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SUPPORTING MATERIALS AND METHODS

Ligands

The synthesis of glycomimetics ®"“Neu5Ac and M"™Neu5Ac has already been described'?. The
natural glycan ligand a2,3SLN was synthesized as described here’. The synthesis of the natural
ligand 6-O-sulfo sLeX is described in this publication®. 02,6SLN (GLY084-2-90%)and sLeX
(GLY047-80%) were purchased from Elicityl.

Cloning, expression and purification of Siglec-9

The pET-43.1(a) plasmid coding Siglec-9 (UniprotKB QINYZ4) V-Ig set domain (amino acid
residues 18—144) (Siglec-941)* contains C36S mutation and 6xHis tag. The DNA was synthesized
and purchased from GenScript. The expression in Rosetta-gami B (DE3) E.coli competent cells
(Novagen) was conducted as described elsewhere’. Siglec-941 was purified from the inclusion
bodies from the lysed cells after solubilization with 6M guanidium chloride and refolding by
subsequently decreasing the denaturing conditions. Purification was conducted using nickel
affinity column, followed by size exclusion chromatography (Superdex 75; GE Healthcare). The
purity of the protein was analyzed by SDS-PAGE and mass spectrometry, and the protein folding
was determined by a 'H-"’N-HSQC NMR experiment.

The full-length extracellular domain (ECD) of Siglec-94143 (UniprotKB Q9Y366, residues 18—
344) with a removable C-terminal VENUS protein® was codon-optimized for expression in human
cells and synthesized by GenScript®. The construct was subcloned into the pHLsec vector’ using
restriction enzymes Agel and Kpnl, such that a 6x His-tag was at the C terminus of the construct
to facilitate affinity purification. Siglec-9q1.43-mVenus was transiently transfected into HEK293F
(Thermo Fisher Scientific) suspension cells. Cells were split in 200 ml cultures at 0.8 x 10° cells
per ml. 50 pg of DNA was added to the cells in a 1:1 ratio with transfection reagent FectoPRO
(Polyplus Transfections). Cells were incubated at 37 °C, 130 rpm, 8% CO; and 70 % humidity
for 67 days. After this period, cells were harvested by centrifugation at 5000x g for 20 min, and
supernatants were retained and filtered using a 0.45 pm Steritop filter (EMD Millipore).
Supernatants were passed through a HisTrap Ni-NTA column (GE Healthcare) and eluted in 20
mM Tris pH 8.0, 300 mM NacCl buffer with an increasing gradient of imidazole (up to 500 mM).
The fractions containing Siglec-941-.¢3-mVenus were pooled and separated on a Superdex 200
Increase size exclusion column (GE Healthcare) in saline-phosphate buffer (sodium phosphate 20
mM, NaCl 150 mM, pH 7.4). Before NMR studies Siglec-94143-mVenus samples were freeze-
dried to get rid of the H,O.
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NMR backbone assignment

NMR spectra were recorded on Bruker AVIII 500-, 600-, 700-, 750-, and 900-MHz spectrometers
(all equipped with a cryogenic probe, except for AVIII 750 MHz) at 293 K. Samples were
measured in 20 mM potassium phosphate, 40 mM NaCl at pH 7.0 with a protein concentrations
of 0.27 mM in a 5 mm Shigemi-NMR tube, containing 10% (vol/vol) D,O. Sequence-specific
assignment of protein backbone resonances was achieved through 2D 'H,""N-HSQC, 3D HNCA,
3D HNCACB, 3D CBCA(CO)NH, 3D HNCO, 3D HN(CO)CA with the support of a 3D ""N-
edited NOESY-HSQC spectrum. The NOESY experiment was recorded using a mixing time of
120 ms. Spectra were processed in TopSpin 3.0 (Bruker) and analyzed in Sparky (T. D. Goddard
and D. G. Kneller, SPARKY 3, University of California, San Francisco). The 'H chemical shifts
are referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS) in an external sample of 2
mM sucrose and 0.5 mM DSS (Bruker). The *C and °N chemical shifts are indirectly referenced
using scaling factors of 0.251449530 and 0.101329118, respectively.

Isothermal titration calorimetry

Titrations of Siglec-941 with B™NeuSAc and ™™NeuSAc were carried out in PBS solutions
(sodium phosphate 20 mM, sodium chloride 150 mM, pH 7.4) by the addition of small aliquots
(3-5 pL) of a solution of the sugar into a solution of the protein in the same buffer. The
concentration of the sugar solutions was approximately 30 to 40 times more concentrated than
receptor solutions (50 pM). The association constants and the thermodynamic parameters were
obtained from the fit of the titration data to a single-site binding model using the MicroCal Origin

7 software.
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SUPPORTING TABLES

Table S1. Epitope residues of @2,3SLN calculated from the "H STD-NMR experiment in
the presence of Siglec-941.43 (1:40 molar ratio). The absolute STD (STD-AF) values were
evaluated for the NMR signals of the ligand, using the proton signal with the strongest STD
effect as reference. Consequently, the relative STD intensities (STD%) were then calculated,

allowing us to map the ligand-binding epitope.*’

Protons STD-AF STD-AF
(%)
NHAc 2.5 100
NeuSAc

H4 Neu5Ac 1.8 74
H7 Neu5SAc 1.5 60
H6 NeuSAc 1.4 55
HO9R NeuSAc 1.1 46
H8 Neu5Ac 1 40
HO9R Neu5SAc 0.9 35
HS5 NeuSAc 0.9 35
H3eq Neu5Ac 0.8 32
H3ax Neu5Ac 0.7 27
H5Gal 0.6 26
H4Gal 0.6 26
H3Gal 0.5 21
H6Gal 0.4 16
H3Gal 0.5 19
H6 GIcNAc 0.2 6
H2GIcNAc 0.1 5
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Table S2. Epitope residues of @2,6SLN calculated from the '"H STD-NMR experiment in
the presence of Siglec-941.43 (1:40 molar ratio). The absolute STD (STD-AF) values were
evaluated for the NMR signals of the ligand, using the proton signal with the strongest STD
effect as reference. Consequently, the relative STD intensities (STD%) were then calculated,

allowing us to map the ligand-binding epitope.*’

Protons STD-AF STD-AF (%)
NHAc Neu5Ac | 1.5 100
H7NeuSAc 0.7 49
H4Neu5SAc 0.7 46
H9proRNeu5Ac | 0.6 39
H6NeuSAc 0.4 29
H5NeuSAc 0.4 29
H9proSNeuSAc | 0.4 25
H3axNeu5Ac 0.3 23
H8NeuSAc 0.3 21
H3agNeu5Ac 0.3 20
H4Gal 0.1 10
NHAc Gal 0.1 10
H6Gal 0.1 9
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Table S3. Epitope residues of sLeX calculated from the '"H STD-NMR experiment in the
presence of Siglec-941.43 (1:40 molar ratio). The absolute STD (STD-AF) values were
evaluated for the NMR signals of the ligand, using the proton signal with the strongest STD
effect as reference. Consequently, the relative STD intensities (STD%) were then calculated,

allowing us to map the ligand-binding epitope. *’

Protons STD-AF STD-AF (%)
NHAc NeuSAc 2.4 100
H6 NeuSAc 2.1 86
H9proR Neu5Ac | 1.8 75
HS5 NeuSAc 1.3 54
H4 Neu5Ac 1.4 58
H4 Neu5SAc 1.4 56
H7 NeuSAc 1.6 65
H9S NeuSAc 1.2 49
H3ax Neu5Ac 0.7 29
H8 Neu5Ac 1.0 41
H3eq Neu5Ac 0.6 24
H4 Gal 0.6 25
H6 Gal 0.6 26
H3 Fuc 0.6 23
H6 Fuc 0.4 17
H3Gal 0.4 16
H6GIcNACc 0.3 12
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Table S4. Epitope residues of ®"“NeuSAc calculated from the "H STD-NMR experiment in
the presence of Siglec-94i-q3 (1:40 molar ratio). The STDmax and ksat were calculated by
plotting the obtained STD-AF vs the applied saturation time and fitting the data to a
monoexponential function, as shown in the Materials and Methods sections. STD-AF, was

obtained by multiplying STDmax and ksat.

Protons STDmax | ksat(s') | STD-AF, | STD-AF, (%)
Horto/para Fenil 6.8 0.6 4.0 100
Hmeta Fenil/ Hmethyl 6.2 0.5 33 82
Fenil

Htriazol 5.6 0.5 3.0 73
Hmethylene C5Neu5Ac 2.6 0.5 1.3 33
H8 Neu5Ac 3.5 0.4 1.6 39

H6 Neu5Ac 2.4 0.7 1.7 42

H7 Neu5Ac 24 0.3 0.6 15

H4 Gal 23 0.3 0.7 18
HO9proR Neu5Ac 2.7 0.6 1.7 43
H5 Gal 1.3 0.5 0.6 16

H6 Gal 1.2 0.4 0.4 11

H6 Glc 1.3 0.2 0.3 8

S8



Table S5. Epitope residues of Y™ Neu5Ac calculated from the '"H STD-NMR experiment in
the presence of Siglec-94i-q3 (1:40 molar ratio). The STDmax and ksat were calculated by
plotting the obtained STD-AF vs the applied saturation time and fitting the data to a
monoexponential function, as shown in the Materials and Methods sections. STD-AF, was

obtained by multiplying STDmax and ksat.

Protons STDmax | ksat(s') | STD-AF, STD-AF,
(%)
H thiazol 4.6 0.3 1.2 100
H3 thiol 32 0.4 1.1 95
H4 thiol 32 0.4 1.1 95
CHS3 thiazol 3.0 0.3 1.0 84
NHAc 2.9 0.4 1.1 90
NeuSAc
H3ax 2.5 0.1 0.3 28
NeuSAc
H3eq 1.3 0.2 0.3 27
NeuSAc
H7 Neu5Ac 1.5 0.5 0.7 60
H4 Gal 2.0 0.3 0.5 42
H9proR 1.1 0.5 0.6 51
NeuSAc
H8 Neu5Ac 1.5 0.3 0.5 44
H5 Neu5Ac 1.2 0.4 0.4 38
H5 Gal 0.7 0.3 0.2 19
H2 GlcNAc 1.0 0.4 0.4 32
H6 GlcNAc 0.8 0.3 0.3 24
H3 Gal 0.3 0.3 0.1 8
NHAc 1.0 0.4 0.4 31
GlcNAc
H6 Gal 3.1 0.1 0.3 23
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SUPPORTING FIGURES

Figure S1
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Figure S1. NMR backbone assignment of Siglec-941

(residues 18-144) construct used in this study. The predicted B-strands are depicted with black

arrows on top of the amino acid sequence. The disulfide bond is indicated by a yellow line. B)

'H-N HSQC spectrum of Siglec-941 measured at 293

doubling are highlighed by different background colors,

an additional letter a, the minor set with a letter b.

S10

. A) Amino acid sequence of Siglec-94:

K with assignments. Signals with peak

signals of the major set are labeled with



Figure S2
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Figure S2. STD-NMR epitope mapping of sLeX to mVENUS and Siglec-94;. A) Reference
off-resonance spectrum (black) and STD-NMR spectra with 25 x amplification (cyan) of the
mVENUS and sLeX in molar ratio of 1: 40 (mVENUS: ligand). B) Reference off-resonance
spectrum (black) and STD-NMR spectra (100 x) (cyan) of the Siglec-941 and sLeX in molar ratio
of 1: 40 (Siglec-9: ligand). STD-based epitope mapping in sLeX is indicated. C) Epitope residues
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of sLeX calculated from the '"H STD-NMR experiment in the presence of Siglec-941 (1:40 molar

ratio).
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Figure S3
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Figure S3. '"H STD-NMR experiment for the complex formed by the modified sialogycans
(®*“NeuSAc and ™" Neu5Ac) and Siglec-94143. A) 'H STD-NMR experiment for the complex
formed by B™NeuSAc and Siglec-94143 (1:40 molar ratio). B) '"H STD-NMR experiment for the
complex formed by M™NeuSAc and Siglec-9aia3 (1:40 molar ratio). The intensities of STD
signals obtained at different saturation times (0.5 s, 1 s, 2 s and 4 s) are plotted and fitted following
the mono-exponential equation to obtain normalized STD signals, as explained in the materials

and methods section.
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Figure S4
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Figure S4. Conformation of a2,3SLN, a@2,6SLN and sLeX in the presence of Siglec94i-a3. A)
NOESY derived calculated distances for «2,3SLN in the presence of Siglec9qi-q3 are shown in the
Table. The binding pose of a2,3SLN is represented with sticks. B) NOESY derived calculated
distances for a2,6SLN in the presence of Siglec9qi.¢3 and the binding pose of a2,6 SLN. C)
NOESY derived calculated distances for sLeX. The dihedral angles of the O-glycosidic linkages
were determined from the calculated distances (Table). D) NOESY spectra of sLeX is presented
when free in solution (left, in red) and bound to Siglec-9q143 (right, in blue). Key intermolecular
cross-peaks are highlighted in brackets. Interproton distances were obtained by using the isolated
spin pair approximation (ISPA) method.'® NOE integrals were estimated to contain a 10% error.

Thus, the ranges given for the NOE-derived distances were calculated based on this estimation.
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Figure S5
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Figure S5. Conformation of "“°NeuSAc¢ and MTSSNeu5Ac bound to Siglec-9d;:3. A) From
the calculated distances shown in the Table dihedral angles of the O-glycosidic linkages of
BTCNeuSAc were determined. Below, the NOESY spectra of B™“NeuSAc in the presence of the
Siglec9qi-a3 is shown. Cross-peaks between the aromatic ring and the H9, H7 and H6 of Neu5Ac

are highlighted. These cross-peaks do not appear in the free NOESY spectrum but in the bound
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form, as a consequence of the spin-diffusion effect due the intermolecular contacts between the
W128 and the diphenylmethyl moiety of the glycomimetic. B) NOESY derived distances for
MTTSNeuSAc ligand. In the spectra below, NOESY spectra of the glycomimetic in the presence of
the Siglec9q1-43 is shown. Key cross-peaks that only show up in the bound form and indicate the
directionality of the heteroaromatic ring into binding site are highlighted. Interproton distances
were obtained by using the isolated spin pair approximation (ISPA) method.'® NOE integrals were
estimated to contain a 10% error. Thus, the ranges given for the NOE-derived distances were

calculated based on this estimation.
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Figure S6
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Figure S6. 'H-'"'N HSQC chemical shift perturbations induced by sLeX ligand. Highly

perturbed residues are shown as well as their corresponding dissociation constants (Kp). The Kp

of the ligands were calculated as described in Materials and Methods. CcpNmr Analysis

software!! was used to fit (in red) the curves of the obtained experimental data (in blue).
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Figure S7

KD(average) =145+11pM

o T T T T T
o 0 20 3 4 50 &

A65 H ! o

i

: E oo /

N a /
[ S /

o e

[e < g /

: soeon | / Ko = 160.6 + 10.4 uM

T T T T T T T
742 740 738 736 734  F2[ppm]

Ligand equivalents

-

o] /

0094 ~

—~ o] P

€ o /;"’

g o

g/

- 004

< oo
a4

oo Kp=162.2+12.9 uM

1

R134

1196 1194 1182 1150 1188 F1[ppm]

© 20 30 4 @
Ligand equivalents

1249 1248 1247 1246 1245  F1 [ppm]

@l Kp=118.2$19.5uM

T T T T T
78 784 782 780 F2(ppm) I

Ligénd evquivalenkts

LE
&
i 0.04:
o oo
8 = ow
EL
[a g o
; W 0015
<
. oo
e s0e3 K,=142.6 5.2 uM
72 [ppm] Ligand equivalents
B
g 0.12-
e o /
a ar
& oo e
o Y'Y ¥
i exl
N L o5
8 S /
- w o
e <
v o
re 001 K, =144.5+10.1 uM
J 10 20 \I) 40 50 60
Ligand equivalents
i .
Fo o045 ‘//
004 -~
oo
EL e
Sl S
. =]/
e 3 oo
setess Ko = 143.5+ 6.3 uM
s Vi
G 10 20 30 4 30 e 70
525 24 822 820 818 F2[ppm] Ligand equivalents

Figure S7. '"H-'"N HSQC chemical shift perturbations induced by 6-O-sulfo sLeX ligand.
Highly perturbed representative residues are shown as well as their corresponding dissociation
constants. The Kp of the ligands were calculated as described in Materials and Methods. CcpNmr

Analysis software'' was used to fit (in red) the curves of the obtained experimental data (in blue).
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Figure S8
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Figure S8. '"H-'""N HSQC chemical shift perturbations induced by 6-O-sulfo ®"“Neu5Ac.
Highly perturbed representative residues are shown as well as their corresponding dissociation

constants. CcpNmr Analysis software'' was used to fit (in red) the curves of the obtained

experimental data (in blue).
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Figure S9
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Figure S9. Determination of the dissociation constant (Kp) of ¥"™Neu5Ac. In blue the 'H-""N
HSQC cross-peaks of the indicated amino acids are shown. In green, at 0.8 equivalents of ligand,
both apo and bound form can be observed simultaneously. In red, at 8 ligand equivalents, only
the bound form can be observed). The Kp of the ligands were calculated as described in Materials

and Methods.
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Figure S10
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Figure S10. Specific '"H-"N HSQC chemical shift changes induced by the aromatic
substitutions of ®"“Neu5Ac and " "NeuSAc ligands. A) Specific 'H-""N HSQC chemical shift
changes induced by the aromatic substitutions of ®"“NeuSAc. Side chain NH groups of W50 and
W128 are very affected by the presence of the 1-(diphenylmethyl)-1H-1,2,3-triazole moiety of
the ligand. W128Nel-Hel signals are heavily shifted and they do disappear at 4 ligand
equivalents, for after being recovered at 8 equivalents. W50Negl-Hel is also heavily perturbed.
Even though the W50 backbone amide is perturbed almost twice as much as the standard
deviation, the side chain amine of the indole shows higher perturbation. B) Specific '"H-'’N HSQC
chemical shift changes induced by the aromatic substitutions of M™SNeuSAc. Even though
W50Nel-Hel is in the slow-exchange regime, is 3-times less shifted than with the previous
BTCNeuS5Ac ligand. Unlike with the previous modified glycan, W128Nel-Hel vanishes at 1.8
ligand equivalent addition. Additionally, Y130 is heavily shifted (A8'n = 0.36 ppm, AS *x=0.91
ppm) caused by the substitutions of the M"™Neu5Ac mimetic. The amino acids in the cis form are

indicated with (a) while the ones in trans with (b).
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Figure S11
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Figure S11. Chemical shift changes upon ®*"“NeuSAc ligand addition of some of the doubled
peaks in Siglec-94; and their corresponding dissociation constant. Significant differences in
the Kp were observed in the doubled peaks when the P53 from Siglec9q; is in the cis (a) and trans
(b) form. CcpNmr Analysis software'' was used to fit (in red) the curves of the obtained

experimental data (in blue). The Kp of the ligands were calculated as described in Materials and

Methods.
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Figure S12
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Figure S12. Comparison between the models of Siglec-9 V domain obtained by RoseTTA

fold and AlphaFold. A) Superposition of the 5 best homology structures obtained with RoseTTA

fold'>"* and the 5 best obtained with AlphaFold '*'*. All the given structures were identical except

for the B’-C loop. B) Superposition of the best 3D structure models obtained with AlphaFold (in
light blue) and RoseTTAFold (in wheat). The difference in the cis (modelled with AlphaFold)

and frans (with RoseTTAFold) conformation of the P53 residue significantly affect the

conformation adopted by the residues at the B'-C loop.
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Figure S13
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Figure S13. Comparison of the 3D structures of Siglec-7, Siglec-8 and the model of Siglec-9.
A) Sequence alignment of the V-type domain of -7, -8 and -9. Siglec-9 secondary structure
elements are represented at the top alignment. Conserved Arg involved in binding sialic acid is
marked by a red box. Amino acid sequence identity between the V-type domains of Siglec-7 and
-8 versus Siglec-9 reported as paired percent values. B) Cartoon representation of the crystal
structure of Siglec-7 (in pink) in complex with GT1b (PDB ID: 2HRL), the crystal structure of
Siglec-8 (in green) in complex with ¥*NeuS5Ac (PDB ID: 7QUI); and the model of Siglec-9 (trans

model in wheat) in complex with B™*NeuSAc and Siglec-9 (cis model in blue) ¥™Neu5Ac.
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Figure S14

a2,35LN . a2,65LN ,
\c \ 7 y

Figure S14. Representative binding modes of a2,3SLN, a2,6SLN, sLeX and 6-O-sulfo sLeX
to Siglec-9.
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Figure S15
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Figure S15. Superposition of the MD
a2,6SLN, sLeX and 6-0-sulfo sLeX.
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Figure S16
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Figure S16. 2D histograms of the ® (H;-C;"-O, -C,) and ¥ (C;’- O, -C,-H,) dihedral angles
of the O-glycosidic bond of the different natural glycans. Also, the ® (Os-Cs-Cs-Og) of the

hydroxymethyl of 6-O-sulfo GlcNAc dihedral is represented in the case of the 6-O-sulfo sLeX
glycan.
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Figure S17

Figure S17. Three dimensional model of a glycan mimetic combining modifications of BTC
and MTTS bound to Siglec-9.
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Figure S18

A AlphaFold (P53 cis) B RoseTTAFold (P53 trans)

Figure S18. Representative binding poses of ®"“NeuSAc with the Siglec-9 structure from
AlphaFold with Y52-P53 in trans (lightblue) and from RoseTTAFold with Y52-P53 in trans
(wheat). A. Binding pose of ®"“NeuSAc within Siglec-9 at the cis form. B. Binding pose of

BTCNeuSAc within Siglec-9 at the trans form.
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