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ABSTRACT: The acetal (0-glycoside) bonds of glycans and glycoconjugates are chemically and biologically vulnerable, and
therefore C-glycosides are of interest as more stable analogs. We hypothesized that, if the O-glycoside linkage plays a vital
role in glycan function, the biological activities of C-glycoside analogs would vary depending on their substituents. Based on
this idea, we adopted a “linkage-editing strategy” for the creation of glycan analogs (pseudo-glycans). We designed three types
of pseudo-glycans with CHz- and CHF-linkages, which resemble the O-glycoside linkage in terms of bond lengths, angles, and
bulkiness, and synthesized them efficiently by means of fluorovinyl C-glycosylation and selective hydrogenation reactions.
Application of this strategy to isomaltose (IM), an inducer of amylase expression, and a-GalCer, which activates iNKT cells,
resulted in the discovery of CHz-IM, which shows increased amylase production ability, and CHF-a-GalCer, which shows op-
posite activity to native a-GalCer, serving as an antagonist of iNKT cells.

and their interaction with binding proteins or their inhibitory
activities towards glycoside hydrolases have been investi-
gated to assess the extent to which they mimic the corre-

Introduction
C-Glycosides contain a stable C-C bond linkage at the ano-

meric position of carbohydrates instead of the usual O-glyco-
side bond. Among them, C-aryl glycosides (Csp?-glycosides)
have attracted considerable attention, and synthetic studies
have led to the development of new sodium-glucose co-
transporter-2 (SGLT2) inhibitors to treat type Il diabetes,! as
well as opening up new approaches to access glycoside natu-
ral products.z-* Csp3-glycoside analogs of native glycans/gly-
coconjugates (pseudo-glycans) should also be of particular
interest, because their increased stability against glycoside
hydrolases makes them attractive as candidates for drug dis-
covery and tools for functional analysis. Several but limited
CHz-linked glycan analogs have already been synthesized,

sponding native glycans.5-8 However, the potential of pseudo-
glycan synthesis with C-glycoside linkage as a means for cre-
ating bioactive molecules that show effects at the cellular
level or in mice remains a little explored.?10

In contrast to other strategies for increasing resistance to gly-
coside hydrolases, such as building S-glycosides!! or car-
basugars,!? C-glycosides have the additional advantage of en-
abling “linkage-editing” by the introduction of substituents
on the C-atom, leading to perturbation of the glycan confor-
mation. Here we consider three analogs containing sterically
similar CHz- and CHF-glycosidic linkages (Figure 1A).13 Fo-
cusing on the dihedral angle ¢, native O-glycosides mainly
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Figure 1. A) Steric and stereoelectronic factors in three staggered conformations of 0-, CHz- or CHF-glycosides. The conformations
of these glycans are considered to be regulated by the balance between steric and stereoelectronic factors. LP: lone pair. B) Structures
of GM3, isomaltose, and a-GalCer and their analogs with CHz- or CHF-glycoside linkages. C) Synthetic strategy for a-CHz- or a-CHF-
glycoside analogs 15 based on reductive photoredox/Ni catalytic direct fluorovinyl C-glycosylation and hydrogenation.

adopt the exo-syn conformation due to both steric and exo-
anomeric effects (Figure 1A), whereas the conformation of
CHz-glycoside analogs lacking the stereoelectronic effects
would be more flexible.5¢ On the other hand, the confor-
mation of the CHF-glycoside analogs would be influenced by
the gauche effect of the F atom, and the stereochemistry of
the CHF-linkage.!415 Importantly, the native O-glycoside and
the three C-glycoside analogs are each expected to have a dif-
ferent "conformational distribution” (Figure S1). We hypoth-
esized that native glycans with O-glycosidic linkage are con-
formationally plastic and that not just a single specific stable
conformation is biologically essential, but rather the confor-
mational distribution is the key determinant of overall activ-
ity. If this is the case, we expected that the linkage-editing
concept would allow us to create pseudo-glycans that might
show different biological activities, mainly because of differ-
ences in their distributions of molecular conformations. It
should be noted that this concept does not exclude the possi-
bility that changes in affinity due to the interaction of the C-

glycoside linkage with the target proteins might contribute to
the resulting changes in biological phenomena.

We recently validated the above concept at the O-glycosidic
linkage of Sia-a(2,3)-Gal structure in ganglioside GM3.1¢ The
synthesized compounds were the first analogs of a native gly-
coconjugate to have a different type of C-glycoside linkage as
far as we know, though analogs of an artificial glycan have
been developed.’31517 Among them, (S)-CHF-linked pseudo-
GM3 (3, Figure 1B) exhibited enhanced biological activity
compared with native GM3 and was more potent than CHz-
linked 1 or (R)-CHF-linked 2. NMR experiments confirmed
that the conformational distributions of these CHF-isomers
are different. Furthermore, CHz-linked 1 was less active than
native GM3, despite its sialidase-resistant structure. These
results supported the idea that the biological activity of gly-
coconjugates could be modulated by conformational control
according to our molecular design concept. However, be-
cause the glycosidic linkage in this system also influences the
acidity of sialic acid, the activity differences between the CH:
and CHF-linkages could not be interpreted wholly in terms of



conformational factors. In addition, synthetic methods em-
ployed for the preparation of C-linked Sia-a(2,3)-Gal were
not applicable to common glycan analogs. Herein, we de-
scribe an efficient methodology for the synthesis of a variety
of pseudo-glycans/glycoconjugates. The activity changes of
the newly synthesized C-linked pseudo-isomaltoses (4-6)
and pseudo-a-galactosylceramides (7-9) were also examined.

Results and Discussion
1. Development of a-selective fluorovinyl C-glycosylation

Although sophisticated synthetic methodologies, including
Pd-catalyzed sp2-sp? cross-coupling for preparation CHa-
linked glycans'® and transition metal-catalyzed C-glycosyla-
tion of sp?-acceptors with chemically stable C1-sp3 hybrid-
ized donors (direct C-glycosylation) for preparation of C(0)-
linked glycans!® have been reported, an efficient strategy ap-
plicable to both CHz- and CHF-linked pseudo-glycan/gly-
coconjugates (CHF-15 and CH:-15, Figure 1C) is still re-
quired. In addition, we have found that the introduction of a
fluorine atom at a position next to the anomeric position from
the corresponding CH(OH)-glycosides 16 by deoxyfluorina-
tion is not always reliable (Table S1 and Figure S2-4),20 alt-
hough Walczak’s group reported the synthesis of CFz-linked
gentiobiose by deoxy-fluorination of the corresponding C(0)-
linked disaccharide.'?

In the present study, we achieved efficient access to both
CHF-15 and CH2-15 by chemo- and stereoselective

hydrogenation of the key common intermediate 12 (Figure
1C), which was obtained by direct metallo-photoredox-medi-
ated fluorovinyl a-C-glycosylation of the bromofluoroolefin
(BFO) acceptor 11 with glycosyl bromides 10. The feasibility
of the reaction with BFO 11 has been confirmed in a-selective
coupling with 2-deoxyglycosyl trifluoroborates.?%22 In con-
trast to 2-deoxy donors, however, a-selective cross-coupling
via anomeric radicals of the standard 2-oxy-donor with the
BFO acceptors remains unexplored. To achieve high a-selec-
tivity, we aimed to employ 10, which is conformationally re-
stricted by the 2,3-carbonate.?324 Using 10 rather than the
corresponding trifluoroborate is straightforward, but in-
volves cross-electrophile coupling, and thus we decided to
employ silanol as a reductant.?> Catalytically generated silyl
radicals formed from the silanol by irradiation in the pres-
ence of photo-catalyst and base triggers the formation of ano-
meric radical 1326-28 from 10.2° The 2,3-carbonate fixes the
conformation of the donor to a chair-like “Cy, so that the spin
density of 13 takes a-orientation.?? Oxidative addition to 11
and capture of 13 by the Ni-complex should afford the Ni(III)
complex 14, and then reductive elimination selectively deliv-
ers the a-C-glycoside 12, along with Ni(I) complex, which can
be reduced to Ni(0) by Ir(II). Despite recent reports on direct
C-vinyl glycosylation,3'-3¢ our fluorovinyl C-glycosylation ap-
proach is distinct in that it provides access to three types of
pseudo-glycans/glycoconjugates for biological evaluation.
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Figure 2. A) Optimization of reaction conditions for the fluorovinyl C-glycosylation of 17a with 18a (shown as NMR yields based on
18a); B) Control experiments with acetyl or pivaloyl-protected glucosyl bromides 17b and 17c.

We prepared glucosyl bromide donor 17a with a 2,3-car-
bonate moiety in 5 steps from commercially available thi-
oglucoside (Figure S5). Tetra-substituted BFO 18a was se-
lected as a model acceptor and was prepared by Wittig-type

olefination3” (Figure S7). After intensive investigation of the
reaction conditions (see Table S2-12), we employed the opti-
mum conditions shown in Figure 2A. The use of 2,4,6-col-
lidine as a base and acetone as a solvent was found to be
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Figure 3. Fluorovinyl C-glycosylation using various donors 17a,d-g and acceptors 18a-m at 50 pmol scale (isolated yields). 2aReac-
tions performed with 2.0 equiv 17d and supersilanol. PReaction performed with NazCOs instead of 2,4,6-collidine. cReaction per-
fomed with 1.8 equiv 17f and supersilanol and with ethylene glycol dimethyl ether (DME) instead of acetone.

critical for the coupling with 18a, affording 19aa in a high
yield with excellent a-selectivity (entry 1 vs entries 2-4, see
Table S3-4). By-products included the reduced product 20a
(2%), glucal derivative 21a (22%), and fluoroolefin 22a (5%).
(TMS)sSiOH was a better silyl radical source than
(TMS)sSiH,*® which showed decreased coupling efficiency
and generated a greater amount of reduced 20a (54%, entry
5). Formation of 21a was not observed in the absence of Ni
complex, indicating that p-elimination of the intermediary
anomeric Ni-complex takes place, as with 14 (entry 6). In

contrast, the formation of fluoroolefin 22a did not involve the
Ni-complex, because irradiation of a mixture of 18a, Ir com-
plex, and (TMS)sSiOH afforded 22a in 91% yield (entry 7).
The 2,3-carbonate was also significant for both coupling effi-
ciency and stereoselectivity. Namely, the reaction of acetyl-
protected 17b gave the desired product 19ba (10%, a:f3 =
2:1) along with C-1 reduced 20b (9%), glucal 21b (25%), and
acetyl-migrated3°40 23b (23%). Only a trace amount of 19ca
was formed from pivaloyl-protected 17c¢ (Figure 2B). These
experimental results also suggested that the steric factor of



02 functionality would contribute to the reaction efficiency
and high a-selectivity.

Various BFO acceptors 18 were applicable for the coupling
reactions (Figure 3), although the optimum base was depend-
ent on the acceptor (see Table S2 and S3). Coupling reaction
of 17a with 18a gave 19aa in 72% isolated yield (o:f3 = 8:1).
Owing to the mild reaction conditions, base-sensitive cyclic
carbonate (in 17) or acetate (in 18b) and acid-sensitive N-
Boc (in 18c) were tolerated, giving the corresponding fluo-
rovinyl C-glycosides 19ab and 19ac in reasonable yields.
Bulky adamantane-based BFO gave 19ad with slightly lower
a-selectivity, whereas glucosyl cholestane derivative 19ae
was obtained with high a-selectivity. Coupling with the tri-
substituted BFO (E)-18f also proceeded smoothly to afford
19afin a highly a-selective manner in 72% yield. The reactiv-
ity of the non-fluorinated (E)-bromoolefin 18g was lower
than that of the fluorinated (E)-18f, and 19ag was obtained
in 45% yield. It is noteworthy that the failure to obtain BFO
18c, 18d, and 18e by Wittig-type reaction was overcome by
use of the Julia-Kocienski reaction with the known sulfone#!
(Figure S8).

Next, coupling of 17a with galactose-type BFO 18h or 18i af-
forded Glc-a(1,6)-Gal 19ah or 19ai, in which (E)-18h bearing
dimethylene acetal showed better reactivity and the thio-gly-
coside in 18i was tolerated. Glucose-type BFO (E)-18j with
five benzyl groups resulted in the formation of Glc-a(1,6)-Glc
19aj with slightly lower yield and stereoselectivity. We then
prepared 17d to block the f-face with the bulky pivaloyl
group on 06 and obtained 19dk-Z with higher yield and a-
selectivity. The protecting group of (E)-18k was changed
from that in (E)-18j for the latter process, which might also
have contributed to the improvement of the reactivity. De-
spite the feasibility of the coupling with tetra-substituted BFO,
the isomer of tri-subsituted BFO (Z)-18k was found to be an
inappropriate acceptor, affording the corresponding 19dk-E
with only low stereoselectivity. It should be noted that only
slight isomerization of the olefin geometry was observed, and
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thus the obtained a-isomer of 19dKk-E has the (E)-fluoroole-
fin. Not only analogs of 1,6-linked disaccaharide structures,
but also other disaccharides could be constructed with this
strategy. As a representative example, we here disclose the
successful synthesis of C-linked Glc-a(1,1)-Glc structure. Dur-
ing the preparation of the BFO acceptor, we established the
selective synthesis of (E)- or (£)-BFO 18l from the methoxyl-
methyl-protected gluconolactone derivative by Wittig-type
or Julia-Kocienski-type reaction (Figure S7 and S8). Coupling
reaction with 17d afforded C-glycosides 19dl-E and 19d1-Z
with moderate or high a-selectivity in good yields.

For galactose-type donor 17e with 2,3-cyclic carbonate (Fig-
ure S6), coupling under optimum conditions gave monosac-
charide 19ea as well as disaccharides 19eh and 19ej in a
highly a-selective manner. Conformational restriction by the
cyclic carbonate was not necessary for the mannose-type do-
nor, and the coupling of 17g with the same acceptors pro-
vided the mono- or di-saccharides (19ga, 19gh, and 19gj) a-
exclusively. These results indicated that the fluorovinyl o-C-
glycosylation methodology can provide a-linked pseudo-gly-
cans with various linkage modes.

2. Linkage-editing pseudo-Isomaltose: Enhanced and Disap-
peared biological activity

Next, pseudo-glycans with three different C-glycoside link-
ages were synthesized from the coupling products. The first
target was an analog of one of the simplest glycans, isomalt-
ose (IM). Basic hydrolysis of the carbonate group of the cou-
pling product 19dk-E with Glc-a(1,6)-Glc structure provided
diol 20, and a small amount of the -isomer 20, which was
easily separated at this stage (Scheme 1). Divergent transfor-
mation from 20a to CHz- or CHF-linked disaccharides 21 was
achieved under a hydrogen atmosphere with appropriate
catalysts. Namely, hydrogenation with Pd(OH)2/C selectively
afforded (S)-CHF-21, while the reaction with Crabtree’s cata-
lyst produced (R)-CHF-21 stereoselectively. The 2,3-hydroxy
groups as a directing group in the reaction with Crabtree’s
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Scheme 1. Synthesis of C-linked isomaltose analogs 4~6 (pseudo-IM) and the structure of S-IM (22).



catalyst might be involved in switching the face-selectivity of
hydrogenation. Determination of the stereochemistry was
performed by means of X-ray crystallographic analysis,
chemical transformations, and NMR analysis (Figure S10-13).
Easy separation of the CHF-isomers suggests that the stereo-
chemistry of the CHF group influences the chemical proper-
ties. Moreover, treatment with sulfur-poisoned Pt/C enabled
hydrogenolysis of the fluoroalkene as well as hydrogenation
of the olefin to give CH2-21 selectively. These results demon-
strate the validity of fluorovinyl C-glycosylation methodology
for pseudo-glycan synthesis. Stepwise removal of all protect-
ing groups completed the synthesis of three pseudo-IMs (4-
6). This is the first example of the synthesis of CHF-IMs 5 and
6.

Native IM acts as an inducer of amylase production in Asper-
gillus nidulans (Figure 4A).#2 Glycoside hydrolases (GH) in A.
nidulans synthesize IM by trans-glucosylation of maltose and
are also involved in the degradation of IM. The mechanisms
of gene expression of plant polysaccharide-degrading en-
zymes such as amylases or cellulases have been extensively
studied in fungi,3#4 but little is known about how signaling
molecules such as IM activate pathway-specific transcription
factors, owing to degradation of the signaling molecule itself.
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Thus, unhydrolyzable pseudo-1V, if it retains the physiologi-
cal inducer function, would be a powerful tool for unveiling
the regulatory mechanism of amylase production in microor-
ganisms.

We found that amylase production was induced by exoge-
nous addition of IM, but rapidly plateaued, probably because
of the degradation of IM (Figure 4B). In contrast, CH2-IM (4)
induced prolonged amylase production, eventually showing
a greater production ability than IM (Figure 4B), and thereby
highlighting the potential value of glycoside hydrolase-re-
sistant C-glycosides. Sulfur-linked isomaltose S-IM (22,
Scheme 1) was completely inactive, probably owing to the
difference of bond lengths and angles between O-glycoside
and S-glycoside (Figure 4C and S18). This again emphasizes
the utility of the C-glycoside linkage. Surprisingly, (R)- or (S)-
CHF-IM (5 and 6) showed negligible amylase production abil-
ity, despite the single substitution of one H-atom to an F-atom.
This might be due to the conformation-changing effect of the
F-atom. Conformational flexibility of the glycosidic linkage in
IM may be important for the biological actions of IM, includ-
ing its membrane transportation and interaction with uni-
dentified target protein(s).
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1004
0- I
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Cultivation Time (h) (22) (4) (5) (6)

Figure 4. A) Schematic representation of the mechanism of induction of amylase mechanism by isomaltose (IM). GH: glycoside hy-
drolases (a-glucosidases). B) Time-dependent induction of amylase activity by isomaltose (IM) and CHz-IM (4). C) Relative amylase
activity at 24 hours after treatment with 10 uM IM, S-IM (22), CHz-IM (4), (R)-CHF-IM (5), and (S)-CHF-IM (6).

3. Linkage-editing pseudo-a-galactosylceramide: Altered
from an agonist to an antagonist

The glycolipid a-galactosylceramide*> (a-GalCer, Figure 1B)
is an immune stimulant that serves as an antigen presented
on CD1d to activate invariant natural killer T (iNKT) cells
through recoginition by T-cell receptors. The activated iNKT
cells secrete Th1 (e.g. IFN-y), Th2 (IL-4), and Th17 (IL-17) cy-
tokines (Figure 5A),% leading to anti-tumor effects or im-
mune-stimulating responses useful for vaccine adjuvants.*’
Franck and co-workers have previously synthesized the cor-
responding CHz-a-GalCer (7) and found that it exhibited
more potent antitumor and antimalarial activities than native
a-GalCer in vivo and induced production of IFN-y rather than
Th-2 cytokines,?448-56 demonstrating the biological potential
of C-glycoside analogs. Recently, (R)-CHF-a-GalCer (8) was
reported to induce IL-17 in mouse serum,5’ though experi-
mental details for the synthesis of 8 from the reported inter-
mediate>® were not disclosed. Here, we decided to synthesize
the three C-linked a-GalCer analogs 7~9 and compare their

biological activities under the same conditions in order to fur-
ther validate the linkage-editing strategy.

Our synthetic methodology enabled the synthesis of analogs
7~9 from the same intermediate 23, which was prepared
from 19fm (the coupling product of galactose donor 17f and
BFO 18m, Figure 3, S6, S7, and S9, Table S9) by hydrolysis of
the carbonate group (Scheme 2). Hydrogenation of 22 with
Pt/C in the presence of EtsN or Pd(OH)z/C selectively af-
forded CH2-24 or (S)-CHF-24, respectively. Selective for-
mation of (R)-CHF-24 was difficult because of the substrate-
controlled face-selectivity owing to the neighboring NHBoc
group, but it was obtained as a minor product by hydrogena-
tion with Crabtree’s catalyst. The stereochemistry of (R)- and
(S)-CHF-24 was determined by 3/ur and HOESY measure-
ments (Figure S15-17). Selective removal of TBS, acetonide,
and the Boc group, N-acylation of the resulting amine, and re-
moval of the remaining pivaloyl group completed the synthe-
sis of 7~9 in reasonable yields.

The immunostimulating activity of C-linked a-GalCer analogs
7~9 was evaluated in terms of adjuvant activity in mice. Mice
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Scheme 2. Synthesis of C-linked a-GalCer analogs 7~9 (pseudo-a-GalCer).

were injected intraperitoneally with the antigen protein oval-
bumin (OVA) and a-GalCer or C-linked a-GalCer as an adju-
vant (2 pg, at day 0 and day 7), and then OVA-specific anti-
bodies in serum were measured by ELISA at day 14. Injection
of OVA with a-GalCer clearly induced OVA-specific IgG (IgG1)
and IgM production compared to the levels without a-GalCer,
demonstrating the adjuvant activity of a-GalCer (Figure
5B,and S19). Surprisingly, the use of C-linked 7~9 instead of
a-GalCer diminished the generation of OVA-specific antibod-
ies, and the adjuvant activity of CHF-linked 8 and 9 was lower
than that of CHz-linked 7 (Figure 5B). To examine the reason
for this, splenocytes from C57BL6] mice were stimulated
with these compounds in vitro for 48 hours and cytokine pro-
duction was measured. As reported, production of IFN-y, TNF,
IL-4, IL-6 IL-10, and IL-17A was induced by native a-GalCer,
while CHz-linked 7 showed a weaker inducing activity (Fig-
ure 5C and S20). In contrast, production of these cytokines
was negligible in the splenocytes treated with CHF-linked 8
or 9 (Figure 5C and S20). It should be noted that Ma and co-
workers detected IL-17 in the serum of mice treated directly
with (R)-CHF-linked 8,57 so the production of IL-17 might re-
quire mouse factors not present in splenocytes alone.

CHz-Linked a-GalCer (7) is presented to CD1d and forms a
complex with the TCR, despite having lower stability than the
complex of native a-GalCer.58-¢0 This suggests that CH»-linked
a-GalCer 7 is a weak activator of iNKT cells, which could ex-
plain the low cytokine production observed in the presence
of 7. On the other hand, the F-atom-containing compounds 8
and 9 did not induce cytokine production, suggesting that
they induce little or no iNKT cell activation through the TCR
complex, even when presented on CD1d. To test this hypoth-
esis, we performed iNKT cell activation in vitro using the
NFAT-GFP reporter gene assay.! While significant GFP ex-
pression by native a-GalCer was observed, indicating TCR-

mediated iNKT cell activation (Figure 5D and S21), almost no
GFP expression was observed in the presence of either C-
linked a-GalCer in this system. Although CHz-linked 7585° and
(R)-CHF-linked 857 have been shown to be presented to CD1d,
these results suggest that the activation of iNKT cells via the
TCR complex by C-linked a-GalCer is weak.

Thus, we next used NFAT-GFP reporter cells expressing CD1d
and iNKT TCR to examine whether C-linked a-GalCer could
suppress the activation of iNTK cells by native a-GalCer. In-
terestingly, while CHz-linked 7 showed weak inhibitory activ-
ity, remarkable inhibition was observed by (S)-CHF-a-GalCer
9 and, even more significantly, by (R)-CHF-a-GalCer 8 (Figure
5E and S22). These results indicate that CHF-linked 8 and 9
act as antagonists of CD1d-TCR-mediated iNKT cell activa-
tion.?2 In other words, editing the O-glycoside bond of a-
GalCer to CHF-glycoside alters the function of a-GalCer from
an activator to an inactivator of iNKT cell activation. This is
consistent with the idea that differences in the glycoside link-
age and conformational distribution can induce dramatic
changes in glycoconjugate functions.

Conclusion

We describe a robust divergent synthesis of C-linked glycans
or glycolipids based on fluorovinyl C-glycosylation. Our eval-
uation of the synthesized compounds confirms the potential
of the linkage-editing strategy for creating pseudo-glycans
with enhanced or altered biological functions. We would par-
ticularly like to emphasize that pseudo-glycans generated by
our strategy are only slightly linkage-modified versions of
natural glycans, but nevertheless, their biological functions
are drastically changed. These results support the potential
value of glycoside hydrolase-resistant analogs and also sug-
gest the importance of strict higher-order conformational



control even for flexible glycan structures. Our findings also
raise the possibility that new bioactive molecules may be
found by focusing on minor conformational structures of

glycans. Further exploration of this strategy with other gly-
cans and glycoconjugates is underway in this laboratory.
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Figure 5. A) Schematic representation of iNKT cell activation by a-GalCer through CD1d. TCR: T cell receptors, DC: dendritic cells.
B) Evaluation of adjuvant activity of a-GalCer, CHz-a-GalCer (7), (R)-CHF-a-GalCer (8), and (S)-CHF-a-GalCer (9) by measuring OVA-
specific IgG and IgM production in mice (n = 3x2/group). C) In vitro production of representative cytokines (IFN-y, IL-4, and IL-17A)
by splenocytes at 48 hours after treatment with 1-100 nM «a-GalCer, CHz-a-GalCer (7), (R)-CHF-a-GalCer (8), and (S)-CHF-a-GalCer
(9). D) Activation of NFAT-GFP reporter cells expressing CD1d + mouse iNKT TCR induced by 0.01-10 pg/well of a-GalCer, CHz-a-
GalCer (7), (R)-CHF-a-GalCer (8), and (S)-CHF-a-GalCer (9), monitored in terms of GFP expression. E) Inhibition of the iNKT TCR
activation induced by 0.01 pg/well a-GalCer in the presence of 0.01-10 pg/well CHz-a-GalCer (7), (R)-CHF-a-GalCer (8), and (S)-
CHF-a-GalCer (9), monitored in terms of GFP expression by NFAT-GFP reporter cells expressing CD1d + iNKT TCR.

Experimental Section
Evaluation of amylase induction by pseudo-glycans

Aspergillus nidulans ABTA16 (pyrG89 biAl wA3, pyroA4,
argB::taaG2)** was cultured at 37 °C for 18 hours in Aspergil-
lus minimum medium with appropriate supplements and 2%
(w/v) Bacto Peptone as a carbon source. The mycelia were
collected by filtration, washed with the minimum medium
lacking a carbon source, and suspended at about 1 g wet-
weight of mycelia per 100 ml of fresh minimum medium con-
taining 2% Bacto Peptone. For time-course experiments, 10-
ml aliquots of the suspension were transferred to 50-ml con-
ical tubes, and IM and pseudo-IMs were added to give the fi-
nal concentration of 10 uM. The mycelial suspensions were
further cultured at 37 °C on a rotary shaker at 200 rpm. The
culture supernatants were collected at 1, 3, 6, 9, 24, 32, and
51 h after induction, dialyzed using a PD Spintrap G-25
(Cytiva) to remove the inducer, and assayed for a-amylase
activity. For dose-response experiments, 1-ml aliquots of the
suspensions were transferred to 96 deep-well plates, and the
inducer was added at a concentration in the range of 0.01-
250 uM. The mycelial suspensions were further cultured for
24 hours at 37 °C on a rotary shaker at 200 rpm. The culture
supernatants were collected, dialyzed, and assayed. a-Amyl-
ase activity of the cultures was measured using an a-amylase
assay kit (Kikkoman Biochemifa, Tokyo, Japan).

Mice

Female C57BL/6 mice (age, 8 weeks) were purchased from
CLEA Japan (Tokyo, Japan) and kept for atleast 1 week before
the experiments in a specific pathogen-free environment at
the National Institutes of Biomedical Innovation, Health and
Nutrition (NIBIOHN; Osaka, Japan). All animal experiments
were conducted in accordance with the Animal Care and Use
Committee guidelines of the NIBIOHN.

Immunization and ELISA

Mice were intraperitoneally injected with 5ug of OVA
(Sigma-Aldrich) in PBS with 2 pg of a-GalCer, CHz-a-GalCer
(7), (R)-CHF-a-GalCer (8), or (S)-CHF-a-GalCer (9) on days 0
and 7. 0.5% (v/v) ethanol in PBS was utilized as the vehicle
control. On day 14, serum was collected for measurement of
OVA-specific antibodies by ELISA as previously reported.®3
Briefly, 96-well immunoplates (Thermo Fisher Scientific Inc.)
were coated with 1 mg/mL OVA in PBS for 16 hours at 4°C,
then blocked with 1% (w/v) bovine serum albumin (BSA;
Nacalai Tesque, Inc.) in PBS for 2 hours at room temperature,
and washed three times with PBS containing 0.05% (v/v)
Tween 20 (Nacalai Tesque, Inc). Serum samples were added
to each well and incubated for 2 hours at room temperature.
After another round of washing, horseradish peroxidase-con-
jugated anti-mouse IgG, IgG1, or IgM antibodies (SouthernBi-
otech) in PBS containing 1% (w/v) BSA and 0.05% (v/v)
Tween 20 were added to the wells, and the plates were incu-
bated for 1 hour at room temperature. The OVA-specific anti-
bodies were detected by adding 3,3’,5,5'-



tetramethylbenzidine peroxidase substrate (SouthernBi-
otech). The reaction was stopped by adding 0.5 M HCI to the
wells, and the absorbance at 450 nm (ODa4so) was measured
using an iMark Microplate Absorbance Reader (Bio-Rad).

Cytokine secretion assay using mouse splenocytes

Cytokine secretion assay was conducted as described previ-
ously with some modification.6* Briefly, splenocytes of
C57BL/6] mice was prepared with cell strainers (size; 100
um). The resulting suspensions were treated with 1 mL of red
blood cell lysis buffer for 1 minute at room temperature. The
splenocytes were diluted in RPMI 1640 medium (Sigma-Al-
drich) supplemented with 10% fetal bovine serum (Gibco,
Thermo Fisher Scientific), 1 mM sodium pyruvate solution
(Nacalai Tesque), 1% penicillin-streptomycin mixed solution
(Nacalai Tesque), and 0.1% 2-mercaptoethanol (Gibco,
Thermo Fisher Scientific), and seeded into a 96-well plate (6
x 105 cells/well). Splenocytes were cultured with CHz-a-
GalCer (7), (R)-CHF-a-GalCer (8), and (S)-CHF-a-GalCer (9)

at the indicated concentration for 48 hours at 37 °C in 5% COx.

0.5% (v/v) ethanol in the medium was utilized as the vehicle
control. After incubation, the culture supernatant was col-
lected for cytokine measurement. Cytokines were analyzed
with a BD™ Cytometric Bead Array (CBA) Mouse
Th1/Th2/Th17 Cytokine Kit (BD Biosciences) according to
the manufacturer's protocol, followed by analysis with a
MACSQuant Analyzer (Miltenyi Biotec).

Stimulation of NFAT-GFP reporter cells expressing T cell an-
tigen receptor of iNKT cells with a-GalCer analogs

Mouse CD1d, TCRa and TCR chains of mouse iNKT T cell an-
tigen receptor (TCR) (clone: DN32.D3) were cloned into ret-
roviral vectors and transduced into mouse T cell hybridoma
with an NFAT-GFP reporter gene.®> a-GalCer, CHz-a-GalCer
(7), (R)-CHF-a-GalCer (8), and (S)-CHF-a-GalCer (9) were di-
luted in isopropanol and 20 pl aliquots of diluents containing
0.01-10 pg of glycolipids were added to each well of a 96-well
flat-bottomed plate. After complete evaporation of the sol-
vent, NFAT-GFP reporter cells were added and stimulated for
20 h. Propidium iodide was added at 2 pg/ml and the expres-
sion of GFP was analyzed using an Attune NxT flow cytometer
(Thermo Fisher Scientific) and Flow]o software (BD Biosci-
ences). For inhibition assay, NFAT-GFP reporter cells were
stimulated with a-GalCer (0.01 pg per well) in the presence
of 0.01-10 pg per well of CHz-a-GalCer (7), (R)-CHF-a-GalCer
(8), and (S)-CHF-a-GalCer (9) for 20 h. Induction of NFAT-
GFP was analyzed as described above. All data are presented
as mean * SD of triplicate assays.

ASSOCIATED CONTENT

Supporting information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021 /jacs.XXxXxXx.

Figures S1-S22, Tables S1-S12, Experimental procedures and
characterization data for all new compounds (PDF)

Accession Codes

CCDC2285079 contains the supplementary crystallographic
data for this paper. This data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre,12 Union Road,Camb

ridge CB2 1EZ, UK; fax: +44 1223 336033.

AUTHOR INFORMATION

Corresponding Author

Go Hirai - Graduate School of Pharmaceutical Sciences, Kyushu University, 3-1-1, Mai-
dashi, Higashi-ku, Fukuoka 812-8582, Japan; RIKEN Center for Sustainable Resource
Science, 2-1, Hirosawa, Wako, Saitama 351-0198, Japan. orcid.org/0000-0003-3420-

555X, e-mail: gohirai@pharkyushu-u.ac.jp

Naoki Kato - Faculty of Agriculture, Setsunan University, 45-1 Nagaotoge-cho, Hirakata,
Osaka 573-0101, Japan; RIKEN Center for Sustainable Resource Science, 2-1, Hirosawa,
Wako, Saitama 351-0198, Japan, orcid.org/0000-0003-4410-4090, e-mail:

naoki.kato@setsunan.ac.jp

Authors
§ TM. and M.Y. contributed equally to this work.

Takahiro Moriyama - Graduate School of Pharmaceutical Sci-
ences, Kyushu University, Fukuoka 812-8582, Japan

Makoto Yoritate — Graduate School of Pharmaceutical Sci-
ences, Kyushu University, Fukuoka 812-8582, Japan

Azusa Saika - Microbial Research Center for Health and Medi-
cine, National Institutes of Biomedical Innovation, Health and
Nutrition, Osaka 567-0085, Japan; Institute of Molecular and
Cell Biology, Agency for Science, Technology and Research, 11
Biopolis Way, Helios, Singapore 138667, Singapore

Wakana Kusuhara - Research Institute for Microbial Diseases,
Osaka University, Osaka 565-0871, Japan; Immunology Fron-
tier Research Center, Osaka University, Osaka 565-0871, Japan

Shunsuke Ono - Graduate School of Pharmaceutical Sciences,
Kyushu University, Fukuoka 812-8582, Japan

Takahiro Nagatake — Microbial Research Center for Health
and Medicine, National Institutes of Biomedical Innovation,
Health and Nutrition, Osaka 567-0085, Japan; Department of
Life Sciences, School of Agriculture, Meiji University, Kanagawa
214-8571, Japan

Hiroyuki Koshino - RIKEN Center for Sustainable Resource
Science, Saitama 351-0198, Japan

Noriaki Kiya - Graduate School of Pharmaceutical Sciences,
Kyushu University, Fukuoka 812-8582, Japan

Natsuho Moritsuka - Graduate School of Pharmaceutical Sci-
ences, Kyushu University, Fukuoka 812-8582, Japan

Riko Tanabe - Graduate School of Pharmaceutical Sciences,
Kyushu University, Fukuoka 812-8582, Japan

Yu Hidaka - Graduate School of Pharmaceutical Sciences, Kyu-
shu University, Fukuoka 812-8582, Japan



Kazuteru Usui - Graduate School of Pharmaceutical Sciences,
Kyushu University, Fukuoka 812-8582, Japan

Suzuka Chiba - Graduate School of Pharmaceutical Sciences,
Kyushu University, Fukuoka 812-8582, Japan

Noyuri Kudo - Graduate School of Pharmaceutical Sciences,
Kyushu University, Fukuoka 812-8582, Japan

Rintaro Nakahashi - Graduate School of Pharmaceutical Sci-
ences, Kyushu University, Fukuoka 812-8582, Japan

Kazunobu Igawa - Institute for Materials Chemistry and Engi-
neering, IRCCS, Kyushu University, Fukuoka 816-8580, Japan

Hiroaki Matoba - Graduate School of Pharmaceutical Sciences,
Kyushu University, Fukuoka 812-8582, Japan

Katsuhiko Tomooka - Institute for Materials Chemistry and
Engineering, IRCCS, Kyushu University, Fukuoka 816-8580, Ja-
pan

Eri Ishikawa - Research Institute for Microbial Diseases,
Osaka University, Osaka 565-0871, Japan; ; Immunology Fron-
tier Research Center, Osaka University, Osaka 565-0871, Japan

Shunji Takahashi — RIKEN Center for Sustainable Resource
Science, Saitama 351-0198, Japan

Jun Kunisawa - Microbial Research Center for Health and
Medicine, National Institutes of Biomedical Innovation, Health
and Nutrition, Osaka 567-0085, Japan

Sho Yamasaki — Research Institute for Microbial Diseases,
Osaka University, Osaka 565-0871, Japan; ; Immunology Fron-
tier Research Center, Osaka University, Osaka 565-0871, Japan

Notes

Any additional relevant notes should be placed here.

ACKNOWLEDGMENT

This study was partially supported by BINDS and SCARDA from
the Japan Agency for Medical Research and Development,
AMED, a Grant-in-Aid for Transformative Research Areas (A)
(Green Catalysis Science, 23H04913) from MEXT, the JSPS
KAKENHI (grants no. 23H05481, 22K14683, 21K19053, and
21H02070), Mizutani Foundation for Glycoscience, Leading Pi-
oneers Science Foundation.

REFERENCES

1) Aguilldn, A. R.; Mascarello, A.; Segretti, N. D.; de Azevedo,
H. F. Z.; Guimaraes, C. R. W.; Miranda, L. S. M.; de Souza, R. 0. M. A.
Synthetic Strategies toward SGLT2 Inhibitors. Org. Process Res. Dev.
2018, 22 (4), 467-488.

(2) Yang, Y, Yu, B. Recent Advances in the Chemical
Synthesis of C-Glycosides. Chem. Rev. 2017, 117 (19), 12281-
12356.

3) Kitamura, K.; Ando, Y.; Matsumoto, T.; Suzuki, K. Total
Synthesis of Aryl C-Glycoside Natural Products: Strategies and
Tactics. Chem. Rev. 2018, 118 (4), 1495-1598.

4) Xu, L.-Y.; Fan, N.-L.; Hu, X.-G. Recent Development in the
Synthesis of C-Glycosides Involving Glycosyl Radicals. Org. Biomol.
Chem. 2020, 18 (27), 5095-5109.

(5) Goekjian, P. G.; Wei, A;; Kishi, Y. Conformational Analysis
of C-Glycosides and Related Compounds: Programming

Conformational Profiles of C-and O-Glycosides. In Carbohydrate-
Based Drug Discovery; Wong, C.-H., Ed.; Wiley-VCH, 2003; pp. 305-
340.

(6) Jiménez-Barbero, ].; Espinosa, J. F.; Asensio, ]. L.; Cafiada,
F.].; Poveda, A. The Conformation of C-Glycosyl Compounds. Adv.
Carbohydr. Chem. Biochem. 2000, 56, 235-284.

(7 Yuasa, H.; Hashimoto, H. Recent Advances in the
Development of Unnatural Oligosaccharides - Conformation and
Bioactivity. Trends Glycosci. Glycotechnol. 2001, 13 (69), 31-55.

(8) Zou, W. C-Glycosides and Aza-C-Glycosides as Potential
Glycosidase and Glycosyltransferase Inhibitors. Curr. Top. Med.
Chem. 2005, 5 (14), 1363-1391.

9 Harding, M.; Hodgson, R, Majid, T.; McDowall, K. J;
Nelson, A. A Stereodivergent, Two-Directional Synthesis of
Stereoisomeric C-Linked Disaccharide Mimetics. Org. Biomol. Chem.
2003, 1 (2),338-349.

(10) Postema, M. H. D;; Piper, J. L.; Betts, R. L.; Valeriote, F. A,;
Pietraszkewicz, H. RCM-Based Synthesis of a Variety of B-C-
Glycosides and Their in Vitro Anti-Solid Tumor Activity. J. Org.
Chem. 2005, 70 (3), 829-836.

(11) Qiao, M,; Zhang, L.; Jiao, R; Zhang, S.; Li, B.; Zhang, X.
Chemical and Enzymatic Synthesis of S-Linked Sugars and
Glycoconjugates. Tetrahedron 2021, 81, 131920.

(12) Arjona, O.; Gémez, A. M.; Ldopez, J. C.; Plumet, J. Synthesis
and Conformational and Biological Aspects of Carbasugars. Chem.
Rev. 2007, 107 (5), 1919-2036.

(13) Leclerc, E.; Pannecoucke, X.; Ethéve-Quelquejeu, M,;
Sollogoub, M. Fluoro-C-Glycosides and Fluoro-Carbasugars,
Hydrolytically Stable and Synthetically Challenging Glycomimetics.
Chem. Soc. Rev. 2013, 42 (10), 4270-4283.

(14) a) Thiehoff, C.; Rey, Y. P.; Gilmour, R. The Fluorine Gauche
Effect: a Brief History. Isr. J. Chem. 2017, 57 (1-2), 92-100; b) Lin-
clay, B.; Arda, A.; Reichardt, N-C.; Sollogoub, M.; Unione, L.; Vincent,
S. P.; Jiménez-Barbero, ]. Fluorinated carbohydrates as chemical
probes for molecular recognition studies. Current status and per-
spectives. Chem. Soc. Rev. 2020, 49 (12), 3863-3888.

(15) Pérez-Castells, ].; Hernandez-Gay, J. J.; Denton, R. W,;
Tony, K. A;; Mootoo, D. R; Jiménez-Barbero, ]. The Conformational
Behavior and P-Selectin Inhibition of Fluorine-Containing Sialyl
LeX Glycomimetics. Org. Biomol. Chem. 2007, 5 (7), 1087-1092.

(16) Hirai, G.; Kato, M.; Koshino, H.; Nishizawa, E.; Oonuma, K;
Ota, E.; Watanabe, T.; Hashizume, D.; Tamura, Y.; Okada, M. et al.
Ganglioside GM3 Analogues Containing Monofluoromethylene-
Linked Sialoside: Synthesis, Stereochemical Effects,
Conformational Behavior, and Biological Activities. JACS Au 2021,
1(2),137-146.

(17) Tony, K. A;; Denton, R. W,; Dilhas, A.; Jiménez-Barbero, J.;
Mootoo, D. R. Synthesis of 3-C-Galacto-Pyranosides with Fluorine
on the Pseudoanomeric Substituent. Org. Lett. 2007, 9 (8), 1441-
1444.

(18) Koester, D. C.; Kriemen, E.; Werz, D. B. Flexible Synthesis
of 2-Deoxy-C-Glycosides and (1—2)-, (1—3)-, and (1—4)-Linked
C-Glycosides. Angew. Chem. Int. Ed. 2013, 52 (10), 2985-2989.

(19) Zhu, F.; Rodriguez, J.; O'Neill, S.; Walczak, M. A. Acyl
Glycosides through Stereospecific Glycosyl Cross-Coupling: Rapid
Access to C(sp3)-Linked Glycomimetics. ACS Cent. Sci. 2018, 4 (12),
1652-1662.

(20) Hirai, G; Watanabe, T. Yamaguchi, K; Miyagi, T,
Sodeoka, M. Stereocontrolled and Convergent Entry to CF:-
Sialosides: Synthesis of CFz-Linked Ganglioside GM4. J. Am. Chem.
Soc. 2007, 129 (50), 15420-15421.

(21) Takeda, D.; Yoritate, M., Yasutomi, H.; Chiba, S;
Moriyama, T.; Yokoo, A, Usui, K; Hirai, G. p-glycosyl
Trifluoroborates as Precursors for Direct a-C-Glycosylation:
Synthesis of 2-Deoxy-a-C-Glycosides. Org. Lett. 2021, 23 (5), 1940-
1944.

(22) Miller, E. M.; Walczak, M. A. Light-Mediated Cross-
Coupling of Anomeric Trifluoroborates. Org. Lett. 2021, 23 (11),
4289-4293.



(23) Kiya, N.; Hidaka, Y.; Usui, K; Hirai, G. Synthesis of CHz-
Linked o(1,6)-Disaccharide Analogues by a-Selective Radical
Coupling C-Glycosylation. Org. Lett. 2019, 21 (6), 1588-1592.

(24) Hidaka, Y.; Kiya, N.; Yoritate, M.; Usui, K; Hirai, G.
Synthesis of CHz-Linked o-Galactosylceramide and Its Glucose
Analogues through Glycosyl Radical-Mediated Direct C-
Glycosylation. Chem. Commun. 2020, 56 (34),4712-4715.

(25)  Smith, R. T.; Zhang, X;; Rincdn, |. A.; Agejas, ].; Mateos, C.;
Barberis, M.; Garcia-Cerrada, S.; de Frutos, O.; MacMillan, D. W. C.
Metallaphotoredox-Catalyzed = Cross-Electrophile  Csp3-Csp3
Coupling of Aliphatic Bromides. J. Am. Chem. Soc. 2018, 140 (50),
17433-17438.

(26) Shang, W, Niu, D. Radical Pathway Glycosylation
Empowered by Bench-Stable Glycosyl Donors. Acc. Chem. Res.
2023, 56 (18),2473-2488.

(27) Ghosh, T, Nokami, T. Recent Development of
Stereoselective C-Glycosylation via Generation of Glycosyl Radical.
Carbohydr. Res. 2022, 522,108677.

(28) Shang, W.; Shi, R; Niu, D. C-glycoside Synthesis Enabled
by Nickel Catalysis. Chin. J. Chem. 2023, 41 (17), 2217-2236.

(29) Ji, P; Zhang, Y., Gao, F; Bi, F; Wang, W. Direct,
Stereoselective Thioglycosylation Enabled by an
Organophotoredox Radical Strategy. Chem. Sci. 2020, 11 (48),
13079-13084.

(30) Korth, H.-G.; Sustmann, R.; Dupuis, J.; Giese, B. Electron
Spin Resonance Spectroscopic Investigation of Carbohydrate
Radicals. Part 2. Conformation and Configuration in Pyranos-1-yl
Radicals. J. Chem. Soc. Perkin Trans. 2 1986, (9), 1453-1459.

(31) Nicolas, L.; Angibaud, P.; Stansfield, I, Bonnet, P;
Meerpoel, L.; Reymond, S.; Cossy, ]. Diastereoselective Metal-
Catalyzed Synthesis of C-Aryl and C-Vinyl Glycosides. Angew. Chem.
Int. Ed. 2012, 51 (44),11101-11104.

(32) Liu, J; Gong, H. Stereoselective Preparation of a-C-
Vinyl/Aryl Glycosides via Nickel-Catalyzed Reductive Coupling of
Glycosyl Halides with Vinyl and Aryl Halides. Org. Lett. 2018, 20
(24), 7991-7995.

(33) Liu, J; Lei, C; Gong, H. Nickel-Catalyzed Reductive
Coupling of Glucosyl Halides with Aryl/Vinyl Halides Enabling B-
Selective Preparation of C-Aryl/Vinyl Glucosides. Sci. China Chem.
2019, 62 (11),1492-1496.

(34) Wang, Q,; Sun, Q;Jiang, Y.; Zhang, H.; Yu, L.; Tian, C.; Chen,
G.; Koh, M. ]. Iron-Catalysed Reductive Cross-Coupling of Glycosyl
Radicals for the Stereoselective Synthesis of C-Glycosides. Nature
Synthesis 2022, 1 (3), 235-244.

(35) Sun, Q; Zhang, H.; Wang, Q.; Qiao, T.; He, G.; Chen, G.
Stereoselective Synthesis of C-Vinyl Glycosides via Palladium-
Catalyzed C-H Glycosylation of Alkenes. Angew. Chem. Int. Ed. 2021,
60 (36),19620-19625.

(36) Yasutomi, H.; Takeda, D.; Yoritate, M.; Higashibayashi, S.;
Sugai, T, Hirai, G. Transition-Metal-Free [(-Selective C-
Glycosylation of B-Glycosyl Boronates via Stereoretentive 1,2-
Migration. Synlett 2023, 34 (04), 347-352.

(37) Lei, X; Dutheuil, G.; Pannecoucke, X,; Quirion, J.-C. A
Facile and Mild Method for the Synthesis of Terminal
Bromofluoroolefins via Diethylzinc-Promoted Wittig Reaction. Org.
Lett. 2004, 6 (13),2101-2104.

(38) Zhang, P; Le, C; MacMillan, D. W. C. Silyl Radical
Activation of Alkyl Halides in Metallaphotoredox Catalysis: A
Unique Pathway for Cross-Electrophile Coupling. J. Am. Chem. Soc.
2016, 138 (26), 8084-8087.

(39) Korth, H. G.; Sustmann, R.; Groeninger, K. S.; Leisung, M.;
Giese, B. Electron Spin Resonance Spectroscopic Investigation of
Carbohydrate Radicals. 4. 1,2-Acyloxyl Migration in Pyranosyl
Radicals. J. Org. Chem. 1988, 53 (18), 4364-4369.

(40)  Zhao, G.; Yao, W.; Kevlishvili, I.; Mauro, J. N.; Liu, P.; Ngai,
M.-Y. Nickel-Catalyzed Radical Migratory Coupling Enables C-2
Arylation of Carbohydrates. J. Am. Chem. Soc. 2021, 143 (23),8590-
8596.

(41) Yu, J; Wu, Z; Zhu, C. Efficient Docking-Migration
Strategy for Selective Radical Difluoromethylation of Alkenes.
Angew. Chem. Int. Ed. 2018, 57 (52), 17156-17160.

(42) Kato, N, Murakoshi, Y, Kato, M., Kobayashi, T.;
Tsukagoshi, N. Isomaltose Formed by o-Glucosidases Triggers
Amylase Induction in Aspergillus Nidulans. Curr. Genet. 2002, 42
(1), 43-50.

(43) Suzuki, K; Tanaka, M.; Konno, Y.; Ichikawa, T.; Ichinose,
S.; Hasegawa-Shiro, S.; Shintani, T.; Gomi, K. Distinct Mechanism of
Activation of Two Transcription Factors, AmyR and MalR, Involved
in Amylolytic Enzyme Production in Aspergillus Oryzae. Appl
Microbiol. Biotechnol. 2015, 99 (4), 1805-1815.

(44) Kunitake, E.; Kobayashi, T. Conservation and Diversity of
the Regulators of Cellulolytic Enzyme Genes in Ascomycete Fungi.
Curr. Genet. 2017, 63 (6), 951-958.

(45) Morita, M.; Motoki, K.; Akimoto, K.; Natori, T.; Sakai, T.;
Sawa, E.; Yamaji, K.;; Koezuka, Y.; Kobayashi, E.; Fukushima, H.
Structure-Activity Relationship of a-Galactosylceramides against
B16-Bearing Mice. J. Med. Chem. 1995, 38 (12), 2176-2187.

(46) King, L. A;; Lameris, R; de Gruijl, T. D.; van der Vliet, H. J.
CD1d-Invariant  Natural Killer T  Cell-Based Cancer
Immunotherapy: o-Galactosylceramide and Beyond. Front.
Immunol. 2018, 9, 1519.

(47) Pifferi, C; Fuentes, R.; Fernandez-Tejada, A. Natural and
Synthetic Carbohydrate-Based Vaccine Adjuvants and Their
Mechanisms of Action. Nat Rev Chem 2021, 5 (3), 197-216.

(48) Yang, G.; Schmieg, J.; Tsuji, M.; Franck, R. W. The C-
Glycoside Analogue of the Immunostimulant a-Galactosylceramide
(KRN7000): Synthesis and Striking Enhancement of Activity.
Angew. Chem. Int. Ed Engl. 2004, 43 (29), 3818-3822.

(49) Chen, G.; Schmieg, J.; Tsuji, M.; Franck, R. W. Efficient
Synthesis of a-C-Galactosyl Ceramide Immunostimulants: Use of
Ethylene-Promoted Olefin Cross-Metathesis. Org. Lett. 2004, 6
(22), 4077-4080.

(50) Toba, T.; Murata, K.; Yamamura, T.; Miyake, S.; Annoura,
H. A Concise Synthesis of (35,45,5R)-1-(a-D-Galactopyranosyl)-3-
Tetracosanoylamino-4,5-Decanediol, a C-Glycoside Analogue of
Immunomodulating a-Galactosylceramide OCH. Tetrahedron
Letters 2005, 46 (30), 5043-5047.

(51) Lu, X, Song, L.; Metelitsa, L. S.; Bittman, R. Synthesis and
Evaluation of an a-C-Galactosylceramide Analogue That Induces
Th1l-Biased Responses in Human Natural Killer T Cells.
Chembiochem 2006, 7 (11), 1750-1756.

(52) Modica, E.; Compostella, F.; Colombo, D.; Franchini, L.;
Cavallari, M.; Mori, L.; De Libero, G.; Panza, L., Ronchetti, F.
Stereoselective Synthesis and Immunogenic Activity of the C-
Analogue of Sulfatide. Org. Lett. 2006, 8 (15), 3255-3258.

(53) Liu, Z; Byun, H.-S; Bittman, R. Synthesis of
Immunostimulatory  o-C-Galactosylceramide Glycolipids via
Sonogashira  Coupling, = Asymmetric = Epoxidation, and
Trichloroacetimidate-Mediated Epoxide Opening. Org. Lett. 2010,
12 (13), 2974-2977.

(54) Altiti, A. S; Mootoo, D. R. Intramolecular Nitrogen
Delivery for the Synthesis of C-Glycosphingolipids. Application to
the C-Glycoside of the Immunostimulant KRN7000. Org. Lett. 2014,
16 (5), 1466-1469.

(55) Altiti, A. S; Bachan, S.; Mootoo, D. R. The Crotylation Way
to Glycosphingolipids: Synthesis of Analogues of KRN7000. Org.
Lett. 2016, 18 (18), 4654-4657.

(56) Chang, Y.-].; Hsuan, Y.-C,; Lai, A. C.-Y.; Han, Y.-C; Hou, D.-
R. Synthesis of a-C-Galactosylceramide via Diastereoselective
Aziridination: The New Immunostimulant 4’-Epi-C-Glycoside of
KRN7000. Org. Lett. 2016, 18 (4), 808-811.

(57) Ban, Y,; Dong, W.; Zhang, L.; Zhou, T.; Altiti, A. S.; Ali, K;
Mootoo, D. R; Blaho, V. A; Hla, T,; Ren, Y.; et al. Abrogation of
Endogenous Glycolipid Antigen Presentation on Myelin-Laden
Macrophages by D-Sphingosine Ameliorates the Pathogenesis of
Experimental Autoimmune Encephalomyelitis. Front. Immunol.
2019, 10 (404), 404.



(58) Sullivan, B. A;; Nagarajan, N. A;; Wingender, G.; Wang, J.;
Scott, I; Tsuji, M.; Franck, R. W.; Porecelli, S. A; Zajonc, D. M,;
Kronenberg, M. Mechanisms for Glycolipid Antigen-Driven
Cytokine Polarization by Val4i NKT Cells. J. Immunol. 2010, 184
(1), 141-153.

(59) Aspeslagh, S.; Li, Y,; Yu, E. D.; Pauwels, N.; Trappeniers,
M.; Girardi, E.; Decruy, T.; Van Beneden, K.; Venken, K.; Drennan,
M.; et al. Galactose-Modified iNKT Cell Agonists Stabilized by an
Induced Fit of CD1d Prevent Tumour Metastasis. EMBO J. 2011, 30
(11), 2294-2305.

(60) Patel, O.; Cameron, G.; Pellicci, D. G.; Liu, Z,; Byun, H.-S,;
Beddoe, T.; McCluskey, |.; Franck, R. W.; Castafio, A. R;; Harrak, Y.;
et al. NKT TCR Recognition of CD1d-a-C-Galactosylceramide. J.
Immunol. 2011, 187 (9), 4705-4713.

(61) Ikazaki, T.; Ishikawa, E.; Tamashima, H.; Akiyama, H.;
Kimuro, Y.; Yoritate, M.; Matoba, H.; Imamura, A.; Ishida, H,;
Yamasaki, S.; et al. Ligand-Controlled Stereoselective Synthesis and
Biological Activity of 2-Exomethylene Pseudo-Glycoconjugates:
Discovery of Mincle-Selective Ligands. Angew. Chem. Int. Ed Engl.
2023, 62 (22),e202302569.

(62) Oh, S. F,; Praveena, T.; Song, H.; Yoo, ].-S.; Jung, D.-],;
Erturk-Hasdemir, D.; Hwang, Y. S.; Lee, C. C.; Le Nours, J.; Kim, H.; et
al. Host Immunomodulatory Lipids Created by Symbionts from
Dietary Amino Acids. Nature 2021, 600 (7888), 302-307.

(63) Wang, Y.; Hosomi, K,; Shimoyama, A.; Yoshii, K.; Nagatake,
T.; Fujimoto, Y. Kiyono, H. Fukase, K,; Kunisawa, ]J.
Lipopolysaccharide Derived From the Lymphoid-Resident
Commensal Bacteria Alcaligenes Faecalis Functions as an Effective
Nasal Adjuvant to Augment IgA Antibody and Th17 Cell Responses.
Front. Immunol. 2021, 12, 699349.

(64) Inuki, S,; Kashiwabara, E.; Hirata, N.; Kishi, ].; Nabika, E.;
Fujimoto, Y. Potent Th2 Cytokine Bias of Natural Killer T Cell by
CD1d Glycolipid Ligands: Anchoring Effect of Polar Groups in the
Lipid Component. Angew. Chem. Int. Ed Engl. 2018, 57 (31), 9655-
9659.

(65) Matsumoto, Y.; Kishida, K.; Matsumoto, M.; Matsuoka, S.;
Kohyama, M.; Suenaga, T.; Arase, H. A TCR-like Antibody against a
Proinsulin-Containing Fusion Peptide Ameliorates Type 1 Diabetes
in NOD Mice. Biochem. Biophys. Res. Commun. 2021, 534, 680-686.



F
~ 0
Ro‘/\/o Br)\/R (0] a
= o
Br
@ 21 examples (CH2)13CH3

F
Altered OH
function

R
> EX

selective hydrog

0 0 0 0
rio‘/?:ﬁg HO/\/j\HO’ “o/"a/ﬂ
G -
ks 5 Nativ

CH; R (R-CHF R (-CHF R o\imkage R Enhanced "
linkage-editing glycans function

13




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


