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Direct and Regioselective Di-a-fucosylation on the Secondary Rim
of b-Cyclodextrin

Stella A. Verkhnyatskaya,[a] Alex H. de Vries,[b] Elmatine Douma-de Vries,[a] Renze J. L. Sneep,[a]

and Marthe T. C. Walvoort*[a]

Abstract: A straightforward glycosylation method is de-

scribed to regio- and stereoselectively introduce two a-l-

fucose moieties directly to the secondary rim of b-cyclodex-
trin. Using NMR and MS fragmentation studies, the nonasac-

charide structure was determined, which was also visualized

using molecular dynamics simulations. The reported

glycosylation method proved to be robust on gram-scale,
and may be generally applied to directly glycosylate b-cyclo-
dextrins to make well-defined multivalent glycoclusters.

Introduction

Carbohydrate–protein and carbohydrate–carbohydrate interac-

tions are central to many biological processes in all domains of
life, including glycoprotein folding, cell signaling, immuno-

modulation, and host-pathogen binding.[1] Generally, these in-
teractions are highly multivalent in character, and distinct car-

bohydrate moieties spaced at specific distances are essential
for productive binding.[2] This “multivalency effect” has inspired

the design of glycoconjugate clusters based on polymers,[3]

nanoparticles,[4] cyclodextrins[5, 6] and calixarenes,[7] amongst
others, to which a plethora of different glycans are attached.[8]

Interestingly, amongst the various attachment methods and
linkers, the natural glycosidic linkage is virtually absent. In-

stead, glycans are often attached through a peptide, thioester,
or triazole moiety.

In our on-going program to generate purely carbohydrate-

based inhibitors of host–pathogen interactions for clinical and
food applications, we set out to glycosylate cyclodextrins (CDs)
directly with l-fucose moieties. Cyclodextrins are cyclic oligo-
saccharides consisting of six, seven, or eight a-(1!4)-d-gluco-

side moieties, to give the so-called a-, b-, and g-CDs, respec-
tively. Owing to their non-toxic nature, CDs are generally re-

garded as safe (GRAS) and have received widespread attention

in food, agriculture, cosmetics, and pharmacy. As depicted in
Scheme 1, CDs generally adopt the shape of a truncated cone,

which has the C-6 hydroxyls on the top (primary rim) and the
C-2 and C-3 hydroxyls on the bottom of the cone (secondary

rim, Scheme 1).[9] Most examples of chemically synthesized gly-
coclusters display the glycans on the primary rim,[10–17] and

only a few examples are reported of direct glycosylation of the
C6 hydroxyls.[18–21] Alternatively, enzymatic transglycosylation

strategies resulted in the formation of a mixture of multiply
glycosylated CDs, bearing a-galactosyl units on the C-2 or C-6
position of the glucosides.[22, 23] When two or more glycoside

units were introduced, low regioselectivity was observed. Thus,
application of chemical modifications allows for better control

over the substitution pattern of CD.
Interestingly, due to the primary alcohols, the primary rim is

considered conformationally more flexible, resulting in a re-

duced effective diameter. In contrast, the alcohols on the sec-
ondary rim are sterically more constrained and less flexible, po-

sitioning the substituents in a well-defined manner. For the
generation of multivalent CD-based glycoclusters, it is highly

desirable to have a method to directly glycosylate the second-
ary rim. The main challenges associated with directly glycosyl-

Scheme 1. b-CD cone representation and schematic depiction of secondary
rim a-fucosylation.
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ating cyclodextrins arise from the lack of discrimination be-
tween the chemically similar hydroxyls on both rims, and the

complicated characterization of the resulting products. Illustra-
tive of the first challenge are the seminal reports from Sollo-

goub and co-workers that deal with the discrimination be-
tween the primary hydroxyls to install different functionali-

ties.[24] Also, several methods exist to regioselectively introduce
or remove one[25] or two[26–32] protecting groups on the primary
rim. To the best of our knowledge, methods to regioselectively

liberate hydroxyls on the secondary rim are scarce, with one
example reported for permethylated CD.[33] Herein, we report
the stereoselective di-a-fucosylation of b-CD on two C-3 posi-
tions of the secondary rim. l-Fucose is selected as multivalent

CD decoration for its central role in biological glycans,[34–36]

where it is attached to blood group antigens, the complex N-

glycan of glycoproteins, and human milk oligosaccharides,

among others. Fucosylated glycans have shown to block the
intestinal adhesion of pathogenic bacteria such as Salmonella

enterica[37] and Escherichia coli,[38] and this makes multivalent
fucosylated scaffolds interesting targets for novel antimicrobial

therapies.

Results and Discussion

Our method makes use of a b-CD ring (compound 4) that has
the C-3 hydroxyl groups of each glucoside unit available. The

synthesis of the acceptors started with perbenzylation of com-

mercially available a- and b-CD, providing the protected CDs 1
and 2 in high yield (Scheme 2).[29] These were then subjected

to Et3SiH/I2
[39, 40] to regioselectively liberate all C-3 hydroxyls to

give acceptors 3 and 4, having six and seven free hydroxyls, re-
spectively. For the a-fucosylation of these acceptors, reported
thio-fucoside donor 5 was utilized (Scheme 3). While the ste-

reoselective introduction of multiple a-fucosidic bonds simul-
taneously remains a challenging endeavor, this donor has

proven to provide robust a-fucosylation in other glycan syn-
theses.[41] The first glycosylation experiment was performed

using 1.15 equivalents of donor 5 per hydroxyl (total : 6.9 equiv
for a-CD, 8.05 equiv for b-CD), which was treated with pre-acti-

vation conditions (Ph2SO/Tf2O) at @80 8C (Scheme 3).[42] After

complete donor activation, the CD acceptor was added and
the reaction was left to proceed at @80 8C overnight, after

which time the products were analyzed by UPLC-UV/MS (C4
column). To our surprise, the mixture of products from the a-

CD acceptor 3 contained more than 55 % of the twice fucosyl-
ated octasaccharide, albeit a mixture of three isomers (peak f =

2, Figure 1 A, and Figure S1 A). The coupling constants of the
anomeric fucose H1 signals indicated that the fucosidic linkage

was formed stereoselectively, eliminating the possibility that

the mixture of octasaccharides resulted from erosion of stereo-
selectivity (Figure S2). In addition, a significant amount of the

(1!1’)-fucosyl disaccharide was isolated, probably resulting
from donor hydrolysis and subsequent glycosylation, highlight-

ing the poor reactivity of the CD acceptor. Interestingly, similar
experimental conditions with the b-CD acceptor 4 also gave

the twice fucosylated nonasaccharide 9 as the major product

(50 %), but it appeared as a single peak in the UPLC chromato-
gram, suggesting the formation of one major nonasaccharide

isomer (Figure 1 B). The a-stereoselectivity of the newly formed
glycosidic bonds was confirmed by 1H NMR (J1-2 = 4.0 Hz). To

simplify the characterization of the nonasaccharide product,
compound 9 was isolated by preparative HPLC (20 % isolated
yield), and all benzyl protecting groups were removed by hy-

drogenolysis using Pd/C in THF/H2O to give product 10 (80 %).
To elucidate the structure of the major nonasaccharide,

three different regioisomers were considered (Figure S1 B): fu-
Scheme 2. Synthesis of acceptors 3 and 4.

Scheme 3. Fucosylation of CD acceptors 3 and 4, and synthesis of 2Fuc-b-
CD nonasaccharide 10 (numbering of Glc residues is given in blue).

Figure 1. UPLC-UV traces of fucosylated CDs after size-exclusion chromatog-
raphy: A) Fuc-a-CDs, B) Fuc-b-CDs.
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cosides on the 3-OH positions of neighboring glucoside units
(termed 3A,3B), two Fuc-Glc motifs separated by one unmodi-

fied glucoside (3A,3C), and two Fuc-Glc motifs separated by
two unmodified glucose residues (3A,3D). We commenced our

characterization efforts with NMR on the purified sample. Sig-
nals arising from H-1, H-2 and H-3 within the ring of several

Glc and Fuc units were identified with 1H NMR, COSY and
TOCSY experiments for each residue (see the Supporting Infor-
mation). HSQC in combination with HMBC experiments provid-

ed the clear identification of the C-3 signals of the two Glc
units to which a fucoside was attached. The latter signals shift-

ed significantly downfield in HSQC as compared to the non-
modified Glc-C3 signals (from 73.2–72.6 ppm to 77.4 and
77.2 ppm, Figure S11) and had a cross-peak with H-1 of fucoses
in HMBC spectrum (Figure 2 B, cross-peak A).

Also using HMBC analysis, we identified the C4 signals of
the modified Glc residues (Figure 2, bond and cross-peak B). In-
terestingly, these C4 signals had a cross-peak to H1 of a non-

modified glucose residue (Figure 2 A, bond C) indicating the
presence of a non-fucosylated Glc residue linked to each of

the Fuc-a(1!3)-Glc motifs, eliminating the possibility of the
3A,3B regioisomer (see the Supporting Information for a de-

tailed explanation). However, further proof to determine the

relative positions of the other unmodified Glc residues re-
mained difficult to obtain, since many Glc signals overlapped.

Also comparing it to the singly fucosylated b-CD, isolated from
HPLC (BnFuc1-bCD, see SI), did not aid in the characterization.

Next, we turned our attention to mass spectrometry frag-
mentation studies.[43] Ionization of fucosylated glycans in posi-

tive mode is notoriously prone to allow migration of the fuco-
sides to neighboring residues upon MS analysis of intact pro-

tonated glycan ions, as recently highlighted by Seeberger and
co-workers.[44] In contrast, the analysis of the deprotonated

species formed with negative-mode ionization reduces the oc-
currence of side-reactions.[45, 46] Therefore, HILIC chromatogra-

phy in combination with MS in negative ion-mode was applied
to fucosylated cyclodextrin 10, and parent masses of m/z 1425
[M@H]@ and 712 [M@2H]2@ were observed (Figure S3). Next,

fragmentation of the double charged ion was optimized, re-
sulting in cross-ring fragmentations predominantly. In general,
the CD ring is first opened to form linear parent ions, which
will then undergo cross-ring fragmentations (Figure 3 A).[47, 48]

The observation of the consecutive 2,4A fragments 11, 13, 15,
17, 19 and 21 confirms the presence of two glucoside units

between the fucosylated residues, as in the 3A,3D type of

modification (Figure 3 B). Additionally, the m/z values corre-
sponding to the 0,2A and 0,2X fragments 23, 25, 26, 27 and 28
support the 3A,3D substitution pattern by demonstrating evi-
dence of three glucosides between the Glc-Fuc moieties (see

the Supporting Information for more details). Specific frag-
ments corresponding to the 3A,3C substitution pattern were

not observed.

The clear regioselectivity of fucosylation on b-CD encour-
aged the optimization of the reaction conditions to increase
the yield of the twice fucosylated product 9. The reaction
times and temperatures were varied, while keeping the equiva-
lents of donor 5, acceptor 4, Tf2O, Ph2SO and TTBP unchanged
(Table S1). First, conditions were changed towards a shorter re-

action time and higher temperature: @70 8C for 3 hours (com-

pared to @80 8C overnight). These conditions provided a mix-
ture containing 33 % of the di-fucosylated product. However,

the formation of higher fucosylated compounds, that is, tetra-
and pentafucosylation, had significantly increased. Next, the re-

action was started at @80 8C followed by warming the mixture
to different temperatures (@70, @60 and @50 8C), resulting in

Figure 2. A) Fragment of the structure of compound 10 with the identified
cross-peaks H1Fuc!C3Glc (A, green bond), H3Glc!C4Glc (B, red bond), and
C4Glc!2 V H1Glc“ (C, blue bond). B) Fragment of the HMBC NMR of 10.

Figure 3. A) Fragmentation pattern of two possible parent ions. B) Low-reso-
lution MS/MS spectrum of nonasaccharide 10 (region from m/z 500 to 1150)
measured on LCQ Fleet mass spectrometer (Thermo Fisher Scientific) in
combination with an ion-trap.
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short reaction times (10–30 minutes). Quenching the reaction
at @70 8C resulted in 35 % of the nonasaccharide, while a sig-

nificant amount of unreacted acceptor was still present (19 %)
together with monofucosylated Fuc1-b-CD product (24 %). In-

creasing the temperature to @60 8C provided 57 % of the de-
sired di-fucosylated product, while quenching the reaction at

@50 8C led to a reduced contribution of difucosylated product
(35 %). As a result, the highest yield of nonasaccharide 9 was

observed when the reaction was neutralized at @60 8C, and

these conditions were used to a-fucosylate the b-cyclodextrin
acceptor on a large scale (1 g, 0.42 mmol, Table S1, entry 6).

These optimized conditions provided a mixture of fucosylat-
ed CDs in 95 % yield containing 61 % of nonasaccharide, which

could be purified by preparative HPLC (purity >90 %), or by
regular flash column chromatography, providing nonasaccha-
ride 9 in 67 % isolated yield and in 69 % purity. After global de-

protection, 275 mg of compound 10 was obtained (75 %).
Structural information of the fucoside positioning in space is

important to rationalize future carbohydrate–lectin binding, so
in an effort to understand the spatial arrangement of di-fuco-

sylated b-CD 10, molecular dynamics (MD) simulations were
performed. Since a recent comprehensive study of native CDs

in water showed that structural and dynamic properties may

differ depending on the choice of force field,[49] two different
force fields, that is, GROMOS 53A6[50] and Q4MD,[51] were used

in combination with the GROMACS simulation package.[52] In
contrast to what is commonly assumed, the cyclodextrin cone

is quite flexible, especially in protic solvents.[53]

This is apparent from the tumbling of glucoside units, which

bend outwards and distort the conical shape and the hydro-

gen-bonding network.[49] Indeed, our analysis reveals that spe-
cifically the fucosylated glucoside units show enhanced rota-

tion and increased chair flexibility. These tilted states are not
frequent, but are stable over several nanoseconds (Figure S4).

The tilting of the cyclodextrin ring sugars is more pronounced
upon fucosylation (Figure 4), which can be seen from the en-

hanced probability of finding the dihedral angles connecting

Glc units G-A (blue dashed line) and C-D (orange dashed line)
at values of 60–90 degrees away from the main peak. Both

force fields show this effect, but the Q4MD force field shows it
more strongly, which is a reflection of the larger conformation-
al flexibility found using this force field. This flexibility is also
apparent from the wider distributions of the dihedral angles

(Figure 4 C), and is discussed in more detail in the Supporting
Information. The conformations visited during the simulations
were grouped into distinguishable conformational states (so-
called clusters) by cluster analysis (for details, see SI). Consider-
ing the most abundant conformations (Figure S5), the fuco-

sides are attached to a canonical CD ring and prefer to be
slightly tilted inward or outward with respect to the CD cavity.

The distance between the two centers of the fucosides is
peaked at &7 a, but the groups can occasionally be considera-
bly closer at &5 a, or more distant depending on the tumbling

of sugar rings and rotations of the fucoses with respect to the
b-CD barrel wall (Figure S6).

In an effort to confirm the structural representation from
MD simulations with NMR analysis, NOE intensities were calcu-

lated (see the Supporting Information for a detailed descrip-

tion). The MD simulations suggested the presence of weak

NOE signals that reflect the conformational flexibility of nona-
saccharide 10, in particular regarding the different orientations

of the fucosides. The H-atoms on the fucose C5 and C6 posi-
tions (H5FucA,D and H6FucA,D) are relatively close to the H-atom
on C3 of the upstream glucoside (H3GG,C) in many of the most
populated clusters (Figures S7 and S8). The closest distance be-

tween H5FucA,D and H3GG,C is &1.9 a in the most populated
cluster, and the closest distance between the H6FucA,D and
H3GG,C is &2 a. The H-atoms involved in these expected NOE

signals are highlighted in the representative structure of the
most populated conformational cluster in Figure 5 A. Excitingly,

these NOE cross-peaks were indeed observed experimentally
in the NOESY spectrum as shown in Figure 5 B, supporting the

dynamical ensemble observed in the MD simulations. The MD

analysis also suggests that the bending of the Fuc rings away
from the CD barrel is associated with an enhanced chair flexi-

bility of the substituted Glc rings (residues A and D). The rela-
tively low 3J couplings of 8.3 Hz measured for these Glc H3 hy-

drogens in compound 10, as compared to 9.5 Hz for the H-3
signals in natural b-CD, are consistent with the MD simulation,

Figure 4. Comparison of the distribution of dihedral angles between two
neighboring Glc residues within the b-CD rings between b-CD and nonasac-
charide 10. (A) The O5-C1-C4-C5 dihedral angles connecting the ring Glc res-
idues. Dihedral angle distributions for natural b-CD are depicted with solid
lines and fucosylated b-CD 10 with dashed lines, using both the GROMOS
force field (B) and the Q4MD force field (C).
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and support the contribution of the unfavored 1C4 conformer
(see SI).[54] The MD analysis shown here should be taken as

qualitative: the dynamics of the conformational changes is

slow on the MD time-scale, and it is not possible to extract
converged thermodynamic (equilibrium) data from the exten-

sive simulations of 4 microseconds.

Conclusions

This report presents the regioselective 3A,3D-fucosylation of
the secondary rim of semi-protected b-CD, which proved to be

robust, reproducible, and scalable. In natural glycans, such as
HMOs, the fucosides are often separated by non-fucosylated

carbohydrate residues, making this 3A,3D pattern a highly rele-
vant mimic. While the regioselective 6A,6D substitution of CDs

is well-developed for decoration of the primary rim,[29, 55] only
limited examples of di-substitutions on the secondary rim
exist,[56] and none of these examples covers a direct glycosyla-

tion reaction. We propose that the regioselectivity observed
here arises from the kinetic conditions employed in the glyco-

sylation reaction, that is, low temperatures and short reaction
times. This may drive the reaction to yield the least sterically

hindered 3A,3D nonasaccharide as the kinetic product of the

reaction. We hypothesize that the remarkable regioselectivity
observed for the b-, but not for the a-CD, is likely to depend

on the size of the CD ring. MD simulations to corroborate this
hypothesis are currently underway.

Acknowledgements

We acknowledge Dr. Johan Kemmink for his help with measur-

ing the NMR spectra, and Dr. Sander van Leeuwen for his assis-
tance in characterizing the products. M.T.C.W. acknowledges fi-

nancial support from the European Union through the Rosa-
lind Franklin Fellowship COFUND project 600211.

Conflict of interest

The authors declare no conflict of interest.

Keywords: beta-cyclodextrin · fucosylation · mass

fragmentation · molecular dynamics simulations ·
regioselectivity

[1] A. Varki, Glycobiology 2017, 27, 3 – 49.
[2] C. Meller, G. Despras, T. K. Lindhorst, Chem. Soc. Rev. 2016, 45, 3275 –

3302.
[3] A. M. Wands, J. Cervin, H. Huang, Y. Zhang, G. Youn, C. A. Brautigam,

M. M. Dzebo, P. Bjorklund, V. Wallenius, D. K. Bright, C. S. Bennett, P. Wit-
tung-Stafshede, N. S. Sampson, U. Yrlid, J. J. Kohler, ACS Infect. Dis.
2018, 4, 758 – 770.

[4] C. Lin, Y. Yeh, C. Yang, C. Chen, G. Chen, C. Chen, Y. Wu, J. Am. Chem.
Soc. 2002, 124, 3508 – 3509.

[5] D. Fulton, J. Stoddart, Bioconjugate Chem. 2001, 12, 655 – 672.
[6] A. Mart&nez, C. Ortiz Mellet, J. M. Garc&a Fern#ndez, Chem. Soc. Rev.

2013, 42, 4746 – 4773.
[7] L. Baldini, A. Casnati, F. Sansone, R. Ungaro, Chem. Soc. Rev. 2007, 36,

254 – 266.
[8] A. Bernardi, J. Jimenez-Barbero, A. Casnati, C. De Castro, T. Darbre, F. Fi-

eschi, J. Finne, H. Funken, K. Jaeger, M. Lahmann, T. K. Lindhorst, M.
Marradi, P. Messner, A. Molinaro, P. V. Murphy, C. Nativi, S. Oscarson, S.
Penades, F. Peri, R. J. Pieters, O. Renaudet, J. Reymond, B. Richichi, J.
Rojo, F. Sansone, C. Schaeffer, W. B. Turnbull, T. Velasco-Torrijos, S. Vidal,
S. Vincent, T. Wennekes, H. Zuilhof, A. Imberty, Chem. Soc. Rev. 2013, 42,
4709 – 4727.

[9] J. Szejtli, Chem. Rev. 1998, 98, 1743 – 1753.
[10] M. Gjmez-Garc&a, J. M. Benito, A. P. Butera, C. Ortiz Mellet, J. M. Garc&a

Fern#ndez, J. L. Jim8nez Blanco, J. Org. Chem. 2012, 77, 1273 – 1288.
[11] J. Benito, M. Gjmez-Garc&a, C. Mellet, I. Baussanne, J. Defaye, J. M.

Garc&a Fern#ndez, J. Am. Chem. Soc. 2004, 126, 10355 – 10363.
[12] G. J. L. Bernardes, R. Kikkeri, M. Maglinao, P. Laurino, M. Collot, S. Y.

Hong, B. Lepenies, P. H. Seeberger, Org. Biomol. Chem. 2010, 8, 4987 –
4996.

[13] J. Bouckaert, Z. Li, C. Xavier, M. Almant, V. Caveliers, T. Lahoutte, S. D.
Weeks, J. Kovensky, S. G. Gouin, Chem. Eur. J. 2013, 19, 7847 – 7855.

[14] C. Carpenter, S. Nepogodiev, Eur. J. Org. Chem. 2005, 3286 – 3296.
[15] A. D&az-Moscoso, N. Guilloteau, C. Bienvenu, A. M8ndez-Ardoy, J. L. Ji-

m8nez Blanco, J. M. Benito, L. Le Gourri8rec, C. Di Giorgio, P. Vierling, J.

Figure 5. A) Characteristic conformation of 10 with H-5Fuc, H-6Fuc and H-3Glc highlighted as black spheres for close contact between fucose on Glc(A) and
Glc(G) (fucoside C-atoms are shown in dark blue). B) Observed NOE of H-5Fuc(A,D)!H-3Glc (G,C.)

Chem. Eur. J. 2019, 25, 6722 – 6727 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6726

Full Paper

https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1039/C6CS00165C
https://doi.org/10.1039/C6CS00165C
https://doi.org/10.1039/C6CS00165C
https://doi.org/10.1021/acsinfecdis.7b00085
https://doi.org/10.1021/acsinfecdis.7b00085
https://doi.org/10.1021/acsinfecdis.7b00085
https://doi.org/10.1021/acsinfecdis.7b00085
https://doi.org/10.1021/ja0200903
https://doi.org/10.1021/ja0200903
https://doi.org/10.1021/ja0200903
https://doi.org/10.1021/ja0200903
https://doi.org/10.1021/bc0100410
https://doi.org/10.1021/bc0100410
https://doi.org/10.1021/bc0100410
https://doi.org/10.1039/c2cs35424a
https://doi.org/10.1039/c2cs35424a
https://doi.org/10.1039/c2cs35424a
https://doi.org/10.1039/c2cs35424a
https://doi.org/10.1039/B603082N
https://doi.org/10.1039/B603082N
https://doi.org/10.1039/B603082N
https://doi.org/10.1039/B603082N
https://doi.org/10.1039/C2CS35408J
https://doi.org/10.1039/C2CS35408J
https://doi.org/10.1039/C2CS35408J
https://doi.org/10.1039/C2CS35408J
https://doi.org/10.1021/cr970022c
https://doi.org/10.1021/cr970022c
https://doi.org/10.1021/cr970022c
https://doi.org/10.1021/jo201797b
https://doi.org/10.1021/jo201797b
https://doi.org/10.1021/jo201797b
https://doi.org/10.1021/ja047864v
https://doi.org/10.1021/ja047864v
https://doi.org/10.1021/ja047864v
https://doi.org/10.1039/c0ob00372g
https://doi.org/10.1039/c0ob00372g
https://doi.org/10.1039/c0ob00372g
https://doi.org/10.1002/chem.201204015
https://doi.org/10.1002/chem.201204015
https://doi.org/10.1002/chem.201204015
https://doi.org/10.1002/ejoc.200500146
https://doi.org/10.1002/ejoc.200500146
https://doi.org/10.1002/ejoc.200500146
http://www.chemeurj.org


Defaye, C. Ortiz Mellet, J. M. Garc&a Fern#ndez, Biomaterials 2011, 32,
7263 – 7273.

[16] M. Gjmez-Garc&a, J. M. Benito, D. Rodr&guez-Lucena, J. X. Yu, K. Chmur-
ski, C. O. Mellet, R. G. Gallego, A. Maestre, J. Defaye, J. M. Garc&a Fern#n-
dez, J. Am. Chem. Soc. 2005, 127, 7970 – 7971.

[17] C. Ortiz-Mellet, J. M. Benito, J. M. Garc&a Fern#ndez, H. Law, K. Chmurski,
J. Defaye, M. L. O’Sullivan, H. N. Caro, Chem. Eur. J. 1998, 4, 2523 – 2531.

[18] N. Nakanishi, Y. Nagafuchi, K. Koizumi, J. Carbohydr. Chem. 1994, 13,
981 – 990.

[19] Y. Nishi, T. Tanimoto, Biosci. Biotechnol. Biochem. 2009, 73, 562 – 569.
[20] M. Kimura, Y. Masui, Y. Shirai, C. Honda, K. Moriwaki, T. Imai, U. Takagi, T.

Kiryu, T. Kiso, H. Murakami, H. Nakano, S. Kitahata, E. Miyoshi, T. Tanimo-
to, Carbohydr. Res. 2013, 374, 49 – 58.

[21] T. Nakagawa, Y. Nishi, A. Kondo, Y. Shirai, C. Honda, M. Asahi, T. Tanimo-
to, Carbohydr. Res. 2011, 346, 1792 – 1800.

[22] K. Hamayasu, K. Fujita, K. Hara, H. Hashimoto, T. Tanimoto, K. Koizumi,
H. Nakano, S. Kitahata, Biosci. Biotechnol. Biochem. 1999, 63, 1677 –
1683.

[23] K. Koizumi, T. Tanimoto, Y. Okada, K. Hara, K. Fujita, H. Hashimoto, S. Ki-
tahata, Carbohydr. Res. 1995, 278, 129 – 142.

[24] B. Wang, E. Zaborova, S. Guieu, M. Petrillo, M. Guitet, Y. Bleriot, M.
Menand, Y. Zhang, M. Sollogoub, Nat. Commun. 2014, 5, 5354.

[25] H. Law, J. M. Benito, J. M. Garcia Fernandez, L. Jicsinszky, S. Crouzy, J.
Defaye, J. Phys. Chem. B 2011, 115, 7524 – 7532.

[26] M. Jouffroy, R. Gramage-Doria, D. Armspach, D. Matt, L. Toupet, Chem.
Commun. 2012, 48, 6028 – 6030.

[27] S. Guieu, M. Sollogoub, Angew. Chem. Int. Ed. 2008, 47, 7060 – 7063;
Angew. Chem. 2008, 120, 7168 – 7171.

[28] R. Gramage-Doria, D. Rodriguez-Lucena, D. Armspach, C. Egloff, M.
Jouffroy, D. Matt, L. Toupet, Chem. Eur. J. 2011, 17, 3911 – 3921.

[29] T. Lecourt, A. Herault, A. J. Pearce, M. Sollogoub, P. Sinay, Chem. Eur. J.
2004, 10, 2960 – 2971.

[30] A. J. Pearce, P. Sinay, Angew. Chem. Int. Ed. 2000, 39, 3610 – 3612; Angew.
Chem. 2000, 112, 3756 – 3758.

[31] R. Ghosh, P. Zhang, A. Wang, C. Ling, Angew. Chem. Int. Ed. 2012, 51,
1548 – 1552; Angew. Chem. 2012, 124, 1580 – 1584.

[32] S. Srinivasachari, T. M. Reineke, Biomaterials 2009, 30, 928 – 938.
[33] S. Xiao, M. Yang, P. Sinay, Y. Bleriot, M. Sollogoub, Y. Zhang, Eur. J. Org.

Chem. 2010, 1510 – 1516.
[34] A. Imberty, E. Mitchell, M. Wimmerova, Curr. Opin. Struct. Biol. 2005, 15,

525 – 534.
[35] D. Becker, J. Lowe, Glycobiology 2003, 13, 41R – 53R.
[36] J. Li, H. Hsu, J. D. Mountz, J. G. Allen, Cell Chem. Biol. 2018, 25, 499 –

512.
[37] D. Chessa, M. G. Winter, M. Jakomin, A. J. Baeumler, Mol. Microbiol.

2009, 71, 864 – 875.
[38] J. E. Becerra, J. M. Coll-Marques, J. Rodriguez-Diaz, V. Monedero, M. J.

Yebra, Appl. Microbiol. Biotechnol. 2015, 99, 7165 – 7176.

[39] A. Pastore, S. Valerio, M. Adinolfi, A. Iadonisi, Chem. Eur. J. 2011, 17,
5881 – 5889.

[40] M. Guitet, S. A. de Beaumais, Y. Bleriot, B. Vauzeilles, Y. Zhang, M.
Menand, M. Sollogoub, Carbohydr. Res. 2012, 356, 278 – 281.

[41] F. Burkhart, Z. Y. Zhang, S. Wacowich-Sgarbi, C. H. Wong, Angew. Chem.
Int. Ed. 2001, 40, 1274 – 1277; Angew. Chem. 2001, 113, 1314 – 1317.

[42] J. D. C. Cod8e, R. E. J. N. Litjens, R. den Heeten, H. S. Overkleeft, J. H. van
Boom, G. A. van der Marel, Org. Lett. 2003, 5, 1519 – 1522.

[43] M. J. Kailemia, L. R. Ruhaak, C. B. Lebrilla, I. J. Amster, Anal. Chem. 2014,
86, 196 – 212.

[44] E. Mucha, M. Lettow, M. Marianski, D. A. Thomas, W. B. Struwe, D. J.
Harvey, G. Meijer, P. H. Seeberger, G. von Helden, K. Pagel, Angew. Chem.
Int. Ed. 2018, 57, 7440 – 7443; Angew. Chem. 2018, 130, 7562 – 7565.

[45] M. Wuhrer, A. M. Deelder, Y. E. M. van der Burgt, Mass Spectrom. Rev.
2011, 30, 664 – 680.

[46] M. Wuhrer, C. Koeleman, C. Hokke, A. Deelder, Rapid Commun. Mass
Spectrom. 2006, 20, 1747 – 1754.

[47] Y. Liu, D. Clemmer, Anal. Chem. 1997, 69, 2504 – 2509.
[48] J. Carroll, L. Ngoka, C. Beggs, C. Lebrilla, Anal. Chem. 1993, 65, 1582 –

1587.
[49] J. Gebhardt, C. Kleist, S. Jakobtorweihen, N. Hansen, J Phys Chem. B

2018, 122, 1608 – 1626.
[50] C. Oostenbrink, A. Villa, A. E. Mark, W. F. Van Gunsteren, J. Comput.

Chem. 2004, 25, 1656 – 1676.
[51] C. C8zard, X. Trivelli, F. Aubry, F. Djedaini-Pilard, F. Dupradeau, Phys.

Chem. Chem. Phys. 2011, 13, 15103 – 15121.
[52] “GROMACS: High performance molecular simulations through multi-

level parallelism from laptops to supercomputers”: M. J. Abraham, T.
Murtola, R. Schulz, S. P#ll, J. C. Smith, B. Hess, E. Lindahl, SoftwareX
2015, 1, 19 – 25.

[53] W. Khuntawee, M. Karttunen, J. Wong-ekkabut, Phys. Chem. Chem. Phys.
2017, 19, 24219 – 24229.

[54] T. Klepach, H. Zhao, X. Hu, W. Zhang, R. Stenutz, M. J. Hadad, I. Carmi-
chael, A. S. Serianni, Informing Saccharide Structural NMR Studies with
Density Functional Theory Calculations, Springer, New York, 2015,
pp. 289 – 331.

[55] M. Petrillo, L. Marinescu, M. Bols, J. Inclusion Phenom. Macrocyclic Chem.
2011, 69, 425 – 431.

[56] A. R. Khan, P. Forgo, K. J. Stine, V. T. D’Souza, Chem. Rev. 1998, 98, 1977 –
1996.

Manuscript received: December 7, 2018

Revised manuscript received: February 15, 2019

Accepted manuscript online: February 22, 2019

Version of record online: March 21, 2019

Chem. Eur. J. 2019, 25, 6722 – 6727 www.chemeurj.org T 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6727

Full Paper

https://doi.org/10.1016/j.biomaterials.2011.06.025
https://doi.org/10.1016/j.biomaterials.2011.06.025
https://doi.org/10.1016/j.biomaterials.2011.06.025
https://doi.org/10.1016/j.biomaterials.2011.06.025
https://doi.org/10.1021/ja050934t
https://doi.org/10.1021/ja050934t
https://doi.org/10.1021/ja050934t
https://doi.org/10.1002/(SICI)1521-3765(19981204)4:12%3C2523::AID-CHEM2523%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3765(19981204)4:12%3C2523::AID-CHEM2523%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-3765(19981204)4:12%3C2523::AID-CHEM2523%3E3.0.CO;2-2
https://doi.org/10.1080/07328309408011840
https://doi.org/10.1080/07328309408011840
https://doi.org/10.1080/07328309408011840
https://doi.org/10.1080/07328309408011840
https://doi.org/10.1271/bbb.80609
https://doi.org/10.1271/bbb.80609
https://doi.org/10.1271/bbb.80609
https://doi.org/10.1016/j.carres.2013.03.022
https://doi.org/10.1016/j.carres.2013.03.022
https://doi.org/10.1016/j.carres.2013.03.022
https://doi.org/10.1016/j.carres.2011.06.013
https://doi.org/10.1016/j.carres.2011.06.013
https://doi.org/10.1016/j.carres.2011.06.013
https://doi.org/10.1271/bbb.63.1677
https://doi.org/10.1271/bbb.63.1677
https://doi.org/10.1271/bbb.63.1677
https://doi.org/10.1016/0008-6215(95)00240-0
https://doi.org/10.1016/0008-6215(95)00240-0
https://doi.org/10.1016/0008-6215(95)00240-0
https://doi.org/10.1021/jp2035345
https://doi.org/10.1021/jp2035345
https://doi.org/10.1021/jp2035345
https://doi.org/10.1039/c2cc31302b
https://doi.org/10.1039/c2cc31302b
https://doi.org/10.1039/c2cc31302b
https://doi.org/10.1039/c2cc31302b
https://doi.org/10.1002/anie.200801573
https://doi.org/10.1002/anie.200801573
https://doi.org/10.1002/anie.200801573
https://doi.org/10.1002/ange.200801573
https://doi.org/10.1002/ange.200801573
https://doi.org/10.1002/ange.200801573
https://doi.org/10.1002/chem.201002541
https://doi.org/10.1002/chem.201002541
https://doi.org/10.1002/chem.201002541
https://doi.org/10.1002/chem.200305683
https://doi.org/10.1002/chem.200305683
https://doi.org/10.1002/chem.200305683
https://doi.org/10.1002/chem.200305683
https://doi.org/10.1002/1521-3773(20001016)39:20%3C3610::AID-ANIE3610%3E3.0.CO;2-V
https://doi.org/10.1002/1521-3773(20001016)39:20%3C3610::AID-ANIE3610%3E3.0.CO;2-V
https://doi.org/10.1002/1521-3773(20001016)39:20%3C3610::AID-ANIE3610%3E3.0.CO;2-V
https://doi.org/10.1002/1521-3757(20001016)112:20%3C3756::AID-ANGE3756%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3757(20001016)112:20%3C3756::AID-ANGE3756%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3757(20001016)112:20%3C3756::AID-ANGE3756%3E3.0.CO;2-U
https://doi.org/10.1002/1521-3757(20001016)112:20%3C3756::AID-ANGE3756%3E3.0.CO;2-U
https://doi.org/10.1002/anie.201105737
https://doi.org/10.1002/anie.201105737
https://doi.org/10.1002/anie.201105737
https://doi.org/10.1002/anie.201105737
https://doi.org/10.1002/ange.201105737
https://doi.org/10.1002/ange.201105737
https://doi.org/10.1002/ange.201105737
https://doi.org/10.1016/j.biomaterials.2008.09.067
https://doi.org/10.1016/j.biomaterials.2008.09.067
https://doi.org/10.1016/j.biomaterials.2008.09.067
https://doi.org/10.1002/ejoc.200901230
https://doi.org/10.1002/ejoc.200901230
https://doi.org/10.1002/ejoc.200901230
https://doi.org/10.1002/ejoc.200901230
https://doi.org/10.1016/j.sbi.2005.08.003
https://doi.org/10.1016/j.sbi.2005.08.003
https://doi.org/10.1016/j.sbi.2005.08.003
https://doi.org/10.1016/j.sbi.2005.08.003
https://doi.org/10.1093/glycob/cwg054
https://doi.org/10.1093/glycob/cwg054
https://doi.org/10.1093/glycob/cwg054
https://doi.org/10.1016/j.chembiol.2018.02.005
https://doi.org/10.1016/j.chembiol.2018.02.005
https://doi.org/10.1016/j.chembiol.2018.02.005
https://doi.org/10.1111/j.1365-2958.2008.06566.x
https://doi.org/10.1111/j.1365-2958.2008.06566.x
https://doi.org/10.1111/j.1365-2958.2008.06566.x
https://doi.org/10.1111/j.1365-2958.2008.06566.x
https://doi.org/10.1007/s00253-015-6666-2
https://doi.org/10.1007/s00253-015-6666-2
https://doi.org/10.1007/s00253-015-6666-2
https://doi.org/10.1002/chem.201003332
https://doi.org/10.1002/chem.201003332
https://doi.org/10.1002/chem.201003332
https://doi.org/10.1002/chem.201003332
https://doi.org/10.1016/j.carres.2011.12.002
https://doi.org/10.1016/j.carres.2011.12.002
https://doi.org/10.1016/j.carres.2011.12.002
https://doi.org/10.1002/1521-3773(20010401)40:7%3C1274::AID-ANIE1274%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3773(20010401)40:7%3C1274::AID-ANIE1274%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3773(20010401)40:7%3C1274::AID-ANIE1274%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3773(20010401)40:7%3C1274::AID-ANIE1274%3E3.0.CO;2-W
https://doi.org/10.1002/1521-3757(20010401)113:7%3C1314::AID-ANGE1314%3E3.0.CO;2-E
https://doi.org/10.1002/1521-3757(20010401)113:7%3C1314::AID-ANGE1314%3E3.0.CO;2-E
https://doi.org/10.1002/1521-3757(20010401)113:7%3C1314::AID-ANGE1314%3E3.0.CO;2-E
https://doi.org/10.1021/ol034312t
https://doi.org/10.1021/ol034312t
https://doi.org/10.1021/ol034312t
https://doi.org/10.1021/ac403969n
https://doi.org/10.1021/ac403969n
https://doi.org/10.1021/ac403969n
https://doi.org/10.1021/ac403969n
https://doi.org/10.1002/anie.201801418
https://doi.org/10.1002/anie.201801418
https://doi.org/10.1002/anie.201801418
https://doi.org/10.1002/anie.201801418
https://doi.org/10.1002/ange.201801418
https://doi.org/10.1002/ange.201801418
https://doi.org/10.1002/ange.201801418
https://doi.org/10.1002/mas.20337
https://doi.org/10.1002/mas.20337
https://doi.org/10.1002/mas.20337
https://doi.org/10.1002/mas.20337
https://doi.org/10.1002/rcm.2509
https://doi.org/10.1002/rcm.2509
https://doi.org/10.1002/rcm.2509
https://doi.org/10.1002/rcm.2509
https://doi.org/10.1021/ac9701344
https://doi.org/10.1021/ac9701344
https://doi.org/10.1021/ac9701344
https://doi.org/10.1021/ac00059a017
https://doi.org/10.1021/ac00059a017
https://doi.org/10.1021/ac00059a017
https://doi.org/10.1021/acs.jpcb.7b11808
https://doi.org/10.1021/acs.jpcb.7b11808
https://doi.org/10.1021/acs.jpcb.7b11808
https://doi.org/10.1021/acs.jpcb.7b11808
https://doi.org/10.1002/jcc.20090
https://doi.org/10.1002/jcc.20090
https://doi.org/10.1002/jcc.20090
https://doi.org/10.1002/jcc.20090
https://doi.org/10.1039/c1cp20854c
https://doi.org/10.1039/c1cp20854c
https://doi.org/10.1039/c1cp20854c
https://doi.org/10.1039/c1cp20854c
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1039/C7CP04009A
https://doi.org/10.1039/C7CP04009A
https://doi.org/10.1039/C7CP04009A
https://doi.org/10.1039/C7CP04009A
https://doi.org/10.1007/s10847-010-9775-7
https://doi.org/10.1007/s10847-010-9775-7
https://doi.org/10.1007/s10847-010-9775-7
https://doi.org/10.1007/s10847-010-9775-7
https://doi.org/10.1021/cr970012b
https://doi.org/10.1021/cr970012b
https://doi.org/10.1021/cr970012b
http://www.chemeurj.org

