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Abstract

A highly efficient chemoenzymatic method for synthesizing glycosphingolipids using a-Gal
pentasaccharyl ceramide as an example is reported here. Enzymatic extension of chemically
synthesized lactosyl sphingosine using efficient sequential one-pot multienzyme (OPME)
reactions allowed glycosylation be carried out in aqueous solution. Facile C18 cartridge-based
quick (<30 minutes) purification proctols were established using minimal amounts of green
solvents (CH3CN and H,0). Simple acylation in the last step led to the formation of the target
glycosyl ceramide in 4 steps with an overall yield of 57%.

Graphical abstract

a-Gal pentasaccharyl ceramide was synthesized using sequential one-pot multienzyme (OPME)
systems with facile purification by C18 cartridge followed by acylation.
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Glycosphingolipids (GSLs) are glycoconjugates consisting of an oligosaccharide linked to a
ceramide, a lipid consisting of a sphingoid base (sphingosine in mammalian
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glycosphingolipids). In ceramide, the amino group of the sphingoid base was coupled to a
fatty acid via an amide bond.! GSLs are ubiquitous components of mammalian cell
membranes and are well known for their important roles in human health and diseases.26 De
novo synthesis of glycosphingolipids in nature involves the formation of ceramide” at the
cytoplasmic face of the endoplasmic reticulum (ER), transfer of the ceramide to the
cytoplasmic face of the Golgi, formation of glucosylceramide and translocation to the
luminal face of the Golgi, and subsequent extension of the oligosaccharide chain by
glycosyltransferases for the formation of more complex glycosphingolipids in the Golgi,
followed by delivery to cell surface.2 All complex glycosphingolipids share a common
lactosyl ceramide (LacpCer) core.8-10 LacBCer has a low solubility in water and is a poor
acceptor for /n vitro enzymatic reactions using glycosyltransferases in aqueous
solutions.? 10

GSLs used in functional studies and clinical applications have been commonly purified from
mammalian cells, blood, and/or tissues.11-13 The inherited heterogeneity, the presence of
other compounds with similar properties, and potential contamination by infectious agents!!
make large scale purification of desired glycosphingolipids challenging, especially for low
abundant compounds.

Complex GSLs are also challenging synthetic targets despite advances in the development of
modern chemical, enzymatic, and chemoenzymatic methods. A general strategy for
synthesizing GSLs has been using multistep chemical synthesis'417 of a
trichloroacetimidate glycosyl donor6: 18-21 for coupling with an azido derivative of the
protected glycosphingosine followed by reduction of the azido group, coupling with an acyl
chain, and deprotection. Unavoidably, the chemical synthetic approaches involve multiple
tedious protection and deprotection processes which lead to extended preparation time and
low overall yields. Alternatively, glycans synthesized enzymatically and
chemoenzymatically have been protected and activated to generate glycosyl donors, such as
trichloroacetimidate?! and more recently perbenzoylated glycosyl A-
phenyltrifluoroacetimidate, for chemical glycosylation with a selectively benzoyl protected
azido-sphingosine as the glycosylation acceptor. Another chemoenzymatic strategy is an
endoglycoceramidase glycosynthase strategy using an oligosaccharyl fluoride as the donor
substrate and a sphingoid base or its derivative as the acceptor substrate.11: 22 Both
chemoenzymatic strategies require pre-assembly of non-protected oligosaccharides or
oligosaccharyl fluorides in aqueous solution which involve time-consuming non-trivial
purification of non-protected glycans after each glycosylation step. The products that can be
obtained by glycosynthase-catalyzed direct glycosylation strategy are also limited by the
substrate specificities of the enzyme mutants used towards both the glycan and the lipid
components.

We propose an alternative chemoenzymatic strategy for synthesizing GSLs. As shown in
Scheme 1, we envision that complex glycosphingosines can be readily obtained by
sequential glycosyltransferase-dependent one-pot multienzyme (OPME) systems to extend
the glycan chain in lactosyl sphingosine (LacpSph), a glycolipid that is readily soluble in
aqueous solutions. The sphingosine (lipid) component in the glycosyl sphingosine products
can be used as a hydrophobic tag, allowing facile purification of the product by C18

Chem Commun (Camb). Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Santraetal.

Page 3

cartridge with simple green solvents such as acetonitrile and water. Acylation of the glycosyl
sphingosine product with a fatty acid will form desired glycosphingolipids. The method
allows the enzyme-catalyzed glycosylation reactions to occur in aqueous solutions and facile
purifications by solid-phase extraction.23 An additional advantage is that intermediates for
long chain complex glycosphingosines can be acylated to form other naturally occurring
glycosphingolipids.

For a proof-of-concept experiment, a-Gal pentasaccharyl ceramide
(Gala.3Galp4GIcNACB3Galp4GIcpCer) or al-3-galactosyl-lacto- A-neotetraosyl p-
ceramide Gala3nLc4pCer (1) (Scheme 1) was chosen as a target for synthesis.
Gala3nLc4BCer (1) was initially identified from rabbit red blood cells.?* It was later found
to be the major non-acid glycosphingolipid in pig kidney2® and the major a-Gal structure in
pig aorta.2® Together with other a.-Gal epitopes, it binds to naturally existing human anti-Gal
antibodies and is a major cause for organ rejection in pig to human xenotransplantation.27-29

For economic and effective chemoenzymatic synthesis of glycosphingolipids using the
proposed method, the first step is to identify an efficient chemical method for large-scale
synthesis of lactosyl sphingosine (LacfSph) from commercially available inexpensive
phytosphingosine (6) and lactose.

According to several previous reports39-32 for the synthesis of glucosyl, galactosyl, or
lactosyl sphingosine, the azido-derivative of sphingosine was a better acceptor than other A+
protected sphingosine derivatives for glycosylation with trichloroacetimidate glycosylation
donors. For example, our attempts for glycosylation using A-tetrachlorophthaloyl (N-TCP)
protected acceptor3? and lactosyl trichloroacetimidate led to very low yields. In addition to
using the azido protecting group, benzoyl protection of the secondary alcohol in sphingosine
was designed to improve the regioselectivity of glycosylation. Therefore, 2-azido-3-C-
benzoyl sphingosine (12) (Scheme 2) was chosen as the glycosylation acceptor for the
formation of lactosyl sphingosine. An efficient strategy33 was chosen to synthesize 12 from
inexpensive D-erythro-sphingosine (or phytosphingosine, 6) by converting its amino group
to an azido group by treating with freshly prepared triflic-azide in the presence of catalytic
CuSO4 and triethylamine to form compound 7 in a quantitative yield without
chromatographic purification. The primary hydroxyl of 7 was selectively protected by fert
butyldiphenylsilyl (TBDPS) group33 to produce 8 in 98% yield. Conversion of the 3,4-
vicinal diol in 8 to its cyclic sulfate (9) was achieved in high yield (92%) by using thionyl
chloride in the presence of triethylamine followed by oxidation with RuCl3/NalQO,.
Selectively opening of the cyclic sulfate by tetrabutylammonium iodide and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU), dehydrohalogenation to form alkene, followed by
acidic hydrolysis to remove the allylic O-sulfate group were carried out in one pot33 to
furnish compound 10 in 85% yield. Conventional benzoylation of compound 10 produced 11
in 95% yield. Removal of the O-sialyl ether of 11 was carried out using HF-pyridine to
produce the glycosylation acceptor 12 (2.3 grams) in 97% yield. The total yield for the
chemical synthesis of the compound 12 from phytosphingosine 6 was 61% insix steps.

Glycosylation of 12 with per-O-benzoyl lactosyl trichloroacetimidate (13)34 in the presence
of BF3'OEt, in CH,Cl, at -18 °C produced per- O-benzoyl lactoside (14)3° in 90% yield

Chem Commun (Camb). Author manuscript; available in PMC 2018 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Santraetal.

Page 4

(Scheme 3). After removal of all benzoy! protecting groups by the Zemplén condition,
several methods were tested to reduce the azido group while keep the alkene group intact.
Methods using PPh3,36 PMes,37 or Lindlar catalyst38 led to poor yields (30-50%). The
combination of 1,3-propanedithiol and triethylamine3? were found to be the most efficient
for selective reduction of the azido group to produce LacfSph (5) in an excellent yield
(94%). The total yield for the glycosylation was 85% in three steps and the total yield for
chemical synthesis of LacBSph (5) was 52% in nine steps.

Lactosyl sphingosine (LacpSph, 5) was readily soluble in aqueous solution for up to 30 mM,
allowing it be used efficiently as a starting glycosyltransferase acceptor for enzymatic
extension using one-pot multienzyme (OPME) reactions?3 40-45 for the synthesis of more
complex structurally diverse glycosphingosines. The sphingosine (lipid) component of the
acceptor and the product can be used as an anchor to allow facile purification of the
glycosphingosines by reverse phase column chromatography such as simple C18 cartridge-
based purification.

For the synthesis of the target a-Gal pentasaccharyl ceramide Gala.3nLc4pCer (1), a-Gal
pentasaccharyl sphingosine Gala3nLc4BSph (2) was synthesized by enzymatic extension
from LacBSph (5) using a sequential OPME strategy involving three OPME reactions
(Scheme 4). Formation of trisaccharyl sphingosine LczBSph (GICNAcB3Galp4GlcpSph, 4)
from LacpSph (5) was achieved by a one-pot four-enzyme N-acetylglucosamine (GICNAc)
activation and transfer system containing Bifidobacterium longum (strain ATCC55813) N-
acetylhexosamine-1-kinase (BLNahK),%8 Pasteurella multocida N-acetylglucosamine
uridylyltransferase (PmGImU),4’ Pasteurella multocida inorganic pyrophosphatase
(PmPpA),*8 and Neisseria meningitidis B1-3- N-acetylglucosaminyltransferase (NmLgtA)*9
in Tris-HCI buffer (100 mM, pH 8.0) at 37 °C for 52 hours. The BLNahK, PmGImU, and
PmPpA allowed in situ formation of uridine 5’-diphosphate-A-acetylglucosamine (UDP-
GIcNAC), the sugar nucleotide donor substrate, efficiently and directly from monosaccharide
GIcNAc for NmLgtA-catalyze formation of LcaBSph (4). Upon the completion of the
enzymatic reaction as monitored by thin-layer chromatography (TLC) and high-resolution
mass spectrometry (HRMS), the reaction mixture was diluted with the same volume of
ethanol. The solution was incubated at 4 °C for 30 minutes and centrifuged to remove
precipitates. The supernatant was concentrated and the residue was dissolved in 2-3 mL of
water at 40-45 °C. The solution was directly loaded to a pre-conditioned C18 cartridge. The
cartridge was then washed with 0.01% TFA in water (10 mL) using a syringe. The unreacted
sugar, adenosine 5’-triphosphate (ATP), uridine 5 -triphosphate (UTP), adenosine 5-
diphosphate (ADP), uridine 5"-diphosphate (UDP), UDP-sugar, and salts were completely
removed in this step. The product Lc3BSph (4) was eluted by 37% acetonitrile in 0.01%
TFA/H,0 and unreacted starting material was eluted with 50% acetonitrile in 0.01% TFA/
H,0. The purification process took less than 30 min in contrast to several hours using
standard silica gel chromatography. A yield of 83% was achieved after purification.

The obtained LcspSph (4) was used for synthesizing nLcsfSph (3) using an improved
OPME galactose (Gal) activation and transfer system®°C containing Streptococcus
pneumoniae TIGR4 galactokinase (SpGalK),>! Bifidobacterium longum UDP-sugar
pyrophosphorylase (BLUSP),%0 PmPpA, and Neisseria meningiticis p1—4-
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galactosyltransferase (NmLgtB)*8 4 in Tris-HCI buffer (100 mM, pH 8.0) at 37 °C for 30
hours. The SpGalK, BLUSP, and PmPpA allowed in situ formation of uridine 5’-
diphosphate-galactose (UDP-Gal), the donor substrate of NmLgtB, from monosaccharide
galactose (Gal) for the formation of LNnTRSph (3). A similar C18-cartridge purification
procedure was carried out as described above for Lc3BSph (4) except that 35% acetonitrile
in 0.01% TFA/H,0 was used as an eluant to purify nLc4BSph (3). The acceptor was
completely consumed. After purification, a yield of 92% was obtained.

The last OPME reaction was carried out to convert the obtained nLc4BSph (3) to
Gala3nLc,BSph (2) using a galactose activation and transfer system containing SpGalK,
BLUSP, PmPpA, and a recombinant bovine a1-3-galactosyltransferase (Ba1-3GalT)23: 52
in Tris-HCI buffer (100 mM, pH 7.5) at 37 °C for 48 hours. The donor substrate UDP-Gal
was generated from galactose in situ as described in the previous step for stereo-selective
production of the desired Gala3nLcspSph (2). The enzymatic introduction of the terminal
a1-3-linked galactoside by the Ba1-3GalT was especially advantageous as the 1,2-cis-
glycosylation is more challenging to achieve by chemical glycosylation strategies. The
product (88% yield) was purified by C18-cartridge with elution using 32% acetonitrile in
0.1% TFA in H,O and the unreacted acceptor was eluted with 35% or a higher concentration
(50%) of acetonitrile in 0.1% TFA/H,0.

It is worth to mention that 1.5 equivalents of nucleoside triphosphates (ATP and UTP) were
used in each OPME reaction to optimize the glycosylation yields. With decreased costs of
these compounds, in situ recycling of ATP and UTP was not necessary for preparative or
gram-scale reactions.

The target Gala.3nLc4BCer (1) was readily obtained in 85% yield by A-acylation of
Gala3nLc,BSph (2) with palmitic acid in the presence of EDC'HCI, HOBt and Et3N.18
Overall, the chemoenzymatic route provided the target Gala3nLc4pCer (1) with an overall
30% yield in 13 steps. Although Gala.3nLc4BCer (1) had low solubility in methanol as
noticed previously,1® its solubility in CD30D was sufficient to allow detailed nuclear
magnetic resonance characterization of the product.

In conclusion, using a-Gal pentasaccharyl ceramide synthesis as an example, we have
demonstrated that efficient sequential one-pot multienzyme (OPME) chemoenzymatic
systems can be combined with facile C18-purification processes for high-yield production of
glycosphingosines and glycosylceramides. The strategy can be extended to the synthesis of
other complex glycosphingolipids. The method and the established protocols will allow non-
specialists for synthesizing, purifying, and study desired glycosphingolipids of interest in
their own labs with a general research lab setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
An efficient chemoenzymatic strategy for synthesizing complex glycosphingolipids by

enzymatic extension of lactosyl sphingosine (LacBSph, 3) using sequential one-pot
multienzyme (OPME) reactions with C18-cartridge purification after each glycosylation
reaction followed by a simple acylation process. The structures of target a-Gal
pentasaccharyl sphingosine Gala3nLcspSph (2) and a-Gal pentasaccharyl ceramide
Gala.3nLcypCer (1) are also shown.

Chem Commun (Camb). Author manuscript; available in PMC 2018 July 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Santraetal.

Page 9

NH, OH N: OH N; oOH
Ho\/:\‘/:\/can 2. Ho\/YT\/C13H27 LI TBDPSO\/:YT\/CWHN
OH ¢ OH 7 OH g
N;
p TBDPSO\/}_(\CHHN N3 ;
c, e T
od RS e, TBDPso\/\‘/\/c”H27 _f .
s 9 OH 10
o O
N; N;
= g =
TBDPSO\/\‘/\/C13H21 — Ho\/\‘/\/can
OBz 11 OBz 12
Scheme 2.

Synthesis of sphingosine acceptor 12. Reagents and conditions. (a) TfN3, CuSQy, Et3N,
MeOH, CH,Cl,, H,0, r.t., 6h, > 90%; (b) TBDPSCI, EtsN, DMAP, CH,Cl,, r.t., 8h, 98%;
(c) SOLCly, Et3N, CH,CI5, 0°C, 0.5-1 h; (d) RuCl3.3H,0, NalO4, CCl4:CH3CN:H,0
(1:1:1), r.t., 2 h; 89% in two steps (e) (i) BugNI, DBU, Tolueneg, reflux, 4 h; (ii) H,SO4/H,0/
THF, r.t., 45 min; 85% in two steps (f) BzCl, DMAP, Et3N, CH,Cl,, 0°C tor.t., 12 h, 95%;
(9) HF Pyridine, THF, 0°C to r.t., 12 h, 97%.
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Scheme 3.

Synthesis of lactosyl sphingosine (LacBSph, 5). Reagents and conditions. (a) BF3 OEty,
CHCly, -18 °C, 3 h, 90%; (b) NaOMe, MeOH, r.t., 14 h; (c) 1,3-propanedithiol, Et3N,

pyridine-water (1:1 v/v), 50 °C, 36 h, 94% in two steps.
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Scheme 4.

Page 11

High-yield synthesis of a-Gal pentasaccharyl ceramide Gala3nLc4pCer (1) by enzymatic

extension of lactosyl sphingosine (LacpSph, 5) using sequential one-pot multienzyme

(OPME) reactions with C18-cartridge purification for the formation of a-Gal pentasaccharyl

sphingosine Gala.3nLc4BSph (2) followed by a simple acylation reaction.
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