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Abstract—Soluble siglecs-1, -4, -5, -6, -7, -8, -9, and -10 were probed with polyacrylamide glycoconjugates in which: 1) the
Neu5Ac residue was substituted by a sulfate group (Su); 2) glycoconjugates contained both Su and NeuSAc; 3) sialoglyco-
conjugates contained a tyrosine-O-sulfate residue. It was shown that sulfate derivatives of LacNAc did not bind siglecs-1,
-4,-5,-6,-7, -8, -9, and -10; binding of 6'-O-Su-LacNAc to siglec-8 was stronger than binding of 3'SiaLacNAc. The rel-
ative affinity of 3'-O-Su-TF binding to siglecs-1, -4, and -8 was similar to that of 3'SiaTF. 3'-O-Su-Le® displayed two-fold
weaker binding to siglec-1 and siglec-4 than 3'Sial.e®. The interaction of soluble siglecs with sulfated oligosaccharides con-
taining sialic acid was also studied. It was shown that siglecs-1, -4, -5, -6, -7, -9, and -10 did not interact with these com-
pounds; binding of 6-O-Su-3'SialLacNAc and 6-0O-Su-3'SiaTF to siglec-8 was weaker than that of the corresponding sul-
fate-free sialoside probes. Siglec-8 displayed affinity to 6’-O-Su-LacNAc and 6'-O-Su-Siale*, and defucosylation of the
latter compound led to an increase in the binding. Sialoside probes containing tyrosine-O-sulfate residue did not display
increased affinity to siglecs-1 and -5 compared with glycoconjugates containing only sialoside. Cell-bound siglecs-1, -5,
-7, and -9 did not interact with 6-O-Su-3'SialLacNAc, whereas the sulfate-free probe 3'SiaLacNAc demonstrated binding.
In contrast, the presence of sulfate in 6-O-Su-6'SialLacNAc did not affect binding of the sialoside probe to siglecs. 6'-O-Su-
Siale* displayed affinity to cell-bound siglecs-1 and -5; its isomer 6-O-Su-Siale* bound more strongly to siglecs-1, -5, and

-9 than Siale*.

DOI: 10.1134/50006297906050051

Key words: sialic acid, siglecs, sulfated oligosaccharides, carbohydrate specificity

Proteoglycans and sulfated glycoproteins play an
important role in intercellular interactions during inflam-
matory processes and malignant transformation [1].
Being receptors for integrins, growth factors, and lectins,
they mediate a variety of processes such as intercellular
adhesion, cell adhesion to extracellular matrix, prolifera-

Abbreviations: BSA) bovine serum albumin; CHO-siglec) CHO
cells transfected with siglec vector; fluo) fluorescein;
Glyc—PAA) polyacrylamide glycoconjugate; PBA) PBS con-
taining 0.2% BSA; PBS) phosphate buffered saline containing
0.01 M Na,HPO,, 0.01 M NaH,PO,, 0.15 M NaCl, pH 7.3;
siglec-Fc) chimeric protein containing full-sized extracellular
region hSiglec and Fc region of human IgG; sTyr) sulfotyrosine
(tyrosine-O-sulfate); TBS) 50 mM Tris-HCI buffer containing
150 mM NaCl, pH 7.5; TBA) TBS containing 0.2% BSA;
Versene solution) PBS containing 0.02% EDTA.

* To whom correspondence should be addressed.

tion, and apoptosis [1, 2]. For example, the initial phase
of inflammation involves leukocyte adhesion to vascular
endothelium and migration of leukocytes along the vas-
cular wall as a consequence of the interaction of selectins
with cognate ligands. Endothelial P-selectin binds to
leukocyte glycoprotein PSGL-1; this binding mechanism
includes interaction with Siale* residues of a carbohy-
drate chain and with a cluster of tyrosine-O-sulfate
residues located on the PSGL-1 polypeptide chain [3-5].
In addition, the binding of leukocyte L-selectin with 6-
O-Su-Siale* exposed on endothelium plays an important
role in lymphocyte homing; in this case, the functionally
important sulfate group is located on the carbohydrate
chain [2, 6]. Lysis of virus-infected and tumor cells by
natural killer (NK) cells involves binding of NK cell
receptors (NKp30 and NKp46) with heparin sulfate of
target cells [7]. 6-O-Su-3'SialLacNAc is a receptor of
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avian influenza virus H5N1, which can infect humans
[8].

Recently it has been shown that the mucin frag-
ments, sulfated carbohydrate chains 3'-O-Su-Galf1-
3GalNAcB and 3'-O-Su-Galp1-3GIlcNAca bind
galectin-4 and galectin-1, respectively [9-11], but the
biological significance of these results is unknown. Taking
into consideration the increased expression of galectin-1
and galectin-4 in stomach cancer, it is possible that bind-
ing of galectin-1 and galectin-4 to sulfated glycans influ-
ences adhesion of tumor cells to extracellular matrix dur-
ing metastasis.

There is convincing evidence that glycoconjugate
sulfation, involving both glycan and polypeptide frag-
ments, represents a common mechanism regulating
lectin-mediated interactions. However, amongst the fam-
ilies of mammalian lectins, the interaction of siglecs (sial-
ic acid binding Ig-like lectins) with sulfated glycans and
the putative regulatory role (potentiation or attenuation)
of sulfates in the siglec-ligand recognition has not been
systemically studied. Siglecs are sialoside-binding lectins
containing immunoglobulin domains that can interact
with both glycoproteins and glycolipids [12-14]. There
are eleven known siglecs in humans and all except siglec-
4 (myelin associated protein) are found on cells of the
hematopoietic and immune systems.

Siglecs are divided into two groups. Sialoadhesin
(siglec-1), CD22 (siglec-2), and siglec-4 constituting the
first group share 25-30% homology. The second group
comprises the CD33-related siglecs, which share 50-80%
homology with siglec-3 (CD33) [12, 13]. In humans, all
siglecs of this group are encoded by genes located on
19q13.3-4 chromosome and mainly expressed on leuko-
cytes of the innate immune system. The cytoplasmic
region of these siglecs contains two conserved tyrosine-
based motifs, including a classical immune receptor tyro-
sine-based inhibitory motif (ITIM), which when tyrosine
phosphorylated mediates binding and activation of the
protein tyrosine phosphatases SHP-1 and SHP-2. A
number of studies on the structure and carbohydrate
specificity of siglecs have been reported. Siglec-2 exhibits
high specificity towards Neu5Aco2-6Gal, whereas siglec-
1 and siglec-4 prefer NeuSAca2-3Gal; siglecs-35, -7, -9,
and -10 bind both Neu5Aca2-3Gal- and NeuSAca2-
6Gal-containing glycans. Siglec-7 and siglec-11 interact
with Sia,-containing glycans, whereas siglec-6 binds to
Sialn [14-17]. It has recently been shown that substitu-
tion of sialic acid for sulfate group in internal chains of
GDlaa ganglioside results in increase in siglec-1 and
siglec-4 binding [18-20]. Siglec-8 binds to 6'-O-Su-
Siale* and siglec-9 binds to 6-O-Su-Sial.e*; in both cases
the binding is stronger compared with the trisaccharride
3'SialLacNAc [21-24].

The goal of this study was to investigate systematical-
ly the interaction of siglecs with glycoconjugates contain-
ing sulfated moieties. We have studied siglec interactions
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with three classes of O-sulfate containing glycoconju-
gates. These included: 1) sulfated and non-sialylated gly-
coconjugates; 2) sulfated and sialylated glycoconjugates;
3) glycoconjugates containing sTyr in addition to sialylat-
ed oligosaccharides.

MATERIALS AND METHODS

The following reagents were used in this study: BSA
(Serva, Germany); calf kidney o-L-fucosidase
(Boehringer Mannheim, Germany); Vibrio cholerae neur-
aminidase, p-nitrophenyl phosphate, alkaline phos-
phatase labeled goat antibodies against human IgG Fc
(Sigma, USA); RPMI-1640 cultivation medium, fetal
calf serum, glutamine, and antibiotics-antimycotics
(Invitrogen, UK).

CHO cells expressing full-length mouse siglec-1 and
human siglecs-5, -7, and -9 were obtained as described
[25, 26]. Supernatants containing soluble siglecs were
from stably-transfected CHO cell lines. Soluble siglecs are
chimeras of the extracellular regions fused to the Fc region
of human IgG; siglec-1-Fc contains the first three N-ter-
minal Ig domains [25]. Besides the wild-type form of
siglec-1, we also used the Arg97Asp mutant, which inacti-
vates the carbohydrate-binding site [26]. This mutant
serves as a useful negative control in binding assays.

Neoglycoconjugates Glyc—PAA (30 kD, 20 mole %
carbohydrates), Glyc—PAA—fluo (30 kD, 20 mole % car-
bohydrates and 1 mole % fluorescein), Glyc—PAA—sTyr
(30 kD, 20 mole % carbohydrate and 10 mole % tyrosine-
O-sulfate), and also tyrosine-O-sulfate polyacrylamide
conjugates sTyr—PAA (30 kD; 10, 40, and 70 mole %
tyrosine-O-sulfate) were synthesized as described in [27].
Table 1 shows the structures of the glycoconjugates
employed in this study.

ELISA. A solution of Glyc—PAA (initial concentra-
tion 250 uM) in 0.1 M NaHCO; buffer, pH 9.6, was coat-
ed on 96-well plates Nunc Maxisorb (Nunc, Denmark) in
two-fold serial dilutions. The plate was initially incubated
at 37°C for 3 h and then overnight at 4°C. After incuba-
tion of the plate with TBS solution containing 2% BSA at
37°C for 1 h, a pre-complexed mixture of siglec-Fc and
alkaline phosphatase-conjugated antibodies against
human immunoglobulin Fc domain was added (the opti-
mal siglec-conjugate ratio in the complex was 1 : 1 [25],
and the dilution of conjugate in TBA was 1 : 320). The
plate was incubated at 37°C for 3 h, then washed three
times with TBA solution and after addition of p-nitro-
phenyl phosphate (1 mg/ml) in buffer containing
200 mM diethanolamine and 2 mM MgCl,, pH 10.5, the
absorbance was read at 405 nm using a Spectrocount 340
plate reader (Bio-Rad, USA). LacNAc—PAA was used as
a negative control.

For inhibition assays, various concentrations of
Glyc—PAA conjugates were preincubated with pre-com-
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Table 1. List of saccharides and their designations

Designation Structure
Neu5AcaOBn Neu5AcaOCH,CgH,NHCOCH,—
NeuSAca—sp NeuSAcaOCH,CH,CH,—
3'SialLacNAc NeuS5Aca2-3Galp1-4GlcNAc—sp—

3-O-Su-LacNAc GalB1-4(3HS0;)GlcNAc—sp—

3'-O-Su-LacNAc 3HSO;-GalB1-4GlcNAc—sp—

6-0O-Su-LacNAc GalB1-4(6HSO,;)GIlcNAc—sp—

6'-O-Su-LacNAc 6HSO;-GalB1-4GlcNAc—sp—

4',6'-di-O-Su-LacNAc | (4,6-HS0;),GalB1-4GIcNAc—sp—

6'-O-Su-Lac 6HS0;-GalB1-4Glc—sp—

6-O-Su-Lac GalB1-4(6HSO;)Glc—sp—

3',6-di-O-Su-Lac 3HSO0,Galp1-4(6HSO;)Gle—sp—

6'SiaLacNAc NeuSAca2-6GalB1-4GlcNAc—sp—

6-O-Su-3'SiaLacNAc | Neu5Aca2-3GalB1-4
(6HSO;)GlcNAc—sp—
6-0-Su-6'SiaLacNAc | Neu5Aca2-6Galp1-4
(6HS0;)GIcNAc—sp—

3'SiaTF NeuSAca2-3Galp1-3GalNAco—sp—

6-0-Su-3'SiaTF NeuSAca2-3Galp1-3

(6HS0;)GalNAco—sp—

Siale? NeuSAca2-3GalB1-3(Fucal-4)
GlcNAc—sp—
Siale* NeuSAca2-3GalB1-4(Fucal-3)

GlcNAc—sp—
6-0O-Su-Siale* NeuSAca2-3Galp1-4(Fucal-3)
(6-HSO;)GIcNAc—sp—
6'-O-Su-Siale* NeuSAca2-3(6HS0;)Galp1-4
(Fucal-3)GlcNAc—sp—

SiaTn NeuSAca2-6GalNAco—sp—

Sia, NeuSAca2-8NeuSAco—sp—

Note: sp = OCH,CH, or OCH,CH,CH,.

plexed siglec-Fc and alkaline phophatase-conjugated
antibodies against human immunoglobulin Fc at 37°C for
2 h. This mixture was added to wells containing immobi-
lized NeuSAcaOBn—PAA (50 pg/ml for siglec-1, 10 pg/
ml for siglec-4, 40 pg/ml for siglec-5) or 6'SialLac—PAA
(200 pg/ml for siglec-2, 100 pug/ml for siglec-6, 40 ug/ml
for siglec-7, 10 ug/ml for siglec-10), or 3'SialLacNAc—
PAA (100 pg/ml for siglec-8, 40 ug/ml for siglec-9) in
0.1 M NaHCO; buffer, pH 9.6. The plate was incubated
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at 37°C for 3 h and then washed three times with TBA
solution and results read after addition of p-nitrophenyl
phosphate as described above.

Flow cytometry. The CHO cells expressing siglecs on
the cell surface, CHO-siglec-1, CHO-siglec-5, CHO-
siglec-7, and CHO-siglec-9, were cultivated in RPMI-
1640 medium containing 10% fetal calf serum and 2 mM
glutamine. Cells were detached from the plastic with
Versene solution and washed by PBA centrifugation at
1200 rpm (CR3, Jouan, France). Aliquots (50 pl) of
Glyc—PAA—fluo (100 uM concentration by Glyc) in PBA
were added to wells of a U-shape plate (Nunc) containing
2-10° cells in 100 pl. After incubation at 4°C for 40 min,
cells were washed three times in PBA followed by cen-
trifugation at 1200 rpm. Cells were analyzed using an
EPICS ELITE Coulter laser flow cytofluorimeter
(Beckman, USA) at 488 nm. The cell suspension (100 pl)
was mixed with 2 ml of PBS and after stirring cell fluores-
cence was measured at room temperature. Results were
analyzed using the WiNMDI 2.8 program. In each sam-
ple, at least 5000 cells were analyzed.

Cell desialylation. Cells were washed three times in
RPMI-1640 medium (without additions). An aliquot
(95 ul) of cell suspension in the same medium (106 cells/
ml) was mixed with 5 ul of V. cholerae neuraminidase
(2 U/ml). The mixture was incubated at 37°C for 3 h and
after this incubation the cells were washed with PBA.

The enzymatic cleavage of 6'-O-Su-Sial.e*~PAA was
carried out as follows: glycoconjugate (300 pg) was incu-
bated overnight with calf kidney a.-L-fucosidase (2 U/ml)
at 37°C or with V. cholerae neuraminidase (2 U/ml) at
37°C for 3 h.

RESULTS

Test system for study of soluble siglecs. Siglecs as well
as most monovalent lectins exhibit low affinity for their
ligands. Stable binding depends on multivalent presenta-
tion and high avidity interactions. The ELISA method
used in previous studies employed coating plastic wells
with bivalent recombinant siglecs and measurement of
their interaction with biotinylated multivalent sialosides
using streptavidin. However, this system is potentially
restricted by the narrow range of concentrations of the
adsorbed protein due to threshold effects [25]. In the
solid phase system used in the current experiments, we
coated plastic wells with serial two-fold dilutions of gly-
coconjugate to which was added a constant concentration
of soluble siglecs, precomplexed in a multivalent manner
with antibodies against IgG Fc region. Figure la shows
that the glycoconjugate NeuSAcOaBn exhibited the
highest affinity to siglec-1; LacNAc (lacking sialic acid
and used as the negative control) did not interact with
siglec-1. The mutant siglec-1 carrying Arg97—Asp sub-
stitution in the carbohydrate-binding domain (and used
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Fig. 1. Binding of siglec-1 (a) and its mutant form (b) with NeuSAcaOBn—PAA (7), NeuSAca—sp—PAA (2), and LacNAc—-PAA (3).

as the other negative control) did not bind Neu5AcaOBn
(Fig. 1b). This is consistent with previous data [26, 28]
and demonstrates the specificity of siglec—ligand binding
analyzed in our system. The glycoconjugates exhibiting
the highest binding with siglecs in the direct binding test
were subsequently used for coating plates in the inhibito-
Ty test.

Interaction of soluble siglecs with O-sulfated Glyc—
PAA lacking sialic acid. We investigated the potential
inhibitory activity of sulfated derivatives of LacNAc, TF,
and Lec lacking sialic acid on the interaction of soluble
siglecs-1, -4, -5, and -8 with NeuSAcaOBn—PAA,
siglecs-6 and -7 with 6’'SialLac—PAA, and siglecs-9 and
—10 with 3'SialLacNAc—PAA. Table 2 shows that only in
one case was there evidence for interaction with a sulfat-
ed (but not sialylated) ligand, namely the interaction of
siglec-8 with 6'-O-Su-LacNAc. This compound was an
even more active inhibitor than 3’SialLacNAc, whereas its
isomer, 6-O-Su-LacNAc, containing sulfate at GIcNAc
was inactive. In the case of other siglecs, none of the sul-
fated analogs of LacNAc (including disulfates 4',6’-di-O-
Su-LacNAc and 3’,6-di-O-Su-Lac) revealed high
inhibitory activity. 3’-O-Su-TF exhibited inhibitory
activity with respect to siglec-1, siglec-4, and siglec-8;
this activity was comparable to that of 3'SiaTF. Siglec-1
and siglec-4 bound to 3’-O-Su-Le°, but in the case of
siglec-4, this binding was two times weaker than with the
sialylated derivative (Table 2).
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Interaction of soluble siglecs with conjugates contain-
ing sulfotyrosine. The effect of an additional sTyr residue
was investigated for siglec-1 and siglec-5 using the glyco-
conjugate SialLe®>~PAA—sTyr as an inhibitor. This glycocon-
jugate exhibited the same inhibitory activity with respect
to siglec-1 and siglec-5 as SialLe*-~PAA (without sTyr),
thereby showing that incorporation of 10 mole % of sTyr
(Table 3) did not influence the interaction. Polymers lack-
ing a carbohydrate ligand but containing high levels of sTyr
(up to 70 mole %) did not show any inhibitory activity.

Interaction of soluble siglecs with sulfated sialosides.
We next investigated the effect of sulfate incorporation on
the inhibitory activity of sialooligosaccharides. The pres-
ence of the sulfate group in 6-O-Su-3'SialLacNAc did not
influence sialoside binding to siglecs-1, -2, -4, -5, -7, -9,
-10. Only in the case of siglec-8 was a significant differ-
ence observed at high concentrations of glycoconjugates:
lower activity of 6-O-Su-3'SialLacNAc compared with
3'SialLacNAc. (Figure 2 shows the results for siglec-8 in
comparison to siglecs-5 and -7.) The presence of a sulfate
group in 6-0-Su-3'SiaTF did not influence inhibitory
activity (data not shown).

Siglec-8 bound the fucosylated oligosaccharide 6'-
O-Su-Siale* and siglec-9 bound its isomer, 6-O-Su-
Sial.e*. None of the other siglecs tested interacted with
the fucosylated sulfosialosides (data not shown). To eval-
uate the impact of the fucose residue on the interaction of
siglec-8 with 6’-O-Su-Siale*, the glycoconjugate was
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Table 2. Inhibitory activity of sulfated glycoconjugates to siglecs-Fc- (1 and 4-10)*

Relative inhibitory activity, %**
Inhibitor

1 4 5 6 7 8 9 10
3'SiaLacNAc 24 0 0 n.a. 0 48 100 100
3-O-Su-LacNAc 0 0 n.a. 0 0 0 0
3'-0-Su-LacNAc 0 0 n.a. 0 0 0 0
6'-O-SuLacNAc 0 0 n.a. 3 70 0 0
6-O-SuLacNAc 0 0 n.a. 0 0 0 0
4',6'-di-O-Su-LacNAc n.a. 0 0 n.a. 0 0 0 0
3'SiaTF 10 8 0 0 0 12 n.a 0
3'0-SuTF 12 11 0 0 0 12 n.a 0
3'Siale® 23 15 n.a n.a. n.a n.a. n.a. 0
3'-O-Su-Le° 23 8 n.a n.a. n.a. n.a. n.a. 0
6'Sial.ac n.a. n.a. n.a 100 0 n.a. n.a. n.a.
6-0O-Su-Lac n.a. n.a. n.a. 0 n.a. n.a. n.a. n.a.
3',6-di-O-Su-Lac n.a. n.a. n.a. 0 n.a. n.a. n.a. n.a.
NeuS5AcaOBn 100 100 100 n.a. n.a. 100 n.a. n.a.
Sia, n.a. n.a. n.a. n.a. 100 0 0 0

* Inhibition of binding with the glycoconjugate exhibiting the highest interaction with a siglec in the direct binding assay.
** Relative inhibitory activity was calculated using the following formula: [[CSPe-PAA/ JCSleCulo-PAA] 5 100%, where ICSY P4 is the 50% inhibi-
tion concentration by the glycoconjugate that exhibited the highest interaction with the siglec in the direct binding assay (see “Results” section)
and JCSbeeuoI-PAA §5 50% inhibition by sulfated glycoconjugate. 0, no inhibition at 250 pM; n.a., not analyzed.

treated with the fucosidase (see “Materials and Methods”
section). Defucosylation (possibly incomplete) increased
binding, whereas desialylation of glycoconjugate caused
total inactivation (Fig. 3).

Table 3. Inhibitory activity of conjugates containing sul-
fotyrosine residue*

Relative inhibitory
Conjugate activity, %**
siglec-1 siglec-5

Neu5AcaOBn—PAA 100 100
sTyr(10%)—PAA 0 0
sTyr(40%)—PAA 0 0
sTyr(70%)—PAA 0 0
SiaLe*~PAA 24 0
Siale’(20%)—PAA—sTyr(10%) 24 0

* Inhibition of siglec binding to Neu5AcaOBn—PAA.

** Relative inhibitory activity was calculated using the following formu-
la: [[CSNOeUSAcaOBn—PAA/[CS(g]yc—PAA] x 100707 where ICSTEI)eUSAcocOBn—PAA iS
50% inhibition by the glycoconjugate NeuSAcaOBn-PAA and
ICEMPA i3 50% inhibition by sTyr containing conjugate.

Cell-associated siglecs. The interaction between
transfected CHO cells expressing cell-surface siglecs and
fluorescein-labeled glycoconjugates Glyc—PAA—fluo was
analyzed by flow cytometry. This approach was used pre-
viously for studying the specificity of cells expressing E-
selectin [29]. Weak binding of 3'-O-Su-LacNAc was
observed with cell siglecs-1 and -9 (Fig. 4). The interac-
tion between 3'-O-Su-LacNAc and siglec-1 was stronger
than that of 3'SialLacNAc (Fig. 4). However, it should be
noted that there was low binding of 3'SialLacNAc with
CHO cells expressing siglec-1 even after treatment of cells
with neuraminidase [12, 13]. Binding of 3'-O-Su-
LacNAc with siglec-9 expressed on CHO cells was one
order of magnitude lower than that of 3'SialLacNAc (Fig.
4).

We also investigated the interaction of CHO cell-
expressed siglecs-1, -5, -7, and -9 with sulfated sialogly-
coconjugates (6-0O-Su-3'SiaLacNAc, 6-0O-Su-
6'SialLacNAc, 6-O-Su-Siale*, and 6'-O-Su-Sial.e*) and
their analogs lacking a sulfate group (3’'SialacNAc,
6'SialLacNAc, Siale*, and Siale®). Cell-surface-
expressed siglecs-1 and -5 exhibited weak binding to
3’SiaLacNAc and did not interact with 6-O-Su-
3'SialLlacNAc (Fig. 5a). Binding of siglec-7 and siglec-9
with 6-O-Su-3'SialLacNAc was one order of magnitude
lower than in the case of 3'SialLacNAc. The presence of
the sulfate group in the 6'-sialylated isomer (6-O-Su-

BIOCHEMISTRY (Moscow) Vol. 71 No. 5 2006
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Fig. 2. Inhibition by 3'SiaLacNAc—PAA (/) and 6-O-Su-3'SiaLacNAc-PAA (2) of binding of Neu5AcaOBn—PAA to siglec-5 (a),

6'SialLac—PAA to siglec-7 (b), and 3'SialLacNAc—PAA to siglec-8 (c).

6'SialLacNAc) did not influence its interaction with cell-
surface-expressed siglecs-7 and -9 (i.e., it was similar to
6'SialLacNAc) (Fig. 5b).

Cell-expressed siglecs-1, -5, -7, and -9 exhibited dif-
ferences in the way they interacted with fucosylated sialo-
side sulfates. The interaction of siglecs-1 and -5 with
Sial.e* derivatives sulfated at Gal (or GlcNAc) residues
was stronger than that of Siale* (Fig. 6). Binding of cell-
expressed siglec-7 with 6-O-Su-Sial.e* was comparable
with that of Sial.e* and was lower with the isomer 6'-O-
Su-Siale* (Fig. 6). As in the case of siglec-7, binding of
CHO cells expressing siglec-9 with 6'-O-Su-Sial.e* was
significantly weaker than with SialLe* and slightly higher
with the isomer 6-O-Su-Sial.e* (Fig. 6).

DISCUSSION

The limited information on the role of O-sulfate in
the regulation of carbohydrate binding capacity by siglecs
and other lectins (see above) stimulated the present study
on the role of sulfated molecules in modulating siglec-
dependent recognition. In this study we investigated the
following issues: 1) whether sialic acid substitution for
sulfate would retain any siglec-binding activity of
oligosaccharides; 2) how introduction of sulfate into
“classic” sialic acid containing oligosaccharide ligands
influences their siglec-binding capacity; 3) whether sulfo-
tyrosine residues distal to the carbohydrate chain (by
analogy with P-selectin) could influence sialooligosac-
charide binding with siglecs. This information is impor-
tant not only for understanding the mechanisms respon-
sible for siglec—carbohydrate recognition but might also
indicate alternative binding mechanisms.

The contribution of the sialic acid component of
sialooligosaccharides in determining the binding affinity
of various sialic acid binding lectins differs significantly.
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For example, in the case of selectins, only the carboxyl
group at Neu5Ac is ultimately important whereas the rest
of molecule does not directly make contact with protein
[30] and so substitution of sialic acid with acetate or sul-
fate minimally alters its affinity for selectins. Similarly,
the plant lectin MAA, widely known as a reagent for
NeuSAca2-3Gal-terminated carbohydrate chains, can
also bind oligosaccharides containing terminal residue
HSO;-3Gal [31]. In contrast, the influenza virus hemag-
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Fig. 3. Binding of 6'-O-Su-SialLe*~PAA (2), SiaLe*~PAA (3),
and 6'-O-Su- Sial.e*~PAA to siglec-8 after treatment of the con-
jugate with fucosidase (/) or neuraminidase (4). Treatment with
enzymes is described in the “Materials and Methods” section.
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Fig. 4. Flow cytometric analysis of the interaction of 3'-O-Su-LacNAc—PAA—fluo and 3’SiaLacNAc—PAA—fluo with CHO cells express-
ing siglecs-1 (a) and -9 (b). Cells were pretreated with neuraminidase at 37°C for 3 h to unmask sialic acid binding sites of siglecs. /) Binding
of 3'SiaLacNAc—PAA—fluo with CHO-WT cells (without siglecs); 2) binding of 3'SiaLacNAc—PAA—fluo with CHO-siglec cells; 3) bind-
ing of 3’-O-Su-LacNAc—PAA—fluo with CHO-siglec cells. Abscissa shows fluorescence intensity in selected cell population (arbitrary
units), ordinate shows relative frequency of cell population. CHO-WT, mock-transfected cells, were used as negative control.
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Fig. 5. a) Comparison of 6-O-Su-3'SialLacNAc—PAA—fluo (hatched bars) and 3'SialLacNAc—PAA—fluo (gray bars) binding to CHO-siglec
cells. Cells were pretreated with neuraminidase at 37°C for 3 h to unmask siglec binding sites. Binding was analyzed by flow cytometry as
described in the “Materials and Methods” section. Ordinate shows percent of CHO-siglec cells bound to Glyc—PAA—fluo glycoconjugate
relative to control CHO-WT cells. b) Comparison of 6-O-Su-6'SiaLacNAc—PAA—fluo (hatched bars) and 6’SiaLacNAc—PAA—fluo (white
bars) binding to CHO-siglec cells. Ordinate shows percent of CHO-siglec cells bound to Glyc—PAA—fluo glycoconjugate relative to control

CHO-WT cells.

glutinin binding requires all functional groups of
NeuSAc, although a trisaccharide is a minimal require-
ment as a ligand for this lectin [8, 32].

The carboxyl group at C-2, the hydroxyl groups at C-
8 and C-9, and the N-acyl group at N-5 of sialic acid are
critical for siglec binding [33-36]. Decarboxylation or any
substitution of the hydroxyl group at C-9 as well as oxida-

tion of hydroxyls at C-9 and C-8 result in loss of ligand
activity. Furthermore, the introduction of substituents at
N-5 may potentiate or attenuate interaction depending
on the siglec in question [33, 34]. Although the sialic acid
residue is critical for binding, it should be noted that at
least one neighboring monosaccharide residue is likely to
contact the carbohydrate binding site of most siglecs;
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however, in general, the impact of sialic versus the asialic
components of ligands on binding is unknown. Thus, it is
possible to speculate that the lack of NeuSAc residue
could be compensated by an interaction between sulfate
and a positively charged amino acid residue of protein. In
this way, a non-sialylated glycan could acquire siglec-
binding activity. To test this hypothesis we investigated the
interactions of several siglecs with sulfated oligosaccha-
rides, using typical fragments of N- and O-chains of
mammalian glycoproteins and glycolipids, including lac-
tosamines with sulfate residues (Su) at O-3 and O-6 of
galactose and O-6 of N-acetylglucosamine. With the
notable exception of 6'-O-Su-LacNAc/siglec-8 interac-
tions, in which binding of the sulfated ligand was higher
than binding of sialylated 3’'SialLacNAc, we failed to
detect significant interaction of siglecs with these sulfated
oligosaccharides. Interestingly, in this case, only the 6'-
O-sulfated (but not 3'-O-sulfated) analog was active.

We also investigated the impact of sulfate when pres-
ent in sialooligosaccharides. Previously it was demon-
strated that the presence of a sulfate group in addition to
sialic acid might significantly increase ligand affinity. For
example, binding of siglec-8 to 6’-O-Su-Sial.e* (with sul-
fate bound to galactose) was improved when compared
with its binding to non-sulfated analogs [21-23]. Also,
sulfation of GDlaa ganglioside increased its affinity to
siglecs-1 and -4 [18-20]. In this study, we have confirmed
that sulfation of Sial.e® (at C-6 of galactose) results in
increased affinity towards siglec-8. Moreover, fucose at
6’-0-Su-Siale* is not required for binding because the
defucosylated analog exhibits higher affinity than the
fucosylated one. It should be noted that the interaction of
siglec-8 with 6’-O-Su-Sial.e* was markedly weaker than
with Neu5AcaOBn; although defucosylation of 6'-O-Su-
Siale* increased binding level, it nevertheless was still
lower than the interaction of siglec-8 with benzylglyco-
side NeuSAca (data not shown).

In earlier studies of the specificity of P-selectin, we
synthesized mimetics of its natural counter-receptor,
PSGL-1. This glycoprotein has a carbohydrate chain
containing terminal Sial.e* adjacent to a cluster of three
sTyr residues [3, 4]. This mimetic was produced as a flex-
ible polymer containing both sTyr and Siale*. Binding of
this “chimeric” polymer to P-selectin was one order of
magnitude higher than that of SialLe®~PAA and sTyr—
PAA or their mixture, i.e., there was synergistic effect of
ligand binding to P-selectin [5]. We employed a similar
approach in this study, but in the case of siglecs the intro-
duction of the sTyr residue into sialooligosaccharide con-
jugates did not cause any enhancing effects.

When expressed at the cell surface, siglecs are
oligomeric proteins and their valences are potentially
higher than soluble siglecs, even after complexing [25]. In
this regard, we would expect to see strong binding of cell-
surface-expressed siglecs to their ligands. However, in
reality this does not occur, possibly because of cis-inter-
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Fig. 6. Binding of SiaLe*~PAA—fluo (/), 6'-O-Su-SialLe*~PAA-
fluo (2), and 6-O-Su-Sial.e*~PAA—fluo (3) with CHO-siglec-1,
CHO-siglec-5, CHO-siglec-7, and CHO-siglec-9 cells. Abscissa
shows the increase in fluorescence, calculated according to the
formula [(F;/F,)-100] — 100%, where F; is fluorescence intensity of
CHO-siglec cells after incubation with Glyc—PAA—fluo, F is flu-
orescence intensity of CHO-WT cells after incubation with Glyc—
PAA—fluo. Data represent results of one of three similar experi-
ments.

action with cell surface glycans masking the carbohy-
drate-binding site [12, 13]. As in the case of soluble
siglecs, cell surface siglecs did not interact with LacNAc
6-O-sulfates and disulfates.

It should be noted that there were some quantitative
differences in binding of carbohydrate ligands when com-
paring cell-expressed and soluble forms of siglecs. First,
3’-0-Su-LacNAc—PAA exhibited a small but significant
binding interaction with siglecs-1 and -9 but not to their
soluble forms. Second, the presence of a sulfate group at
the 6th position of GIcNAc completely abolished
3'SiallacNAc binding to CHO-siglecs-1, -5, -7, and -9,
whereas in the case of soluble siglecs this effect was
observed only with siglec-8 and required high ligand con-
centrations.

A regulatory role of sulfation at the 6th position of
the GIcNAc residue has been well documented for inter-
action with L-selectin and leads to a significant increase
in the affinity of Sial.e* for this lectin [3, 5]. Several stud-
ies demonstrated positive or negative contribution of O-
sulfate to galectin binding with corresponding ligands [9-
11]. In the case of some siglecs, we have also found bi-
directional modulation of affinity, which depended on
structure of oligosaccharide and nature of siglec.

This work was supported by the Russian Foundation
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