Downloaded via SCRIPPS RESEARCH INST on May 2, 2019 at 20:52:15 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Communication

' { ; ‘ S @ Cite This: J. Am. Chem. Soc. 2019, 141, 6484-6488
JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Synthesis of Sialidase-Resistant Oligosaccharide and Antibody
Glycoform Containing a2,6-Linked 3F**-Neu5Ac

Hong-Jay Lo,"*® Larissa Krasnova,"

Supriya Dey,’ Ting Chepg,'}- Haitian Liu," Tsung-I Tsai,*

Kevin Binchia Wu,* Chung-Yi Wu, ® and Chi-Huey Wong*'m

TGenomics Research Center, Academia Sinica, 128 Academia Road, Section 2, Nanakang, Taipei 115, Taiwan
*The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, California 92037, United States

O Supporting Information

ABSTRACT: Fluorinated glycosides are known to resist
the glycosidase-catalyzed glycosidic bond cleavage;
however, the synthesis of such glycans, especially 3-
fluoro-sialic acid (3F-NeuSAc) containing sialosides, has
been a major challenge. Though the enzymatic synthesis
of a-2,3-linked 3F-sialosides was reported, until recently
there has not been any effective method available for the
synthesis of 3F-sialosides in the a-2,6-linkage. In order to
understand the biological effect of such modification, we
report here a chemical synthesis of 3F*-NeuSAc-a2,6-Gal
as a building block for the assembly of 3F*™-NeuSAc-
containing sialosides and a representative homogeneous
antibody glycoform. Our results showed that the sialosides
are stable under sialidase catalysis and the rituximab
glycoform with a sialylated complex-type biantennary
glycan terminated with 3F*-NeuSAc in the @-2,6-linkage
(a2,6-F-SCT) has a similar binding avidity as its parent
glycoform. These findings open up new opportunities for
the development of therapeutic glycoproteins with
improved pharmacokinetic parameters.

ialic acid is a negatively charged monosaccharide often

displayed at the outermost end of glycans on glycolipids
and glycoproteins, which are involved in many physiological
intra- and intercellular processes, including interactions with
other biomolecules and receptors on cells, viruses, and
bacteria." In addition, sialylation plays an important role in
regulating the function and fate of secreted glycoproteins and
membrane-bound receptors. For example, sialylation of the
epidermal growth factor receptor (EGFR) was shown to
inhibit EGFR dimerization, thus interfering with EGF bindin,
and phosphorylation, which is associated with tumorgenesis.
Also, sialylation modulates the half-life of glycoproteins in
blood circulation as desialylation of N-glycans exposes the
underlining galactose, which is recognized by the hepatic
asialoglycoprotein receptors, leading to a rapid removal of the
glycoprotein from circulation.” Hence, increasing the degree of
sialylation could improve the half-life and undesirable effects of
glycoprotein therapeutics.

In recent years, the role of glycosylation on protein structure
and function has been intensively studied inspiring the
development of new methods for glycan synthesis”™ and
glycoengineering of proteins, particularly therapeutic mono-
clonal antibodies (mAbs).” For example, our group has
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demonstrated that the afucosylated sialylated complex-type
biantennary N-glycan with terminal a-2,6-linked sialic acids
(a2,6-SCT) is the optimal glycan structure for the enhance-
ment of antibody-dependent cellular cytotoxicity (ADCC),
complement-dependent cytotoxicity (CDC), and anti-inflam-
matory activities.

Sialic acid derivatives with fluorine at the C-3 position have
been known to inhibit sialyltransferases and sialidases (or
neuraminidases).” By introducing the fluorine atoms to the
anomeric and C-3 positions, a 2,3-difluorosialic acid (DFSA)
was developed (Scheme 1)® and used as a biochemical probe,’
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and the activity-based protein profiling probe to study
sialidases.'” With the help of DFSA, it was shown that the
fluorine atom at the axial position at C-3 (3F*) has a greater
effect on slowing down both the deactivation (k;) and
reactivation (kyyg,) of the enzyme than the 3F* substituent.””
Inspired by this observation, we wanted to investigate the
stability of sialosides with 3-fluorosialic acids for their potential
use in glycoprotein therapeutics. Specifically, we intended to
study if incorporation of a 3F*-NeuSAc motif at the terminal
end of N-glycan on a mAb could increase its stability toward
sialidases and sustain its effector functions. However,
glycosylation with fluorinated sugars as donors is a major
challenge due to the strong electronic effect of the fluorine
group that inactivates glycosylation reaction. Although there is
a sialyltransferase capable of transferring the 3F™-sialic acid
residue from the corresponding CMP-sialic acid to form the a-
2,3-linked sialoside, there is no corresponding a-2,6-
sialyltransferase available.""
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Toward our goal, we developed a preparative method for the
synthesis of «@-2,6-linked 3F*-NeuSAc oligosaccharides,
including the biantennary N-glycan. We also showed that the
synthetic 3F™-NeuSAc-a2,6-Gal linkage is stable in the
presence of sialidases and the antibody bearing the biantennary
glycan with 3F™-NeuSAc-a2,6-Gal has the same binding
avidity as a nonfluorinated counterpart.

Several methods were reported for the synthesis of 3F-
NeuSAc, including (a) fluorination of protected glycals with
XeF,—BF; X OEt,,"* molecular fluorine,"* and Selectfluor;’
(b) inversion of equatorial hydroxyl group at C3 in a sialic acid
derivative;”* and (c) aldolase-catalyzed enzymatic trans-
formation of ManNAc and 3-fluoro-pyruvate into 3F°®-
NeuSAc and 3F*NeuSAc.”>'''* However, to the best of
our knowledge, there is no method describing the synthesis of
N-glycans terminated with 3F™-NeuSAc so far. The only
account disclosing the preparation of oligosaccharides with
3F*-NeuSAc was limited to the enzymatic synthesis of 3F*-
NeuSAc-a2,3-Lac-fOMe, and not the ot—2,6—1inkage.lla We,
therefore, focused our effort on the chemical synthesis of this
linkage."

After screening a variety of glycosylation conditions using
3F*-NeuSAc-based donors without any success (Figure la and
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Figure 1. Synthetic routes toward 3F*-NeuSAc-a2,6-Gal.

Table S1, Supporting Information), we investigated alternative
strategies, which encompassed the Sy2 reaction of the OH® to
F* in 30H®-NeuSAc-a2,6-Gal-STol (Figure 1b). Starting
with the sialylation conditions reported by Goto et al. (Table
S2, Supporting Information),'® we were able to optimize the
sialylation reaction to give 6 in 35% (99% brsm) yield with
excellent a-selectivity (a:f = 13:1) (Scheme 2).

The inversion of OH®? to F** turned out to be a challenging
task. Substitution of OTf and OMs by fluorine using

Scheme 2. Synthesis of 3-F*-NeuSAc-a2,6-Gal-STol
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Reagents and conditions:

(a)5/3/AgOTf/ Na,HPO, (1/1/1.5/4.2 equiv.), toluene, - 50 °C, 16 h (6: 35% (99%
brsm), a:p = 13:1). (b) NfF / DBU / TASF (4 / 4/ 2 equiv. per day), toluene, 40 °C, 48 h (4:
60%, and 7: 8%). (c) NfF / DBU (4 / 4 per day), toluene, 40 °C, 15 d. (4: 49% (77% brsm)).
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tris(dimethylamino)sulfonium difluorotrimethylsilicate
(TASF) led to decomposition of the starting material. After
screening a variety of fluorinating reagents,'” we observed that
treatment of 6 with perfluoro-1-butanesulfonyl fluoride (NfF)
in the presence of 1,8-diazabicyclo[5,4,0]-undec-7-ene (DBU)
in anhydrous toluene for 2 days at 90 °C gave 4 in 6% yield
(Table S4, Supporting Information).'® Further optimization of
the reaction conditions, such as decreasing reaction temper-
ature and increasing reaction times, improved the overall yield
of 4. However, the transformation of 7 to 4 seemed to be a
rate-limiting step, probably due to steric hindrance. Thus, we
were able to isolate 7 in the presence of NfF and DBU at room
temperature within 1 day; however, conversion of 7 to 4 (49%,
or 77% brsm yield) required long reaction times (15 days).
The attempts to improve the conversion by elevating reaction
temperature resulted in decomposition of 7. Finally, we found
that addition of TASF has helped improve the reaction
efficiency reducing the reaction time to only 2 days. The
stereochemistry of fully protected 3F*-NeuSAc-a2,6-Gal-STol
disaccharide (4) was confirmed by the X-ray diffraction
analysis.

The 3F*-NeuSAc-disaccharide donor 4 was coupled with
the acceptor (8) using NIS/TMSOTf (Scheme 3) to give 9.
Next, the O-allyl group at the anomeric position was removed
by isomerization with PdCl, in AcOH/NaOAc, and the
anomeric hydroxyl group (10) was further transformed into
fluoride (11) and imidate (12). The glycosylation of the core
disaccharide (13) at O-3 with 3F*-NeuSAc-terminated
fluoride donor (11) using Cp,HfCL,/AgOTf conditions gave
hexasaccharide 14 in 85% yield. After removal of the
benzylidene group, 15 was glycosylated at the O-6 position
to give the desired decasaccharide (16) in 70% yield with
excellent regio- and a-stereoselectivity. We also tested the
TfOH-promoted glycosylation with N-phenyl trifluoroacetimi-
date donor (12), which, however, gave the product in a poor
yield. Next, the fully deprotected glycan (17) was obtained in
40% overall yield following a sequence of steps: (a)
saponification with LiIOH to remove the esters and the
NHTroc group; (b) acetylation of free amines and alcohols;
(c) removal of the OAc groups with sodium methoxide; and
(d) hydrogenolysis of the O-benzyl groups with Pd/C in a
mixture of MeOH /water/ HCOZH.4b

Having established a protocol for the stepwise synthesis, we
streamlined the glycan assembly by developing a program-
mable [2 + 2 + 2] one-pot synthesis of hexasaccharide (14),
which is a precursor of 17 (Scheme 4). The one-pot protocol
was initiated by coupling of the 3F*-NeuSAc-a2,6-Gal-STol
donor (4) (RRV = 2053) with a less reactive acceptor (18)
(RRV = 537) at —40 °C, followed by injection of the reducing-
end acceptor 13 at —20 °C. After 1 h at —10 °C and a standard
purification protocol, the hexasaccharide 14 was isolated in
26% yield.

In order to gather preliminary data about the stability of the
3F*-NeuSAc-a2,6-Gal motif in the presence of sialidases, we
prepared NeuSAc-a2,6-Gal-pNP (1) and the 3F*NeuSAc
analog (2) as substrates (Scheme 1) for the in vitro assay'’
with the commercially available sialidases from C. perfingens
and V. cholera. Both enzymes showed the expected hydrolytic
activity for the native substrate 1 but were inactive toward the
3F™-analog 2 (Figure S1, Supporting Information). We also
observed that 2 did not significantly inhibit the hydrolysis of 1
as DANA did.
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Scheme 3. Synthesis of 3F*-NeuSAc-Terminated Biantennary N-Glycan (17)
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To prepare a homogeneous glycoform of mAb, compound
17 was converted into the oxazoline donor and ligated to the
GlcNAc-primed IgG (without core fucose) in the presence of
Endo S2 (D184Q) following a standard protocol (Scheme S). e

Scheme 5. Synthesis of @2,6-F-SCT Glycoform of Rituximab
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The binding avidity of the mAb 3F*-NeuSAc-glycoform to
FcyRIIIa was measured by the surface plasmon resonance
analysis® together with the parent nonfluorinated glycoform
(G2S2) and a commercial sample of rituximab (major
glycoforms: G1F1, GOF1, G2F1). When compared to the
commercial sample of rituximab, the homogeneous glycoforms
of IgG1 bearing a2,6-SCT without core fucose demonstrated
39.9-fold (a2,6-SCT-Rit) and 37.4-fold (a2,6-F-SCT-Rit)
improvement in binding avidity (Table 1). The fact that the
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Table 1. Binding Avidity of Glycoengineered Rituximab
IgG1 to FcyRIIla”

Rmax
Sample IgG1  k, (1/Ms)  kq (1/s) K, (M) (RU) Fold
Rituximab® 231 X 10°  0.07054  3.06 X 1077 32.33 1
a2,6-F-SCT- 244 x 10°  0.001996 8.18 x 10  71.28 37.4
Rit
a2,6-SCT-Rit  2.68 X 10°  0.002059 7.67 x 107°  60.64 39.9

“Analyzed antibodies were captured by the human Fab capture kit

and detected with the single cycle kinetic method. bCommercial
sample of rituximab contains several glycoforms (Figure S3,
Supporting Information).

avidity of the 3F*-NeuSAc-modified glycoform was similar to
that of the parent glycan provides a premise for the in vivo
studies of 3F*™-NeuSAc-glycosylated mAb. These results will be
reported in due course.

In conclusion, we have developed a chemical synthesis of
3F*-NeuSAc-a2,6-Gal-STol building block for the synthesis of
sialidase-resistant oligosaccharides and a2,6-F-SCT, which was
used for modification of a representative mAb. When
compared with the commercial rituximab sample, the
homogeneous glycoform modified with a2,6-F-SCT showed
a 37.4-fold improvement in binding to the FcyRIIla. The
parent nonfluorinated and 3F*-NeuSAc-modified antibody
glycoforms demonstrated similar binding avidity to the
FcyRIIla receptor. Overall, our results have revealed a new
general strategy for the improvement of half-lives of
therapeutic glycoproteins.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.9b01991.

Synthetic procedures, characterization of compounds
and crystallographic data for 4, as well as protocols for
biological assays (PDF)

Crystallographic data for 4 (CIF)

B AUTHOR INFORMATION
Corresponding Author
*wong@scripps.edu, chwong@gate.sinica.edu.tw.

DOI: 10.1021/jacs.9b01991
J. Am. Chem. Soc. 2019, 141, 6484—6488


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.9b01991
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01991/suppl_file/ja9b01991_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01991/suppl_file/ja9b01991_si_002.cif
mailto:wong@scripps.edu
mailto:chwong@gate.sinica.edu.tw
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01991/suppl_file/ja9b01991_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01991/suppl_file/ja9b01991_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b01991

Journal of the American Chemical Society

Communication

ORCID

Hong-Jay Lo: 0000-0001-9906-0975
Larissa Krasnova: 0000-0002-1657-4311
Tsung-I Tsai: 0000-0002-8355-6017
Chung-Yi Wu: 0000-0002-5233-4454
Chi-Huey Wong: 0000-0002-9961-7865

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Institutes of Health
(AI072155), the National Science Foundation (CHE-
1664283), Academia Sinica and the Kwang Hua Foundation.
We thank Dr. Gembicky (UCSD) for the X-ray diffraction
analysis of 4.

B REFERENCES

(1) Varki, A. Sialic acids in human health and disease. Trends Mol.
Med. 2008, 14, 351.

(2) (a) Liu, Y.-C; Yen, H.-Y.; Chen, C.-Y.; Chen, C.-H.; Cheng, P.-
F.; Juan, Y.-H.; Chen, C.-H.; Khoo, K.-H.; Yu, C.-J.; Yang, P.-C.; Hsu,
T.-L.; Wong, C.-H. Sialylation and fucosylation of epidermal growth
factor receptor suppress its dimerization and activation in lung cancer
cells. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 11332. (b) Yen, H.-Y,;
Liu, Y.-C.; Chen, N.-Y,; Tsai, C.-F.; Wang, Y.-T.; Chen, Y.-J.; Hsu, T.-
L; Yang, P.-C; Wong, C.-H. Effect of sialylation on EGFR
phosphorylation and resistance to tyrosine kinase inhibition. Proc.
Natl. Acad. Sci. U. S. A. 2018, 112, 6955.

(3) (a) Ashwell, G.; Harford, J. Carbohydrate-specific receptors of
the liver. Annu. Rev. Biochem. 1982, 51, 531. (b) Weigel, P. H.; Yik, J.
H. Glycans as endocytosis signals: the cases of the asialoglycoprotein
and hyaluronan/chondroitin sulfate receptors. Biochim. Biophys. Acta,
Gen. Subj. 2002, 1572, 341.

(4) (a) Wang, Z.; Chinoy, Z. S.; Ambre, S. G.; Peng, W.; McBride,
R.; de Vries, R. P.; Glushka, J; Paulson, J. C.; Boons, G. ]J. A general
strategy for the chemoenzymatic synthesis of asymmetrically branched
N-glycans. Science 2013, 341, 379. (b) Shivatare, S. S.; Chang, S. H.;
Tsai, T. L; Tseng, S. Y.; Shivatare, V. S; Lin, Y. S.; Cheng, Y. Y.; Ren,
C. T; Lee, C. C,; Pawar, S,; Tsai, C. S.; Shih, H. W,; Zeng, Y. F,;
Liang, C. H.; Kwong, P. D.; Burton, D. R,; Wu, C. Y.; Wong, C. H.
Modular synthesis of N-glycans and arrays for the hetero-ligand
binding analysis of HIV antibodies. Nat. Chem. 2016, 8, 338. (c) Li,
L,; Liu, Y;; Ma, C; Qu, J.; Calderon, A. D.; Wu, B.; Wei, N.; Wang,
X.; Guo, Y,; Xiao, Z.; Song, J.; Sugiarto, G.; Li, Y,; Yu, H.; Chen, X,;
Wang, P. G. Efficient chemoenzymatic synthesis of an N-glycan
isomer library. Chem. Sci. 2018, 6, 5652.

(5) Li, C.; Wang, L.-X. Chemoenzymatic Methods for the Synthesis
of Glycoproteins. Chem. Rev. 2018, 118, 8359.

(6) (a) Lin, C.-W,; Tsai, M.-H,; Li, S.-T.; Tsai, T.-I.; Chu, K.-C.; Liu,
Y.-C,; Lai, M.-Y,; Wu, C.-Y,; Tseng, Y.-C.; Shivatare, S. S.; Wang, C.-
H.; Chao, P.; Wang, S.-Y.; Shih, H.-W.; Zeng, Y.-F.; You, T.-H.; Liao,
J-Y; Tu, Y.-C; Lin, Y.-S,; Chuang, H.-Y,; Chen, C.-L.; Tsai, C.-S,;
Huang, C.-C,; Lin, N.-H.; Ma, C.; Wu, C.-Y.; Wong, C.-H. A common
glycan structure on immunoglobulin G for enhancement of effector
functions. Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 10611. (b) Tsai, T.-
L; Li, S.-T.; Liu, C.-P.; Chen, K. Y,; Shivatare, S. S.; Lin, C.-W.; Liao,
S.-F; Lin, C.-W.; Hsu, T.-L.; Wu, Y.-T.; Tsai, M.-H.; Lai, M.-Y.; Lin,
N.-H,; Wu, C.-Y,; Wong, C.-H. An Effective Bacterial Fucosidase for
Glycoprotein Remodeling. ACS Chem. Biol. 2017, 12, 63. (c) Liu, C.-
P.; Tsai, T.-I; Cheng, T.; Shivatare, V. S,; Wu, C.-Y,; Wu, C.-Y,;
Wong, C.-H. Glycoengineering of antibody (Herceptin) through yeast
expression and in vitro enzymatic glycosylation. Proc. Natl. Acad. Sci.
U. S. A. 2018, 115, 720.

(7) (a) Gantt, R; Millner, S.; Binkley, S. B. Inhibition of N-
Acetylneuraminic Acid Aldolase by 3-Fluorosialic Acid. Biochemistry
1964, 3, 1952. (b) Hagiwara, T.; Kijima-Suda, L; Ido, T.; Ohrui, H.;

6487

Tomita, K. Inhibition of bacterial and viral sialidases by 3-fluoro-N-
acetylneuraminic acid. Carbohydr. Res. 1994, 263, 167. (c) Burkart, M.
D.; Zhang, Z; Hung, S.-C; Wong, C.-H. A New Method for the
Synthesis of Fluoro-Carbohydrates and Glycosides Using Selectfluor.
J. Am. Chem. Soc. 1997, 119, 11743. (d) Burkart, M. D.; Vincent, S. P.;
Wong, C.-H. An efficient synthesis of CMP-3-fluoroneuraminic acid.
Chem. Commun. 1999, 1525. (e) Burkart, M. D.; Vincent, S. P,;
Duffels, A.; Murray, B. W,; Ley, S. V.; Wong, C.-H. Chemo-enzymatic
synthesis of fluorinated sugar nucleotide: useful mechanistic probes
for glycosyltransferases. Bioorg. Med. Chem. 2000, 8, 1937. (f) Sun, X.-
L; Kanie, Y; Guo, C.-T.; Kanie, O.; Suzuki, Y; Wong, C.-H.
Syntheses of C-3-Modified Sialylglycosides as Selective Inhibitors of
Influenza Hemagglutinin and Neuraminidase. Eur. J. Org. Chem. 2000,
2000, 2643. (g) Rillahan, C. D.; Antonopoulos, A; Lefort, C. T.;
Sonon, R;; Azadi, P.; Ley, K; Dell, A;; Haslam, S. M.; Paulson, J. C.
Global metabolic inhibitors of sialyl- and fucosyltransferases remodel
the glycome. Nat. Chem. Biol. 2012, 8, 661.

(8) Ishiwata, K.; Ido, T.; Nakajima, T.; Ohrui, H.; Kijima-Suda, L;
Itoh, M. Tumor uptake study of 18F-labeled N-acetylneuraminic
acids. International journal of radiation applications and instrumenta-
tion. Int. J. Rad. Appl. Instrum. B 1990, 17, 363.

(9) (a) Watts, A. G; Damager, I; Amaya, M. L,; Buschiazzo, A,;
Alzari, P.; Frasch, A. C.; Withers, S. G. Trypanosoma cruzi Trans-
sialidase Operates through a Covalent Sialyl—Enzyme Intermediate:
Tyrosine Is the Catalytic Nucleophile. J. Am. Chem. Soc. 2003, 125,
7532. (b) Buchini, S.; Gallat, F. X;; Greig, I. R.; Kim, J. H.; Wakatsuki,
S.; Chavas, L. M.; Withers, S. G. Tuning Mechanism-Based
Inactivators of Neuraminidases: Mechanistic and Structural Insights.
Angew. Chem., Int. Ed. 2014, 53, 3382. (c) Kim, J. H,; Resende, R;
Wennekes, T.; Chen, H. M.; Bance, N.; Buchini, S.; Watts, A. G,;
Pilling, P.; Streltsov, V. A, Petricc M,; Liggins, R.; Barrett, S,;
McKimm-Breschkin, J. L.; Niikura, M.; Withers, S. G. Mechanism-
Based Covalent Neuraminidase Inhibitors with Broad-Spectrum
Influenza Antiviral Activity. Science 2013, 340, 71.

(10) Tsai, C. S.; Yen, H. Y.; Lin, M. L; Tsai, T. L; Wang, S. Y,;
Huang, W. L; Hsu, T. L,; Cheng, Y. S.; Fang, J. M.; Wong, C.-H. Cell-
permeable probe for identification and imaging of sialidases. Proc.
Natl. Acad. Sci. U. S. A. 2013, 110, 2466.

(11) (a) Chokhawala, H. A.; Cao, H.; Yu, H.; Chen, X. Enzymatic
Synthesis of Fluorinated Mechanistic Probes for Sialidases and
Sialyltransferases. J. Am. Chem. Soc. 2007, 129, 10630. (b) McArthur,
J. B; Yu, H; Zeng, J; Chen, X. Converting Pasteurella multocida
a2,3-sialyltransferase 1 (PmST1) to a regioselective a2,6-sialyltrans-
ferase by saturation mutagenesis and regioselective screening. Org.
Biomol. Chem. 2017, 15, 1700.

(12) Petrie, C. R.; Sharma, M.; Simmons, O. D Korytnyk, W.
Synthesis of analogs of N-acetylneuraminic acid and their effect on
CMP-sialate synthase. Carbohydr. Res. 1989, 186, 326.

(13) Nakajima, T.; Hori, H,; Ohrui, H; Meguro, H; Ido, T.
Synthesis of N-Acetyl-3-fluoro-neuraminic Acids. Agric. Biol. Chem.
1988, 52, 1209.

(14) Watts, A. G.; Withers, S. G. The synthesis of some mechanistic
probes for sialic acid processing enzymes and the labeling of a
sialidase from Trypanosoma rangeli. Can. J. Chem. 2004, 82, 1581.

(15) During the preparation of this manuscript, the Gilmour group
reported synthesis of 3F*-NeuSAc-a2,6-Glc disaccharide using
perbenzylated 3F*-NeuSAc pf-phosphite donor Hayashi, T.; Kehr,
G.; Gilmour, R. Stereospecific a-sialylation by site-selective
fluorination. Angew. Chem., Int. Ed. 2019, 58, 3814.

(16) Okamoto, K.; Kondo, T.; Goto, T. An effective synthesis of a-
glycosides of N-acetylneuraminic acid derivatives by use of 2-deoxy-
2f-halo-3f-hydroxy-4,7,8,9-tetra-O-acetyl-N-acetylneuraminic acid
methyl ester. Tetrahedron 1987, 43, 5919.

(17) The reagents screened: DAST, PyFlour, Deoxo-fluor, TFFH,
PhenofluorTM, and XtalFluor-M (Table S3, SI).

(18) Bennua-Skalmowski, B.; Vorbriiggen, H. A facile conversion of
primary or secondary alcohols with n-perfluorobutane-sulfonyl
fluoride/1,8-diazabicyclo[5.4.0Jundec-7-ene into their corresponding
fluorides. Tetrahedron Lett. 1995, 36, 2611.

DOI: 10.1021/jacs.9b01991
J. Am. Chem. Soc. 2019, 141, 6484—6488


http://orcid.org/0000-0001-9906-0975
http://orcid.org/0000-0002-1657-4311
http://orcid.org/0000-0002-8355-6017
http://orcid.org/0000-0002-5233-4454
http://orcid.org/0000-0002-9961-7865
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01991/suppl_file/ja9b01991_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b01991

Journal of the American Chemical Society

Communication

(19) Cao, H; Li, Y,; Lau, K; Muthana, S; Yu, H; Cheng, J;
Chokhawala, H. A.; Sugiarto, G.; Zhang, L.; Chen, X. Sialidase
substrate specificity studies using chemoenzymatically synthesized
sialosides containing CS-modified sialic acids. Org. Biomol. Chem.
2009, 7, 5137.

6488

DOI: 10.1021/jacs.9b01991
J. Am. Chem. Soc. 2019, 141, 6484—6488


http://dx.doi.org/10.1021/jacs.9b01991

