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Automated Glycan Assembly of “F-labeled Glycan Probes Enables
High-Throughput NMR Studies of Protein—Glycan Interactions

Giulio Fittolani®, Elena Shanina®, Monica Guberman, Peter H. Seeberger,
Christoph Rademacher,* and Martina Delbianco*

Abstract: Protein—glycan interactions mediate important bio-
logical processes, including pathogen host invasion and
cellular communication. Herein, we showcase an expedite
approach that integrates automated glycan assembly (AGA) of
PF.labeled probes and high-throughput NMR methods, en-
abling the study of protein—glycan interactions. Synthetic Lewis
type 2 antigens were screened against seven glycan binding
proteins (GBPs), including DC-SIGN and BamblL, respec-
tively involved in HIV-1 and lung infections in immunocom-
promised patients, confirming the preference for fucosylated
glycans (Le*, Htype?2, Le*). Previously unknown glycan—
lectin weak interactions were detected, and thermodynamic
data were obtained. Enzymatic reactions were monitored in
real-time, delivering kinetic parameters. These results demon-
strate the utility of AGA combined with "’F NMR for the
discovery and characterization of glycan—protein interactions,
opening up new perspectives for '’F-labeled complex glycans.

Introduction

Glycans are a highly diverse class of biomolecules
involved in several processes such as cellular communication
and recognition and play important structural and modula-
tory roles.'! Pathogens invade the host by mimicking or
exploiting host glycans present on endothelial cells. This
process is often mediated by lectins, a class of glycan-binding
proteins (GBPs) expressed by both pathogens and hosts.
Typically, mammalian glycans have low affinity for mamma-
lian receptors, while showing higher affinity for bacterial
lectins.” Profiling glycan-lectin interactions is a crucial step

towards the understanding of the biological functions of
glycans. Still, the extreme complexity and diversity of glycans
pose a severe bottleneck to the characterization of these
generally weak and promiscuous interactions.

Synthetic glycans are valuable probes to dissect glycan—
protein interactions. However, lengthy synthetic protocols
hampered their systematic and widespread use in glycobiol-
ogy. Automated glycan assembly (AGA) enables fast access
to complex and well-defined glycans.®*! With AGA, glycans
are typically assembled in an overnight run, permitting the
production of broad collections of glycans for systematic
screenings.”’

An additional challenge to the study of glycan—protein
interactions is the need for highly sensitive methods able to
detect the often inherently low affinities. Several analytical
techniques have been developed to quantitatively describe
these interactions at the molecular level and in a high-
throughput manner.*®! Most of these strategies rely on
immobilized glycans (e.g. microarray technology)® or
require large amounts of samples and analysis time (ITC,!!
SPR,[™ or X-ray crystallography™). In contrast, NMR allows
for the detection of protein—glycan interactions in solution in
a fast and reliable manner, providing information on the
binding mode in a homogeneous assay format in absence of
immobilization protocols.!"*!!

NMR active labels are commonly introduced to simplify
NMR analysis.">'! Among all, the ’F nucleus stands out due
to its unique properties such as: i) high sensitivity to local
chemical environment, ii) short acquisition times, iii) simple
spectra, iv) broad chemical shift range, and v) absence in
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biological systems (no background signal).l'*!) Even though
F NMR has enabled the description of peptide (mis)folding,
real-time in vivo events,'®? protein-ligand interactions, and
high-throughput ligand screening,™* the use of fluorinated
glycans to investigate protein binding®™ and enzymatic
reactions® 2 is just at the beginning. The labor-intensive
multistep synthesis of “F-labeled glycans represents the main
bottleneck and has limited these studies to small collections of
short and relatively simple glycans.'"**! Still, F-labeled
glycans have the potential to dissect protein—glycan inter-
actions.?>3

Herein, we present a high-throughput NMR-based ap-
proach for the screening and characterization of protein—
glycan interactions using '’F-labeled glycans. AGA enabled
quick access to a collection of "F-labeled Lewis type 2
complex glycans. Lewis type 2 antigens are involved in several
physiological and pathological processes, including cancer,
where they act as cell adhesion or recognition mediators.>¢!
Subtle differences in the fucosylation pattern strongly impact
their interaction with proteins and ultimately can lead to host
immune system elusion.”’ " The ""F-labeled glycan probes
(hereafter F-glycans) were screened against mammalian and
bacterial lectins as well as enzymes. Among mammalian
lectins, we selected Langerin'! and the dendritic cell specific
ICAM-3 grabbing non-integrin (DC-SIGN)™ both of which
are known to bind high-mannose N-glycans. DC-SIGN also
selectively recognizes specific fucosylated glycans,*! playing
a crucial role in the biology of viral pathogens (e.g. HIV). In
addition, we screened soluble lectins produced by some
opportunistic pathogens responsible for lung infections, such
as Pseudomonas (LecA and LecB)*! and Burkholderia
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(BambL)™! species. Finally, we selected two different sialyl-
transferases and screened their interactions with Lewis
antigens, given the importance and widespread occurrence
of terminal sialylation in Lewis antigens.***! The labeled
glycan probes in combination with YF NMR proved to be
valuable for detecting binding events in real-time, identifying
new weak protein-glycan interactions, and determining
affinities (K,) as well as kinetics of enzymatic reactions.

Results and Discussion
Automated Synthesis of F-Glycans

Recently, an elegant procedure to access a collection of
Lewis type 2 antigens by AGA was reported.*®! We envi-
sioned a similar approach to produce a set of “F-labeled
analogs to screen protein binding in a simple ’F NMR assay.
Since the position of the “F reporter is thought to be crucial
to obtain valuable information, F-glycans (F-Lac, F-nLac,, F-
Le*, F-H type2, and F-Le') were designed with the
F reporter in the lactose inner core subunit (Figure 1A).
This position is distal from the binding site (i.e. non reducing
end) to minimize the effect of the fluorine atom during the
binding event.**>"! We hypothesize that labeling of the inner
core glucose unit should maintain sensitivity to the binding
event due to overall changes in the correlation time of the
glycan in the bound state, reporting changes in the YF NMR
signal.l?’!

F-labeled analogs of Lewis type 2 antigens were assem-
bled on a solid support (functionalized Merrifield resin, L1)
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Figure 1. Integrated approach for the preparation of '*F-labeled Lewis type 2 glycans by AGA and screening against lectins and enzymes. A) BBs
1-5, including BB 1 bearing the '°F reporter, were employed for the AGA of a collection '°F-labeled Lewis type 2 antigen analogs represented
following the Symbol Nomenclature For Glycans (SNFG)."™ B) The F-glycans were screened against proteins, including mammalian and bacterial
lectins, as well as enzymes. The enzymes were screened in the absence of donor (i.e. CMP-Neu5Ac) to probe binding to the substrate. The
binding strength was defined depending on the changes observed in the NMR after addition of the protein (right panel). Strong binding (blue) is
defined as a decrease in peak intensity higher than —25% or a chemical shift perturbation (CSP) bigger than 0.01 ppm in the '°F NMR. Weak/
medium binding (light blue) is defined as a decrease in peak intensity higher than —25% in the CPMG-filtered '°’F NMR. No binding (white) is
defined as a decrease in peak intensity lower than —25% in CPMG-filtered '°F NMR.
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using building blocks (BBs) 1-5 (Figure 1 A). The BBs are
equipped with a thioether or a dibutylphosphate reactive
leaving group. Orthogonal cleavage of the 9-fluorenylme-
thoxycarbonyl (Fmoc) and levulinoyl (Lev) temporary pro-
tecting groups permits regioselective chain elongation. Ben-
zyl (Bn), benzoyl (Bz), and N-trichloroacetyl (TCA) groups
protect the remaining functionalities. 3-Stereoselectivity dur-
ing glycosylation with BBs 1-4 is ensured by anchimeric
assistance of the protecting groups at C-2, while a-stereose-
lectivity with BB 5 was verified in previous studies.*! BB 1 is
labeled with the “F reporter at the C-3 position."! Each
oligosaccharide was assembled in an overnight run following
previously reported conditions for unlabeled analogs (see
SI).™ Post-AGA manipulations included solid-phase meth-
anolysis,”!l photocleavage®? from the solid support, and
hydrogenolysis (see SI). A single final purification step
afforded the target F-glycans in overall yields of 5% to
16 % over 7 to 15 steps.

"F NMR Screening of F-Glycan Library

A "Fand CPMG NMR screening was performed to probe
the interactions of five F-glycans (F-Lac, F-n-Lac,, F-Le*, F-H
type 2, and F-Le') with mammalian (Langerin, DC-SIGN)
and bacterial (LecA, LecB, BambL) lectins and enzymes
(a(2,3)-sialyltransferase ~ from  Pasteurella  multocida
(Pma23ST)P and a(2,6)-sialyltransferase from Photobacte-
rium damsela (Pdo26ST)P") (Figure 1B). Upon protein
binding, the molecular tumbling rate of the glycan is
drastically affected resulting in a decrease of the "F signal
intensity.””! Monitoring 'F chemical shift perturbation (CSP)
or change in peak intensity upon addition of protein allowed
us to qualitatively evaluate the strength of the interaction. A
decrease in peak intensity or a CSP in "F NMR indicates
strong binding. Application of a CPMG-based spin echo filter
allows us to detect weak binders. As a result, bacterial (LecA,
LecB, and BambL) and mammalian (DC-SIGN ECD) lectins
preferred fucosylated glycans (Figures S2A, S2B, S2C, and
S2E). No binding to F-glycans was observed in presence of
Langerin ECD (Figure S2D), in agreement with previous
reports.” In contrast, the enzymes showed much weaker
interactions and a slight preference for shorter non-branched
glycans (Figure S3).

Reporter Position on F-Glycans Does Not Affect Binding to
Mammalian and Bacterial Lectins

DC-SIGN recognizes cellular ligands and pathogens that
express Lewis antigens. In particular, Le* and Le’ present on
Schistosoma mansoni®® and Helicobacter pylori™! or endo-
thelial cells,”” respectively, are known binding partners for
DC-SIGN.P® The strong preference of DC-SIGN for fucosy-
lated ligands has also been elucidated with the crystal
structure of the carbohydrate-binding site of DC-SIGN
bound to Le* The qualitative CPMG NMR screening of
mammalian lectins confirmed the interaction of DC-SIGN
with fucosylated glycans F-Le*, F-H type 2, and F-Le* (Fig-
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Figure 2. Mammalian lectin (DC-SIGN) binding to F-glycans and study
on the reporter position. A) CPMG NMR screening of F-glycans alone
(gray) and in presence of DC-SIGN ECD (blue). DC-SIGN ECD binds
to F-Le*, F-H type 2, and F-Le’ as shown by a decrease in peak intensity
in presence of protein (orange lines, left panel). CPMG NMR spectra
of CF3-H type 2 alone (gray) and in presence of DC-SIGN ECD (blue;
right panel). B) Cartoon of assigned domains of DC-SIGN CRD
(unassigned resonances in dashed line) and CSP plot of assigned
resonances in presence of F-Le* and Le* showing that F-Le*-perturbed
resonances similarly to unlabeled Le*.

ure 2A), as indicated by changes in the NMR peak intensity
of the reporter molecule. This effect is maximized with
a protein-to-ligand ratio of 2:1 (Figure S4A).

First, we explored the role of the "°F reporter in F-glycan
binding to DC-SIGN. We performed protein-observed
5N HSQC NMR and recorded an HSQC NMR spectrum of
DC-SIGN CRD in the presence of F-Le* and Le*. Both
ligands promoted similar changes in the backbone of DC-
SIGN CRD (Figure 2B and S4B). Next, we investigated the
effect of the reporter’s position on the ability to reveal
binding events. We conjugated a CF; moiety to the remote
end of the aminopentyl linker on H type 2 (CF;-H type 2), far
from the carbohydrate-binding site, and tested the new ligand
in YF and CPMG NMR. Remarkably, its binding was
observed with both mammalian (DC-SIGN, Figure 2 A) and
bacterial lectins (BambL, Figure S5). These results indicate
that the positioning of the “F reporter on the Glc unit does
not affect the binding of F-glycans with proteins. Further-
more, the "F reporter can be remote to the glycan binding site
to avoid any interference with the binding event, while
preserving excellent sensitivity. However, the functionaliza-
tion of the amino linker with a CF; moiety prevents any
further conjugation of the glycan (e.g. to protein, surface,
liposome).

We further investigated the interactions of DC-SIGN
CRD with F-Le* and F-H type 2 in "N HSQC NMR (Fig-
ure 3A and S6A). Even though Le' is known for its
interaction with DC-SIGN, structural data are lacking.”
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Figure 3. Mammalian lectin (DC-SIGN) binding to F-Le’.

A) HSQC NMR (left) shows the interaction of F-Le’ with "*N-labeled
DC-SIGN CRD and the perturbed residues were mapped on a structure
of DC-SIGN CRD (blue). Surface diagram of the crystal structure of
DC-SIGN CRD (PDB: 1sl4; right). F-Le’ targets the carbohydrate-
binding site of DC-SIGN CRD based on changes in resonances (e.g.
321Leu, 365Asn and 368Lys, gray). B) Cartoon of assigned domains of
DC-SIGN CRD (unassigned resonances in dashed line) and CSP plot
showing that F-Le’-perturbed resonances similarly to b-mannose (red,
positive control). The magnitude of F-Le’-promoted CSPs is higher
compared to b-mannose. CSPs exceeding the threshold (dashed line
at 0.005 ppm) and intensities decreasing by more than 50% were used
for mapping the binding site of F-Le’ on a structure of DC-SIGN CRD.

Both ligands promoted CSPs of the residues located in the
carbohydrate-binding and remote sites of DC-SIGN CRD.
Binding to F-Le* promoted larger changes in DC-SIGN CRD
than F-H type 2 or the monosaccharide positive control D-
mannose (Figure 3B and S6B). This result proved that the
avidity effect plays a crucial role in the interactions between
DC-SIGN and Lewis type 2 antigens, as similarly noted for
high-mannose structures.”’ The CSPs observed in remote
parts of the protein suggest allosteric binding, a known
mechanism for C-type lectins such as DC-SIGN.[*-*] Cumu-
latively, we believe these probes are valuable tools for the
description of the interaction mechanisms between DC-SIGN
and fucosylated blood antigens.

Binding Affinity of F-Glycans to Bacterial Lectins

Bacterial lectins show a remarkably high affinity for
fucosylated blood group antigens.’>® The interaction of
BambL from Burkholderia ambifaria with H type 2 has been
thoroughly investigated and two binding sites were identified
in a crystal structure of the complex (Figure 4 A).”>! We set on
to verify this interaction for F-glycans in “F and protein-
observed NMR.

First, we performed '"FNMR screening and titration
experiments with fucosylated F-glycans. "F NMR experi-
ments allowed us to confirm the interaction and obtain

Angew. Chem. Int. Ed. 2021, 6o, 13302—13309
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affinity constants for F-H type 2 (K;=9+2 um, Figure 4B
and 3C) and F-Le' (K;=14 +2 pm, Figure S7A). Given that
BambL has two binding sites available for glycan binding, we
applied one- and two-binding site models to derive the
affinities for both sites. Both models resulted in matching K,
values, in agreement with values reported by ITC.”™ Even
though we did not observe a difference in the affinities
between the two sites in '’F NMR, we showed that ’F NMR
can be applied reliably to derive affinities while considerably
reducing the amount of ligand needed for ITC.

We verified the interaction of F-H type 2 (Figure 4D) and
F-Le’ (Figure S7B) with ""N-labeled BambL in protein-
observed N TROSY NMR. Changes in protein backbone
similar to the one obtained with a-Me-L-fucose indicate that
the a-L-fucose branch was mainly responsible for the binding
(Figures S7C and 4D). To derive affinities, we titrated both
ligands and followed the changes in peak intensities and CSPs
for the peaks in slow (F-H type 2: K;=12+ 8 um, Figure 4F
and F-Le': K;=17 43 pum, Figure S7D), and fast (F-H type 2:
K;=94+33 um, Figure4G and F-Le*: K;=245+29 umM,
Figure STE) exchange regimes, respectively. However, pro-
tein-observed NMR is not well suitable for the determination
of K, for ligands with high affinities and thus, it hampered the
accurate derivation of the K,[® This underscores the
advantage of the ’F NMR ligand-observed approach.

In addition to the known strong interactions of LecB and
BambL with fucosylated glycans,’® CPMG NMR screening
revealed weak interactions between LecA and fucosylated F-
glycans. To confirm this observation, we performed “F R,-
filtered, protein-observed "’F (PrOF) and "N TROSY NMR
experiments. F-H type2 showed a faster relaxation in
presence of protein, indicating a weak interaction with LecA
(Figure S8B). Protein-observed NMR experiments with 5-
fluorotryptophan (SFW, Figure S8C) and "“N-labeled LecA
(Figure S8D and S8E) confirmed that this interaction takes
place in the canonical carbohydrate-binding site of LecA, as
indicated by perturbation of W42 and CSPs promoted in
a similar manner to D-galactose, respectively. To the best of
our knowledge this is the first report of such weak binding
detected using a biophysical method.”*8! These results
demonstrate that F-glycans serve as probes for the affinity
determination and discovery of new interactions using low
amounts of protein and ligand.

Enzyme Binding and Real-Time Kinetics with F-Glycans

The "F NMR assay allowed us to monitor the binding of
F-glycans (F-Lac and F-nLac,) to enzymes. Two sialyltrans-
ferases (Pma23ST?! and Pda26STP*) were screened in the
absence of donor (i.e. CMP-Neu5Ac) and revealed weak
binding to the glycan substrate (Figure 1B and S3). This is
particularly relevant because binding sites of transferases
usually have a very low affinity for the acceptors, making
these interactions difficult to detect. Shorter non-branched
glycans (F-Lac and F-nLac,) showed stronger binding than
longer branched ones. F-Le* did not show any binding with
Pmo23ST or Pdo26ST, matching its known poor reactivity as
acceptor (Figure S3).! In contrast, Pdo26ST showed weak
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Figure 4. Bacterial lectin (BamblL) binding to F-glycans. A) Surface diagram of the crystal structure of BambL

in complex with H-F type 2 (PDB: 3zzv). Sites 1 and 2 correspond to the carbohydrate-binding sites within

a monomer and between two monomers, respectively. B) '°F NMR screening of F-glycans alone (gray) and in
presence of BambL (blue). BambL binds F-Le*, F-Le’, and F-H type 2 strongly as shown by CSP in presence of
protein (orange line). The "*F NMR titration spectra shows F-H type 2 undergoing slow exchange on the the
chemical shift timescale upon increase of BambL concentration. C) The Ky of F-H type 2 was calculated from
the changes in peak intensity and fitted to one- and two-site models resulting in a K; of 9£2 um.

D) TROSY NMR verified F-H type 2 binding to °N-labeled BambL. Given that BambL has two binding sites,
peaks showing a slow (30, 7, and 33), intermediate and fast exchange (5, 17, and 62) on the chemical shift
timescale have been observed upon titration of F-H type 2. One-site model for slow (E) and fast exchange (F)
peaks was applied to derive the K values of 12+8 um and 94 433 pm, respectively. G) CSP plot showing the

resonances perturbed in presence of a-Me-L-fucose and F-H type 2.

binding to F-H type 2, in agreement with previously reported
enzymatic activity (Figure S3).*l This simple assay could be
envisioned as screening platform to identify acceptor sub-
strates for known enzymes and for the discovery of new
glycosyltransferases.[""!]

The high sensitivity of the '°F reporter to subtle modifi-
cations in its chemical environment offers a valuable tool for
real-time monitoring of enzymatic reactions. The possibility
to place the F reporter on a carbohydrate unit in proximity
to the functionalization site is crucial for detecting a chemical
shift perturbation. We selected two enzymes ([3-galactosi-
dase™ and Pma23STP) and we monitored their activity on
a model substrate, F-Lac. Glycosidic bond cleavage, mediated
by B-galactosidase, was followed by '’F NMR. Cleavage of the
terminal (3-galactose induced a chemical shift perturbation
and real-time ’F NMR tracking allowed for derivation of the
Ky of the enzymatic reaction (Figure 5A). Next, glycosidic
bond formation promoted by Pma23ST ! was monitored in
real-time. N-Acetyl-neuraminic acid (Neu5Ac) is transferred
from an activated cytidine monophosphate donor (CMP-
NeuSAc) to the C-3 OH of the terminal galactose unit of F-
Lac to yield F-sLac. The electron-withdrawing nature of

AGA enabled the fast
assembly of '"F-labeled
Lewis type 2 antigens for
high-throughput
screening of protein bind-
ing. Mammalian and bac-
terial lectins as well as
enzymes were analyzed.
FNMR screening of F-
glycans permitted a quick
qualitative evaluation as
well as a reliable quantifi-
cation of lectin binding (K,). The assay does not require
labeled proteins or complex 2D NMR experiments. All NMR
experiments can be performed in an extremely small scale
(few nmol of glycan and protein per experiment). Enzymatic
reactions, including sialylation, were monitored in real-time,
demonstrating that '°F-labeled glycans hold a great potential
as molecular probes to uncover enzymatic processes and for
high-throughput screening.””! Protocols for the selective “F-
labeling of monosaccharides are available;”™ the imple-
mentation of these novel BBs in AGA will fuel the production
of new classes of glycan probes. Given the high dispersion of
F NMR signals, libraries of F-glycans with diverse chemical
shifts can be designed to increase the high throughput of this
approach.® The ability of “F glycan probes to reveal binding
or enzymatic transformation in solution and in real-time
could open the way to in cell NMR applications, often
hampered by high background signals."*77 Overall, these
probes are valuable tools for a better molecular understand-
ing of the interactions of complex glycans with protein
receptors.
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Figure 5. Real-time enzyme kinetics by '°F NMR using F-glycans. A) '°F NMR of F-Lac incubated with (-galactosidase. '°F NMR real-time tracking
of product formation (black arrows) upon incubation of F-Lac with 3-galactosidase (right). Kinetic data were derived plotting the product
formation rate as a function of the substrate concentration. The best fit of the experimental data provides a Kj, value of 86.5410.5 um according
to the Henry-Michaelis—Menten equation (left). B) '*F NMR of F-Lac incubated with Pma23ST in presence of CMP-Neu5Ac. The formation of F-
sLac (black arrows) can be followed by '°F NMR in real-time. Product formation was confirmed by HPLC (Figure S9).
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