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SUMMARY
Galectins are glycan-binding proteins translating the sugar-encoded information of cellular glycoconjugates
into physiological activities, including immunity, cell migration, and signaling. Galectins also interact with
non-glycosylated partners in the extracellular milieu, among which the pre-B cell receptor (pre-BCR) during
B cell development. How these interactions might interplay with the glycan-decoding function of galectins is
unknown. Here, we perform NMR experiments on native membranes to monitor Gal-1 binding to physiolog-
ical cell surface ligands. We show that pre-BCR interaction changes Gal-1 binding to glycosylated pre-B cell
surface receptors. At the molecular and cellular levels, we identify a2,3-sialylated motifs as key targeted epi-
topes. This targeting occurs through a selectivity switch increasing Gal-1 contacts with a2,3-sialylated poly-
N-acetyllactosamine upon pre-BCR interaction. Importantly, we observe that this switch is involved in the
regulation of pre-BCR activation. Altogether, this study demonstrates that interactions to non-glycosylated
proteins regulate the glycan-decoding functions of galectins at the cell surface.
INTRODUCTION

Glycans are essential for life and play many different funda-

mental roles in nearly all biological processes.1 Their tremendous

diversity is key to store chemical information at the cell sur-

faces—glycocode—which is translated into cellular responses

by binding to specific proteins mainly known as lectins.2,3

Among lectins, galectins are a highly conserved family of 15

known proteins (Gal-1 to Gal-15), defined by their ability to

bind b-galactosides through a conserved carbohydrate recogni-

tion domain (CRD) which includes the carbohydrate binding site

(CBS).4 These lectins, found in many cell types,5 are well-known

regulators of cell responses and mediate a wide variety of func-

tions such as cell binding, migration, differentiation, cellular traf-

ficking, and cell signaling.4 Galectins are also involved in several

pathological processes such as inflammatory diseases, onco-

genesis, cardiovascular disorders, and host-pathogen interac-

tions,6–10 making galectins attractive therapeutic targets.11–13

All these functions, at the surface of many different cell types,

in all kind of environments, are achieved through their ability to

oligomerize, which leads to crosslinking of specific cell-surface

glycoproteins or glycolipids into lattices.14 Given the abundance
Cell Reports 43, 114541, Aug
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of b-galactoside-derived glycoconjugates on cell surfaces, how

these lectins select a subset of ligands among many available

candidates to mediate a specific cellular function remains

elusive.

The concept of galectins as functioning in the extracellular

compartment only through carbohydrate interactions has been

challenged recently by the identification of non-glycosylated

binding partners.15–20 Whether these interactions participate in

cell glycome decoding by galectins is unknown. The first

example of a carbohydrate-independent interaction in the extra-

cellular compartment concerns the prototype Gal-1 homodimer

and the pre-B cell receptor (pre-BCR).21 Gal-1 is an exo-type

lectin (i.e., it interacts specifically with terminal units of polysac-

charides).22,23 During B cell differentiation in the bone marrow,

pre-BCRs are expressed at the surface of pre-B cells, which

are present in a specialized cellular niche consisting of stromal

cells secreting Gal-1. At this developmental stage, Gal-1 estab-

lishes interactions with glycoconjugates and the pre-BCRs at the

contact zone between pre-B and stromal cells.21,24,25 This Gal-

1-dependent lattice drives pre-BCR clustering, activation, and

subsequent downstream signaling, which has been implicated

in cell survival, proliferation, and differentiation.26 However, the
ust 27, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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molecular mechanism underlying Gal-1 functions at the pre-B

cell surface remains unknown. Our previous study revealed

that Gal-1 interacts with a non-glycosylated region of the pre-

BCR, the l5 unique region (l5-UR), that docks onto a Gal-1 hy-

drophobic surface behind the CBS.27While binding at a distance

from the CBS, l5-UR induces carbohydrate affinity changes as

tested on glycan arrays.15 These data suggested that l5-UR

binding to Gal-1 modulates Gal-1 binding activity for structurally

related carbohydrates. Whether these affinity changes represent

a mechanism to regulate Gal-1 interactions and function at the

pre-B cell surface is still to be demonstrated on physiological

cell surface ligands embedded in the plasma membrane. To

date there are no published data analyzing at the structural level

galectin binding to native cell surface ligands.

Here, we addressed the challenge of studying Gal-1 binding to

pre-B and stromal cell surfaces using solution-state NMR spec-

troscopy on native membranes and investigated the effect of

l5-UR interaction on Gal-1 binding to its physiological ligands.

We show that l5-UR allows Gal-1 to select specific glycosylated

receptors at the pre-B cell surface. We identified a2,3-sialylated

glycans as key targeted epitopes. Defining the structural basis

of this regulation highlighted increased Gal-1 intermolecular

contacts with a2,3-sialylated poly-N-acetyllactosamine upon

l5-UR interaction, which regulates pre-BCR activation. Alto-

gether, our study shows that galectin/non-glycosylated protein

interactions can act as regulators of galectin functions and

may be themissing piece of the puzzle to understand how galec-

tins acquire their target specificity at the cell surface.

RESULTS

Structural basis of Gal-1 binding to cell surface ligands
To investigate Gal-1 binding to glycoconjugates in their native

membrane environment, we utilized stromal and pre-B cell lines

(OP9 and Nalm6, respectively) to extract glycoconjugates-en-

riched membrane vesicles amenable for NMR studies. These

cell lines were previously used to model the pre-B/stromal cell

synapse and pre-BCR relocalization.27 For reference, we

observed on average 50- and 25-nmdiameter vesicles extracted

from stromal and pre-B cell lines, respectively (Figure S1A and

S1B). These vesicles were previously used to investigate the gly-

comic profile of pre-B and stromal cell lines and have been

shown to bind to Gal-1.15 NMR experiments carried out con-

sisted of recording 1H,15N heteronuclear single quantum coher-

ence (HSQC) spectra on 15N-labeled Gal-1 alone and incubated

with membrane vesicles (Figure 1A). Importantly, as we are

working with native membranes, it is not possible to evaluate

the exact cell surface concentration of Gal-1 ligands. In our pro-

tocol, we evaluate the total amount of proteins (glycosylated or

not) contained in the cell vesicle samples to have a ‘‘cursor’’

for experimental reproducibility. Ultimately, Gal-1 ligands con-

centrations are most likely lower compared to the 15N-labeled

Gal-1 used in these experiments. Furthermore, to prevent

endogenous Gal-1 from stromal cells to interfere with added
15N-Gal-1, we used stromal cells for which Gal-1 expression

has been decreased.28 Upon vesicle addition, chemical shift de-

viations (CSDs) and line broadening were observed, indicative of

complex formation with vesicle surface ligands (Figures 1A,
2 Cell Reports 43, 114541, August 27, 2024
1B,S1C, and S1D). To provide evidence that glycans mediate

Gal-1 binding to cell vesicles, we enzymatically cleaved complex

N-glycans, as well as core1 and core3 O-glycans, from the cell

surface glycoproteins using peptide-N-glycosidase F (PNGase

F) and O-glycosidase. After treatment, no significant variation

or intensity decrease was observed onGal-1 spectra, confirming

that Gal-1 interaction to cell vesicles is glycan dependent (Fig-

ure S1E). These results demonstrate not only the presence of

functional glycosylated ligands in the isolated membrane vesi-

cles but also the possibility to monitor Gal-1 interactions at

atomic resolution in their physiological context.

Remarkably, Gal-1 resonances presenting perturbations are

localized in the CBS but also at the edge of Gal-1 b sheet

(Figures 1C and 1D). Previously, the Gal-1 CBS had been defined

as containing five subsites, A–E, where subsite C accommo-

dates the essential b-galactose unit, the other subsites interact-

ing more specifically with the other units of the glycan.30 When

incubated with cell vesicles, CBS subsites C and D were mainly

perturbed, thus confirming Gal-1 binding to cell surface b-galac-

tosides (Figures 1C and 1D). However, significant differences

were observed at the residue level within these subsites depend-

ing on the cell vesicles added. Remarkably, additional perturba-

tions in CBS subsites A and B were observed in the presence of

stromal cell vesicles, indicating binding to b-galactoside ligands

with extensions pointing toward these subsites (Figure 1D). In

addition to CBS perturbations, residues at the edge of Gal-1 b

sheets next to the CBS also showed strong resonance perturba-

tions (Figures 1C and 1D). These variations outside the CBS

could represent an additional interaction site for extended com-

plex cellular glycans. Finally, residues at the dimer interface also

showed resonance perturbations, which is consistent with previ-

ous studies demonstrating the long-range effects of glycan bind-

ing to galectins.31–35 Altogether, these data show that Gal-1

binding to cell surface glycosylated ligands impact not only the

CBS but also other regions of the CRD. Ultimately, although

b-galactose is the main Gal-1-binding determinant, significant

differences are also observed at the residue level demonstrating

that pre-B and stromal cells contain different sets of Gal-1 li-

gands. These results are in agreement with lectin microarray

data on pre-B and stromal cells showing cell-specific glycomic

signatures.15

l5-UR changes Gal-1 binding to pre-B and stromal cell
ligands
Within the pre-B cell niche, Gal-1 secreted by stromal cells con-

tacts pre-B cells through binding to glycosylated receptors and

to l5-UR from the pre-BCR.21,24 To determine whether l5-UR

can changeGal-1 binding properties to cell glycosylated ligands,

we examined the effect of l5-UR on the resulting 1H, 15N-HSQC

spectra of Gal-1 in the presence of pre-B or stromal cell vesicles

(Figures S2A and S3A).

When added to Gal-1 bound to pre-B cell vesicles, l5-UR

induced CSDs in the l5-UR binding site and within the CBS

(Figures 2A, 2B, and S2A). Remarkably, several of the reso-

nances already affected by pre-B vesicle interaction shifted in

the opposite direction toward their initial Gal-1 free resonance

position (Figure 2C) upon l5-UR binding. These resonances

belong to CBS subsites C and D. Final calculated CSDs



Figure 1. Gal-1 binding to pre-B and stromal cell surface ligands

(A) A histogram showing CSDs upon addition into a 15N-labeled Gal-1 sample of membrane vesicles extracted from 100 million pre-B cells (green bars) and

10 million stromal cells (orange bars). At top right, the strategy for NMR study of Gal-1 binding to pre-B and stromal cell vesicles is depicted. Cells are cultured as

described in the Method details section and then sonicated to generate the vesicles, which are collected after the ultracentrifugation cycles. Vesicles are finally

incubated with 15N-labeled Gal-1 to proceed to NMR experiment recording.

(B) Normalized peak intensity ratio analysis (I/I0) of Gal-1 bound to pre-B (green bars) or stromal (orange bars) cell vesicles relative to unbound Gal-1. Dotted lines

represent 1s from the average I/I0.

(C and D) Residues whose resonances have considerable CSDs and peak intensity decrease upon (C) pre-B and (D) stromal vesicles addition are mapped onto a

Gal-1 homodimer surface structure (PDB: 1GZW29). (Left) The CBS view. (Right) The side view after a 90� rotation. CBS subsites are framed and labeled on one

monomer (only one CBS is entirely visible due to the homodimer symmetry).
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(comparison between Gal-1 free and Gal-1 bound to pre-B cell

vesicles and l5-UR) for these resonances decreased until

complete cancellation at a 1:3 Gal-1:l5-UR ratio (Figure S2B).

These observations indicate that pre-B cell ligands of Gal-1

are counter-selected in the presence of l5-UR. Then, upon

increasing l5-UR addition, other CBS resonances located in

CBS subsites B and C and in loops surrounding the CBS started

to shift (Figures 2C and S2B). In addition to CSDs, signal inten-

sities were modified upon l5-UR interaction (Figure 2D). Specif-

ically, both increased (subsite D and surrounding loops) and

decreased peak intensities (subsite C) were observed (Fig-

ure 2D), which further support changes in Gal-1 binding to cell

vesicles. Consequently, the final binding pattern of Gal-1 to

pre-B cell vesicles is different in the presence of l5-UR, indi-

cating binding to new ligands (Figure 1C vs. Figure 2E). A control

peptide, l5-UR mutated on two essential residues for complex

formation with Gal-1 (l5-UR-L26A-W30A),27 has been used to

verify that the effect observed is specific to l5-UR binding to

Gal-1. No CSDs were observed with the mutated peptide

(Figures 2A and S2C). Collectively, these experiments demon-

strate glycan-binding changes for Gal-1 at the pre-B cell surface

upon l5-UR interaction, decreasing affinity for some glycan epi-
topes and enhancing interaction with others, thus maintaining

Gal-1 association with the pre-B cell surface.

In the presence of stromal cell vesicles, l5-UR induces CSDs

and a strong decrease in Gal-1 NMR signals (Figures S3A–

S3C). Here, perturbations behavior is different compared to

the same experiment in the presence of pre-B cell vesicles.

Indeed, the perturbations already observed in the presence of

stromal cell vesicles are increased and extended upon l5-UR

addition, indicative of a peptide-induced enhancement of

Gal-1 interactions. Combined analysis of CSDs and peak inten-

sity decrease highlighted perturbations for resonances located

mainly in the CBS and at the edge of Gal-1 b sheets, including

residues belonging to the l5-UR binding site (Figure S3D). In

the absence of cell vesicles, l5-UR alone is not able to prompt

such a Gal-1 signal intensity decrease, which is consistent with

the binding of a 24-amino acid peptide in the fast exchange

regime.27 Therefore, l5-UR interaction induces variations

within the CBS, resulting in Gal-1-enhanced binding to stromal

cell surface glycans.

In summary, while the addition of the l5-UR interacting region

induces perturbations of Gal-1 resonances, the perturbations

observed are different depending on the cell vesicles bound to
Cell Reports 43, 114541, August 27, 2024 3



Figure 2. Impact of l5-UR interaction on Gal-1 binding to pre-B cell vesicles

(A) A histogram showing CSDs of Gal-1 resonances bound to pre-B cell vesicles upon addition of 4.5 M equivalent of l5-UR (magenta bars) and l5-UR-L26A-

W30A (gray bars).

(B) CSDs are reported on the Gal-1 surface (magenta). The l5-UR binding site is framed (black line).

(C) Chemical shift perturbations of selected Gal-1 resonances upon addition of pre-B cell vesicles (green) followed by l5-UR addition (magenta). N56, N50, E74,

and V76 resonances show chemical shift perturbations in the presence of pre-B cell vesicles but move back toward their initial Gal-1 free resonance position upon

l5-UR addition. N33 and H52 resonances show increased perturbations upon l5-UR interaction while being part of the CBS and not the l5-UR binding site.

(D) Normalized peak intensity ratio analysis (I/I0) of Gal-1 bound to pre-B cell vesicles and l5-UR (I) relative to Gal-1 bound to pre-B cell vesicles only (I0). Dotted

magenta line represents 1s from the average I/I0. Bars above 1 are indicative of increased peak intensity upon l5-UR interaction.

(E) Combined chemical shift perturbations (CSDs and I/I0) betweenGal-1 free andGal-1 bound to pre-B cell vesicles and l5-UR are reported onGal-1 homodimer

surface structure (purple).
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Gal-1. Consequently, l5-UR can regulate differentially the bind-

ing properties of Gal-1 to stromal and pre-B cell surface ligands.

Specific dynamic changes mediate l5-UR-induced
Gal-1 regulation
The l5-UR binding on Gal-1 backside is transmitted to the CBS

to target specific glycoconjugates, and therefore regulates Gal-1

interactions in an allosteric manner. Allostery involves the

coupling of ligand binding at one site with a conformational or dy-

namic change at a distant site, thereby affecting binding at that

site. No structural changes within the Gal-1 CBS that could

explain enhanced interaction with glycans had been observed

upon the binding of l5-UR27; hence, we investigated the role

of dynamics in the regulation of Gal-1 interactions mediated by

l5-UR. The backbone dynamics of Gal-1 were analyzed using

nuclear spin relaxation parameters for Gal-1 free and bound to

l5-UR (Figures S4A and S4B). The role of fast protein motions

was determined by measuring changes in the order parameter
4 Cell Reports 43, 114541, August 27, 2024
S2. S2 is a measure of the amplitude of internal motions on

the picosecond-to-nanosecond timescale and can vary from

S2 = 1, for a bond vector with no internal motion, to S2 = 0, for

a bond vector that is rapidly sampling multiple orientations.36

l5-UR binding to Gal-1 caused a large number of residues to

decrease their motions as evidenced by the corresponding in-

crease in their S2 values (Figure S5A). More specifically, l5-UR

binding to Gal-1 resulted in line broadening and increased rigid-

ity (increased S2) for residues from the l5-UR binding site but

also for residues from the upper loop of the CBS subsite C and

within subsite D and B (Figure S5C). By contrast, increased flex-

ibility (decreased S2) was observed for the lower loop of the CBS

subsite C. It should be noted that chemical shift analysis showed

that l5-UR binding to Gal-1 in the presence of pre-B cell vesicles

(Figure 2F) elicited changes in chemical shift for resonances pre-

cisely located within the same regions. The same experiments

performed using the anginex synthetic peptide, known to

interact with Gal-1 and to induce glycan binding changes,37,38
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revealed that contrary to l5-UR, anginex induces a widespread

decrease in S2, indicating a global increase in protein flexibility

(Figures S4C, S5B, and S5D). Consequently, the dynamic

changes observed upon l5-UR binding appear to be specific

to the l5-UR protein sequence and may contribute to glycan

specificity changes observed toward pre-B and stromal cell sur-

face ligands.

l5-UR regulates binding of Gal-1 by selecting a2,3-
sialylated glycan motifs found on pre-B cell surfaces
Our previous glycome exploration of pre-B and stromal cells

highlighted a glycomic signature specific to pre-B cells corre-

sponding to biantennary N-glycans, sulfated-, and a2,3-sialy-

lated b-galactoside glycans.15 Importantly, the latter showed

increased binding to Gal-1 on glycan arrays in the presence of

l5-UR.15 In addition, sialylated glycans have been shown to be

involved in immunologic processes.39,40 We therefore hypothe-

sized that a2,3-sialylated glycans could be one of the specific

glycosidic epitopes targeted by Gal-1 at the pre-B cell surface

upon l5-UR interaction. To test this hypothesis, pre-B cells

were treated with neuraminidase S enzyme, which catalyzes

the hydrolysis of a2-3-linked N-acetylneuraminic acid residues

from glycoproteins and oligosaccharides. Cell vesicles gener-

ated from the treated cells were incubated with 15N-labeled

Gal-1 to analyze Gal-1/vesicles interaction using NMR. After

neuraminidase treatment, Gal-1 is still able to bind to the vesicles

(Figures 3A and 3B) and show greater interaction compared to

untreated ones (higher CSDs and signal intensity decrease).

This result indicates that a2,3-sialylation removal revealed

glycan motifs for which Gal-1 presents a greater interaction.

Remarkably, the addition of l5-UR induces weaker CSDs

compared to the same experiment without neuraminidase treat-

ment (Figure 3C). In addition, signal intensities analysis shows an

overall weaker decrease in the presence of l5-UR after the

removal of a2,3-sialylation from pre-B cell vesicles compared

to untreated vesicles, and numerous resonances display

increased intensity (I/I0 > 1) (Figure 3D). Therefore, these results

demonstrate that l5-UR interaction does not have the same ef-

fect on Gal-1 binding to cell vesicles after removal of a2,3-sialyl

moieties compared to untreated vesicles. Moreover, signal in-

tensity increase upon l5-UR interaction suggests decreased

Gal-1 binding to treated pre-B cell vesicles.

To further confirm these findings on live pre-B cells, Gal-1

binding has been assessed using flow cytometry (Figure 3E).

Gal-1 incubation with pre-B cells showed significant cell surface

binding, and the complete loss of Gal-1 binding upon lactose

treatment demonstrates that most of it was related to the inter-

action with glycosylated proteins (Figure 3E). Remarkably,

Gal-1 binding at the cell surface was significantly higher

following neuraminidase treatment (Figure 3E), as observed by

NMR using treated pre-B cell vesicles (Figures 3A and 3B). Bind-

ing to higher-affinity ligands is also illustrated by the fact that

lactose, a low-affinity ligand, is not able to abolish Gal-1 binding

as seen with untreated cells. Despite this increased binding of

Gal-1 to treated cells, the addition of l5-UR induces decreased

Gal-1 binding, whereas there is no significant difference in Gal-1

binding to untreated cells in the presence of l5-UR (Figure 3E).

These results suggest that Gal-1 binding to ligands containing
a2,3-sialyl moieties is specifically regulated by l5-UR interaction

at the pre-B cell surface.

To validate this specific regulation, we performed an additional

assay on live cells without glycome modification. In this assay,

pre-B cells were incubated with the Maackia amurensis lectin II

(MAL II) lectin, which specifically recognizes a2,3-sialylated gly-

cans and is thus expected to antagonize Gal-1 binding to pre-B

cells in the presence of l5-UR. Remarkably, when incubated

withMAL II, cells showed a strong loss in viability (Figure 4A), indi-

cating that the interaction of MAL II with the broad range of a2,3-

sialylated receptors at the pre-B cell surface triggers a signaling

pathway leading to cell death (Figure 4B). Neither Gal-1 nor l5-

UR reversed the induction of cell death by MAL II, thus illustrating

their individual inability toperturbMAL II interactionswitha2,3-sia-

lylated receptors (Figures 4A and 4C). However, when Gal-1 is

combined with l5-UR, the MAL II-induced cell death was signifi-

cantly inhibited (Figure 4A). In addition, cell surface binding of

Gal-1 was assessed and showed that Gal-1 was bound to pre-B

cell surfaces in the presence of MAL II in a carbohydrate-depen-

dent manner (Figure 4E). These observations demonstrate that

l5-UR binding to Gal-1 provokes increased affinity for a2,3-sialy-

lated receptors containing b-galactosides, perturbing MAL II

network interactions and precluding cell death signaling (Fig-

ure 4D). Of note, in the absence ofMAL II, Gal-1, l5-UR, or a com-

bination of both are unable to induce strong pre-B cell death as

seenwithMAL II (Figure4A).Altogether, these resultsdemonstrate

thatl5-URmediatesGal-1-specific targetingof ligandscontaining

a2,3-sialyl moieties at the pre-B cell surface. The structural basis

of such ligand-binding selection remains to be unraveled.

l5-UR induces increased Gal-1 contacts with a2,3-
sialylated di-LacNAc
To further investigate at atomic resolution the effect of l5-UR on

theGal-1/a2,3-sialylated glycan interaction,we synthesized using

a chemo-enzymatic-based methodology the a2,3-sialyl di-Lac-

NAc pentasaccharide called hereafter SdiLN (Figure S6A). Since

galactosemoieties are essential to Gal-1 binding, we also synthe-

sized the pentasaccharide fully 13C labeled on the galactose

moieties (Figure S6B). We tested its interaction with Gal-1 using

saturation transfer difference (STD) NMR spectroscopy. This

technique is based on the selective irradiation of protein protons

and subsequent detection of magnetization transfer to small li-

gands.42,43 In the presence of Gal-1, magnetization transfer was

observed, indicating intermolecular contacts with the pentasac-

charide (Figure 5A). The STD signal arises mainly from interaction

with the terminalgalactose (GalA), asexpected for anexo-type lec-

tin (Figures 5A and S7A). In addition, 1H,13C-HSQC spectra re-

corded before and after the addition of Gal-1 to the 13C-labeled

SdiLN showed severe peak loss for GalA, which is therefore the

core binding unit to Gal-1 (Figures 5B and 5C). These data are

consistent with the Gal-1 classification as an exo-type lectin.44,45

The reverse experiment, whereGal-1 is 15N labeled and the SdiLN

is unlabeled has also been performed and showed CSDs and

decreased peak intensities mainly for Gal-1 resonances located

in CBS subsite C, where the core binding galactose GalA of the

SdiLN is likely interacting (Figures 5D,S7C, and S7D).

Surprisingly, in the presence of l5-UR, STD signal contribu-

tions became equivalent for GalA and GalB, demonstrating that
Cell Reports 43, 114541, August 27, 2024 5



Figure 3. Removal of a2,3-sialylation changes Gal-1 binding to pre-B cells upon l5-UR interaction
(A) A histogram showing CSDs of Gal-1 resonances bound to neuraminidase S-treated (cyan bars) and -untreated (green bars) pre-B cell vesicles.

(B) Normalized peak intensity ratio analysis (I/I0) of Gal-1 free relative to Gal-1 bound to neuraminidase S-treated (cyan bars) and -untreated (green bars) pre-B cell

vesicles.

(C) CSDs of Gal-1 resonances upon the addition of l5-UR to Gal-1 bound to neuraminidase S-treated (blue bars) and -untreated (magenta bars) pre-B cell

vesicles.

(D) Normalized peak intensity ratio analysis (I/I0) of Gal-1 bound to neuraminidase S-treated (cyan bars) and -untreated (green bars) pre-B cell vesicles upon the

addition of l5-UR.

(E) Graph representing binding of Gal-1 to pre-B cells (Nalm6), which were incubated at 37�C in the absence or presence of neuraminidase S and then treated as

indicated. After treatment, cells were stained with a goat anti-human Gal-1 antibody followed by an anti-goat Alexa Fluor 647 secondary antibody. The mean

fluorescence intensity (MFI) was assessed by flow cytometry. Error bars represent SEM from three independent experiments (n = 3). Statistical significance was

calculated using an unpaired t test. *p < 0.05; **p < 0.01. ns, not significant.
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Figure 4. Gal-1 specifically targets a2,3-sialylated glycans at the pre-B cell surface when bound to l5-UR

(A) Histogram plot showing pre-B cell viability after incubation with MAL II, Gal-1, and l5-UR as indicated below the histogram. For each condition, two bars are

shown: the left bar corresponds to pre-B cell viability evaluated using CellTiter-Glo Luminescent Cell Viability Assay (Promega) and the right bar using the trypan

blue exclusion test. Means ± SDs from three independent experiments (n = 3) are presented. Each experiment has been performed using three technical rep-

licates. Statistical testing was performed using a Student’s t test. Significant differences are represented as *p < 0.05, **p < 0.01, and ***p < 0.001. n.s, no

significant differences.

(B) Schematic illustrating MAL II-induced pre-B cell death through clustering of a2,3-sialylated receptors.

(C) The presence of Gal-1 does not perturb MAL II interactions and therefore, pre-B cell death.

(D) l5-UR binding to Gal-1 increases Gal-1 binding to a2,3-sialylated receptors containing b-galactosides, thus perturbingMAL II interactions and allowing pre-B

cell survival. Glycans are represented using the symbol nomenclature as indicated.41

(E) Pre-B cells (Nalm6) were incubated with Gal-1, l5-UR, MAL II, and lactose as indicated. After treatment, cells were stained as indicated in Figure 3E. The MFI

was assessed by flow cytometry. Error bars represent SEM from three independent experiments (n = 3), except for lactose-treated samples, where n = 2.

Statistical significance was calculated using an unpaired t test. *p < 0.05.
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Gal-1 interaction is not exclusive to the terminal galactose

when bound to l5-UR (Figures 5E and S7B). In addition, the
1H,13C-HSQC spectrum of SdiLN showed loss of GalA and

GalB resonances upon the addition of l5-UR, confirming interac-

tion with both terminal and internal galactose (Figures 5F and

5G). On the Gal-1 side, addition of l5-UR to the Gal-1/SdiLN

complex not only intensified the initial perturbations but also

propagated the effect toward CBS subsites B–D, illustrating

increased intermolecular contacts between the CBS with the

pentasaccharide (Figures 5H, S7C, and S7D). This result is

dependent on the presence of the sialic acid since the same

molecule unsialylated showed decreased binding to Gal-1 in

the presence of l5-UR.15 Thus, l5-UR interaction modifies

Gal-1 binding to a2,3-sialylated glycan by allowing additional

contacts with the pentasaccharide, including with the internal

galactose unit (Figure 5I). This selectivity switch is therefore at

the basis of Gal-1 target specificity at the pre-B cell surface.

Gal-1-specific targeting of a2,3-sialylated glycans by
l5-UR is involved in pre-BCR activation
Pre-BCR signaling plays a critical role in regulating the prolifera-

tion, differentiation, and survival of pre-B cells.46 Gal-1 interac-

tions at the pre-B synapse are involved in pre-BCRs clustering,
which allows pre-BCR activation and subsequent downstream

signaling.24,28 To test whether the l5-UR-mediated switch on

Gal-1-binding specificity is involved in pre-BCR signaling, we

monitored phosphorylation of the S6 ribosomal protein (pS6).

Increased phosphorylation of this protein is induced following

pre-BCR crosslinking with an antibody specific for the immuno-

globulin (Ig) heavy chain (anti-mH; Figure 6A). Using an inhibitor of

the central tyrosine kinase SYK, activated downstream of the

pre-BCR, decreased pS6 to its unstimulated basal level, con-

firming that the activation of the S6 ribosomal protein is induced

by pre-BCR crosslinking. Similarly, when pre-B cells were co-

cultured with stromal cells secreting Gal-1, a significant increase

in pS6 was observed, consistent with previous studies and con-

firming Gal-1 involvement in pre-BCR signaling.47 Removal of

a2,3-sialylated glycans at the surface of pre-B cells using neur-

aminidase S showed a further increased pS6 level as compared

to untreated cells. In both situations, S6 activation is clearly

dependent on pre-BCR crosslinking by Gal-1 as it is significantly

decreased upon lactose addition. These results suggest that

a2,3-sialylated glycans are involved in the regulation of pre-

BCR activation. Specifically, they seem to have an inhibitory ef-

fect on pre-BCR signaling. Since these glycans are specifically

targeted by Gal-1 upon l5-UR interaction, we then incubated
Cell Reports 43, 114541, August 27, 2024 7



Figure 5. l5-UR binding to Gal-1 induces enhanced and additional intermolecular contacts with SdiLN

(A) 1H,13C STD-HSQC spectrum (left) of 1 mM SdiLN 13C-labeled on galactose moieties in the presence of 10 mM Gal-1. Contribution to Gal-1 binding for each

galactose as a percentage of the total STD signal observed is shown (right).

(B) Overlay of 1H,13C HSQC of labeled SdiLN (teal) and SdiLN in the presence of an equimolar amount of Gal-1 (purple) showing peaks disappearing and new

peaks appearing.

(C) Variations observed in (B) are reported on the SdiLN chemical structure with unlabeled moieties grayed out. Teal stars indicate SdiLN C-H groups for which

resonances disappear upon Gal-1 binding.

(D) Chemical shift perturbations observed on 1H,15N HSQC spectrum of Gal-1 after the addition of SdiLN are reported on Gal-1 homodimer surface structure.

CBS subsites are framed and labeled A–E.

(E–H) Same as in (A)–(D) but after the addition of l5-UR. (E) 1H,13C STD-HSQC spectrum (left) of 1mMSdiLN 13C-labeled on galactosemoieties in the presence of

10 mMGal-1 and 45 mM l5-UR. Contribution to Gal-1 binding for each galactose as a percentage of the total STD signal observed is shown (right). (F) Overlay of
1H,13C HSQC of labeled SdiLN bound to Gal-1 (purple) and after the addition of l5-UR (orange). Peaks disappearing or showing decreased intensity are labeled

(legend continued on next page)
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the pre-B/stromal cells co-cultures with l5-UR peptide. The

peptide will compete with the pre-BCRs for Gal-1 interaction,

which will allow the targeting of a2,3-sialylated receptors by

Gal-1 but not their recruitment close to the pre-BCRs. Remark-

ably, increased pre-BCR activation was observed. This effect

is dependent on the presence of a2,3-sialylated glycans, as

neuraminidase treatment abolished the l5-UR effect on the

pS6 level. In conclusion, these results demonstrate that within

the pre-B synapse, l5-UR-mediated targeting of Gal-1 interac-

tions toward a2,3-sialylated glycans is involved in the regulation

of pre-BCR activation by attenuating downstream signaling.

DISCUSSION

Over the past several decades, many cellular activities have

been ascribed to galectins.4 Such a wide range of functions in

so many cell types and environments have induced many labo-

ratories to develop methodologies to understand the varied

and intricate roles played by these ubiquitous lectins. While

many of the experiments developed provide evidence and

enable visualization for galectin-glycoprotein lattices on cell sur-

faces,48,49 further studies were needed to understand the galec-

tins’ structural features regulating lattice assembly/disassembly

at the cellular level. Here, we directly examined the structural

properties of Gal-1 binding to native membranes by combining

solution-state NMR spectroscopy to the preparation of pre-B

and stromal membrane vesicles. Importantly, we could demon-

strate that Gal-1 binding to its physiological cellular ligands in-

volves long-range effects throughout the CRD beyond the ca-

nonical CBS limits.

Remarkably, our NMR approach allowed us to address how

Gal-1 is able to decode the glycome of pre-B cells. Given the

abundance of b-galactosides on the cell in the form of glycopro-

teins and surface glycolipids, one would expect that galectin-

glycoconjugate lattice translates into a large heterogeneous

complex on the surface of cells. Conversely, this lectin is able

to crosslink a single species of glycoproteins to form a uniform

lattice.49–51 Here, we demonstrate that Gal-1 is able to achieve

target specificity at the pre-B cell surface through a direct inter-

action with a non-glycosylated protein domain of the pre-BCR,

l5-UR. This interaction allows Gal-1 to interact with a2,3-sialy-

lated glycoconjugates. Sialic acids are ubiquitously and abun-

dantly found on the surface of all human cells as the terminating

sugar in glycolipids (gangliosides) and glycoproteins (complex

N-glycans and mucin-type O-linked glycans). Moreover, sialic

acids have been shown to play essential roles in immunological

processes and, in particular, during BCR signaling.40,52–55 In this

context, the a2,6-sialylated CD22 receptor, which is a lectin

recognizing a2,6-sialylated glycoreceptors, is recruited close

to the BCR and inhibits its downstream signaling. The objective

of this control is to prevent inadvertent activation to weak signals

that could be considered a form of self-recognition and/or un-
and shown in orange. (G) Variations are reported on the SdiLN chemical structure.

uponGal-1 and l5-UR binding. Small orange stars indicate groups showing decre

spectrum of Gal-1 after the addition of SdiLN and l5-UR are reported on Gal-1 h

(I) Schematic illustrating the Gal-1 selectivity change upon l5-UR interaction. With

Upon l5-UR binding, Gal-1 is also able to interact with the internal galactose.
wanted B cell responses under the appropriate circumstances.55

Our results suggest that Gal-1 bound to l5-UR helps in the

recruitment of a2,3-sialylated receptors at the pre-B synapse.

Importantly, we showed that the recruited co-receptors play a

modulatory role on pre-BCR activation since removal of a2,3-

sialylated glycans results in increased pre-BCR-dependent

signaling (Figure 6A). Therefore, these receptors may operate

on pre-BCR signaling similarly to CD22 receptors during BCR

signaling. A model of this proposed regulation is shown in Fig-

ure 6B. In this model, Gal-1 secreted by stromal cells binds to

glycosylated ligands on pre-B and stromal cells but also to the

pre-BCR. The resulting interaction network drives pre-BCR re-

localization into the synapse and initiates pre-BCR signaling

through the phosphorylation of Iga/Igb intracellular domains.24

Restricted receptor segregation into membrane microdomains

would result in a homogeneous platform suitable for efficient

pre-BCR signaling leading to proliferation and survival. In line

with this model of pre-BCR activation, it has been previously

observed that Gal-1 binding resulted in the formation of large

highly immobile pre-BCR aggregates at the pre-B cell surface.56

Then, changes in Gal-1 specificity upon pre-BCR interaction

would promote a2,3-sialylated receptor recruitment close to

the pre-BCR. These co-receptors would antagonize pre-BCR

signaling by an unknown mechanism, but it could rely on the

recruitment of a phosphatase that would dephosphorylate

pre-BCRs, leading to signaling inhibition. Of course, the exact

mechanism of this inhibition will need further investigation

to be unraveled. Overall, our study reveals that the Gal-1/

pre-BCR interaction is part of the glycome-decodingmechanism

on the surface of pre-B cells and would aim to re-orchestrate re-

ceptor localization to ensure cell signaling regulation and proper

B cell development.

At the structural level, upon l5-UR interaction, dynamic fluctu-

ations throughout Gal-1 occur with an overall increased rigidity

that locks Gal-1 into a conformation prone to interact with spe-

cific glycans and exclude others. This allostery-based mecha-

nism of regulation for Gal-1-glycan interactions leads to the spe-

cific selection of a2,3-sialylated glycoconjugates at the pre-B

cell surface. Allostery-based phenomena have been previously

shown for Gal-1 binding to synthetic inhibitor molecules de-

signed to target Gal-1 interactions.57–59 In addition, studies on

glycan recognition by Gal-1 showed that sugar binding affected

residues far from the CBS and described significant changes in

the dynamics of the protein, thus demonstrating Gal-1 confor-

mational plasticity and allostery upon glycan interaction.31 These

data, together with our study, emphasize the existence of intra-

molecular communication pathways encoded within the Gal-1

structure that link glycan binding to protein interaction. Rather

than a simple modification of ligand targeting, these dynamic

changes result in Gal-1’s increasing intermolecular contacts

with both terminal and internal galactose within the a2,3-sialy-

lated pentasaccharide SdiLN. Indeed, Gal-1 bound to l5-UR is
Large orange stars indicate SdiLN C-H groups for which resonances disappear

ased peak intensity. (H) Chemical shift perturbations observed on 1H,15NHSQC

omodimer surface structure.

out l5-UR, Gal-1 acts as an exo-type lectin, binding to the terminal galactose.
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Figure 6. Gal-1 interaction with a2,3-sialylated glycans is involved in pre-BCR activation

(A) Pre-BCR activation of pre-B cells (Nalm6) is induced either through crosslinking with an anti-mH antibody or by performing co-cultures with stromal cells

secretingGal-1 (OP9). Pre-B cells were treated or not with neuraminidase S before their incubation with OP9 stromal cells. The different treatments are presented.

After treatment, the pS6 is evaluated by flow cytometry using an anti-pS6 antibody. TheMFI has been normalized to 100 on the Nalm-6/OP9 co-culture condition.

iSYK, SYK inhibitor; Lac, lactose; l5-UR, l5 unique region; mH, anti-mH antibody; Neu, neuraminidase S; NT, untreated. Error bars represent SEM from three to

eight independent experiments (n = 3–8). Statistical significance was calculated using an unpaired t test. *p < 0.05; **** p < 0.0001.

(B) Model for pre-BCR signaling regulation: (1) Gal-1 secreted by stromal cells binds to glycosylated ligands on pre-B and stromal cells but also to the pre-BCR; (2)

the resulting interaction network drives pre-BCR relocalization into the synapse and initiates pre-BCR signaling through phosphorylation of Iga/Igb intracellular

domains24; (3) then, changes in Gal-1 specificity upon pre-BCR interaction would promote a2,3-sialylated receptor recruitment close to the pre-BCR; (4) these

co-receptors would antagonize pre-BCR signaling by a yet-to-be-defined mechanism.
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able to interact with terminal and internal galactoses like the tan-

dem-repeat Gal-8.23 Tandem-repeat galectins (galectins with

two CRDs linked by a flexible linker) are known to bemore potent

in triggering cellular responses60; therefore, l5-UR selectivity-

induced change might increase Gal-1 efficiency at the pre-B

cell surface through the formation of higher-order multimers as

seen for tandem-repeat galectins.60

Beyond the pre-BCR case, our results raise a fundamental

question: is there a universal mechanism of allosteric modula-

tion of glycan binding that is conserved across all galectins

through binding to non-glycosylated protein partners? There

is increasing evidence for direct protein interactions with galec-

tins.16–19 We also demonstrated that CXCL4 interacts with

Gal-1 and controls its glycan-binding activities at the base of

the immunoregulatory function of galectins.19 The pre-BCR

case and these latter examples involve the three different ga-

lectin subfamilies (prototype, chimera, and tandem repeat).4

Further structural, cellular, and glycomic studies of these new

complexes are needed to demonstrate a universal allosteric

mechanism of regulation for galectin functions. Moreover, tak-

ing into account the involvement of galectins in many crucial

pathologies such as cancer6,61 and inflammation62 or infection

by pathogens,7 the discovery of this selectivity switch should

also increase the potential to develop molecules modulating

Gal-1 interactions and function in specific pathological

situations.

Limitations of the study
In this study, we demonstrated that pre-BCR binding to Gal-1

fine-tunes its carbohydrate-binding activity. By combining
10 Cell Reports 43, 114541, August 27, 2024
NMR spectroscopy on native membranes with cellular binding

assays after different treatments, we identified a2,3-sialylated

glycoconjugates as key targeted epitopes. However, the iden-

tification of the protein (or lipid) components of these glyco-

conjugates remains to be unraveled to provide a full under-

standing of the Gal-1 interaction network at the surface of

pre-B cells. Additionally, identifying the recruited a2,3-sialy-

lated receptors would help us to understand how pre-BCR

signaling is antagonized inside pre-B cells. Also, changes in

Gal-1 binding to stromal cells are observed in the presence

of the pre-BCR interacting region, but they could not be inves-

tigated further because of the induced strong line broadening

in the resulting NMR spectra. These changes might also be

involved in pre-BCR signaling regulation by stabilizing the

synapse between pre-B and stromal cells, but this remains

to be demonstrated.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Human mH chain purified Goat Polyclonal ThermoFischer Cat# A18837; RRID: AB_2535614

Human Galectin-1 purified R&D Systems Cat#AF1152; RRID: AB_2136626

Goat F(ab’)2 IgG (H + L) Alexa

Fluor 647 Donkey polyclonal

Jackson ImmunoResearch Cat#115-606-003; RRID: AB_2338921

Phospho-S6 Ribosomal Protein (Ser235/236)

(D57.2.2E) XP� Rabbit mAb Alexa Fluor� 647

Cell Signaling Technology Cat#4851S; RRID: AB_10695457

Bacterial and Virus Strains

BL21(DE3) New England Biolabs C25271

Chemicals, Peptides, and Recombinant Proteins

l5-UR (residue 22–45) peptide Schafer-N N/A

l5-UR-L26A-W30A peptide Schafer-N N/A

Anginex peptide Schafer-N N/A

Trypsine-EDTA (0.05%) phenol red ThermoFischer Scientific 25300–054

PBS 1X ThermoFischer Scientific 20012–027

Lactose Sigma L3750-100G

AMMONIUM CHLORIDE (15N 99% + 15N) Eurisotop NLM-467-10

GLUCOSE-D (U-13C6 99%13C) Eurisotop CLM-1396-10

SYTOX Blue ThermoFisher Cat# S11348

Human Galectin-1 (Gal-1) Elantak et al.27 N/A

AB8779 inhibitor AB Science N/A

PNGase F New England Biolabs Cat# P0708S

O-glycosidase New England Biolabs Cat# P0733S

Neuraminidase S New England Biolabs Cat# P0743L

MAL II unconjugated Vector Laboratories Cat# L-1260-2

Critical Commercial Assays

Pierce BCA protein assay kit ThermoFischer Scientific Cat# 23225

PerFix EXPOSE Beckman Coulter Cat#B26967

CellTiter-Glo�assay Promega Cat# G7570

Experimental Models: Cell Lines

Nalm6 Cellausorus CVCL_0092

OP9-shGal1 Espeli et al.28 N/A

OP9 RIKEN N/A

Recombinant DNA

pQE60-hGal1 lead contact Elantak et al.27

Software and Algorithms

ccpNMR Anaysis Version 2 Vranken et al.63 N/A

PyMol, The PyMOL Molecular Graphics System Schrödinger, LLC N/A

DiVa version 9 BD Biosciences http://www.bdbiosciences.com/

GraphPad Prism version 9.5.0 GraphPad https://www.graphpad.com/

Dynamic center Bruker Corporation, USA N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the lead contact, Latifa Elan-

tak (elantak@imm.cnrs.fr).

Materials availability
Any material requests and information should be directed to the lead contact.

Data and code availability
d The data reported in this study are available upon request from the lead contact.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

METHOD DETAILS

Protein production and purification
15N-labeled Gal-1 has been produced and purified as previously described.64 Protein purity was checked using SDS–polyacrylamide

gel electrophoresis.

Peptide synthesis
The l5-UR (residue 22–45) and l5-UR-L26A-W30A peptides were chemically synthesized and purchased from Schafer-N, Copen-

hagen, Denmark.

Cell culture
Themurine stromal cell line OP965 used in this study corresponds to OP9 cells whose Gal-1 expression was decreased by 75% using

aGal-1-specific shRNA (Thereafter called OP9-shGAL128) were used in the study. The cells were cultivated inMEMa-Glutamax, 20%

fetal calf serum (FCS), 100 U.ml�1 penicillin and 100 mg.mL�1 streptomycin. The human leukemic pre-B cell line Nalm666 was grown

in RPMI, 10% fetal calf serum, 100 U.ml�1 penicillin, 100 mg.mL�1 streptomycin and 50 mM b-mercaptoethanol.

Membrane vesicle preparation
OP9-shGAL1 cells were mechanically detached from the dishes using cell scrapers to avoid the use of trypsine. Nalm6 cells were

grown in suspension. Upon centrifugation at 450g during 5 min at room temperature, both cell lines were re-suspended with PBS

(Phosphate Buffer Saline) 1X (137 mM NaCl pH 7.4, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.47 mM KH2PO4). Cells were vesiculated by

sonication and subsequently centrifuged at 100,000g for 1h at 4�C to collect membrane vesicles. Vesicles were resuspended in

20 mM KPO4 pH 5.2 buffer. Protein concentration is then estimated using the Pierce BCA protein assay kit.

Negative staining electronic microscopy
Experiments were performed using samples of pre-B or stromal cell vesicles placed on glow-discharged carbon-coated grid during

60 s and the excess solution was removed by touching a piece of filter paper to the side of the grid. After the adsorption of the sample

on the support, the grid was washed by being placed on the surface of a drop of deionized water. This step was repeated three times

before the grid was blotted dry with filter paper. Three drops of filtered (0.02mm filter) 2% uranyl formate solution were applied on the

sample during 3 min for each drop before the excess solution was removed by blotting similarly between each drop application. The

grid was then air dried. The uranyl formate being light-sensitive, the filter syringe was wrapped in aluminum foil to reduced light expo-

sition. Images were recorded on an FEI Tecnai 200-kV electron microscope.

PNGase F and O-glycosidase cell treatments
The cells were resuspended in 50 mM sodium phosphate buffer, centrifuged 5 min (450g) at room temperature and the supernatant

was discarded. This stepwas repeated twice to allow the removal of the cell media growth. The PNGase F (New England Biolabs) and

O-glycosidase (New England Biolabs) enzymes were added (50 000 U and 1 800 000 U, respectively) to 10 million resuspended stro-

mal cells and incubated overnight at 37�C. After centrifugation 5 min at 450 g at room temperature, the treated cells were washed

twice with PBS buffer. Protein concentration is then estimated before storage at �80�C.

a2,3-neuraminidase S cell treatment
The cells were resuspended in PBS buffer after 5 min centrifugation (450g) at room temperature. This step was repeated twice to

eliminate the cell growth media and finally the cells were resuspended in PBS buffer. The enzyme a2,3-neuraminidase S was added

(2000U) and the cells were incubated 2 h at 37�C. Two washing steps in PBS were performed before storage at �80�C.
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GAL1 binding on live pre-B cells
Nalm6 cells were incubated in PBS with 10 mM HEPES in absence or in presence of 100 U/ml Neuraminidase S (New England Bio-

labs) during 1 h in an incubator at 37�C and 5% CO2. Human recombinant Gal-1 was added during the last 20 min of incubation at a

final concentration of 35 nM in presence or in absence ofMALII (70 nM finale), l5-UR (350 nM finale) and/or Lactose (25mMfinale), as

stated in the figures. After extensive washing in PBS and centrifugation 5min at 400g, cells were then stained with a purified goat anti

hGAL1 antibody (R&D Biosystems) followed by an Alexa Fluor 647 F(ab’)2 donkey anti goat IgG (H + L) (Jackson ImmunoResearch)

and analyzed by flow cytometry. Dead cells were stained with Sytox Blue (Thermo). FACS acquisition was performed on a Fortessa

X20 (BD Biosciences). Data were analyzed using DiVa Version 9 (BD Biosciences).

Pre-B cell activation
Pre-BCR activation of Nalm6 in co-culture with OP9 cells was performed as follows. Nalm6 were starved 60 min in RPMI 0.2% FCS,

HEPES 10mM in absence or in presence of Neuraminidase S (New England Biolabs) at a finale concentration of 100 U/ml. Cells were

then immediately transferred onOP9 cells together with 25mMLactose or 350 nM l5-UR, as stated in the corresponding figures, and

incubated 90 min at 37�C, 5% CO2. As a control of pre-BCR activation, starved Nalm6 cells were incubated 15 min with 10 mg/mL

goat anti human muH chain (Thermo Fisher) alone or together with 1 mM of the SYK tyrosine kinase inhibitor AB8779 (kind gift from

AB Science). The analysis of pre-BCR activation was performed by using the anti phospho-S6 Ribosomal Protein Alexa Fluor 647

(clone D57.2.2E; Cell Signaling Technology) with the PerFix EXPOSE Kit (Beckman Coulter) following the manufacturer instructions.

The analysis was performed by flow cytometry.

Cell viability assays
Before treatments, cells were starved with RPMI 0.5% FCS, 100 U.ml�1 penicillin and 100 mg mL�1 streptomycin during 1h30 at

37�C, 5% CO2. After two washes with cold PBS, 1.106 cells were treated with 10 mg/mL MAL II lectin (Eurobio, L-1260-2) alone or

with 10 mg/mL Galectin-1 or with 10 mg/mL Galectin-1 and 100 mg/mL l5-UR peptide (Schafer-N) during 30min on ice. Then, cells

were centrifugated 5 min, 450 g at 4�c and the pellet was resuspended with cold PBS. Pre-B Cell viability was assessed using trypan

blue dye exclusion test67 and the CellTiter-Glo assay (Promega, G7570). For the CellTiter-Glo assay, CTG reagent wasmixed at a 1:1

volume ratio with cells on a plastic 96-well plate according to the manufacturer’s protocol and luminescence measurements were

completed using the TECAN (Männedorf, Suisse). Details on statistical tests, parameters and significance cutoffs are listed in figure

legends.

NMR spectroscopy
All NMR experiments have been recorded on a 600MHzBruker AVANCE III spectrometer equippedwith a TCI cryoprobe at 303 K. All

samples were in 20mMphosphate buffer at pH 5.2. All NMR experiments were recorded using 5mmNMR tubes except experiments

on 13C-labelled SdiLN which were recorded using 3 mm NMR tubes. All spectra were analyzed using ccpNMR Analysis software,63

and the dynamics spectra experiments were analyzed using the Bruker Dynamic Center software.

NMR titrations: The NMR titrations of Gal-1/vesicles interactions were performed using a series of 2D 1H, 15N HSQCNMR spectra

recorded on a sample of purified 15N-labelled Gal-1 at 200 mM concentration and increasing amounts of cellular vesicles. Final titra-

tion points for pre-B and stromal cell vesicles correspond to the addition of vesicles containing 2 mg proteins. To obtain this amount

of protein 100 million pre-B and 10 million stromal cells have been used. The same series were performed in the presence of 900 mM

l5-UR peptide. NMR data were analyzed using Gal-1 NMR resonance assignment previously published.68 The chemical shift per-

turbations for each resonance were calculated using the equation: Ddobs = ½Dd2HN+ðDd2NO25Þ�1=2 where DdHN and DdN are, respec-

tively, the proton and nitrogen chemical shift variations of each residue.

STD experiments: 2D 1H-13C STD HSQC experiments were acquired with a saturation time of 2 s with 256 increments of

128 scans each. The STD experiments were performed using 100:1 SdiLN/Gal-1 and 100:1:3 SdiLN/Gal-1/l5-UR molar ratio

samples at 1 mM concentration for SdiLN. For 1D and 2D STD spectra the on-resonance irradiation was at 6.7 ppm and the off

resonance irradiation at 20 ppm and were performed with a saturation time of 2 s. As for the analysis and quantification of

the STD, we proceeded as described in other studies.23 For each cross peak we calculated the STD signal as follows:

STD signal ðas a percentage of saturationÞ = ðISTD OISTDoffÞ3 100. For Figures 5A and 5E, the contribution to the STD signals

from each galactose has been obtained by the sum of the STD signals from each galactose and represented as a percentage

from the total STD signals.

NMR relaxationmeasurements:Dynamics of 15N-Gal-1 free and bound to l5-UR peptide or Anginex peptide was obtained using

NMR experiments acquired at 60.81MHz for the 15N frequency. The longitudinal (T1), transverse (T2), and
1H–15N-heteronuclear NOE

spin relaxation times for the backbone 15N atoms of Gal-1 free and bound to l5-UR peptide or Anginex peptide were collected at 303

K using the well-established NMR pulse sequences described previously.69–71 The T1 and T2 relaxation times were measured using

the following series of the delays: 10, 20, 50, 100, 200, 300, 400, 600, 800, 1000, 1500 and 2000 ms for T1 and 17.6, 35.2, 52.8, 70.4,

88.0, 105.6, 123.2, 140.8, 158.4 and 176 ms for T2. The relaxation rates R1 and R2 were calculated by fitting the decay curves to a

two-parameter single exponential decay function using the Bruker software Dynamic center. 1H-15N heteronuclear NOE were

measured from the HSQC and the value were calculated as the peak intensity ratio with or without amide proton saturation.
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General synthesis procedure for N-Acetylneuraminyl-a-2,3-D-Galactopyranosyl-b-1,4-2-N-Acetomido-D-
glucopyranosyl-b-1,3-D-Galactopyranosyl-b-1,4-N-Acetyl-D-Glucosamine (SdiLN)
Materials. All non-stable isotope labeled nucleotides, nucleotide-sugars, enzymes, and chemicals were purchased from Sigma-

Aldrich (St. Louis, MO), unless otherwise stated. Ni-NTA Agarose was purchased from Qiagen (Santa Clarita, CA), and Bio-Gel P2

from Bio-Rad (Hercules, CA). Glucose (13C6, 99%) was purchased from Cambridge Isotope Laboratories (Andover, MA). The en-

zymes used in the synthesis of SdiLN were prepared according published methods: GalE,72 HP-39,73 PmST1.74 The UDP-

Glucose (13C6, 99%) was prepared by previously published methods.75

D-Galactopyranosyl-b-1,4-N-Acetyl-D-Glucosamine (Fig. S6a, compound 2). To a reaction mixture (400 mL) containing 40 mM

N-Acetyl-D-Glucosamine (Fig. S6a, compound 1, 16 mmol), 48 mM UDP-Glc, 20 mM MnCl2 in 100 mM Sodium Cacodylate

Buffer (pH 7.5), b4GalT1 (1 U) and GalE (10 U) were added and incubated overnight at 37�C. The completed reaction, as evident

by TLC, was centrifuged and the supernatant subjected to gel filtration on Bio-Gel P-2 (1 3 120 cm column, in 100 mM NH4HCO3

solution). Fractions containing 2 were combined and lyophilized to produce a white amorphous solid (�12.8 mmol, �80% isolated

yield).

2-Acetomido-D-Glucopyranosyl-b-1,3-D-Galactopyranosyl-b-1,4-N-Acetyl-D-Glucosamine (Fig. S6a, compound 3). To a reaction

mixture (640 mL) containing 10 mM of 2 (6.4 mmol), 12 mM UDP-GlcNAc, 25 mM KCl, 20 mM MgCl2, 1 mM DTT, in 100 mM Sodium

Cacodylate Buffer (pH 7.5), HP-39 (10 U) was added and incubated overnight at 37�C. The completed reaction, as evident by TLC,

was centrifuged and the supernatant subjected to gel filtration on Bio-Gel P-2 (1 3 120 cm column, in 100 mM NH4HCO3 solution).

Fractions containing 3 were combined and lyophilized to produce a white amorphous solid (�4.5 mmol, �70% isolated yield).

D-Galactopyranosyl-b-1,4-2-Acetomido-D-glucopyranosyl-b-1,3-D-Galactopyranosyl-b-1,4-N-Acetyl-D-Glucosamine (Fig. S6a,

compound 4). To a reaction mixture (100 mL) containing 40 mM of 3 (4 mmol), 48 mM UDP-Glc, 20 mM MnCl2 in 100 mM Sodium

Cacodylate Buffer (pH 7.5), b4GalT1 (1 U) and GalE (10 U) were added and incubated overnight at 37�C. The completed reaction,

as evident by TLC, was centrifuged and the supernatant subjected to gel filtration on Bio-Gel P-2 (1 3 120 cm column, in

100 mM NH4HCO3 solution). Fractions containing 4 were combined and lyophilized to produce a white amorphous solid

(�3.2 mmol, �80% isolated yield).

N-Acetylneuraminyl-a-2,3-D-Galactopyranosyl-b-1,4-2-Acetomido-D-glucopyranosyl-b-1,3-D-Galactopyranosyl-b-1,4-N-Acetyl-

D-Glucosamine: SdiLN (Fig. S6a, compound 5). To a reactionmixture (80 mL) containing 20mMof 4 (1.6 mmol), 24mMCMP-Neu5Ac,

20 mM MnCl2 in 100 mM Sodium Cacodylate Buffer (pH 7.5), PmST1 (1 U) was added and incubated overnight at 37�C. The
completed reaction, as evident by TLC, was centrifuged and the supernatant subjected to gel filtration on Bio-Gel P-2 (1 3

120 cm column, in 100 mM NH4HCO3 solution). Fractions containing 5 (SdiLN) were combined and lyophilized to produce a white

amorphous solid (�0.56 mmol, �35% isolated yield).

SdiLN resonance assignment
1H and 13C NMR resonance assignments of SdiLN have been performed using 2D 1H, 13C HSQC, 2D 1H, 13C HSQC-TOCSY, 2D 1H,
1H-TOCSY, 2D 1H, 1H-ROESY and 2D 1H, 1H-COSY experiments. A sample of SdiLN with 13C- labeled Galactoses was used for

recording 2D 1H, 13C HSQC and 2D 1H, 13C HSQC-TOCSY. Chemical shift assignments are reported in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

The number of biological replicates is indicated in the relevant figure legends. Three technical replicates were performed for each

measurement. Details on statistical tests, parameters and significance cutoffs are listed in the relevant figure legends. All statistical

analyses were performed using GraphPad Prism software, version 9.5.0 (GraphPad). Significance was defined as follows: *, p < 0.05;

**, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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