 29.1, 29.0, 29.0, 25.0, 22.3, 18.4, 13.1.
HRMS (ESI-Orbitrap) m/z: [M - H]™ Calcd for C44H77N404¢ 981.5137; found 981.5131.

General Procedures for Converting GM3 Sphingosine to GM3 Gangliosides 23-32 with
Different Fatty Acyl Chains.

To a solution of GM3 sphingosines (10-20 mg) in sat. ag. NaHCO3-THF (3 mL, 1:1),

acyl chloride (1.5-2.0 eq) in 1 mL of THF was added. The resulting mixture was stirred
vigorously at room temperature for 2 h. The solution was adjusted to pH 7 using 2N

HCI and then concentrated. The residue was dissolved in 2 mL of water and loaded to a
preconditioned Discovery® C18 cartridge (5 G) through a 10 mL plastic syringe and washed
with water (10 mL). The ganglioside products were eluted from the C18 cartridge using a
solution of 50 to 100% acetonitrile in water and fractions of 2 mL each were collected. The
fractions contained pure target compounds were collected, concentrated and lyophilized.

(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-p-D-galactopyranosyl-(1—4)-p-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-octadecanamino-4-octadecene-1,3-diol (NeuS5Ac_GM3Cer, 23).—White
powder, 64 mg, 99% yield. 1H NMR (800 MHz, CD30D) 6 5.58 (dt, /= 14.4, 7.2 Hz,

1H, = CH), 5.35 (dd, J=15.2, 7.2 Hz, 1H, = CH), 4.33 (d, /= 8.0 Hz, 1H, anomeric), 4.21
(d, J=8.0 Hz, 1H, anomeric), 4.08 (dd, /= 9.6, 4.0 Hz, 1H), 3.97 (t, /= 8.0 Hz, 1H), 3.95
(dd, /=9.6, 3.2 Hz, 1H), 3.89-3.31 (m, 18H), 3.19 (t, /= 8.0 Hz, 1H), 2.76 (dd, J= 12.0,
4.0 Hz, 1H, H3q), 2.06 (t, /= 8.0 Hz, 2H), 1.96-1.91 (m, 2H), 1.91 (s, 3H), 1.65-1.61 (m,
1H), 1.52-1.46 (m, 2H), 1.33-1.14 (m, 52 H), 0.81 (t, /= 7.2 Hz, 6H); 13C{1H} NMR (200
MHz, CD30D) & 174.5, 174.1, 173.5, 133.6, 130.0, 103.7, 103.1, 99.7, 79.4, 76.2, 75.7,
75.1,74.8,73.5,73.4,71.6,69.4, 68.7, 68.6, 68.0, 67.6, 63.2, 61.3, 60.4, 53.3, 52.5, 40.7,
37.9,36.0,32.1, 31.7,31.7, 31.7, 29.5, 29.5, 29.4, 29.4, 29.4, 29.4, 29.3, 29.3, 29.3, 29.1,
29.1,29.1, 29.0, 26.4, 25.8, 22.4, 22.4, 22.3, 21.2, 21.2, 13.1, 13.0. HRMS (ESI-Orbitrap)
m/z: [M - H]~ Calcd for C59H197N2051 1179.7372; found 1179.7369.

(3,5-Dideoxy-5-glycolamido-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-B-D-galactopyranosyl-(1—4)-B-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-octadecanamino-4-octadecene-1,3-diol (Neu5Gc_GM3Cer, 24).—White
powder, 21 mg, 98% yield. 1H NMR (800 MHz, CD30D) 6 5.78 (dt, /= 14.4, 6.4 Hz,

1H, = CH), 5.54 (dd, J=15.2, 7.2 Hz, 1H, = CH), 4.52 (d, /= 8.0 Hz, 1H, anomeric), 4.39
(d, J=8.0 Hz, 1H, anomeric), 4.28 (dd, J = 10.4, 4.8 Hz, 1H), 4.17 (d, /= 8.0 Hz, 1H),

4.16 (s, 2H), 4.12-3.50 (m, 19H), 3.41 (t, /= 8.0 Hz, 1H), 2.95 (dd, /= 12.0, 4.0 Hz, 1H,
H3eq), 2.27-2.25 (M, 2H), 2.12-2.09 (m, 2H), 1.85 (t, /= 12.0 Hz, 1H), 1.71-1.30 (m, 54H),
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0.97 (t, J= 7.2 Hz, 6H); 13C{*H} NMR (200 MHz, CD30D) 6 176.0, 174.7, 173.6, 134.3,
129.5, 103.8, 102.9, 99.6, 79.5, 76.0, 75.5, 74.9, 74.5, 73.3, 71.7, 71.5, 69.2, 68.8, 68.6,
67.6, 61.4, 60.3, 53.2, 52.2, 36.3, 32.3, 31.8, 31.8, 31.8, 29.6, 29.6, 29.6, 29.5, 29.5, 29.5,
29.5,29.4,29.4, 29.3,29.3, 29.2, 29.2, 29.2, 29.2, 26.3, 25.9, 23.3, 22.5, 13.6, 13.6. HRMS
(ESI-Orbitrap) m/z: [M - H]™ Calcd for CsgH197N2025 1195.7321; found 1195.7329.

(5-Acetamido-9-azido-3,5,9-trideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonic acid)-(2—3)-p-D-galactopyranosyl-(1—4)-B-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-octadecanamino-4-octadecene-1,3-

diol (Neu5Ac9N3 GM3Cer, 25).—White powder,

25 mg, 100% yield. 'H NMR (600 MHz, CDCl3/

CD30D/D,0) 6 5.67 (dt, J=15.0, 6.6 Hz, 1H, = CH), 5.30 (dd, /= 15.6, 7.8 Hz, 1H, = CH),
4.42 (d, J= 7.8 Hz, 2H, anomeric), 4.17 (dd, J=10.2, 4.2 Hz, 1H), 4.06-3.29 (m, 21H),
2.76 (dd, J=12.6, 4.2 Hz, 1H, H3¢g), 2.14 (t, J= 7.2 Hz, 2H), 2.01(s, 3H), 2.00-1.97 (m,
2H), 1.74-1.70 (m, 1H), 1.56-1.21 (m, 54H), 0.86 (t, /= 7.2 Hz, 6H); 23C{1H} NMR (150
MHz, DMSO-d6/D,0) 6 173.0, 172.5, 171.2, 132.0, 131.7, 104.5, 103.8, 100.0, 81.2, 76.2,
75.4,74.8,73.5,73.3,71.0, 70.4, 69.6, 69.0, 67.6, 67.0, 60.8, 53.6, 53.3, 53.2, 36.0, 32.2,
31.8,31.7,29.6, 29.6, 29.5, 29.5, 29.5, 29.4, 29.2, 29.2, 29.1, 25.9, 22.9, 22.6, 22.5, 14.4.
HRMS (ESI-Orbitrap) m/z: [M - H]~ Calcd for C59H105N5029 1204.7437; found 1204.7439.

[5-(2-Azidoacetamido)-3,5-dideoxy-D-glycero-a-D-galacto-2-
nonulopyranosylonic acid]-(2—3)-B-D-galactopyranosyl-(1—4)-p-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-octadecanamino-4-octadecene-1,3-

diol (Neu5AcN3;_GM3Cer, 26).—White powder,

28 mg, 99% yield. 1H NMR (600 MHz, CD30D) &

5.68 (dt, /= 13.2, 6.6 Hz, 1H, = CH), 5.44 (dd, J= 15.6, 7.8 Hz, 1H, = CH), 4.42 (d, /= 7.8
Hz, 1H, anomeric), 4.30 (d, /= 7.8 Hz, 1H, anomeric), 4.19 (dd, /= 10.2, 4.8 Hz, 1H), 4.07
(t, J= 8.4 Hz, 1H), 4.03 (dd, /= 9.6, 3.0 Hz, 1H), 3.98-3.40 (m, 18H), 3.30 (t, /= 8.4 Hz,
1H), 2.84 (dd, J=12.6, 4.2 Hz, 1H, H3qg), 2.18-2.13 (M, 4H), 2.03-1.99 (m, 2H), 1.74 (t,
J=10.8 Hz, 1H), 1.65-1.16 (m, 54H), 0.88 (t, /= 7.0 Hz, 6H); 13C{1H} NMR (150 MHz,
CD30D) & 174.7,173.6, 170.8, 134.0, 129.7, 103.71, 103.0, 99.6, 79.5, 76.2, 75.6, 75.0,
74.7,73.4,73.2,71.7,69.4, 68.7, 68.6, 67.9, 67.4, 63.3, 61.4, 60.4, 53.3, 52.5, 51.6, 48.8,
40.7,38.1, 36.2, 32.2, 31.8, 31.7, 31.7, 29.6, 29.6, 29.5, 29.5, 29.5, 29.5, 29.5, 29.4, 29.4,
29.4,29.4,29.3,29.2,29.2,29.2,29.1, 29.1, 26.5, 25.9, 22.4, 22.4, 22.4, 13.4, 13.4, 13.4.
HRMS (ESI-Orbitrap) m/z: [M - H]~ Calcd for C59H195N5021 1220.7386; found 1220.7387.

[3,5-Dideoxy-5-(2-fluoroacetamido)-D-glycero-a-D-galacto-2-
nonulopyranosylonic acid]-(2—3)-p-D-galactopyranosyl-(1—4)-p-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-octadecanamino-4-octadecene-1,3-

diol (NeuSAcF_GM3Cer, 27).—White powder,

26 mg, 100% yield. IH NMR (800 MHz, CD30D) 6 5.59 (dt, /= 14.4, 7.2 Hz, 1H,

=CH), 5.35(dd, /=15.2, 7.2 Hz, 1H, = CH), 4.34 (d, J= 8.0 Hz, 1H, anomeric), 4.22 (d,
J=8.0 Hz, 1H, anomeric), 4.09 (dd, J= 9.6, 4.0 Hz, 1H), 4.00-3.96 (m, 2H), 3.90-3.32 (m,
20H), 3.20 (t, /= 8.0 Hz, 1H), 2.77 (dd, J=12.0, 4.0 Hz, 1H, H3g), 2.08 (t, /= 8.0 Hz, 2H),
1.96-1.92 (m, 2H), 1.65 (t, J= 12.0 Hz, 1H), 1.52-1.12 (m, 54 H), 0.81 (t, J= 7.2 Hz, 6H);
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13C{IH} NMR (200 MHz, CD30D) & 181.7, 174.6, 173.6, 133.7, 130.0, 103.7, 103.1, 99.7,
79.4,76.2,75.6,75.1, 74.8, 73.4, 73.0, 71.8, 71.6, 69.4, 68.6, 67.8, 67.5, 63.1, 61.3, 60.4,
53.3,52.1, 40.7, 38.0, 36.0, 32.1, 31.7, 31.7, 31.7, 29.5, 29.5, 29.5, 29.4, 29.4, 29.4, 29.4,
29.4,29.3,29.3,29.3,29.1, 29.1, 29.1, 29.0, 26.5, 25.8, 22.4, 22.3, 13.1, 13.1, 13.1. HRMS
(ESI-Orbitrap) m/z: [M - H]~ Calcd for CsgH10gFN»O»q 1197.7278; found 1197.7275.

[3,5-Dideoxy-5-[3-(3-methyl-3H-diazirin-3-yl)-1-oxopropyllamido-D-glycero-a.-D-
galacto-2-nonulopyranosylonic acid]-(2—3)-p-D-galactopyranosyl-(1—4)-p-D-
glucopyranosyl-(1—1)-(2S, 3R, 4E)-2-octadecanamino-4-octadecene-1,3-diol
(Neu5DAz_GM3Cer, 28).—White powder, 24 mg, 98% yield. H NMR (600 MHz,
CDCI3/CD30D/D,0) 6 5.66 (dt, /= 15.0, 7.2 Hz, 1H, = CH), 5.40 (dd, /= 15.0, 7.8

Hz, 1H, = CH), 4.29 (d, J= 7.8 Hz, 2H, anomeric), 4.18 (dd, /= 10.2, 4.2 Hz, 1H),
4.05-3.21 (m, 21H), 2.76 (dd, /= 12.6, 4.2 Hz, 1H, H3¢q), 2.18-1.93 (m, 5H), 1.73-1.65
(m, 3H), 1.61-1.13 (m, 54 H), 0.99 (s, 3H), 0.86 (t, J= 7.2 Hz, 6H); 13C{*H} NMR (150
MHz, DMSO-d6/D,0) 6 174.3, 172.6, 171.3, 132.2, 131.7, 104.3, 103.8, 99.9, 80.6, 76.1,
75.3,74.7,73.5,73.4,71.6, 71.0, 69.6, 69.0, 68.9, 67.5, 67.0, 63.7, 60.9, 60.5, 53.3, 53.1,
36.0, 32.2, 31.7, 31.7, 30.2, 30.1, 29.6, 29.5, 29.5, 29.5, 29.4, 29.4, 29.2, 29.2, 29.1, 26.2,
25.9, 225, 22.5,19.7, 14.4. HRMS (ESI-Orbitrap) m/z: [M - H]™ Calcd for CgoH111N4O21
1247.7746; found 1247.7734.

(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-B-D-galactopyranosyl-(1—4)-B-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-tetradecanamino-4-octadecene-1,3-diol (29).—White powder, 25 mg, 100%
yield. TH NMR (800 MHz, CD30D) & 5.59 (dt, J= 14.4, 7.2 Hz, 1H, = CH), 5.36 (dd, J
=15.2, 7.2 Hz, 1H, = CH), 4.34 (d, J= 8.0 Hz, 1H, anomeric), 4.21 (d, J= 8.0 Hz, 1H,
anomeric), 4.08 (dd, /= 9.6, 4.0 Hz, 1H), 3.98 (t, /= 8.0 Hz, 1H), 3.96 (dd, /= 9.6, 3.2 Hz,
1H), 3.89-3.32 (m, 18H), 3.19 (t, /= 8.0 Hz, 1H), 2.77 (dd, /= 12.0, 4.0 Hz, 1H, H3g),
2.08 (t, /= 8.0 Hz, 2H), 1.96-1.92 (m, 2H), 1.92 (s, 3H), 1.65-1.62 (m, 1H), 1.52-1.46 (m,
2H), 1.33-1.14 (m, 44 H), 0.81 (t, J= 7.2 Hz, 6H); 13C{1H} NMR (200 MHz, CD30D) &
174.6,174.1, 173.5, 133.6, 130.0, 103.7, 103.1, 99.7, 79.4, 76.2, 75.6, 75.1, 74.7, 73.5, 73.4,
71.6,69.4, 68.7, 68.6, 68.0, 67.6, 63.1, 61.3, 60.4, 53.3, 52.5, 40.7, 37.9, 36.0, 32.1, 31.7,
29.5,29.5,29.4,29.4,29.4, 29.3, 29.3, 29.3, 29.1, 29.1, 29.1, 29.1, 29.0, 26.4, 25.8, 22.4,
21.2, 13.1. HRMS (ESI-Orbitrap) m/z: [M - H]~ Calcd for Cs5HggN20»1 1123.6746; found
1123.6750.

(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)—p-D-galactopyranosyl-(1—4)-B-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-hexadecanamino-4-octadecene-1,3-diol (30).—White powder, 24 mg, 99%
yield. 'H NMR (800 MHz, CD30D) 6 5.60 (dt, J= 14.4, 7.2 Hz, 1H, = CH), 5.36 (dd, J
=15.2,7.2 Hz, 1H, = CH), 4.35 (d, J= 8.0 Hz, 1H, anomeric), 4.23 (d, /= 8.0 Hz, 1H,
anomeric), 4.10 (dd, /= 9.6, 4.0 Hz, 1H), 4.00-3.33 (m, 19H), 3.20 (t, /= 8.0 Hz, 1H),
2.77 (dd, J=12.0, 4.0 Hz, 1H, H3¢g), 2.09 (t, /= 8.0 Hz, 2H), 1.96-1.93 (m, 2H), 1.93 (s,
3H), 1.65-1.63 (m, 1H), 1.51-1.48 (m, 2H), 1.32-1.14 (m, 48 H), 0.82 (t, /= 7.2 Hz, 6H);
13C{1H} NMR (200 MHz, CD30D) 6 174.5, 174.0, 173.4, 133.5, 129.9, 103.6, 103.0, 99.6,
79.3,76.2,75.6,75.0,74.7,73.4,73.3, 71.5, 69.3, 68.6, 68.4, 67.9, 67.5, 63.1, 61.2, 60.3,
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53.2, 52.5, 40.6, 35.9, 32.0, 31.6, 31.6, 29.4, 29.4, 29.4, 29.4, 29.3, 29.3, 29.3, 29.3, 29.2,
29.2, 29.0, 29.0, 29.0, 29.0, 29.0, 25.7, 22.3, 21.1, 13.0. HRMS (ESI-Orbitrap) m/z: [M -
H]~ Calcd for Cs7H103N,05; 1151.7059; found 1151.7046.

(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-B-D-galactopyranosyl-(1—4)-B-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-(10-undecanamino-4-octadecene-1,3-diol (31).—White powder, 23 mg, 98%
yield. TH NMR (800 MHz, CD30D) & 5.74-5.69 (m, 1H, = CH), 5.60 (dt, /= 14.4, 7.2 Hz,
1H, = CH), 5.36 (dd, J=15.2, 7.2 Hz, 1H, = CH), 4.91-4.87 (m, 1H, = CH), 4.83-4.81 (m,
1H, = CH), 4.33 (d, /= 8.0 Hz, 1H, anomeric), 4.21 (d, J= 8.0 Hz, 1H, anomeric), 4.08 (dd,
J=9.6, 4.0 Hz, 1H), 3.97 (t, /= 8.0 Hz, 1H), 3.96 (dd, J= 9.6, 3.2 Hz, 1H), 3.90-3.32 (m,
18H), 3.19 (t, /= 8.0 Hz, 1H), 2.76 (dd, /= 12.0, 4.0 Hz, 1H, H3¢q), 2.08 (t, /= 8.0 Hz,
2H), 1.97-1.92 (m, 2H), 1.92 (s, 3H), 1.65-1.61 (m, 1H), 1.52-1.47 (m, 2H), 1.33-1.14 (m,
34 H), 0.81 (t, J= 7.2 Hz, 6H); 13C{*H} NMR (200 MHz, CD30D) 6 174.6, 174.1, 173.5,
138.7,133.6, 129.9, 113.4, 113.3, 103.7, 103.1, 99.7, 79.4, 76.2, 75.7, 75.1, 74.8, 73.5, 73.4,
71.6,71.6,69.4, 68.7, 68.6, 67.9, 67.6, 63.2, 61.3, 60.4, 53.3, 52.5, 40.7, 37.9, 36.0, 33.5,
33.5,32.1,31.7,29.5, 29.4, 29.4, 29.4, 29.2, 29.2, 29.1, 29.1, 29.0, 29.0, 28.9, 28.8, 28.8,
28.7,25.8,22.4,21.2, 13.1. HRMS (ESI-Orbitrap) m/z: [M - H]™ Calcd for C5oHg1N202q
1079.6120; found 1079.6113.

(5-Acetamido-3,5-dideoxy-D-glycero-a-D-galacto-2-nonulopyranosylonic
acid)-(2—3)-B-D-galactopyranosyl-(1—4)-B-D-glucopyranosyl-(1—1)-(2S, 3R,
4E)-2-[(2)-9-octadecanamino]-4-octadecene-1,3-diol (32).—White powder, 25 mg,
99% yield. 1H NMR (800 MHz, CD30D) 6 5.59 (dt, /= 14.4, 7.2 Hz, 1H, = CH), 5.35 (dd, J
=15.2,7.2 Hz, 1H, = CH), 5.27-5.22 (m, 2H, CH=CH), 4.33 (d, /= 8.0 Hz, 1H, anomeric),
4.21 (d, /= 8.0 Hz, 1H, anomeric), 4.08 (dd, /= 9.6, 4.0 Hz, 1H), 3.97 (t, /= 8.0 Hz, 1H),
3.95 (dd, /= 9.6, 3.2 Hz, 1H), 3.89-3.31 (m, 18H), 3.18 (t, /= 8.0 Hz, 1H), 2.76 (dd, J=
12.0, 4.0 Hz, 1H, H3¢g), 2.06 (t, /= 8.0 Hz, 2H), 1.96-1.91 (m, 2H), 1.92 (s, 3H), 1.65-1.61
(m, 1H), 1.52-1.46 (m, 2H), 1.33-1.14 (m, 44 H), 0.80 (t, J= 7.2 Hz, 6H); 13C{'H} NMR
(200 MHz, CD30D) & 181.5, 174.5, 174.1, 173.5, 133.6, 130.0, 129.5, 129.5, 129.4, 103.7,
103.1,99.7,79.4, 76.2, 75.6, 75.1, 74.7, 73.5, 73.4, 71.6, 71.6, 69.4, 68.7, 68.6, 67.9, 67.6,
63.1,61.3,60.4, 56.2, 56.1, 56.0, 53.3, 52.5, 40.7, 37.8, 36.0, 32.1, 31.7, 31.7, 31.7, 29.5,
29.5, 29,5, 29.5, 29.5, 29.4, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 29.1, 29.1, 29.1, 29.1, 29.1,
29.1, 29.1, 29.0, 29.0, 29.0, 28.9, 28.9, 26.8, 26.7, 26.4, 25.8, 25.2, 22.4, 22.3, 21.2, 13.1,
13.1, 13.1. HRMS (ESI-Orbitrap) m/z: [M - H]~ Calcd for CggH1g5N209¢ 1177.7215; found
1177.7220.
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Efficient chemical synthesis of LacpSph (10) from commercially available inexpensive
N-Boc L-serine methyl ester (1) with purification of the desired D-erythro isomer 6 by
crystallization.

J Org Chem. Author manuscript; available in PMC 2022 July 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yuetal. Page 21

OH OH
NH
HO g -
\/\‘/\/an'n
OH

RCI
THF/Sat. aq. NaHCO,

H
HO © OH OH
HN™
HOH =
\/Y\/C13H27

29-32
(o]
R= M/\/\/\/\ 14:0
29
(o]
j'gj\/\/\/\/\/\/\/\ 16:0
30
(o]
5 PP
31
o
‘}J‘\/\/\/\/;/\/\/\/ 18:1 (92)
32
Scheme 2.

Synthesis of GM3 gangliosides with different fatty acyl chains.
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