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NMR spectroscopy is the leading technique for determining
glycans’ three-dimensional structure and dynamic in solution as
well as a fundamental tool to study protein-glycan interactions.
To overcome the severe chemical shift degeneracy of these
compounds, synthetic probes carrying NMR-active nuclei (e. g.,
13C or 19F) or lanthanide tags have been proposed. These

elegant strategies permitted to simplify the complex NMR
analysis of unlabeled analogues, shining light on glycans’
conformational aspects and interaction with proteins. Here, we
highlight some key achievements in the synthesis of specifically
labeled glycan probes and their contribution towards the
fundamental understanding of glycans.

Introduction

Glycans, a.k.a. polysaccharides, are biopolymers ubiquitous in
nature playing important roles as structural materials, for
energy storage, and as mediators of many biological
processes.[1] To gain a better insight into their function and
establish structure-function correlations, it is important to
understand glycans’ three-dimensional structure. To date, the
chemical complexity of polysaccharides hampered structural
studies with standard characterization techniques. Unlike
proteins and nucleic acids, glycans are non-linear polymers
capable of adopting multiple conformational states separated
by low energy gaps.[2,3] Low propensity to form single crystals
with suitable dimensions hampers X-ray analysis, sensitivity to
electron beam limits the use of electron microscopy (EM), and
lack of chromophores prevents the use of circular dichroism
(CD).[4,5] Single molecule imaging techniques have provided
new tools to explore glycans’ conformational space with sub-
nanometer resolution, but to date they remained limited to the
gas phase.[6,7]

Nuclear magnetic resonance (NMR) spectroscopy, supported
by molecular dynamics (MD) simulations, is the leading
technique for the structural characterization of glycans in
solution phase.[8] Scalar J-couplings, NOEs, and residual dipolar
couplings (RDCs) are NMR observables that are relatively simple
to measure and useful for verifying theoretical models or derive
experimental conformations.[9] Moreover, several NMR experi-

ments are available to dissect glycans interactions with
proteins.[10] Still, the severe chemical shift degeneracy of glycans
(i. e., signal overlapping) dramatically complicates the
analysis.[11,12]

To facilitate the analysis of glycans by NMR spectroscopy,
synthetic probes carrying NMR-active nuclei (e. g., 13C or 19F) or
lanthanide tags have been developed.[13,14,15] These strategies
permitted to break the chemical shift degeneracy of glycans
and revealed important aspects of glycan conformations and
interactions. Furthermore, the insertion of NMR labels over-
comes the poor sensitivity and resolution of standard NMR
spectroscopy.[16] Still, the preparation of broad collections of
specifically labeled glycans remains a synthetic challenge, often
limiting these studies to small libraries of relatively simple
glycans. Here, we discuss some synthetic developments to
access specifically labeled glycan probes, highlighting their
contribution in the structural and functional characterization of
glycans.

13C-Labeled Glycans

The large chemical shift dispersion of 13C is a considerable
advantage over 1H for NMR studies. However, the low natural
isotopic abundance of 13C (1.1%) imposes the use of 13C-
enriched sample. 13C-labeling has minimal impact on the
chemical properties of the glycan[17] and it allows for a wide
range of NMR experiments in combination with 1H-NMR.[18] For
these experiments, the problematic large 13C-13C couplings can
be suppressed by virtual decoupling schemes.[19]

13C-labeled glycan probes were prepared using chemical[20,17]

and enzymatic[21] synthesis or metabolic[22] approaches. Uni-
formly labeled as well as site-specific labeled compounds have
been reported, revealing important structural features of
glycans and providing a detailed description of their interac-
tions with proteins. A uniformly 13C-labeled trimannoside Man3

suggested the glycan binding epitope to the antiviral lectin
cyanovirin-N.[23] The orientation of each hydroxyl group in the
trisaccharide and the hydrogen-bonding pattern between the
glycan and the protein in aqueous solution were identified.[24]
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13C-labeled glycans offer an additional advantage in binding
studies with heavily glycosylated proteins, avoiding interference
with signals from the glycans attached to the protein. A α2,3-
and α2,6- sialyl N-acetyllactosamine trisaccharides, 13C-labeled
at the Neu5Ac and Gal residues, identified the ligand for the
spike glycoprotein in SARS-Cov-2 virus and permitted epitope
mapping.[25]

While uniformly 13C-labeled glycans fueled the implementa-
tion of 13C-NMR spectroscopy to study glycans, spectral overlap
of the 13C signals remains a challenge for homo-polysaccharides
or highly repetitive glycans. In these cases, the preparation of
site-specific labeled compounds is imperative to gain valuable
information, but adds synthetic complexity. Site-specific 13C-
labeled glycans can be obtained via chemical synthesis[20,17] as
well as chemo-enzymatic methods.[21] Automated glycan assem-
bly (AGA)[26] is well-suited to generate collections of related
glycans, incorporating 13C-labeled residues in specific positions
of the glycan chain (Figure 1A). A collection of linear β(1-6)-
linked hexaglucosides, bearing one 13C-labeled Glc unit in
different positions of the chain, granted access to J-coupling
values, supporting the helical model predicted by MD (Fig-
ure 1B).[14] This collection was further expanded to include
oligomers with two 13C-labeled Glc units, providing geometrical
information on the relative orientation of the Glc residues along
the glycan backbone, measured via 13C-1H residual dipolar
couplings (RDCs) (Figure 1B).[27] A detailed NMR analysis using
different aligning media demonstrated the high flexibility of
these oligomers.

Site-specific labeled compounds were also exploited to
identify the preferred protein binding epitope within a
repeating oligomeric glycan (Figure 1C). A collection of 13C-
labeled poly-lactosamine hexasaccharides was prepared follow-
ing a chemo-enzymatic approach. 13C-labeled galactose units
were introduced in particular positions of the tri-LacNAc

compounds to distinguish the contribution of each LacNAc
moiety during the binding with different galectins.[28]

Single-sites 13C-labeling of pyranose rings of a collection of
disaccharides gave experimental access to J-couplings across O-
glycosidic linkages. These values were then quantitatively
correlated to torsional angles using density functional theory
(DFT) calculations. A statistical program (MA’AT) permitted to
extract the conformation of the glycosidic linkages.[29,30] The
results obtained for the isolated disaccharide were compared
with the same disaccharide structure within an oligosaccharide
to elucidate context effects.[31,32] An alternative approach to
analyze glycosidic torsional angles was based on the replace-
ment of 1H on a uniformly 13C-labeled residue with the 1H-NMR-
silent 2H nuclei, giving access to inter-residue 3JCH and 3JCC

coupling constants across the glycosidic linkage.[33] With these
data, the glycosidic torsional angles ϕ and Ψ were determined,
revealing the conformational preference of branched β(1,3)-
glucan oligosaccharides.

These example stresses that the combination of 13C labels
with other NMR active nuclei could expand the scope of NMR
analysis of glycans even further. Multiple labels were also useful
for unambiguous resonance assignment, as demonstrated for a
15N-,13C-labeled α(2,8)-sialic acid tetrasaccharide.[34] The probe
was obtained from a genetically engineered E. coli strain
following isotopic enrichment of the capsular polysaccharide
with 13C and 15N isotopes.[35] NMR analysis provided direct
evidence of a left-handed helical conformation of the oligosac-
charide in solution. A synthetic heparan sulfate octasaccharide
uniformly labeled with 15N- and 13C reveled key interactions
with hemagglutinin, providing valuable information for the
structural characterization of the glycan-protein complex.[36]
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19F-Labeled Glycans

An attractive chemical modification of carbohydrates is the
introduction of 19F. The absence of background signals in
biological systems makes 19F-labeled glycans ideal probes for
detecting interactions with biomacromolecules. Short acquis-
ition times, high sensitivity and large chemical shift range are
additional advantages offered by the 19F nucleus. Hence,
(deoxy)fluorination of carbohydrates is an effective approach to
study protein-carbohydrate interactions.[37,38,39] 19F chemical shift

perturbation and line broadening effects in ligand-observed
NMR can be exploited to detect binding. Simple spectra analysis
offers the possibility of studying events in real-time, with
potential applications for in vivo studies,[40] or to monitor
enzymatic reactions.[41] Synthesis of site-specific 19F-labeling
can also be combined with 13C-labeling to provide additional
geometrical information for conformational analysis.[27] As draw-
back, the synthesis of 19F-labeled glycans can be challenging,
often demanding different protocols depending on the
position(s) to be labeled on the glycan residue.[42,43] The

Figure 1. A .The introduction of 13C-labeled residues in specific positions of the oligosaccharide breaks the chemical shift degeneracy of the unlabeled
analogue. Site-specific 13C-labeled oligosaccharides can be prepared by AGA using protected monosaccharide building blocks (BB1 and BB2). B. 13C-labeling
facilitates glycan conformational studies providing access to local as well as global conformational information (i. e., J- coupling constants and RDCs). C. Site-
specific 13C-labeled tri-Lac-NAc hexasaccharides permitted to identify the preferred binding epitopes for a panel of human galectins by STD-HSQC NMR (the 3-
D model of galectin-9 N is represented, PDB 2d6 m). The monosaccharides are represented following the symbol nomenclature for glycans (SNFG). For
additional details we refer to Refs. [14,27,28].

ChemBioChem
Concept
doi.org/10.1002/cbic.202200416

ChemBioChem 2022, 23, e202200416 (3 of 7) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 30.11.2022

2224 / 266122 [S. 10/14] 1

 14397633, 2022, 24, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202200416 by M
ax-Planck-Institut Für K

olloi, W
iley O

nline L
ibrary on [04/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



enzymatic incorporation of 19F-labeled monosaccharides in
glycoconjugates is an interesting avenue to access complex
glycan probes,[44] but 19F-monomers are not always accepted by
enzymes.[41]

In contrast to other isotopic labels, the introduction of 19F
can have significant effects on the physicochemical properties
of the glycan.[45,46] The replacement of a hydroxyl group of the
ring by a fluorine atom generates a C� F group, smaller in size
compared to the C-OH group. Being the C� F bond highly
polarized, the electron density of the whole structure is
altered,[47,48] with repercussions on glycan conformation and
interactions.[39] In addition, the extent and the site of fluorina-
tion can affect the glycan lipophilicity[49,50] and in vivo
stability.[51,52,53] Thus, a careful placement of the 19F atom in the
glycan is key to avoid interference with the parameter under
investigation (e. g., conformation or binding), while preserving
excellent sensitivity and spectral resolution.[46]

Recently, a collection of 19F-labeled Lewis type 2 glycan
antigens was prepared by AGA and screened against mamma-
lian and bacterial lectins, as well as enzymes, in a simple 19F-
NMR assay.[38,46] Chemical shift perturbations or changes in peak
intensity upon addition of the protein allowed to qualitatively
assess the strength of the interaction (Figure 2A). The antigens

were designed with the 19F reporter in the lactose inner core
subunit, distal from the binding site, to minimize the effects of
the fluorine atom during the binding event. Control experi-
ments demonstrated that the 19F reporter did not affect the
binding (Figure 2B) and could be placed far from the glycan
binding site, while preserving excellent sensitivity (Figure 2C).

Deoxyfluorination implies a drastically weaker H-bond
donation ability, compared to the hydroxyl group. Thus, the
OH/F exchange could identify the contribution of individual
hydroxyl groups engaged in hydrogen bonds with a
protein.[54,55,56] This strategy was used to pinpoint the hydroxyl
groups of Glc, Man, and Gal involved in lectin binding and
highlighted those that can be chemically modified without
affecting binding.[57] The simultaneous screening of the 19F-
monosaccharide library in the presence of a lectin was
performed using a 19F-NMR T2 filtering-based assay. The drastic
reduction of the 19F peak intensity in the presence of the
protein indicated the bound compounds (Figure 3).

Figure 2. A. A collection of 19F-labeled Lewis type 2 antigen analogues was prepared by AGA. The F-glycans were screened against proteins, including
mammalian and bacterial lectins, as well as enzymes. B. Chemical shift perturbation plot showing that 19F-Lex perturbed resonances similarly to the non-
fluorinated Lex. C. Carr-Purcell-Meiboom-Gill (CPMG) NMR spectra of 19F-H type 2 and C19F-H type 2 alone (grey) and in presence of the mammalian lectin DC-
SIGN (blue). DC-SIGN binds to both 19F-glycans as shown by a decrease in peak intensity in presence of protein (orange lines). The monosaccharides are
represented following the symbol nomenclature for glycans (SNFG). Figure adapted from Ref. [46].
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Glycans with Lanthanide Tags

An alternative strategy to isotopic labeling is the use of
lanthanide tags. The glycan is functionalized with a tag capable
of complexing a paramagnetic ion, which induces significant
chemical shift changes in the glycan due to dipolar interactions
with the metal unpaired electrons (i. e. pseudo-contact shifts,
PCS).[58] This strategy increases chemical-shift dispersion facili-
tating chemical-shift assignment.[59] The PCSs depend on the
distance and the angle between the nuclei and the metal; thus,
they contain conformational information over a range of
30 Å.[60] Rigid tethers between the glycan and the lanthanide
tag, often based on aromatic moieties, are preferred as they
minimize paramagnetic averaging effects.[61,62] The tethers are
generally installed at the reducing end of the glycan in a late
stage of the synthesis, followed by complexation with the
lanthanide ion (e. g., La3+, Dy3+, Tm3+, Tb3+). PCS-derived
chemical shift changes permitted the discrimination of the
individual branches in complex bi-antennary,[60,63] tetra-antenn-
ary (Figure 4),[15] and high-mannose-type N-glycans.[64] The
involvement of each individual branch of the tetra-antennary N-
glycan in the recognition by two N-acetyl-lactosamine-binding
lectins could be described with unprecedented resolution,
confirming major interactions between the Gal and GlcNAc
residues at the A, C, and D arms with the Datura stramonium
seed lectin.[15]

Conclusions and Outlook

NMR spectroscopy is the leading method for determining the
three-dimensional structure and dynamic of carbohydrates in
solution phase and a fundamental tool to study protein-glycan
interactions.[11,12,65] However, as molecular mass and complexity

increase, NMR spectra become progressively more difficult to
interpret and unambiguously assign due to spectral crowding.
We demonstrated that labeled glycans or lanthanide tags are
valid approaches for addressing these problems and simplify
the analysis.[60,63]

To date, the complexity of glycan synthesis has often
limited these NMR studies to small collections of short and
relatively simple glycans. Recent advances in synthetic method-
ologies as well as the advent of automated techniques granted
unprecedented access to oligo- and polysaccharides. We
imagined that these technologies will fuel the production of
broad libraries of complex labeled glycans, permitting to
monitor a specific site of a glycan within the bigger structure.
So far, much effort was directed to the study of mammalian
glycans. In the future, we expect that this approach could be
extended to explore complex bacterial polysaccharides or
glycosaminoglycans.[36]

Among all NMR-active nuclei, the 19F nucleus stands out due
to its unique properties.[37] Broad collections of 19F-glycans with
different chemical shifts could be designed for rapid real-time
detection of binding to a protein. The installation of 19F
reporters in polysaccharides extracted from natural sources
could also be exploited as an alternative strategy to labeling
with UV-Vis active chromophores. Furthermore, the absence of
19F in biological samples could open the way to in cell NMR
studies, often hampered by high background signals.

With increasing molecular complexity, the implementation
of multiple labels could facilitate the NMR analysis even further.
These analyses should be carried out with proper control
studies to confirm that the modification, albeit small, does not
influence the results. Molecular dynamics simulation could
provide some guidelines for such studies.[66] On the other hand,

Figure 3. Systematic OH/F substitution of Gal monosaccharide generates a
library of eight monofluorinated molecules to be screened by 19F-NMR (top).
Cartoon representation of 19F-NMR spectra of the F-galactose mixture in
absence (upper panel) and in presence (lower panel) of the human
Macrophage Galactose-type Lectin (MGL) (bottom). For additional details we
refer to Ref. [57].

Figure 4. Tetra-antennary lanthanide-tagged N-glycan and cartoon represen-
tation of a 1H-13C HSQC NMR spectra of the tetra-antennary N-glycan
conjugate loaded with dysprosium (paramagnetic) showing distinct NMR
signals for each Gal of the N-glycan. The monosaccharides are represented
following the symbol nomenclature for glycans (SNFG). For additional details
we refer to Ref. [15].
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force fields for MD are in a constant refinement process to
overcome the pitfalls (e. g. chair conformational equilibria) and
experimental validation is a fundamental tool to improve the
accuracy of their prediction.[4,66]

Lastly, labeled glycans could be useful probes for solid state
NMR, revealing important aspects of glycan interactions[67] and
aggregation.[68]

Acknowledgements

We thank the Max Planck Society, the MPG-FhG Cooperation
Project Glyco3Dysplay, the German Federal Ministry of Education
and Research (BMBF, grant number 13XP5114), and the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation -
SFB 1449-431232613; sub-project C2) for generous financial
support. Open Access funding enabled and organized by Projekt
DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: glycans · isotopic labeling · NMR spectroscopy ·
protein-glycan interactions · site-specific labeling

[1] P. H. Seeberger, R. D. Cummings, in: Essentials of Glycobiology, 4th ed.
(Eds.: A. Varki, R. D. Cummings, J. D. Esko, P. Stanley, G. W. Hart, M. Aebi,
D. Mohnen, T. Kinoshita, N. H. Packer, J. H. Prestegard, R. L. Schnaar,
P. H. Seeberger), Cold Spring Harbor Laboratory Press, NY, 2022.

[2] Y. Yu, M. Delbianco, Chem. Eur. J. 2020, 26, 9814–9825.
[3] M. R. Wormald, A. J. Petrescu, Y. L. Pao, A. Glithero, T. Elliott, R. A. Dwek,

Chem. Rev. 2002, 102, 371–386.
[4] R. J. Woods, Chem. Rev. 2018, 118, 8005–8024.
[5] Y. Ogawa, J.-L. Putaux, Y. Nishiyama, Curr. Opin. Chem. Biol. 2022, 70,

102183.
[6] X. Wu, M. Delbianco, K. Anggara, T. Michnowicz, A. Pardo-Vargas, P.

Bharate, S. Sen, M. Pristl, S. Rauschenbach, U. Schlickum, S. Abb, P. H.
Seeberger, K. Kern, Nature 2020, 582, 375–378.

[7] K. Anggara, Y. Zhu, M. Delbianco, S. Rauschenbach, S. Abb, P. H.
Seeberger, K. Kern, J. Am. Chem. Soc. 2020, 142, 21420–21427.

[8] L. Unione, A. Ardá, J. Jiménez-Barbero, O. Millet, Curr. Opin. Struct. Biol.
2021, 68, 9–17.

[9] I. Speciale, A. Notaro, P. Garcia-Vello, F. di Lorenzo, S. Armiento, A.
Molinaro, R. Marchetti, A. Silipo, C. de Castro, Carbohydr. Polym. 2022,
277, 118885.

[10] U. Atxabal, A. Gimeno, J. Jiménez-Barbero, Comprehensive Glycoscience,
2nd ed. (Ed.: J. J. Barchi), 2021, pp. 329–345.

[11] P. Valverde, J. I. Quintana, J. I. Santos, A. Ardá, J. Jiménez-Barbero, ACS
Omega 2019, 4, 13618–13630.

[12] A. Ardá, J. Jiménez-Barbero, Chem. Commun. 2018, 54, 4761–4769.
[13] T. Tyrikos-Ergas, G. Fittolani, P. H. Seeberger, M. Delbianco, Biomacromo-

lecules 2020, 21, 18–29.
[14] M. Delbianco, A. Kononov, A. Poveda, Y. Yu, T. Diercks, P. H. Seeberger,

J. Am. Chem. Soc. 2018, 140, 53.
[15] A. Canales, I. Boos, L. Perkams, L. Karst, T. Luber, T. Karagiannis, G.

Domínguez, F. J. Cañada, J. Pérez-Castells, D. Häussinger, C. Unverzagt,
J. Jiménez-Barbero, Angew. Chem. Int. Ed. 2017, 56, 14987–14991;
Angew. Chem. 2017, 129, 15183–15187.

[16] A. Gimeno, P. Valverde, A. Ardá, J. Jiménez-Barbero, Curr. Opin. Struct.
Biol. 2020, 62, 22–30.

[17] C. Höög, C. Landersjö, G. Widmalm, Chem. Eur. J. 2001, 7, 3069–3077.
[18] I. C. Felli, R. Pierattelli, Chem. Rev. 2022, 122, 9468–9496.

[19] W. Bermel, I. Bertini, I. C. Felli, R. Pierattelli, J. Am. Chem. Soc. 2009, 131,
15339–15345.

[20] K. H. M. Jonsson, E. Säwén, G. Widmalm, Org. Biomol. Chem. 2012, 10,
2453.

[21] B. Echeverria, J. Etxebarria, N. Ruiz, Á. Hernandez, J. Calvo, M. Haberger,
D. Reusch, N.-C. Reichardt, Anal. Chem. 2015, 87, 11460–11467.

[22] Y. Kamiya, K. Yanagi, T. Kitajima, T. Yamaguchi, Y. Chiba, K. Kato, Biomol.
Eng. 2013, 3, 108–123.

[23] G. Nestor, T. Anderson, S. Oscarson, A. M. Gronenborn, J. Am. Chem. Soc.
2017, 139, 6210–6216.

[24] G. Nestor, T. Anderson, S. Oscarson, A. M. Gronenborn, J. Am. Chem. Soc.
2018, 140, 339–345.

[25] L. Unione, M. J. Moure, M. P. Lenza, I. Oyenarte, J. Ereño-Orbea, A. Ardá,
J. Jimenez-Barbero, Angew. Chem. Int. Ed. 2022, 61, e202201432.

[26] M. Guberman, P. H. Seeberger, J. Am. Chem. Soc. 2019, 141, 5581–5592.
[27] A. Poveda, G. Fittolani, P. H. Seeberger, M. Delbianco, J. Jiménez-

Barbero, Front. Mol. Biosci. 2021, 8, 784318.
[28] M. J. Moure, A. Gimeno, S. Delgado, T. Diercks, G. J. Boons, J. Jiménez-

Barbero, A. Ardá, Angew. Chem. Int. Ed. 2021, 60, 18777–18782.
[29] W. Zhang, T. Turney, R. Meredith, Q. Pan, L. Sernau, X. Wang, X. Hu, R. J.

Woods, I. Carmichael, A. S. Serianni, J. Phys. Chem. B 2017, 121, 3042–
3058.

[30] R. J. Meredith, L. Sernau, A. S. Serianni, J. Chem. Inf. Model. 2022, 62,
3135–3141.

[31] W. Zhang, R. Meredith, M. K. Yoon, X. Wang, R. J. Woods, I. Carmichael,
A. S. Serianni, J. Org. Chem. 2019, 84, 1706–1724.

[32] W. Zhang, R. Meredith, Q. Pan, X. Wang, R. J. Woods, I. Carmichael, A. S.
Serianni, Biochemistry 2019, 58, 546–560.

[33] H. Hamagami, Y. Yamaguchi, H. Tanaka, J. Org. Chem. 2020, 85, 16115–
16127.

[34] M. D. Battistel, M. Shangold, L. Trinh, J. Shiloach, D. I. Freedberg, J. Am.
Chem. Soc. 2012, 134, 10717–10720.

[35] H. F. Azurmendi, J. Vionnet, L. Wrightson, L. B. Trinh, J. Shiloach, D. I.
Freedberg, Proc. Nat. Acad. Sci. USA 2007, 104, 11557–11561.

[36] T. Y. Huang, D. Irene, M. M. L. Zulueta, T. J. Tai, S. H. Lain, C. P. Cheng,
P. X. Tsai, S. Y. Lin, Z. G. Chen, C. C. Ku, C. D. Hsiao, C. L. Chyan, S. C.
Hung, Angew. Chem. Int. Ed. 2017, 56, 4192–4196; Angew. Chem. 2017,
129, 4256–4260.

[37] H. Chen, S. Viel, F. Ziarelli, L. Peng, Chem. Soc. Rev. 2013, 42, 7971.
[38] L. P. Calle, B. Echeverria, A. Franconetti, S. Serna, M. C. Fernández-

Alonso, T. Diercks, F. J. Cañada, A. Ardá, N. Reichardt, J. Jiménez-Barbero,
Chem. Eur. J. 2015, 21, 11408–11416.

[39] B. Linclau, A. Ardá, N.-C. Reichardt, M. Sollogoub, L. Unione, S. P.
Vincent, J. Jiménez-Barbero, Chem. Soc. Rev. 2020, 49, 3863–3888.

[40] J. X. Yu, V. D. Kodibagkar, L. Liu, R. P. Mason, NMR Biomed. 2008, 21,
704–712.

[41] T. Keenan, F. Parmeggiani, J. Malassis, C. Q. Fontenelle, J.-B. Vendeville,
W. Offen, P. Both, K. Huang, A. Marchesi, A. Heyam, C. Young, S. J.
Charnock, G. J. Davies, B. Linclau, S. L. Flitsch, M. A. Fascione, Cell Chem.
Biol. 2020, 27, 1199–1206.

[42] M. L. Uhrig, B. Lantaño, A. Postigo, Org. Biomol. Chem. 2019, 17, 5173–
5189.

[43] D. E. Wheatley, C. Q. Fontenelle, R. Kuppala, R. Szpera, E. L. Briggs, J.-B.
Vendeville, N. J. Wells, M. E. Light, B. Linclau, J. Org. Chem. 2021, 86,
7725–7756.

[44] P. Valverde, J. B. Vendeville, K. Hollingsworth, A. P. Mattey, T. Keenan, H.
Chidwick, H. Ledru, K. Huonnic, K. Huang, M. E. Light, N. Turner, J.
Jiménez-Barbero, M. C. Galan, M. A. Fascione, S. Flitsch, W. B. Turnbull, B.
Linclau, Chem. Commun. 2020, 56, 6408–6411.

[45] L. Unione, M. Alcalá, B. Echeverria, S. Serna, A. Ardá, A. Franconetti, F. J.
Cañada, T. Diercks, N. Reichardt, J. Jiménez-Barbero, Chem. Eur. J. 2017,
23, 3957.

[46] G. Fittolani, E. Shanina, M. Guberman, P. H. Seeberger, C. Rademacher,
M. Delbianco, Angew. Chem. Int. Ed. 2021, 60, 13302–13309.

[47] J. C. Biffinger, H. W. Kim, S. G. DiMagno, ChemBioChem 2004, 5, 622–
627.

[48] D. O’hagan, Chem. Soc. Rev. 2008, 37, 308–319.
[49] J. St-Gelais, É. Côté, D. Lainé, P. A. Johnson, D. Giguère, Chem. Eur. J.

2020, 26, 13499–13506.
[50] B. Linclau, Z. Wang, G. Compain, V. Paumelle, C. Q. Fontenelle, N. Wells,

A. Weymouth-Wilson, Angew. Chem. 2016, 128, 684–688; Angew. Chem.
Int. Ed. 2016, 55, 674–678.

[51] M. Johannes, M. Reindl, B. Gerlitzki, E. Schmitt, A. Hoffmann-Röder,
Beilstein J. Org. Chem. 2015, 11, 155–161.

ChemBioChem
Concept
doi.org/10.1002/cbic.202200416

ChemBioChem 2022, 23, e202200416 (6 of 7) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 30.11.2022

2224 / 266122 [S. 13/14] 1

 14397633, 2022, 24, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202200416 by M
ax-Planck-Institut Für K

olloi, W
iley O

nline L
ibrary on [04/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/chem.202001370
https://doi.org/10.1021/cr990368i
https://doi.org/10.1021/acs.chemrev.8b00032
https://doi.org/10.1016/j.cbpa.2022.102183
https://doi.org/10.1016/j.cbpa.2022.102183
https://doi.org/10.1038/s41586-020-2362-1
https://doi.org/10.1021/jacs.0c09933
https://doi.org/10.1016/j.sbi.2020.09.009
https://doi.org/10.1016/j.sbi.2020.09.009
https://doi.org/10.1016/j.carbpol.2021.118885
https://doi.org/10.1016/j.carbpol.2021.118885
https://doi.org/10.1021/acsomega.9b01901
https://doi.org/10.1021/acsomega.9b01901
https://doi.org/10.1039/C8CC01444B
https://doi.org/10.1021/acs.biomac.9b01090
https://doi.org/10.1021/acs.biomac.9b01090
https://doi.org/10.1002/anie.201709130
https://doi.org/10.1002/ange.201709130
https://doi.org/10.1016/j.sbi.2019.11.004
https://doi.org/10.1016/j.sbi.2019.11.004
https://doi.org/10.1002/1521-3765(20010716)7:14%3C3069::AID-CHEM3069%3E3.0.CO;2-A
https://doi.org/10.1021/acs.chemrev.1c00871
https://doi.org/10.1021/ja9058525
https://doi.org/10.1021/ja9058525
https://doi.org/10.1039/c2ob06924e
https://doi.org/10.1039/c2ob06924e
https://doi.org/10.1021/acs.analchem.5b03135
https://doi.org/10.1021/jacs.7b01929
https://doi.org/10.1021/jacs.7b01929
https://doi.org/10.1021/jacs.7b10595
https://doi.org/10.1021/jacs.7b10595
https://doi.org/10.1021/jacs.9b00638
https://doi.org/10.1002/anie.202106056
https://doi.org/10.1021/acs.jpcb.7b02252
https://doi.org/10.1021/acs.jpcb.7b02252
https://doi.org/10.1021/acs.jcim.1c01166
https://doi.org/10.1021/acs.jcim.1c01166
https://doi.org/10.1021/acs.joc.8b01411
https://doi.org/10.1021/acs.biochem.8b01050
https://doi.org/10.1021/acs.joc.0c01939
https://doi.org/10.1021/acs.joc.0c01939
https://doi.org/10.1021/ja300624j
https://doi.org/10.1021/ja300624j
https://doi.org/10.1002/anie.201612518
https://doi.org/10.1002/ange.201612518
https://doi.org/10.1002/ange.201612518
https://doi.org/10.1039/c3cs60129c
https://doi.org/10.1002/chem.201501248
https://doi.org/10.1039/C9CS00099B
https://doi.org/10.1002/nbm.1244
https://doi.org/10.1002/nbm.1244
https://doi.org/10.1016/j.chembiol.2020.06.005
https://doi.org/10.1016/j.chembiol.2020.06.005
https://doi.org/10.1039/C9OB00405J
https://doi.org/10.1039/C9OB00405J
https://doi.org/10.1021/acs.joc.1c00796
https://doi.org/10.1021/acs.joc.1c00796
https://doi.org/10.1039/D0CC02209H
https://doi.org/10.1002/chem.201605573
https://doi.org/10.1002/chem.201605573
https://doi.org/10.1002/anie.202102690
https://doi.org/10.1002/cbic.200300910
https://doi.org/10.1002/cbic.200300910
https://doi.org/10.1002/ange.201509460
https://doi.org/10.1002/anie.201509460
https://doi.org/10.1002/anie.201509460
https://doi.org/10.3762/bjoc.11.15


[52] A. Axer, R. P. Jumde, S. Adam, A. Faust, M. Schäfers, M. Fobker, J.
Koehnke, A. K. H. Hirsch, R. Gilmour, Chem. Sci. 2021, 12, 1286–1294.

[53] T. J. Kieser, N. Santschi, L. Nowack, A. Axer, G. Kehr, S. Albrecht, R.
Gilmour, ACS Chem. Neurosci. 2020, 11, 2129–2136.

[54] P. Valverde, S. Delgado, J. D. Martínez, J. B. Vendeville, J. Malassis, B.
Linclau, N. C. Reichardt, F. J. Cañada, J. Jiménez-Barbero, A. Ardá, ACS
Chem. Biol. 2019, 14, 1660–1671.

[55] T. Diercks, A. S. Infantino, L. Unione, J. Jiménez-Barbero, S. Oscarson,
H. J. Gabius, Chem. Eur. J. 2018, 24, 15761–15765.

[56] I. P. Street, C. R. Armstrong, S. G. Withers, Biochemistry 1986, 25, 6021–
6027.

[57] J. D. Martínez, A. I. Manzano, E. Calviño, A. de Diego, B. Rodri-
guez De Francisco, C. Romanò, S. Oscarson, O. Millet, H. J. Gabius, J.
Jiménez-Barbero, F. J. Cañada, J. Org. Chem. 2020, 85, 16072–16081.

[58] G. Otting, J. Biomol. NMR 2008, 42, 1–9.
[59] C. Göbl, M. Resch, M. Strickland, C. Hartlmüller, M. Viertler, N. Tjandra, T.

Madl, Angew. Chem. Int. Ed. 2016, 55, 14847–14851; Angew. Chem. 2016,
128, 15069–15073.

[60] A. Canales, A. Mallagaray, J. Pérez-Castells, I. Boos, C. Unverzagt, S.
André, H.-J. Gabius, F. J. Cañada, J. Jiménez-Barbero, Angew. Chem. Int.
Ed. 2013, 52, 13789–13793; Angew. Chem. 2013, 125, 14034–14038.

[61] X. C. Su, J. L. Chen, Acc. Chem. Res. 2019, 52, 1675–1686.
[62] J. L. Chen, B. Li, X. Y. Li, X. C. Su, J. Phys. Chem. Lett. 2020, 11, 9493–9500.
[63] B. Fernández de Toro, W. Peng, A. J. Thompson, G. Domínguez, F. J.

Cañada, J. Pérez-Castells, J. C. Paulson, J. Jiménez-Barbero, A. Canales,

Angew. Chem. 2018, 130, 15271–15275; Angew. Chem. Int. Ed. 2018, 57,
15051–15055.

[64] T. Yamaguchi, Y. Sakae, Y. Zhang, S. Yamamoto, Y. Okamoto, K. Kato, T.
Yamaguchi, Y. Zhang, S. Yamamoto, K. Kato, Y. Sakae, Y. Okamoto,
Angew. Chem. Int. Ed. 2014, 53, 10941–10944; Angew. Chem. 2014, 126,
11121–11124.

[65] A. Gimeno, P. Valverde, A. Ardá, J. Jiménez-Barbero, Curr. Opin. Struct.
Biol. 2020, 62, 22–30.

[66] E. Fadda, Curr. Opin. Chem. Biol. 2022, 69, 102175.
[67] K. L. Stewart, E. Hughes, E. A. Yates, G. R. Akien, T. Y. Huang, M. A. Lima,

T. R. Rudd, M. Guerrini, S. C. Hung, S. E. Radford, D. A. Middleton, J. Am.
Chem. Soc. 2016, 138, 8328–8331.

[68] P. de Andrade, J. C. Muñoz-García, G. Pergolizzi, V. Gabrielli, S. A.
Nepogodiev, D. Iuga, L. Fábián, R. Nigmatullin, M. A. Johns, R. Harniman,
S. J. Eichhorn, J. Angulo, Y. Z. Khimyak, R. A. Field, Chem. Eur. J. 2021, 27,
1374–1382.

Manuscript received: July 21, 2022
Revised manuscript received: August 24, 2022
Accepted manuscript online: August 25, 2022
Version of record online: September 13, 2022

ChemBioChem
Concept
doi.org/10.1002/cbic.202200416

ChemBioChem 2022, 23, e202200416 (7 of 7) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 30.11.2022

2224 / 266122 [S. 14/14] 1

 14397633, 2022, 24, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202200416 by M
ax-Planck-Institut Für K

olloi, W
iley O

nline L
ibrary on [04/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1039/D0SC04297H
https://doi.org/10.1021/acschemneuro.0c00319
https://doi.org/10.1021/acschembio.9b00458
https://doi.org/10.1021/acschembio.9b00458
https://doi.org/10.1002/chem.201803217
https://doi.org/10.1021/bi00368a028
https://doi.org/10.1021/bi00368a028
https://doi.org/10.1021/acs.joc.0c01830
https://doi.org/10.1007/s10858-008-9256-0
https://doi.org/10.1002/anie.201607261
https://doi.org/10.1002/ange.201607261
https://doi.org/10.1002/ange.201607261
https://doi.org/10.1002/anie.201307845
https://doi.org/10.1002/anie.201307845
https://doi.org/10.1002/ange.201307845
https://doi.org/10.1021/acs.accounts.9b00132
https://doi.org/10.1021/acs.jpclett.0c02196
https://doi.org/10.1002/anie.201406145
https://doi.org/10.1002/ange.201406145
https://doi.org/10.1002/ange.201406145
https://doi.org/10.1016/j.sbi.2019.11.004
https://doi.org/10.1016/j.sbi.2019.11.004
https://doi.org/10.1016/j.cbpa.2022.102175
https://doi.org/10.1021/jacs.6b02816
https://doi.org/10.1021/jacs.6b02816
https://doi.org/10.1002/chem.202003604
https://doi.org/10.1002/chem.202003604

