GDCh
~~—

Glycobiology

Communications

International Edition: DOI: 10.1002/anie.201903943
German Edition: DOI: 10.1002/ange.201903943

Chemoenzymatic Synthesis of DSGbS and Sialylated Globo-series

Glycans

Pei-JThen Li*, Szu-Yu Huang®, Pei-Yun Chiang, Chen-Yo Fan, Li-JThen Guo, Dung-Yeh Wu,

Takashi Angata, and Chun-Cheng Lin*

Abstract: Sialic-acid-binding, immunoglobulin-type lectin-7
(Siglec-7) is present on the surface of natural killer cells. Siglec-
7 shows preference for disialylated glycans, including a(2,8)-
a(2,3)-disialic acids or internally branched a.(2,6)-NeuAc, such
as disialosylglobopentaose (DSGbS5). Herein, DSGb5 was
synthesized by a one-pot multiple enzyme method from Gb5
by a2,3-sialylation (with PmST1) followed by a2,6-sialylation
(with Psp2,65T) in 23 % overall yield DSGbS5 was also
chemoenzymatically synthesized. The protection of the non-
reducing-end galactose of GbS as 3,4-O-acetonide, 3,4-O-
benzylidene, and 4,6-O-benzylidene derivatives provided
DSGD5 in overall yields of 26 %, 12 %, and 19 %, respectively.
Gb3, Gb4, and Gb5 were enzymatically sialylated to afford
a range of globo-glycans. Surprisingly, DSGb5 shows a low
affinity for Siglec-7 in a glycan microarray binding affinity
assay. Among the synthesized globo-series glycans,
a6a3DSGb4 shows the highest binding affinity for Siglec-7.

Globosides, stage-specific embryonic antigen-4 (SSEA4,
MSGDbS, or a3SGbS in Scheme 1) and disialosylglobopentao-
sylceramide (DSGb5-Cer), are expressed in relatively large
amounts on the surface of cancer cells, including renal cancer
cells (RCC), and they are associated with cancer proliferation
and metastasis."! Therefore, globosides have been used for
cancer detection” and vaccine development.”) The structure
of DSGb5-Cer was determined in 1994, and it is an
interesting target since its total synthesis has not been
reported. The high affinity of DSGb5-Cer for Siglec-7 (sialic
acid-binding immunoglobulin-type lectin-7) was reported in
2011.5! Siglec-7 is a lectin present on the surface of natural
killer (NK) cells as an inhibitory receptor of NK cell
cytotoxicity.!”! Later, glycans with 02,8-a2,3-disialic acid or
internally branched a2,6-NeuAc were shown to be potent
ligands for Siglec-7 in competitive binding assays.["! In nature,
NK cell cytotoxicity is modulated by cis interactions between
Siglec-7 and endogenous sialoconjugates on the cell surface.!
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By treating NK cells with sialidase to remove NeuAc and
disrupt the cis interactions, the unmasked Siglec-7 can
interact with DSGb5-Cer on the surface of the human renal
cancer cell line ACHN, decreasing the cytotoxicity of the NK
cells and promoting the metastasis and invasion of RCC.®!
Obtaining a sufficient amount of pure DSGbS5 is key to
elucidating its mechanism of action and to further develop
cancer immunotherapies. Clarifying the binding activities of
sialylated globo-series glycans and the effect of the NeuAc
position on their interactions with Siglec-7 is also of great
interest.

The enzymatic and chemoenzymatic syntheses of globo-
series glycans, such as GbS, SSEA-4, and Globo H, have been
reported by several research groups,”'" but no method has
been reported for the synthesis of DSGb5. DSGbS has
a unique glycan structure with two NeuAcs as a2,3- and a2,6-
linkages on the nonreducing-end galactose (Gal) and N-
acetylgalactosamine (GalNAc), respectively, of Gb5
(Figure 1). Thus, to achieve the enzymatic synthesis of
DSGbS, a suitable synthetic route to build up the glycan
structures with available enzymes, mainly sialyltransferases,
must be designed. To construct the a2,3-sialyl linkage, we
attempted to use two different o02,3-sialyltransferases, Cstl
and PmST1, which have been widely used in the enzymatic
synthesis of a2,3-sialosides.'” In this study, bacterial glyco-
syltransferases were investigated since the recombinant
human enzyme ST6GalNAc is not available in a bacterial
expression system. A sequential, one-pot, multienzyme
(OPME)™ method was utilized to synthesize DSGb5 and
sialylated globo-series glycans."! To achieve our goals, two
issues needed to be solved: 1) the order of the a2,3-sialylation
and o2,6-sialylation and 2) the site-selectivity of the 02,6-
sialylation for the internal GalNAc of GbS.

Most previous studies!*! on the sialylation substrates
have focused on lacto- and ganglio-series glycans, not globo-
series glycans. Recently, Meng et al. showed the 02,6-sialyla-
tion of a NeuAco2,3Galf31,3GalNAc trisaccharide using 0.2,6-
sialyltransferase from Photobacterium damselae (Pd2,6ST),
which preferentially installed the NeuAc moiety at the
nonreducing-end Gal rather than at the reducing GalNAc
end.l'! Moreover, lactone formation between the carboxylic
group of NeuAc and the 4-hydroxyl group on the neighboring
Gal provided steric hindrance, which enhanced the selectivity
of the sialylation for the inner GalNAc and improved the
yield of the desired NeuAca2,6GalNAc structure from 29 %
to 47 %. In contrast, Ding et al. showed that a2,6-sialyltrans-
ferase from Photobacterium sp. JH-ISH-224 (Psp2,6ST) is
highly reactive in the a2,6-sialylation at GalNAc with an
a Fmoc-Ser or azide linker."”! Inspired by these studies, the
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Scheme 1. Schematic of the enzymatic synthesis of DSGb5 and globo-series sialosides. Enzymes and conditions: a) Pd2,6ST, pH 8.5, 37°C;
b) Psp2,6ST, pH 8.0, RT; c) Cstl, pH 7.5, 37°C; d) PmST1, pH 8.5, 37°C; and e) Cstll, pH 7.5, 37°C with corresponding sugar nucleotide donor.
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Figure 1. The retrosynthetic analysis of DSGb5.

regioselectivities of Pd2,6ST and Psp2,6ST in the installation
of NeuAc on globo-series glycans were investigated. More-
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over, an 02,8-sialyl constructed using
CStII[l 1,15¢,18]

Herein, two strategies were investigated for the synthesis
of DSGbS5, namely, an enzymatic method and a chemoenzy-
matic method. In the enzymatic approach, four sialyltransfer-
ases, Cstl, PmST1, Pd2,6ST, and Psp2,6ST, were investigated
to determine their substrate preferences for globo-series-
glycan acceptors and the reaction order of the a2,3- and a2,6-
sialylations to provide higher yields of the corresponding
branched disialyl glycans. In the chemoenzymatic approach,
the nonreducing-end Gal of Gb5 was selectively protected to
achieve enzymatic sialylation at GalNAc of Gb5.

Both the enzymatic®'” and chemoenzymatic''"! strat-
egies were explored in the syntheses of DSGbS and various
sialylated globo-series glycans. As shown in Figure 1, the
retrosynthetic analysis of DSGb5 indicated that the two
NeuAcs can be assembled by enzymatic sialylations of GbS5.
Thus, the most critical step in the synthesis of DSGbS is the
installation of an a2,6-NeuAc at the internal GalNAc.
However, the a2,6-NeuAc sialylation could be achieved
before or after the a2,3-sialylation of Gb5. Furthermore, the
azido linker was utilized for the further fabrication of a glycan
microarray by Cu'-catalyzed alkyne-azide cycloaddition
(CuAAC).

linkage was
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The globo-series glycans (Gb3, Gb4, and GbS) were
prepared by an OPME method using kinases (MtGalK and
NahK)!* 2! for the production of sugar 1-phosphates, AtUSP
to generate UDP-sugar nucleotides,'"?! and glycosyltrans-
ferases (LgtC and LgtD) to construct glycosidic bonds.”!
Both Cstl and PmST1 were used to assemble an 0.2,3-NeuAc
moiety at the nonreducing-Gal/GalNAc end of Gb3, Gb4,
and GDbS, respectively. As shown in Scheme 1 and Table S1 in
the Supporting Information, extending the sugar chain
resulted in higher yields of the products; yields of 33 %,
41 %, and 43 % were obtained in the production of a3SGb3,
a3SGb4, and a3SGbS by Cstl, respectively. However, Gb3
and Gb4 were poor substrates for PmST1. Neither a2,3-
sialyltransferase preferentially formed the a-linkage to the
nonreducing Gal/GalNAc, and this reaction was especially
challenging with PmST1.l*¥l Surprisingly, when the sugar
chain was extended to GbS5, it was a better acceptor for
PmST1 than for Cstl, as indicated by the 95% yield of
a3SGb5. It should be noted that a3SGb5 (SSEA4) was
previously synthesized.'*!!]

Similarly, o2,6-sialyltransferases were applied for the
sialylations of Gb3, Gb4, and Gb5. Gb3 is not a good acceptor
of either Pd2,6ST or Psp2,6ST, and provided a6Gb3 in yields
of 3% and 25%, respectively, which is consistent with
previous observations that a-galactosides are not well toler-
ated by Pd2,6ST.! Although Psp2,6ST favors the a-linkage
of N-acetylgalactosides,'”! a-galactoside Gb3 is not a good
substrate. In contrast, Gb4 is a good substrate for both
Pd2,6ST and Psp2,6ST with yields of 78% and 86%,
respectively, indicating that an al,4-linkage on an internal
galactose has a limited effect on 02,6-sialylations. Due to the
low yields in the syntheses of a6Gb3 by Pd2,6ST and
Psp2,6ST, the NeuAc of a6SGb4 was at the C6-OH of
terminal GalNAc. Surprisingly, sialylation of Gb5 by Pd2,6ST
yielded only one monosialylated product (74 % yield), while
Psp2,6ST produced 63 % of the monosialylated product and
19% of the disialylated product (a6a6*DSGDS), and the
monosialylated products showed identical '"H NMR spectra.
Thus, the preferential a2,6-monosialylation site on GbS5 is
unclear. Previous studies showed that the presence of C6-
NeuAc at the nonreducing-end Gal blocks the C3 site of Gal
for sialylation by PmST1.%* Thus, PmST1 was used for the
a2,3-sialylation of a6SGb4 and 06SGbS. None of the
reactions provided detectable products, confirming that the
NeuAc moiety is located at the C6-OH of the nonreducing
GalNAc and Gal ends, respectively. Furthermore, the gen-
eration of a606¥*DSGb5 by Psp2,6ST indicated that Psp2,6ST
offers broader acceptor tolerance than Pd2,6ST. Thus, the
second NeuAc of disialylated product a6a6¥*DSGbS was
installed at the C6-OH of GalNAc, demonstrating that
Psp2,6ST can potentially catalyze the 02,6-sialylation of an
internal GalNAc, which inspired us to design an enzymatic
strategy for the syntheses of DSGDS, as shown in Scheme 1.

Moreover, to understand whether the presence of an a2,3-
NeuAc moiety affects the a2,6-sialylation, 0a3SGb3, a3SGb4,
and a3SGbS5 were sialylated by Pd2,6ST and Psp2,6ST.
Neither Pd2,6ST nor Psp2,6ST could recognize a3SGb3 as
a substrate, while a3SGb4 was sialylated to give a6a3DSGb4
in yields of 48% and 25% with Pd2,6ST and Psp2,6ST,
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respectively, indicating that Psp2,6ST is more sensitive to the
presence of an 02,3-NeuAc moiety. However, the Pd2,6ST-
and Psp2,6ST-catalyzed a2,6-sialylations of a3SGb5 afforded
different products, as indicated by their distinct '"H NMR
spectra. Because the Gb3 acceptor is not a good substrate for
either Pd2,6ST or Psp2,6ST, as revealed in the above studies,
we assigned the product obtained from the Pd2,6ST-catalyzed
a2,6-sialylation of a3SGb5 as a603DSGb5 (95 % yield), and
the product of the Psp2,6ST-catalyzed reaction was DSGb5
(24% yield). However, these structures require further
confirmation, as discussed below.

Due to linear a2,8—a2,3-disialosides being the preferential
ligands for Siglec-7, a3SGb3, a3SGb4, and a3SGbS5 were
further sialylated by CstlI to afford a2,8-a2,3-disialyl com-
pounds with yields of 15%, 33%, and 37%, respectively.
Furthermore, to investigate the difference between the
affinities of 02,8-a2,3-disialyl and 02,8-a2,6-disialyl com-
pounds for Siglec-7, compounds a6SGb3, a6SGb4, and
a6SGbS were also sialylated by Cstll to provide o8-
a6DSGb3, 08-a6DSGb4, and a8a6DSGbS in yields of
78%, 58 %, and 72 %, respectively. These results reveal that
CstlI is less sensitive to the inner-core structures of o2,6-
sialylated glycans; however, it was less reactive towards a2,3-
sialylated globo-series glycans.

To further confirm the structure of DSGb5 obtained by
enzymatic synthesis, we designed chemoenzymatic synthetic
routes by blocking the C6-OH of the nonreducing-end Gal to
enhance the selectivity of the a2,6-sialylation at GalNAc,!'!
as shown in Scheme 2. Initially, the lactonization of the
carboxyl acid of NeuAc with the hydroxyl group of Gal in
a3SGb5 was performed under acidic conditions to give
inseparable isomers (the carboxyl acid group reacts with
C3-OH and C4-OH of Gal to form lactones). However, the
lactone isomers were spontaneously hydrolyzed at pH 7.0 and
pHS8.5 wunder o2,6-sialylation conditions, affording
a603DSGDbS. To increase the steric hinderance, the C3 and
C4 hydroxyl groups of the nonreducing-end Gal of Gb5 were
protected as acetonide or benzylidene groups by three-step
manipulations (TBDPSCI for primary alcohol protection
followed by acetal formation and TBDPS deprotection) to
give 1 and 2 in overall yields of 80 % and 85 %, respectively.
Then, Psp2,6ST was used for the a2,6-sialylation. However,
the reaction efficiency was significantly decreased in compar-
ison with that of Gb5 based on TLC analysis after 14-24 h of
incubation. The mixture was partially purified and then
treated with HEPES buffer (pH 1.0) to remove the acetonide
or benzylidene protecting group. Without purification, the
mixture was 02,3-sialylated by PmST1 to give unreacted
a6SGbS, a3SGbS, and DSGbS. The total yields of DSGb5
from GbS5 over the six-step procedures involving acetonide
and benzylidene protection were 26 % and 12 %, respectively.
To further improve the efficiency of the a2,6-sialylation of
GalNAc in GbS5, the 3,4-benzylidene acetal of 2 was migrated
to afford the 4,6 benzylidene acetal intermediate by treatment
with acetic acid. Thus, the C6-OH of the nonreducing-end Gal
was protected. Similarly, without purification of the migration
products from the preceding step, DSGb5 was obtained,
however, in 19 % yield over four steps from Gb5. Notably, if
Psp2,6ST was replaced with Pd2,6ST in the above a2,6-
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Scheme 2. Chemoenzymatic synthesis of DSGb5.
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Figure 2. The *C NMR spectra in the chemical-shift range of the anomeric carbons of Gb3, Gb4, Gb5, a6SGb5, 0a6*SGb5, a6.3DSGbS,

a606%DSGb5, and DSGb5.

sialylation of GbS derivatives, no new sialylated products
were observed by TLC.

As shown in Figure 2, the "CNMR spectra in the
chemical shift range of the anomeric carbons of Gb3, Gb4,
Gb5, mono-sialylated Gb5 and disialylated Gb5 were com-
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pared (the chemical shifts are shown in Table S2 in the
Supporting Information). Gal’, GaINAc*, and Gal® were used
to represent the anomeric centers of the inner Gal, GalNAc,
and nonreducing-end Gal of Gb5, respectively. The signals of
Gal’ shifted upfield upon a2,6- or a2,3-sialylation, especially

Angew. Chem. Int. Ed. 2019, 58, 1-7
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Figure 3. Binding affinities of Siglec-7-Fc with sialylated globo-series glycans and GD3.

for a6a3DSGbS, while those of Gal® shifted downfield upon
sialylation on Gb5. Furthermore, a2,6-sialylation on GalNAc
of Gb5 caused an upfield shift of the signal of GalNAc*. Due
to the sensitivity of the anomeric “C chemical shifts of
GalNAc to sialylation, the a2,6-sialylation sites of DSGb5
and a6a3DSGDbS5 can be easily distinguished.

Previous studies indicated that disialoglycolipids, includ-
ing GD2, GD3, GTI1b, disialyl lactotetraose (DSLc4),
GalNAc-disialyl Lc4 (GalNAcDSLc4), and DSGbS, show
high affinities for Siglec-7.P! To investigate the binding affinity
of sialoglycans for Siglec-7, the synthesized sialoglobo-series
glycans were used to fabricate a glycan microarray. The
glycans were first immobilized on an alkyne-modified glass
slide by CuA AC (see the Supporting Information for details),
the slide was then treated with various concentrations of
Siglec-7 fused to the fragment crystallizable region of an
antibody (Siglec-7-Fc), and the binding was visualized by
staining with human IgG-Cy3. GD3!"®! was used as a positive
control because of its well-known high affinity for Siglec-7.1"!
As shown in Figure 3, the concentration of Siglec-7-Fc at
20 pgmL " displays a clear binding trend. Among monosialo-
sides, a2,6-sialylated glycans, especially at GalNAc, show
higher affinities than o2,3-sialylated glycans.”! Both a6SGb4
and a6*SGbS exhibit higher affinity than DSGb5. Moreover,
all of the disialosides except a8-a3DSGb3 provide equal or
better affinity than DSGDS, and the branched disialosides
exhibit higher affinity than the linear disialosides. However,
among the disialylated Gb5 derivatives, DSGDS displays the
lowest affinity to Siglec-7-Fc. Overall, of the compounds
tested in this study, 06a3DSGb4 shows the highest binding
affinity for Siglec-7-Fc. Unexpectedly, the affinity of DSGb5
for Siglec-7-Fc is only about half of that of GD3. However,
this unexpected result may be caused by the different linker in
this structure in comparison with the naturally occurring
ceramide-conjugated glycans and the multivalent interactions
in natural systems.
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In summary, we have achieved the first total synthesis of
DSGb5 by enzymatic and chemoenzymatic approaches. A
small library of globo-series sialosides was built, and the
preferred substrates of a2,3-sialyltransferases (PmST1 and
Cstl) and o2,6-sialyltransferases (Psp2,6ST and Pd2,6ST)
were investigated. We found that Psp2,6ST tolerates a broader
range of acceptors than Pd2,6ST for globo-series glycans. By
applying a straightforward one-pot enzymatic strategy,
DSGbS5 was successfully synthesized from Gb5 on a milligram
scale in an overall yield of 23 %, while the chemoenzymatic
methods gave 19% and 26% yields, respectively. The
synthesized glycans were fabricated as a glycan microarray
to facilitate the screening of their binding affinities with
Siglec-7-Fc. The binding affinity of DSGDbS5 for Siglec-7-Fc
was lower than expected, which does not agree with previous
reports.”¥ Thus, the ceramide and the presence of multi-
valency of DSGbS5 on the cell surface may play important
roles in the interaction with Siglec-7, but this hypothesis
requires further confirmation. Among the synthesized sialy-
lated globo-series glycans, a6a3DSGb4 showed the highest
binding affinity for Siglec-7-Fc.
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