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Human galectins have functionally divergent roles, although
most of the members of the galectin family bind weakly to the
simple disaccharide lactose (Gal1-4Glc). To assess the speci-
ficity of galectin-glycan interactions in more detail, we explored
the binding of several important galectins (Gal-1, Gal-2, and
Gal-3) using a dose-response approach toward a glycan microar-
ray containing hundreds of structurally diverse glycans, and we
compared these results to binding determinants on cells. All
three galectins exhibited differences in glycan binding charac-
teristics. On both the microarray and on cells, Gal-2 and Gal-3
exhibited higher binding than Gal-1 to fucose-containing A and
B blood group antigens. Gal-2 exhibited significantly reduced
binding to all sialylated glycans, whereas Gal-1 bound a2-3- but
not a2—6-sialylated glycans, and Gal-3 bound to some glycans
terminating in either @2-3- or a2— 6-sialic acid. The effects of
sialylation on Gal-1, Gal-2, and Gal-3 binding to cells also
reflected differences in cellular sensitivity to Gal-1-, Gal-2-, and
Gal-3-induced phosphatidylserine exposure. Each galectin
exhibited higher binding for glycans with poly-N-acetyllac-
tosamine (poly(LacNAc)) sequences (Galf31-4GlcNAc), when
compared with N-acetyllactosamine (LacNAc) glycans (Galf31-
4GlcNAc). However, only Gal-3 bound internal LacNAc within
poly(LacNAc). These results demonstrate that each of these
galectins mechanistically differ in their binding to glycans on
the microarrays and that these differences are reflected in the
determinants required for cell binding and signaling. The spe-
cific glycan recognition by each galectin underscores the basis
for differences in their biological activities.

The galectin family of B-galactoside-binding proteins has
over a dozen human members, and each galectin may have
different biological roles and recognize different glycan recep-
tors (1-4). These conclusions are supported by recent studies
on the first three vertebrate galectins identified, termed galec-
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tin (Gal)?-1, Gal-2, and Gal-3. Gal-1 inhibits mast cell degran-
ulation (5), whereas Gal-3 induces degranulation in mast cells
independently of IgE-mediated antigen stimulation (6). Gal-1
blocks leukocyte chemotaxis (7), whereas Gal-3 has the oppo-
site effect, inducing leukocyte chemotaxis (8) and the release of
pre-formed interleukin-8 from neutrophils (9), which further
augments chemotaxis of leukocytes (10). In addition, whereas
Gal-1 inhibits acute inflammatory responses through various
mechanisms, including suppression of phospholipase A,-in-
duced edema (11) and inhibition of neutrophil extravasation
(7), Gal-3 enhances the extravasation of neutrophils, and Gal-3
null mice also exhibit attenuated leukocyte infiltration follow-
ing challenge (12). Interestingly, patients with reduced Gal-2
expression were found to have reduced risk for myocardial
infarction, suggesting that Gal-2 may also have pro-inflamma-
tory roles (13). Furthermore, Gal-1, Gal-2, and Gal-3 have all
been reported to signal T cells through different receptors (14—
16). These types of studies suggest that Gal-1, Gal-2, and Gal-3
recognize distinct receptors on leukocytes.

There is compelling evidence, however, that different galec-
tins may also recognize related receptors. For example, Gal-3
attenuates Gal-1 inhibition of growth in neuroblastoma cells at
the receptor level, and both Gal-1 and Gal-3 induce superoxide
production in human neutrophils (17-19). Gal-1 and Gal-2
both induce surface exposure of phosphatidylserine (PS) in
activated human neutrophils in the absence of apoptosis
through a Ca®*-dependent pathway (20). Therefore, although
Gal-1, Gal-2, and Gal-3 may recognize discrete glycoconju-
gates, they may also recognize some common receptors. In this
way, galectins likely exhibit unique versatility in a wide range of
biological functions (3, 4).

Although some differences have been reported in glycan rec-
ognition by these galectins (21-28), there are many questions
remaining about their glycan recognition and subsequent
effects on galectin binding. It has been suggested that differ-
ences in the biological effects of Gal-1 and Gal-3 result from
differences in tertiary structure, rather than ligand binding

2 The abbreviations used are: Gal, human galectin; BME, B-mercaptoethanol;
LacNAc, N-acetyllactosamine (GalB1GIcNAc); poly(LacNAc), poly-N-
acetyllactosamine (GalB1-4GIcNAc),; SPR, surface plasmon resonance;
CRD, carbohydrate recognition domain; GBP, glycan-binding protein; PBS,
phosphate-buffered saline; PS, phosphatidylserine; FITC, fluorescein iso-
thiocyanate; CHO, Chinese hamster ovary; LEA, L. esculentum agglutinin;
RCA-I, R. communis agglutinin-I; NG, N-glycan.
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properties (29, 30), because Gal-3 was thought to behave pri-
marily as a monomer (31). Tertiary structure differences may
contribute to differences in cellular responses to different
galectins (30, 32); however, Gal-3 can form homo-oligomeric
structures (32), which supports the likelihood that the major
differences in biological functions by these lectins are because
of differences in glycan recognition.

Previous studies on glycan recognition by galectins and most
other glycan-binding proteins (GBPs) have been limited
because of the availability and diversity of glycans tested (22).
This limitation arises from the difficulty of synthesizing a large
diverse library of glycan structures (33). In addition, the meth-
ods of analysis may have also hindered the identification of
differential specificity. For example, we recently found that the
specificity of Gal-1 for glycans depends not only on the struc-
ture of glycans but also the mode of their presentation (34),
either in solid phase or in solution. In equilibrium gel filtration
assays, similar to other solution-based assays (21, 22), Gal-1
binds glycans with a single N-acetyllactosamine (LacNAc) unit
(GalB1-4GlcNAc) equivalently to those with poly-N-acetyllac-
tosamine (poly(LacNAc)) sequences (GalB1-4GIcNAc),,; how-
ever, the dimeric form of Gal-1 showed a significant preference
for the poly(LacNAc)-containing glycans in solid phase assays
(34, 35). Significantly, Gal-1 failed to recognize internal Lac-
NAc units within poly(LacNAc) (34, 35), suggesting that this
preference likely reflects favorable poly(LacNAc) conforma-
tional constraints of the terminal LacNAc unit that are
enhanced by immobilization (34). Gal-1 also recognized poly-
(LacNAc)-containing glycans on leukocyte surfaces with a sim-
ilar affinity as observed for immobilized poly(LacNAc) glycans
(34), corroborating the reliability of the solid phase binding
studies. Similarly, analyses of Gal-1, Gal-2, and Gal-3 utilizing
frontal affinity chromatography or isothermal calorimetry, in
which the glycans are free in solution, also do not reveal pro-
found differences in carbohydrate recognition (21, 22, 36), fur-
ther suggesting that galectin-glycan interactions may be most
usefully tested in the context of immobilized glycan presenta-
tion. However, whether Gal-2 and Gal-3 behave like Gal-1 in
showing a different glycan preference when glycans are immo-
bilized has not been studied, nor has the in vitro binding data
been correlated to binding determinants on cell surfaces.

These issues prompted us to evaluate Gal-1, Gal-2, and Gal-3
interactions using immobilized glycans in a glycan microarray
format that includes several hundred structurally diverse gly-
cans (33, 34, 37), along with parallel studies of binding to a
variety of human cells. To more accurately determine the bind-
ing specificity of Gal-1, Gal-2, and Gal-3 using the glycan
microarray format, we evaluated binding of each galectin over a
broad concentration range. This allowed us to extrapolate a
binding isotherm for each galectin toward each respective gly-
can. To determine whether the specificity obtained using this
method reflected similar binding patterns toward cells, we
tested the binding toward promyelocytic HL60 cells, which
respond to signals by these galectins resulting in exposure of
surface PS (38, 39), and tested binding to human erythrocytes.
Our results provide novel insights into differential glycan rec-
ognition by each of these galectins and provide support for
using glycan microarrays in conjunction with cell binding stud-
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ies to explore glycan recognition by glycan-binding proteins
(33).

EXPERIMENTAL PROCEDURES

Preparation of Human Gal-1, Gal-2, and Gal-3—Human
galectins were prepared as outlined previously (35, 40). Each
recombinant galectin was purified by affinity chromatography
on lactosyl-Sepharose, and bound lectin was eluted with 100
mM lactose in PBS, 14 mm BME. Prior to derivatization, BME
was removed from galectin samples by utilizing a PD-10 gel
filtration column (GE Healthcare), followed by the addition of
lactose (100 mm final concentration) to help maintain the sta-
bility of each galectin and reduce the likelihood of adduct for-
mation at or near the carbohydrate recognition domain. Alexa
Fluor 488-labeled forms of galectins were prepared using either
Alexa Fluor 488 C5-maleimide or Alexa Fluor 488 carboxylic
acid, succinimidyl ester, dilithium salt-reactive dyes (Molecular
Probes) as described (35). We found that derivatization of Gal-2
with Alexa dyes substantially decreased the stability of the pro-
tein; thus, all studies assessing Gal-2 glycan recognition utilized
biotinylated Gal-2. Galectins were biotinylated by incubating
3-5 mg/ml of each galectin with 2 mm EZ-link™ Sulfo-
NHS-LC-Biotin  (sulfosuccinimidyl-6-(biotinamido)hexano-
ate) (Pierce) for 2 h at 4 °C. Unconjugated EZ-link™ Sulfo-
NHS-LC-Biotin and free lactose were separated from galectin
using a PD-10 gel filtration column. Galectins were re-chro-
matographed over lactosyl-Sepharose to remove any inactive
material following labeling. Bound galectin was eluted with 100
mM lactose, then applied to a PD-10 gel filtration column to
remove lactose, and stored at 4 °C in 14 mm BME in PBS until
further use. Control lectins, peanut agglutinin (Arachis
hypogaea) (200 wg/ml), Ricinus communis agglutinin I (RCA-I)
(2 pg/ml), Sambucus nigra agglutinin (200 ug/ml), and Lycop-
ersicon esculentum agglutinin (LEA) (200 ug/ml) were pur-
chased from Vector Laboratories and utilized under the same
assay conditions as Gal-1, Gal-2, and Gal-3. Cholera toxin sub-
unit B (Molecular Probes) was also assayed under the same
conditions at 200 ug/ml.

Binding of Galectin to Aminoalkyl Glycosides Immobilized on
Activated (N-Hydroxysuccinimidyl) Glass Surface—Glycan
microarrays were prepared as described previously (33, 37) and
obtained from the National Institutes of Health/NIGMS-
funded Consortium for Functional Glycomics. For galectin rec-
ognition of glycans on the printed glycan microarray, a solution
of between 0.1 and 10 um galectin in PBS containing 0.005%
Tween 20 and 14 mm BME was incubated for 1 h at 25 °C. The
slide was then immersed in PBS containing 0.005% Tween 20,
drained, and then overlaid with FITC-streptavidin. After 1 h at
room temperature in a dark humid chamber, the slide was
washed by successive immersion in PBS, 0.01% Tween 20 (three
times) and water, 0.1% Tween 20 (twice). The slide was briefly
rinsed with distilled water and dried under microfiltered air. An
image of bound fluorescence was obtained using a microarray
scanner (Scan Array Express, PerkinElmer Life Sciences). The
integrated spot intensities were determined using Metamorph
software (Universal Imaging, Downingtown, PA).
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Measurement of Galectin Binding Affinity Using Surface
Plasmon Resonance (SPR)—All surface plasmon resonance
(SPR) experiments were performed at 25 °C on a Biacore 3000
instrument (Biacore AB (part of GE Healthcare)) largely as out-
lined previously (33, 37, 41, 42). Biotinylated glycosides were
captured on research grade streptavidin-coated sensor chips
(Sensor Chip SA, Biacore Inc.) that were pretreated according
to the manufacturer’s instructions. A solution of each biotiny-
lated glycoside (10 fmol/ml) was injected at 2 ml/min in PBS,
pH 7, containing 0.005% Tween 20 (running buffer) for varying
lengths of time (3—7 min) until an optimal amount of glycan
was captured on each independent surface. Three related gly-
cosides were studied using one streptavidin sensor chip. A con-
trol (nonbinding) glycan, arabinose, was also captured on the
same sensor chip, and the specific binding of nonderivatized
recombinant Gal-1, Gal-2, or Gal-3 for the test glycans was
measured using the in-line reference subtraction feature of the
Biacore 3000 instrument. Increasing concentrations of Gal-1,
Gal-2, or Gal-3 (0.1-100 um) were injected at a flow rate of 60
ml/min over all four surfaces of the sensor chip. Bound Gal-1,
Gal-2, or Gal-3 were eluted with the running buffer after the
injection was complete. The equilibrium binding data of Gal-1,
Gal-2, or Gal-3 were analyzed by nonlinear curve fitting using
the BIAevaluation software (Biacore Inc.).

Cell Culture—Promyelocytic leukemia HL60 cells were
obtained from ATCC and maintained at 37 °C and 5% CO, in
complete RPMI medium (RPMI 1640 supplemented with 10%
FBS, 2 mm glutamine, 100 milliunits/ml penicillin, 100 pug/ml
streptomycin). Chinese hamster ovary (CHO) cells were main-
tained in complete Dulbecco’s modified Eagle’s medium (Dul-
becco’s modified Eagle’s medium supplemented with 10% FBS,
2 mM glutamine, 100 milliunits/ml penicillin, 100 ug/ml strep-
tomycin) at 37 °C and 5% CO.,,.

Enzymatic Deglycosylation—Prior to enzymatic deglycosyla-
tion, HL60 cells were fixed by washing three times in PBS at
4.°C, followed by resuspension in 2% paraformaldehyde buff-
ered in PBS, pH 7.4, at 4 °C. Cells were allowed to fix overnight
on a shaker at 4 °C. Following fixation, cells were washed three
times in PBS and then two times in the appropriate buffer as
recommended by the manufacturer. For enzymatic digestion of
cell surface glycans, fixed cells were washed in the following
buffers. Cells were washed in 50 mm sodium citrate, pH 6.0, and
incubated with 250 milliunits of Salmonella typhimurium
a2—-3-neuraminidase (New England Biolabs) at 107 cells/ml for
12 h at 37 °C. Cells were washed in 50 mM sodium citrate with
100 mM sodium chloride, pH 6.0, and incubated with 250 mil-
liunits of Clostridium perfringens a2—3—a2-6-neuraminidase
(New England Biolabs) at 107 cells/ml for 12 h at 37 °C. Cells
were washed in 50 mM sodium acetate, pH 5.8, and incubated
with 200 milliunits of Escherichia freundii endo-B-galactosid-
ase (Seikagaku Kogyo) at 107 cells/ml for 24 h at 37 °C. Cells
were washed with 50 mM sodium phosphate, pH 5.8, and incu-
bated with 200 milliunits of Bacteroides fragilis endo-3-galac-
tosidase (Calbiochem; QA Labs) at 107 cells/ml for 24 hat 37 °C.
Cells were washed in 50 mM sodium phosphate, pH 5.0, and
incubated with 100 milliunits jack bean B-galactosidase (Glyko)
at 10”7 cells/ml for 12 h. Buffer control treatments lacking
enzymes were used for each individual condition.
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Galectin Binding to Cells—For lectin binding, cells were
washed twice in PBS at 4 °C and incubated with biotinylated
Gal-1, Gal-2, Gal-3, or the indicated plant lectins (LEA, RCA-],
and Maackia amurensis lectin II; Vector Laboratories) at a con-
centration of between 5 and 10 ug/ml at 4 °C for 1 h. As con-
trols, cells were incubated with 50 mwm lactose along with the
galectins. Cells were washed three times and then incubated
with Alexa Fluor 488 streptavidin or Alexa Fluor 633 streptavi-
din (Molecular Probes) at 4 °C for 1 h. Cells were then washed
twice, followed by resuspension in 400 wl of PBS for analysis by
flow cytometry using a FACSCalibur flow cytometer (BD Bio-
sciences). The bars in each graph represent the % change in
binding when compared with the binding of control buffer
treated cells from each enzymatic pair. Error bars in each graph
represent standard deviation of duplicate analysis.

Measuring Galectin-induced PS Exposure—For annexin-V
staining, cells were treated for 1 h with 100 milliunits of
Arthrobacter ureafaciens neuraminidase or buffer control
(RPMI 1640 media or Hanks’ balanced salt solution). Cells were
washed following treatment in complete RPMI, followed by
resuspension in complete RPMI at 10° cells/ml. Cells were
treated with 20 uMm Gal-1, Gal-2, or Gal-3 or at the concentra-
tions indicated at 37 °C and 5% CO, for 4 h followed by disen-
gagement with 50 mm lactose and staining with annexin-V
(CalTag) as outlined previously (38). Galectin binding toward
cells treated with A. ureafaciens neuraminidase was accom-
plished as outlined above.

Confocal Microscopy—Cells were incubated with FITC-LEA
(Vector Laboratories) and either Gal-1-biotin, Gal-2-biotin, or
Gal-3-biotin at 4 °C for 1 h. Cells were washed and incubated
with Alexa Fluor 633 streptavidin (Molecular Probes) for an
additional 1 h at 4 °C and washed and placed on glass coverslips
pretreated with poly-L-lysine at 4 °C. Cells were allowed to set-
tle on the coverslip, followed by the addition of 2% paraformal-
dehyde buffered in PBS, pH 7.4, and incubation at 4 °C. Alter-
natively, cells were treated with 100 milliunits of A. ureafaciens
neuraminidase as outlined above, followed by staining with
RCA-FITC, LEA-FITC, Gal-1-biotin, Gal-2-biotin, or Gal-3-
biotin as indicated. Cells were analyzed using a Leica confocal
microscope (Department of Pathology confocal core facility,
Emory University).

Hemagglutination—HL60 cells were cultured and treated
with neuraminidase as outlined above. Erythrocytes of different
blood group antigen specificity were obtained from Immucor,
Inc. Cells were plated in round bottom 96-well plates, mixed
with serial dilutions of each galectin, and allowed to agglutinate.
The last concentration at which agglutination occurred was
defined as the agglutination end point.

RESULTS

Gal-1, Gal-2, and Gal-3 Differentially Recognize O- and
N-Glycans—For analyses on the glycan microarrays, we char-
acterized the binding of Gal-1, Gal-2, and Gal-3 over a wide
range of concentrations (~8 to ~0.2 um). This allowed us to
extrapolate a binding isotherm in an effort to more accurately
estimate the glycan preference and specificity of each galectin.
Such dose dependence is important to define. Historically,
studies using the glycan array display are done at saturating
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FIGURE 1. Gal-1, Gal-2, and Gal-3 recognition of O-glycans and N-glycans. Trivial names followed by the structures of each glycan tested are shown.
Recognition of each representative glycan is displayed as the percent bound when compared with the highest bound ligand at each concentration tested by
each respective galectin tested in this study. Glycan recognition of O-glycans is shown for Gal-1 (A), Gal-2 (B), and Gal-3 (C). Glycan recognition of N-glycans is
shown for Gal-1 (D), Gal-2 (E), and Gal-3 (F). G, legend of symbols for monosaccharides used in this study.

binding conditions and high lectin concentrations (43), making
it difficult to distinguish subtle differences in specificity that
may occur.

We first compared Gal-1, Gal-2, and Gal-3 in parallel to eval-
uate recognition of O- and N-glycans. Following biotinylation,
each galectin was re-chromatographed over lactosyl-Sepharose
to ensure that homogeneous preparations of active proteins
were examined on the array. Gal-1 did not bind to the various
core O-glycan structures (data not shown), although it did bind
to some core structures that were extended to contain a termi-
nal LacNAc unit, as demonstrated for binding to extended core
2 and core 4 (Fig. 14). Although Gal-2 showed binding toward
extended core 4, Gal-1 showed significantly more binding than
Gal-2 (Fig. 1, A and B). In striking contrast, Gal-3 displayed very
little binding toward all O-glycans tested (Fig. 1C).

Gal-1 exhibited the strongest binding toward the bianten-
nary N-glycan (LacNAc2 NG) (Fig. 1D). In our studies the term
“strong binding” refers to those glycans still recognized by the
galectin at very low concentrations (=um). Gal-2 also exhibited
strong binding toward LacNAc2 NG (Fig. 1E). By comparison,
Gal-3 bound weakly to LacNAc2 NG (Fig. 1F). Interestingly, the
presence of a2-3-sialic acid on the terminal LacNAc unit of
LacNAc2 NG completely blocked LacNAc2 NG recognition by
Gal-2 (Fig. 1E) and reduced binding by Gal-1 (Fig. 1D), whereas
it had no significant effect on recognition of LacNAc2 NG by
Gal-3 (Fig. 1F). The presence of a2—6-sialic acid on LacNAc2
NG blocked glycan recognition by all three galectins (data not
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shown). These results demonstrate that Gal-1, Gal-2, and Gal-3
differ significantly in their recognition of N- and O-glycans.
Interestingly, RCA-I, a plant lectin that recognizes terminal Gal
residues (44, 45), bound strongly to all N- and O-glycans termi-
nating in LacNAc, demonstrating the presence and accessibility
of these glycans (data not shown). Peanut agglutinin bound to
the core 1 structure (data not shown), consistent with previous
results (46, 47). Thiodigalactoside blocked all galectin-glycan
recognition, although sucrose had no effect on galectin binding
(data not shown), further demonstrating the carbohydrate
dependence of these interactions.

Gal-1, Gal-2, and Gal-3 Exhibit Differential Recognition of
LacNAc Derivatives—To examine galectin interactions with
LacNAc in more detail, we specifically evaluated galectin inter-
actions with LacNAc-containing glycans. Unexpectedly, Gal-2
and Gal-3 showed very weak binding to LacNAc (Fig. 2, B and
C), although both bound more strongly to some derivatives of
LacNAc (Fig. 2, B and C). By contrast, Gal-1 bound LacNAc
(Fig. 2A), although binding was weak relative to LacNAc2 NG
(Fig. 1A). Gal-1, Gal-2, and Gal-3 failed to recognize LacDiNAc
(GalNAcB1-4GlcNAc) or Gala3Gal (data not shown).

Modifications of LacNAc, as commonly occurs in vivo (48),
resulted in significant differences in glycan recognition by these
three galectins. For example, a1-2-fucosylation of LacNAc did
not alter Gal-1 recognition (Fig. 24), although the same modi-
fication significantly increased recognition by Gal-2 and Gal-3
(Fig. 2, B and C). Similarly, the addition of a Gala1-3 terminal
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FIGURE 2. Gal-1, Gal-2, and Gal-3 recognition of LacNAc and LacNAc-derivative glycans. Trivial names
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linkages of sulfate and sialic acid. Black squares represent binding toward the glycan with attachment of sialic
acid or sulfate to the 6-OH of galactose. White squares represent binding toward the glycan with attachment of

a2-6-sialylated LacNAc (49), also
exhibited recognition of a2-6-sia-
lylated LacNAc glycans (data not
shown). These results show that the
failure of Gal-1, Gal-2, and Gal-3 to
recognize these glycans was not a
reflection of their lack of accessibil-
ity on the microarray. Sialylation of
LacNAc-containing  glycans by
either a2-3 or a2-6 linkage com-
pletely blocked recognition by both
Gal-2 and Gal-3 (Fig. 3, B and C).
Furthermore, all three galectins
failed to recognize GM1. This gan-
glioside was previously identified as
a potential ligand for Gal-1 (data not
shown) (50, 51). As a control for this
finding, we found that cholera toxin
subunit B, previously demonstrated
to recognize GM1 (52), bound
tightly to GM1 in this solid phase
format (data not shown). Because

sialic acid or sulfate to the 3-OH of galactose.

sequence to LacNAc also increased Gal-2 and Gal-3 binding
(Fig. 2, B and C), although it had no effect on Gal-1 binding
(Fig. 2A). Interestingly, the addition of both Fucal,2 and
Galal-3 to LacNAc (representing the blood group B anti-
gen), significantly improved binding by both Gal-2 and Gal-3
(Fig. 2, B and C), while significantly reducing recognition by
Gal-1 (Fig. 2A). Similar results were obtained with the blood
group A antigen (Fig. 2, A-C). Although Gal-1 and Gal-2
exhibited no preference for type 1 or type 2 LacNAc (GalB1-
3GlcNAc versus GalB1-4GIcNAc, respectively) either alone
or in the context of modification (Fig. 2, A and B), Gal-3
displayed higher binding toward type 2 LacNAc, compared
with type 1 LacNAc, following modification (Fig. 2C). These
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Gal-2 failed to recognize any sialy-
lated compounds, we sought to
partly test whether this simply
reflected a lack of tolerance by Gal-2 for charge modification at
the 3-OH of galactose. Interestingly, 3-O-sulfation of Gal resi-
dues in LacNAc significantly increased glycan recognition by
Gal-2 (Fig. 3B), whereas 4-O- or 6-O-sulfation of Gal blocked
binding (Fig. 3B and data not shown). Gal-3 also showed an
increase in LacNAc recognition following specific sulfation
of Gal (Fig. 3C). Gal-1 exhibited the most significant increase
in LacNAc recognition following sulfation (Fig. 34), consist-
ent with previous results (53). These results demonstrate
that all three galectins demonstrate preference for sulfated
versus unsulfated glycans. This contrasts strongly in regard
to sialylated glycans, because only Gal-1 bound to sialylated
LacNAc.
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Gal-1, Gal-2, and Gal-3 Recognize Poly(LacNAc) Structures—
Previous studies implicated poly(LacNAc) as a common deter-
minant for galectin binding (34, 54-56). We examined the
binding of Gal-1, Gal-2, and Gal-3 toward poly(LacNAc)-con-
taining glycans in the microarray format. Interestingly, all three
galectins preferred longer poly(LacNAc) structures compared
with the single LacNAc unit (Fig. 4, A-C, Fig. 2, A-C); Gal-1
and Gal-3 exhibited the most significant preference in binding
(Fig. 4, A and C). Importantly, tomato lectin (LEA), which pri-
marily recognizes internal LacNAc within poly(LacNAc) (57),
also showed higher binding toward poly(LacNAc) glycans in
the microarray (data not shown). Furthermore, modification of
poly(LacNAc) with terminal sialic acid or substitutions of the
terminal Gal residues with a Fucal,2 residue had no effect on
Gal-1 or Gal-3 recognition of poly(LacNAc) (Fig. 4, A and C). By
contrast, al,2-fucosylation significantly increased Gal-2 recog-
nition of poly(LacNAc), whereas a2-3-sialylation of poly(Lac-
NAc) completely eliminated recognition by Gal-2 (Fig. 4B).

Gal-1, Gal-2, and Gal-3 Display Differential Recognition of Poly-
(LacNAc) Glycans and Chimera Poly(LacNAc) Glycans—
Previous studies demonstrated that Gal-1 prefers poly(Lac-
NAc) over LacNAc when they are immobilized on a solid phase
compared with solution binding, and that Gal-1 primarily rec-
ognizes the terminal LacNAc unit in poly(LacNAc)-containing
glycans (34, 35). To further explore whether Gal-2 or Gal-3
might recognize terminal or internal LacNAc motifs within
poly(LacNAc), we analyzed galectin interactions with lactose,
(LacNAc),, and (LacNAc); using SPR to measure binding in a
solution-based equilibrium format. Gal-1, Gal-2, and Gal-3
exhibited rapid on and off rates for each immobilized glycan
tested (data not shown), demonstrating that each lectin bound
each glycan, that recognition was dose-dependent, and that
these interactions were readily reversible. Importantly, Gal-3
bound to lactose using this solution-based assay, although it
failed to recognize lactose or LacNAc when immobilized in the
glycan array (Fig. 3C). This demonstrates that the context of
glycan presentation can significantly influence glycan recogni-
tion by Gal-3, similar to the earlier findings with Gal-1 (34).
Binding isotherms generated from the SPR data provided K,
values for each galectin-glycan interaction (Table 1). Gal-1
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TABLE 1

Analysis of Gal-1, Gal-2, and Gal-3 interactions with glycans utilizing
SPR

Lactose = LacNAc-LacNAc  LacNAc-LacNAc-LacNAc

(K (K (K

M M m
Gal-1 S1“ 13.7 15.1 16.7
Gal-1 52 14.4 16.9 19.2
Gal-1 S3 9.0 11.0 12.1
Gal-2 S1 24.9 60.5 62.6
Gal-2 S2 28.3 77.6 66.7
Gal-2 S3 32.3 58.4 54.5
Gal-3 S1 53.5 8.4 2.7
Gal-3 S2 60.7 9.5 3.2
Gal-3 S3 514 9.5 3.9

“S1, S2, and S3 represent separate analyses of each respective galectin under
identical conditions.

bound equivalently to lactose, (LacNAc),, and (LacNAc); (Fig.
5,4, D, and G, and Table 1), corroborating our earlier findings
and further demonstrating that Gal-1 principally recognizes
the terminal LacNAc unit (34, 35). Conversely, Gal-2 showed
lower binding toward (LacNAc), and (LacNAc); in solution
(Fig. 5, B, E, and H, and Table 1), which demonstrates that Gal-2
does not recognize internal LacNAc motifs. By contrast, Gal-3
exhibited significant increases in affinity with each LacNAc
extension (Fig. 5, C, F, and [, and Table 1).

To determine whether similar recognition patterns dictate
poly(LacNAc) recognition following immobilization, we exam-
ined the binding of Gal-1, Gal-2, and Gal-3 toward poly(Lac-
NAc) and modified poly(LacNAc) glycans, as was previously
partly done for Gal-1 (35). Gal-1, Gal-2, and Gal-3 all recog-
nized extended poly(LacNAc) (LacNAc);, although all three
galectins did not bind to glycans terminating in Le* (Le*-Le*-
Le*) (data not shown). Similarly, RCA-I and LEA did not bind
Le*-Le*-Le* (data not shown), consistent with previous results
(34). Importantly, Gal-1 showed significant binding toward
poly(LacNAc) with internally fucosylated LacNAc units (Lac-
NAc-Le*-Le¥) (Fig. 5]). This result demonstrates that Gal-1 rec-
ognizes the terminal LacNAc unit in poly(LacNAc) chains,
similar to the results obtained in solution-based assays. Fur-
thermore, Gal-3 did not bind LacNAc-Le*-Le* (Fig. 5L), which
also shows that it primarily recognizes internal LacNAc units
within poly(LacNAc). Importantly, RCA-I, like Gal-1, also rec-
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ognized LacNAc-Le*-Le*, whereas LEA failed to demonstrate
poly(LacNAc) recognition following internal LacNAc modifi-
cation (data not shown). Furthermore, only Gal-3 recognized
a2-6-sialylated poly(LacNAc) (Fig. 5L).

To complete our studies on the potential requirements of
terminal LacNAc recognition within poly(LacNAc) on the
solid phase array, we examined Gal-1, Gal-2, and Gal-3 rec-
ognition of poly(LacNAc) lacking a terminal galactose resi-
due. The absence of the terminal galactose on poly(LacNAc)
chains significantly reduced binding by Gal-1 and Gal-2 (Fig.
5, J and K), although this did not affect recognition by Gal-3
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(Fig. 5L). Control experiments corroborated these results,
because we found that RCA did not bind poly(LacNAc) lack-
ing a terminal galactose residue, whereas LEA binding was
unaltered and robust (data not shown). These results dem-
onstrate that Gal-3 prefers glycans containing poly(LacNAc)
because of recognition of internal LacNAc sequences,
whereas the preference of poly(LacNAc) for Gal-1 and Gal-2
likely represents conformational constraints on the glycan
that are enhanced when the glycans are immobilized on a
surface. Taken together, these results demonstrate that
Gal-1, Gal-2, and Gal-3 all bind poly(LacNAc) but that this
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indicated followed by flow cytometric analysis. C, HL60 treated as in B were stained with Gal-2 followed by
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the mean fluorescent intensity wild type CHO cells = S.D.

recognition arises from fundamentally different mecha-
nisms of interaction.

Gal-1, Gal-2, and Gal-3 Differentially Recognize Sialy-
lated Cell Surface Glycans—We next sought to determine
whether the differences seen in glycan specificity for each
galectin reflected their binding to cell surface glycans. To
test this we examined the binding of Gal-1, Gal-2, and Gal-3
toward promyelocytic leukemia HL60 cells prior to and fol-
lowing enzymatic digestion of specific glycan structures.
Leukocytes exhibit signaling responses following exposure
to galectins (38, 39). We used this response to ascertain
whether the differential specificity observed on the array
also occurs in the context of cell surface glycans, and to give
information about the nature and composition of glycans
recognized on endogenous functional receptors. Further-
more, enzymatic modification of endogenous receptors
allowed us to explore the recognition of glycans by galectins
on cell surfaces, without using genetically engineered mod-
ification, which can alter glycan expression in unpredictable
ways. The importance of this is illustrated when considering
that global alterations in glycosylation can have profound
effects on glycoprotein trafficking, affecting surface half-life
and total expression (58 —60), making it difficult to easily
translate differences in binding to possible differences in
specificity as opposed to differences in cell surface receptor
numbers. Furthermore, previous results suggest that specific
modification of select ligands may be critical in conveying
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similar binding behavior might
occur on the cell surface, cells were
treated with either S. typhimurium
neuraminidase, an a2-3-specific
neuraminidase, or C. perfringens, an
a2-3—a2- 6-neuraminidase. Treat-
ment of HL60 cells with either
a2-3-neuraminidase or a2—3—a2—
6-neuraminidase resulted in a com-
parable reduction in M. amurensis binding (Fig. 6B), indicating
removal of a2—3-sialylated linkages following each treatment.
Importantly, Gal-1 displayed a significantly greater increase in
cell surface binding following treatment of cells with a2-3—
a2—6-neuraminidase, compared with that with «2-3-neura-
minidase alone (Fig. 6D). These results suggest that Gal-1 has a
greater tolerance for the a2—3-sialyl LacNAc modification than
a2-6-sialylation on cell surface glycans. By contrast, Gal-2
bound significantly better to cells treated with either neuramin-
idase (Fig. 6, C and D), suggesting that both «2-3- and a2-6-
sialylation of endogenous ligands significantly inhibit binding.
Unlike Gal-1 or Gal-2, Gal-3 demonstrated a less significant
increase in binding following either treatment (Fig. 6D).
Although the binding of Gal-1 and Gal-3 toward CHO cells
and mutant CHO cell derivatives (Lec mutants) has been exten-
sively studied (61), the binding of Gal-2 toward CHO cells,
which only generate a2—3-sialylated glycans, and Lec mutants
has not been evaluated. Previous results demonstrated that
Gal-1 and Gal-3 fail to increase binding toward Lec 2 CHO cell
mutants, which fail to generate a2—3-sialylated glycans (61),
consistent with the present findings. Although the functional
consequence of galectin binding to CHO cells is unknown, we
next sought to determine whether similar binding preferences
observed toward HL60 cells by Gal-2 also occurred on CHO
cells. Importantly, Gal-2 exhibited a significant increase in
binding toward Lec 2 cells, which fail to generate a2—3-sialy-
lated glycans, when compared with wild type CHO (Fig. 6, E and

VOLUME 283-NUMBER 15+APRIL 11, 2008



Glycan Recognition by Galectin-1,-2, and -3

= +C Gal2 +D  Gal3
3 = 0|s T
el ™
g % = 15432 =]
g Y oL C:Ie
® Y = S
£ = = A
o | ) .:
= * 2 2 : oy =
LR 100 101 102 103 104 100
+
—al T + G Ga2 < _
5 o il 0|8 = N I e
o] ™ i
g | ' szl © 190 = 4 [e8 = 91
ES = = | k
gL © > = ok
i N - = Sk
100 107 102 103 104 7100 10! 102 103 104 100 107 102 103 104 100 101 102 103 104

Annexin V + —>»

I
HLB0 cats J Gal-1 | Gal-2 | Gal-3 2 1004 G2k1 | Gal2 | Gal-3
200 Gal-2 250 ]
Gal2z  (02.3026) g ' A AN
200 T 75
8 % S g
5 £ 150 c
8 5 g %
= 100 £
50 Ii'l 2 2
ey d ? mh
0 101 102 103 0 .
100 101 102 103 104 [@36.  + " v | [e236 - + - + |-+

— Fluor. Intensity —»

FIGURE 7. Desialylation differentially alters cellular sensitivity toward galectin-induced PS exposure. A-H, HL60 cells were either incubated with buffer
control (A-D) or 100 milliunits of A. ureafaciens neuraminidase (E-H) for 1 h followed by treatment of cells with 20 um Gal-1, Gal-2, or Gal-3. Cells were washed
in 50 mm lactose, stained with annexin-V FITC and propidium iodide (P/), followed by flow cytometric analysis. Cells that were annexin-V-positive and
propidium iodide-negative were considered positive for PS exposure. Numbers represent the percent of total cells found in each quadrant. /, HL60 cells were
treated with 100 milliunits of A. ureafaciens neuraminidase for 1 h, followed by staining with 10 ng/ml Gal-2 and analysis by flow cytometry. J, quantification of
Gal-1, Gal-2, and Gal-3 binding toward HL60 cells following treatment with A. ureafaciens neuraminidase. Bars represent the percent change in cell surface binding
when compared with the mean fluorescent intensity of nontreated cells = S.D. K, quantification of PS exposure (annexin-V*/PI~) on neuraminidase-treated (NT) or
untreated cells following treatment with Gal-1, Gal-2, or Gal-3 as outlined in A as mean percentage = S.D.

F), consistent with HL60 cells (Fig. 6, C and D), whereas it
exhibited significantly reduced binding toward Lec 8 cells and
Lec 1 cells (Fig. 6F), both of which fail to generate terminal
LacNAc (61). These results strongly suggest that sialylation of
either linkage reduces Gal-2 glycan recognition. Taken
together, these results demonstrate that sialylation uniquely
modulates the recognition of cell surface glycans by Gal-1,
Gal-2, and Gal-3.

Although these general changes in cell surface binding cor-
roborate the binding observed toward immobilized synthetic
glycans, it is not clear whether these changes occur on the
actual receptors through which Gal-1, Gal-2, and Gal-3 signal
cellular responses, or whether these changes simply reflect
arbitrary glycan recognition following enzymatic manipulation
or genetic alterations in cell surface glycans. To test this, we
removed terminal sialic acid on HL60 cells with A. ureafaciens
a2-3—a2-6-neuraminidase, which allows removal of sialic
acid at physiological pH. Treatment of HL60 cells with A. ure-
afaciens neuraminidase resulted in similar alterations in cell
surface glycan recognition by Gal-1, Gal-2, and Gal-3 (Fig. 7, [
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and /), as observed following treatment with C. perfringens
neuraminidase (Fig. 6D). To test the relationship of binding of
galectins to their biological signaling activity, we examined
their ability to induce surface exposure of PS. We previously
showed that some galectins induce PS exposure independently
of apoptosis, by Src-kinase-mediated pathways (20). We found
that neuraminidase treatment of HL60 cells significantly
enhanced their responses to Gal-1- and Gal-2-induced PS
exposure (Fig. 7, B, C, F, G, and K). By contrast, treatment of
HL60 cells with neuraminidase failed to enhance sensitivity to
Gal-3-induced PS exposure (Fig. 7, D, H, and K). Importantly,
binding of Gal-1, Gal-2, and Gal-3 to HL60 cells before and after
treatment with neuraminidase correlated with HL60 sensitivity
to each galectin (Fig. 7, J and K), demonstrating that these
changes occur on the functional galectin counter receptors. To
determine whether this altered sensitivity toward Gal-1 and
Gal-2 occurred over a wide range of concentrations, we exam-
ined a dose response of HL60 toward Gal-1, Gal-2, and Gal-3
with or without pretreatment with neuraminidase. HL60 cells
experienced the greatest enhancement in sensitivity toward
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Gal-2, Gal-3, and LEA binding toward cell surface glycans on HL60 cells. D, confo-
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Gal-2-induced PS exposure following treatment with neura-

minidase, with ~20 um Gal-2 required to induce substantial PS
exposure in nontreated and around ~2 um to induce similar
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HL6O cells responses in neuraminidase-treated
cells (Fig. 8B). Neuraminidase-
treated HL60 cells also showed
enhanced PS exposure in response
to Gal-1, although not to the same
extent as Gal-2 (Fig. 8A4). Interest-
ingly, unlike Gal-1 and Gal-2, HL60
sensitivity toward Gal-3 was unal-
tered over all the concentrations
tested (Fig. 8C). Gal-1-, Gal-2-, and
Gal-3-induced agglutination paral-
leled the induction of PS exposure
(data not shown), demonstrating
that changes in cell surface recogni-
tion underscored alterations in sensitivity. Taken together,
these results demonstrate that cell surface sialylation distinctly
alters cellular signaling by Gal-1, Gal-2, and Gal-3.

Gal-1, Gal-2, and Gal-3 Display Differential Recognition of
Cell Surface Poly(LacNAc)—The unique effects of sialylation on
cell surface glycan recognition strongly suggested that Gal-1,
Gal-2, and Gal-3 possess fundamentally different mechanisms
of LacNAc recognition on the cell surface. Because Gal-1,
Gal-2, and Gal-3 exhibited distinct modes of poly(LacNAc)
interaction on the array, we next sought to determine whether
distinct poly(LacNAc) interaction might also occur with cell
surface ligands. We first treated HL60 cells with jack bean B-ga-
lactosidase to remove terminal galactose residues. Treatment
of cells with B-galactosidase resulted in reduced RCA binding
(Fig. 9A4), indicating that many cell surface galactose residues
were accessible to the enzyme. Importantly, a similar reduction
in cell surface recognition by Gal-1 and Gal-2 occurred follow-
ing B-galactosidase treatment (Fig. 9, B and E). However, the
binding of Gal-3 to cells was less affected by (-galactosidase
treatment (Fig. 9B). These results suggest that Gal-3 does not
share the same requirement for terminal galactose residues on
the cell surface as seen for Gal-1 and Gal-2.

To determine the extent to which poly(LacNAc) recognition
may be important for galectin binding, we next treated cells
with either B. fragilis or E. freundii endo-B-galactosidase; both
can potentially cleave poly(LacNAc) glycans yet exhibit differ-
ent preferences of cleavage on the cell surface. B. fragilis endo-
B-galactosidase substantially cleaves poly(LacNAc) on tetraan-
tennary N-glycans, although it has little activity toward
poly(LacNAc) on triantennary N-glycans; by contrast, E. freun-
dii endo-B-galactosidase efficiently cleaves poly(LacNAc) on
N-glycans with fewer branches (62). Treatment of cells with E.
freundii, but not B. fragilis, endo-f-galactosidase, resulted in
reduced LEA binding (Fig. 9, C and F). LEA is a plant lectin that
has strong specificity for poly(LacNAc) chains (57). Impor-
tantly, a similar reduction in glycan recognition by Gal-1, Gal-2,
and Gal-3 also occurred following E. freundii treatment (Fig. 9,
D and F). Similar results occurred if cells were pretreated with
neuraminidase (data not shown). Taken together, these results
demonstrate that although the requirement for terminal galac-
tose residues may differ between Gal-1, Gal-2, and Gal-3, each
of these galectins recognize poly(LacNAc)-containing glycans
on HL60 cells.

15 20

10
Gal-3 [uM]
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We were curious as to whether the ligands for these three
galectins were co-localized with LEA-binding sites. Dual stain-
ing and confocal microscopy revealed that Gal-1, Gal-2, and
Gal-3 all co-localized with LEA binding on the cell surface (Fig.
9C). Unlike Gal-1, Gal-2, and Gal-3, RCA-1 displayed a uniform
cell surface binding to HL60 cells (Fig. 9D), suggesting that
Gal-1, Gal-2, and Gal-3 bind specific ligands that may reside
within membrane microdomains. Because treatment of cells
with neuraminidase enhanced binding and signaling by Gal-1
and Gal-2, we next sought to determine whether treatment of
cells with neuraminidase might alter the discrete binding pat-
tern exhibited by Gal-1, Gal-2, and Gal-3. Although RCA-I con-
tinued to exhibit a uniform staining pattern following neura-
minidase treatment (Fig. 9D), Gal-1, Gal-2, and Gal-3 staining
appeared unaltered (Fig. 9E). To determine whether Gal-1,
Gal-2, and Gal-3 remained co-localized with LEA following
neuraminidase treatment, cells were co-stained with LEA.
Importantly, even after treatment with neuraminidase, Gal-2
and LEA remained predominantly co-localized (Fig. 9F), dem-
onstrating that neuraminidase treatment likely exposes addi-
tional poly(LacNAc)-containing glycans, as opposed to simply
increasing nonspecific binding to LacNAc-containing glycans
over the entire cell surface. Similar results were observed for
Gal-1 and Gal-3 (data not shown). Taken together, these results
strongly suggest that poly(LacNAc)-containing glycans are
components of the receptors for Gal-1, Gal-2, and Gal-3 on the
cell surface.

In contrast to Gal-1, both Gal-2 and Gal-3 displayed signifi-
cant increases in binding toward H antigen (blood group O),
blood group A, and blood group B glycans, when compared
with LacNAc on the solid phase array (Fig. 2, A-D). To further
explore whether the predicted glycan specificity for Gal-1,
Gal-2, and Gal-3 using the solid phase format represents cell
surface glycan recognition, we examined the binding of these
three galectins toward erythrocytes expressing different blood
group glycans. Attempts to analyze Gal-1, Gal-2, and Gal-3
erythrocyte cell surface binding directly was impeded by the
fragile nature of erythrocytes and the high propensity of galec-
tins to agglutinate these cells, which caused massive fragmen-
tation upon flow cytometric analysis (data not shown). There-
fore, we evaluated the agglutination potential of Gal-1, Gal-2,
and Gal-3 toward erythrocytes and compared this to binding
toward HL60 cells. Although agglutination requires both bind-
ing and dimerization of each galectin, comparison of agglutina-
tion between several cell types for a particular galectin should
give a relative correlation for binding between cell types deco-
rated with different glycans. Using this approach, Gal-2 and
Gal-3 showed more potent agglutination of erythrocytes when
compared with binding to HL60 cells, and demonstrated a pref-
erence for blood group A and blood group B erythrocytes
(Table 2). By contrast, Gal-1 exhibited similar agglutination
toward erythrocytes as toward binding to HL60 cells, confirm-
ing that Gal-1 has no blood group preference (Table 2). These
results demonstrate that Gal-2 and Gal-3 display preference for
blood group cell surface glycans, corroborating the predicted
specificity obtained from the glycan microarray and further
demonstrating that Gal-1, Gal-2, and Gal-3 exhibit unique gly-
can recognition.
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TABLE 2
Cellular agglutination by Gal-1, Gal-2, and Gal-3
O-RBCs” A-RBCs B-RBCs HL60 dsHL60
M M M jos M
Gal-1 1 1 1 1 0.25
Gal-2 0.13 0.06 0.06 20 05
Gal-3 0.5 0.25 0.25 1 1

“ Cells were incubated with galectins in round bottom wells, as described under
“Experimental Procedures.” Each concentration shown represents the lowest
tested concentration in a serial dilution at which cell agglutination was visible.
RBC means red blood cells.

DISCUSSION

In our studies we have explored the glycan specificity of the
galectins Gal-1, Gal-2, and Gal-3 using a combined approach of
a solid phase assay system with glycan microarrays compared
with cell surface binding experiments. Defining the dose
response of Gal-1, Gal-2, and Gal-3 allowed a greater under-
standing of differences in glycan recognition and specificity
between the galectins. These results demonstrate that each
galectin exhibits significant differences in glycan binding spec-
ificity but also show overlapping recognition of some glycans
(Fig. 10 and Table 3). These results provide new insights into
both the overlapping and unique biological effects induced by
these proteins. Taken together, our results, which provide rel-
ative apparent affinities for a wide variety of glycans (Table 3),
suggest a new functional map of the CRD for each galectin. This
map illustrates the impact of modification of the basic LacNAc
core on glycan recognition by Gal-1, Gal-2, and Gal-3 and sug-
gests that unique subsites exist with each CRD. Modification of
the LacNAc core can either enhance, permit, or preclude mod-
ified LacNAc recognition by each respective galectin (Fig. 10).
The binding modes of the different glycans suggest that each
galectin may be viewed to have within its carbohydrate recog-
nition domain a number of subsites, which we have indicated as
A/B,C,D,D’,and E.

The combined use of the glycan microarray coupled with the
evaluation of cell surface binding provided a useful strategy to
predict the nature of endogenously expressed glycans recog-
nized by Gal-1, Gal-2, and Gal-3 on functional receptors. We
chose to use glycan modification of fixed cells rather than
manipulating the entire glycome of the cell; such manipulations
could alter receptor trafficking and surface half-life in unpre-
dictable ways (58 —60). Using this approach, one of the most
striking examples of differential glycan recognition, both on the
array and on the cell surface, was the differential recognition of
sialylated glycans by Gal-1, Gal-2, and Gal-3. For example, the
presence of terminal sialic acid on glycans in either a2-3 or
a2- 6 linkage to galactose blocked their recognition by Gal-2 on
the microarray. Similarly, Gal-2 binding to HL60 cells was sig-
nificantly enhanced following treatment of cells with either
a2-3- or a2-3-a2-6-neuraminidase. By contrast, Gal-1
bound well to a2-3- but not a2—6-sialylated glycans on the
microarray, which was consistent with our finding that treat-
ment of HL-60 cells with «a2-3-a2-6-neuraminidase
enhanced recognition of HL60 cells much more than a2-3-
neuraminidase alone. Although Gal-3 failed to recognize
a2-6-sialylated N-glycans lacking poly(LacNAc), it did bind to
a2-6-sialylated poly(LacNAc) on the microarray, suggesting
that sialylation of poly(LacNAc) does not alter its binding by
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Effects on Binding Relative
to Galp4GIcNAc

Red = reduces
Black = neutral
Blue = increases

Gal-1

Galectin CRD

Gal-3

D’ D’ D’
Fuca3 Fuca3 Fucad
Siac6 Siacb Siaab
6-S03 6-S03 6-SO3
A-B C D E A-B C D E A-B C D E
GlcNAcp4 GalNAc GalNAc Gal GlcNAcp4 GalNAc GalNAc Gal Galp4GlcNAc GalNAc GalNAc Gal
Galad Galab  Gal Man Galo4 Galaé  Gal Man Galod Gal Man
Gala3 + Fuca2 Glc Gala3 + Fuca2 Glc Gala3 + Fuca2 Gle

Galu4 + Fuco2
GalNAca3 + Fuca2
GalNAco4d + Fuca2

3-803
4-S03
6-SO3
Fuca2
Gala3
Sialyla3
Siaa6
KDNa3

Galau4 + Fuca2
GalNAca3 + Fuca2
GalNAco4 + Fuca2

3-S03
4-S03
6-SO3
Fuca2
Gala3
Sialyla3
Sialyla6
KDNa3

Gala4 + Fuca2
GalNAca3 + Fuca2
GalNAca4d + Fuca2

3-S03
4-S03
6-SO3
Fuca2
Gala3
Sialyla3
Sialyla6 (LacNAc)

Sialyla6(polyLacNAc)
KDNa3

FIGURE 10. Representative model of the CRD for Gal-1, Gal-2, and Gal-3 to illustrate the effect of LacNAc substitution on glycan recognition. Red
indicates that the specific addition of the specified structure and linkage at the respective site reduces or abolishes recognition by the indicated galectin. Black
refers to those modifications that had no effect on glycan recognition. Blue represents those modifications that produced more favorable binding than LacNAc

alone.

TABLE 3
Half-maximal binding of Gal-1, Gal-2, and Gal-3 to glycans on the microarray, derived from the dose-response curves
>10 pm” ~5 puM ~1 pMm ~0.5 pm <0.1 um
Gal-1 Extended core 2 (LacNAc), Extended core 4 LacNAc2 NG
LacNAc Sialyla3LacNAc2 NG SO,LacNAc
H antigen Fuca2(LacNAc),
GalaLacNAc Sialyla3(LacNAc),
BGB LacNAc-Le*-Le*
Gal-2 SO;LacNAc LacNAc2 NG BGA
H antigen
GalaLacNAc
BGB
Fuca2(LacNAc),
Gal-3 LacNAc2 NG BGB Fuca2(LacNAc),
SO,LacNAc BGA Sialyla3(LacNAc),
Sialyla3LacNAc2 NG (LacNAc), GlcNAc(LacNAc),
GalaLN Sialyla6(LacNAc),

“ Trivial names of each glycan as shown in Figs. 1-5 are listed in the columns to which each respective galectin bound that glycan at 1/2B,

Gal-1. Similarly, Gal-3 exhibited little change in cell surface
binding following treatment with either neuraminidase, sug-
gesting that sialylation is not a key regulator of cellular sensitiv-
ity toward Gal-3. This finding is consistent with previous
results demonstrating that a2-3 cell surface sialylation fails to
significantly alter either Gal-1 or Gal-3 binding to CHO cells
(61), whereas a reduction in «a2-3-sialylation significantly
enhanced Gal-2 binding toward CHO cells.

Changes in cell binding following neuraminidase treat-
ment correlated with altered cellular sensitivity to each
galectin, indicating that sialylation can regulate the func-
tional receptors utilized by Gal-1, Gal-2, and Gal-3. Consist-
ent with this, recent results demonstrate that a2—3- and
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max*

a2-6-sialylation fails to alter T cell sensitivity toward Gal-3;
by contrast, a2— 6-sialylation, but not a2—3-sialylation, blocks
T cells from responding to Gal-1 (63). These results demon-
strate that receptor sialylation can significantly and uniquely
alter cellular sensitivity toward Gal-1, Gal-2, or Gal-3.
Differential recognition of poly(LacNAc) likely under-
scores the disparate effects of sialylation on glycan recogni-
tion and signaling by Gal-1, Gal-2, and Gal-3. Unlike Gal-3,
Gal-1 and Gal-2 require the terminal LacNAc unit for poly-
(LacNAc) recognition, making modifications of the terminal
Gal relevant in glycan recognition. By contrast, although
Gal-3 did not bind to the a2—6-sialylated LacNAc2 N-glycan,
which contains single terminal LacNAc units on each branch,
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Gal-3 bound well to a2—6-sialyl poly(LacNAc). The ability of
Gal-3 to bind poly(LacNAc) in the absence of a terminal, non-
reducing, and available Gal residue strongly suggests that Gal-3
binds a2-6-sialyl poly(LacNAc) as a result of recognizing
internal, as opposed to terminal, LacNAc units.

The ability of Gal-1, Gal-2, and Gal-3 to recognize poly(Lac-
NAc) is consistent with several previous studies (28, 34, 35,
54-56) and suggests that poly(LacNAc) may serve as the key
glycan ligand for galectin-mediated effects. Indeed, previous
studies demonstrated that HL60 cells possess few poly(Lac-
NAc) glycans sensitive to E. freundii endo--galactosidase (64),
suggesting that a specific poly(LacNAc) modification may serve
as a functional glycan ligand to convey receptor specificity for
Gal-1, Gal-2, and Gal-3 among many possible cell surface gly-
cans containing LacNAc. Consistent with this, Gal-1, Gal-2,
and Gal-3 co-localized with LEA, in restricted membrane
microdomains that were identified by their binding of cholera
toxin to the glycosphingolipid GM1.? Neuraminidase, which
exposed binding sites for RCA, failed to alter Gal-1, Gal-2,
and Gal-3 cell surface localization or co-localization with
LEA, suggesting that poly(LacNAc) glycans promote specific
interactions with Gal-1, Gal-2, and Gal-3 within the func-
tional receptor(s).

Although biochemical approaches to assessing glycan bind-
ing properties of GBPs can provide useful information, the
presentation of cell surface glycans may differ sufficiently from
presentation in these artificial formats such that binding may
not reflect actual binding specificity toward cells surface gly-
cans. For example, although Gal-1 exhibits high binding toward
poly(LacNAc) glycans on cell surface glycans, many studies
using solution-based platforms fail to demonstrate any prefer-
ence of poly(LacNAc) in solution (21, 34), demonstrating that
cell surface presentation uniquely promotes preferential bind-
ing. This may result from conformational constraints only rele-
vant following immobilization of the nonreducing ends of the gly-
cans. Similarly, although the present platform provided specificity
information that was largely corroborated by cell surface binding
in this study and in previous studies, such as the high affinity of
Gal-1 for sulfated LacNAc (53, 65) and poly(LacNAc) (34, 35) and
Gal-3 for blood group antigens and poly(LacNAc) (21-27), the
presentation of many glycans on the microarray, including
poly(LacNAc), only reflect terminal glycan modifications in the
absence of their context as extensions and modifications of
N-glycans, O-glycans, or glycolipids where they are normally
presented on the cell surface. Therefore, the reduced binding of
Gal-2 to poly(LacNAc) on the microarray, in comparison to the
binding of Gal-2 to poly(LacNAc) on HL60 cells, may reflect a
more specific requirement of Gal-2 for poly(LacNAc) presen-
tation in the context of cell surface glycans. Such results dem-
onstrate that although the current glycan microarray provides
unique insights into the specificity of GBPs, the development of
glycan microarrays from glycans harvested from natural
sources will greatly facilitate the full elucidation of the binding
requirements of GBPs. Furthermore, with a greater under-
standing of the carbohydrate binding requirements and speci-
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ficity of Gal-1, Gal-2, and Gal-3 toward HL60 cell ligands, the
identification of the functional glycoprotein receptors through
which these galectins signal will be greatly facilitated. Studies of
the functional receptor will likely provide key insight into the
functional glycans recognized by Gal-1, Gal-2, and Gal-3 and
the mechanisms by which they preferentially recognized these
glycans.

The ability of Gal-2 and Gal-3 to recognize blood group anti-
gens corroborates some earlier findings for Gal-3 (21, 25-28)
and raises important questions concerning the functional con-
sequence of this interaction. Interestingly, we did not detect the
expression of any blood group antigens in HL60 cells using
blood group-specific monoclonal antibodies,* and our results
suggest that poly(LacNAc)-containing ligands, rather than
blood group antigens, comprise the major ligands on these cells
for Gal-1, Gal-2, and Gal-3. Furthermore, although Gal-1
exhibited similar agglutination potential toward HL60 cells and
erythrocytes, Gal-2 and Gal-3 exhibited much higher aggluti-
nation toward erythrocytes. These results suggest that Gal-2
and Gal-3 recognize erythrocyte glycans containing blood
group antigens compared with non-blood group ligands on
HL60 cells. Blood group antigens are thought to elicit immune
responses that underlie the formation of anti-blood group anti-
gen antibodies (66 —70). Thus, Gal-2 and Gal-3 may be impor-
tant in innate immune mechanisms in recognizing blood
group-related glycans. Consistent with this, recent studies sug-
gest a role for Gal-3 in innate immune recognition of several
pathogens, including Candida albicans (69), Leishmania major
(68, 71) and Schistosoma mansoni (72, 73). Given the relation-
ship between galectins and the innate immunity (74), future
studies will continue to examine the effect and modulation
galectins impose on the innate immune system.

In addition to providing further understanding of galectin
recognition of glycans, our study also potentially resolves some
questions concerning previously suggested glycan ligands for
Gal-1 and Gal-3. For example, several reports suggested that
Gal-1 is a negative growth regulator of neuroblastoma cells,
possibly through interactions with the ganglioside GM1 (50,
75). Follow-up studies demonstrated that Gal-1 exhibited bind-
ing to GM1 in solution at very high concentrations (51). How-
ever, in the present study, Gal-1 failed to recognize GM1 at any
concentration on the glycan microarray, although cholera toxin
subunit B readily bound GM1 in the same assay system, corrob-
orating an earlier study (21). Thus, in the cells studied it is
unlikely that GM1 is a functional receptor for Gal-1. Additional
studies implicate Gal-1 and Gal-3 in mechanisms of neoplastic
metastasis (76, 77), possibly through interactions with the dis-
accharide T antigen that is the basic unit of core 1 O-glycans
(78, 79). However, in our study Gal-1 and Gal-3 did not bind
significantly to core 1 O-glycan, suggesting that other neoplas-
tic glycans may be responsible for mediating these effects. How-
ever, unique presentation of these glycan in vivo may be
required for proper galectin recognition. Future studies will
continue to evaluate the endogenous glycans responsible for
galectin-mediating functions in vivo.

3S.R. Stowell and R. D. Cummings, unpublished data.
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In summary, our results provide significant clarification and

additional insight into the specificity of Gal-1, Gal-2, and Gal-3
for glycan ligands. The glycan array largely predicted the bind-
ing preferences of Gal-1, Gal-2, and Gal-3 toward cell surface
glycans, illustrating the utility of the array in elucidating the
carbohydrate binding preferences of Gal-1, Gal-2, and Gal-3.
These results also provide additional biochemical understand-
ing for the overlapping functions of each of these proteins,
while also providing an explanation for the functionally unique
and often opposing roles of these galectin family members in
vivo (3, 4).
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