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ABSTRACT: A new conjugation method for the immobilization of carbohydrates on
nanomaterials was demonstrated simply by mixing perfluorophenyl azide-functionalized
silica nanoparticles (SNPs), an amine-derivatized carbohydrate, and phenylacetaldehyde
under ambient conditions without any catalyst. The density of carbohydrates on the
glyconanoparticles was determined using the quantitative ’F NMR technique; for
example, the density of p-mannose (Man) on Man-SNPs was 2.5 + 0.2 X 107" nmol/nm”.
The glyconanoparticles retained their binding affinity and selectivity toward cognate
lectins. The apparent dissociation constant of the glyconanoparticles was measured by a
fluorescence competition assay, where the binding affinity of Man-SNPs was almost 4
orders of magnitude higher than that of Man with concanavalin A. Moreover, even with a
ligand density of 2.6 times lower than Man-SNPs synthesized by the copper-catalyzed
azide—alkyne cycloaddition, the binding affinity of Man-SNPs prepared by the current

§Department of Chemistry, University of Massachusetts Lowell, 1 University Avenue, Lowell, Massachusetts 01854, United States

22 method was more than 4 times higher.
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2+ l INTRODUCTION

25 Carbohydrates, one of the most structurally complex classes of
26 biomolecules, mediate many biological processes, such as
27 apoptosis, bacterial and viral infections, and immune responses.
28 In addition to their structural complexity, carbohydrates suffer
29 from weak binding affinities toward their cognate receptors.
30 Glyconanomaterials use nanomaterials as scaffolds to multi-
31 valently present carbohydrate ligands, thereby increasing the
3 binding affinity toward the respective receptors.' > In addition,
33 the nanoscale size and the unique electronic, optical, and
34 mechanical properties of nanomaterials render the glyconano-
35 materials attractive for biosensing, bioimaging, and therapeu-
36 tics."”*™” For example, we have recently shown that
37 glyconanomaterials can selectively target different bacteria'*~"*
38 and increase the antibacterial activities of antibiotics.">~"

39 A number of coupling chemistries have been applied to
40 synthesize glyconanomaterials,">*>'® of which the click
41 chemistry has gained increasing popularity, partly owing to
42 the high tolerance of the azide functionality to numerous
43 organic conditions and biological environments. For example,
44 glyconanomaterials have been synthesized by the copper-
45 catalyzed azide—alkyne cycloaddition (CuAAC),'” ™ strain-
46 promoted azide—alkyne cycloaddition (SPAAC),”* *° and the
47 Staudinger ligation.27 Among these, CuAAC has the advantages
48 of relatively mild reaction conditions and favorable kinetics.
49 However, CuAAC has its limitations, especially for in vivo
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applications, due to the possible cytotoxicity of the copper so
catalyst to biomolecules and living cells.”*™** SPAAC eliminates s1
the use of the copper catalyst by employing ring strain-activated s2
cyclooctynes but suffers from the relative complex synthesis of s3
cyclooctyne derivatives.” In Staudinger ligation, phosphine s4
oxide byproducts are often formed from the oxidation of ss
phosphines, which readily occurs under ambient conditions.” s6

Recently, we have developed a series of reactions using s7
electrophilically activated azides, perfluoroaryl azides ss
(PFAAs).*™*° The highly electronegative F atoms lower the so
lowest unoccupied molecular orbital (LUMO) of the PFAAs,™ 6o
accelerate their reactions with dipolarophiles and nucleophiles, 61
and allow the reactions to be carried out under mild conditions 62
without the use of any metal catalyst. In one example, PFAA 63
reacts readily with enamines at room temperature to give 64
amidines in high yields.”* Inspired by this reaction, we designed 6s
a protocol to conjugate carbohydrates to nanoparticles using 66
perfluorophenyl azide-functionalized silica nanoparticles 67
(PFPA-SNPs). To further simplify the protocol, enamines 6s
were formed in situ from carbohydrate amines and phenyl- 69
acetaldehyde. A quantitative fluorine nuclear magnetic reso- 70
nance spectroscopy ('’F qNMR) method was applied to 71
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Scheme 1. Synthesis of (A) Model Compound 2 and (B) Man-SNPs
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Figure 1. F NMR spectra of (A) PFPA-SNPs, (B) Man-SNPs, and (C)

compound 2, in methanol-d,. The peak at 152.3 ppm, marked as “S
pentafluorobenzoate.
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model compound 2 after HF treatment, and (D) untreated model
in all spectra, was from F-4 of the internal standard, methyl

»

determine the carbohydrate density on the particles.”’ The
binding affinity of the glyconanoparticles with lectin was
evaluated by measuring the apparent dissociation constant (Kj)
using a fluorescence competition assay. Isothermal titration
calorimetry (ITC) was further applied to evaluate the influence
of the coupling chemistry on lectin recognition in comparison
to CuAAC.

B RESULTS AND DISCUSSION

To test the feasibility of the perfluorophenyl azide-aldehyde-
amine cycloaddition (AAAC) for carbohydrate conjugation, a
model reaction was carried out by mixing 4-azido-N-butyl-
2,3,5,6-tetrafluorobenzamide (1) with 2-[2-(2-aminoethoxy)-
ethoxyJethyl a-pD-mannopyranoside (Man-NH,) and phenyl-
acetaldehyde in methanol-d, at 37 °C (Scheme 1A). The

reaction proceeded by first forming an enamine from the Man- s6
NH, and phenylacetaldehyde, followed by PFPA-enamine s7
cycloaddition to give the triazoline, which spontaneously ss
rearranges into the amidine product.”® The reaction was s
monitored by '"F NMR spectroscopy (Figure S1 of the 90
Supporting Information). The product was formed after 8 h in o1
83% isolated yield (Figure S2 and Figure S3). This result o
demonstrates the feasibility of the three-component AAAC o3
reaction for carbohydrate immobilization on nanoparticles. 94

Stéber SNPs of 87 + 8 nm (Figure S4a) were prepared via 95
NH,OH-mediated hydrolysis and condensation of tetraethyl 96
orthosilicate. A previously developed protocol was used to 97
functionalize the SNPs using N-(3-triethoxysilylpropyl)-4- o
azidotetrafluorobenzoate (PFPA-silane) to give PFPA-function- 99
alized SNP (PFPA-SNP, Scheme 1B).””~*" The appearance of 100

®
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Figure 2. Fluorescence intensities of (A) FITC-Con A and (B) FITC-RCA I before (I¢ and Iy) and after treating with Man-SNPs (I;) and Gal-

SNPs (I).
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Figure 3. (A) Fluorescence spectra of the supernatant at different concentrations of Man-SNPs. FITC-Con A (380 nM) was incubated with Man
(0.24 mM) and a concentration series of Man-SNPs (1 X 107® to 7 mg/mL) for 1 h, and centrifuged. The direction of the arrow indicates increasing
concentration of Man-SNPs. (B) Fluorescence intensity of the supernatant vs log[Man] on Man-SNPs. Inset is the Cheng-Prusoff equation, where
ICy, is the concentration of ligand displaying 50% of specific binding; Kp, is the dissociation constant of Man with Con A; and Kj is the apparent

dissociation constant of Man-SNPs with FITC-Con A.

101 the azide signal at 2134 cm™" and the C=0 absorption band at
102 1639 cm™ in the FTIR spectrum of the PEPA-SNPs supported
103 the conjugation of PFPA on the particles (Figure SS). The
104 PFPA-SNPs were then mixed with phenylacetaldehyde in
105 acetone, together with an aqueous solution of Man-NH,, and
106 stirred at room temperature overnight. Membrane dialysis
107 followed by centrifugation gave the Man-presenting SNPs
108 (Man-SNPs, Scheme 1B). The characteristic azide absorption
109 on PFPA-SNPs disappeared after the reaction (Figure SS).

110 "F QNMR, a method previously developed to determine the
111 ligand density on glyconanoparticles prepared from PFPA-
112 SNPs and the CuAAC reaction,”’ was used to determine the
113 density of Man on Man-SNPs. Man-SNPs were treated with 5%
114 aqueous HF under vigorous stirring at room temperature for 1
115 h, which dissolved SiO, and released the surface-bound ligands.
116 The reaction mixture was subsequently lyophilized using an in-
117 line CaO trap to remove the volatile components. The residues
118 after Iyophilization were subjected to '"F NMR analysis in
119 methanol-d,; using methyl pentafluorobenzoate as the internal
120 standard. Compared to PFPA-SNPs that had two sets of F
121 peaks at —145.0 and —153.6 ppm (*, Figure 1A), two new sets
122 of peaks at —142.8 ppm (%) and —145.7 ppm (%) were
123 observed in Man-SNPs (Figure 1B). To aid the peak
124 assignment, the model compound 2 was subjected to the
125 same HF treatment. Two sets of F signals having the same
126 chemical shifts (%, Figure 1C) as in Man-SNPs were observed.

Interestingly, the signals shifted 4.5 ppm for F-2,6 and 8.6 ppm 127
for F-3,5 from untreated compound 2 (3, F-2,6 at —147.3 ppm 128
and F-3,5 at —154.3 ppm, Figure 1D). The shifts might be due 129
to the protonation of the amidine moiety under the acidic 130
conditions. To test this hypothesis, the residues from Man- 131
SNPs or compound 2 after HF treatment were titrated with 132
triethylamine. Indeed, the F signals shifted after the addition of 133
triethylamine, and the peaks matched those of untreated 134
compound 2 (Figure S6). From these results, the two sets of 135
peaks at —142.8 and —145.7 ppm from Man-SNPs (Figure 1B) 136
were assigned to F-2,6 and F-3,5 of the PFPA moiety, 137
respectively. Subsequently, the density of the Man ligands on 138
Man-SNP was calculated to be 2.5 + 0.2 X 107" nmol/nm” by 139
comparing the integrals with that of F-4 on the internal 140
standard of methyl pentafluorobenzoate (see Supporting 141
Information for detailed calculations). 142

The binding properties of the synthesized glyconanoparticles 143
were evaluated by interaction analyses with fluorescein (FITC)- 144
labeled lectins: concanavalin A (Con A) and Ricinus communis 145
agglutinin I (RCA I). Con A binds specifically to a-p- 146
mannopyranosides, and RCA 1 binds to S-p-galactopyrano- 147
sides.”" When Man-SNPs were incubated with FITC-Con A in 148
phosphate buffered saline (PBS) for 1 h, the fluorescence 149
intensity of the supernatant decreased significantly (I, Figure
2A), together with the formation of a sedimented solid. When
the solid was examined under transmission electron microscopy 152
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etry (ITC) analysis. The data for the three compounds were ,y;
fitted to the one set of sites model (Figure 4).

153 (TEM), large agglomerates were observed (Figure S7a).
154 Galactose-presenting SNPs (Gal-SNPs) were synthesized
155 following the same procedure as Man-SNPs, and were
156 incubated with FITC-Con A. In this case, the fluorescence T

208 f4

157 intensity of the supernatant decreased only slightly (I, Figure 0,004 i ngoﬁo‘&

158 2A), and the residual binding was likely due to the nonspecific °\/\ow°w).wv©
159 protein absorption on the nanoparticles (Figure S7b). To e

160 further investigate the binding selectivity, the particles were AL

161 treated with FITC-RCA I following an analogous procedure. . 01 1 , o

162 The fluorescence intensity decreased after incubating with Gal- kS .

163 SNPs (I, Figure 2B), more than in the case of Man-SNPs (I, é" Hgoo 7

164 Figure 2B) ‘.; -3.004 1 0\/\0/\/0\/\0/\[N
165  These binding patterns are consistent with the binding : Dy
166 selectivity of the carbohydrates toward their cognate lectins. = F]%[F
167 Furthermore, the lower degree of intensity decrease in the case 4501 | ~ o
168 of FITC-RCA I with Gal-SNPs in comparison to that of FITC- X . v o

169 Con A with Man-SNPs was consistent with the lower binding =2 HoN

170 affinity of Gal-RCA I (Kp = 833 uM)** compared to Man-Con oo o Manal-oMe o

171 A (Kp = 452 uM).* The particle agglomeration was due to the
172 multivalent nature of the glyconanoparticles, as well as the
173 tetrameric nature of Con A and RCA I (two As-sB-type dimers)
174 at neutral pH. The lectin thus acted as a cross-linker when
175 interacting with the glyconanoparticles, causing them to
176 agglomerate.

177 A fluorescence competition assay was employed to
178 quantitatively measure the binding affinity of the Man-SNPs
179 with FITC-Con A.*"*** A fixed concentration of the free Man
180 ligand and a concentration series of Man-SNPs (1 X 107 to 7
181 mg/mL) were incubated with FITC-Con A. After incubation
182 for 1 h, Man-SNPs, including those bound to FITC-Con A,
183 were removed by centrifugation. The fluorescence intensity of
184 the supernatant, which included the unbound FITC-Con A and
185 the Man—Con A-FITC complex, was measured (Figure 3A).
186 The ICs, value was obtained by analyzing the fluorescence
187 intensity at 516 nm as a function of the logarithmic
188 concentration of Man on Man-SNPs (Figure 3B). The apparent
189 dissociation constant (K;) of Man-SNPs with Con A was
190 subsequently estimated to be 0.067 + 0.00S uM (Figure 3B).
191 Compared to that of free Man with Con A (Kp = 452 uM),*

—

T
0 2 4 6 8 10 12
Ligand/ConA Molar Ratio

Figure 4. Calorimetric titration of Con A with Manal-OMe (gray
circles), compound 2 (black squares), and compound 2’ (black
circles). Solid lines correspond to the best fit of the experimental data
using the one set of sites model.

The thermodynamic parameters are shown in Table 2. 209t
Compound 2/, similar to Mana1-OMe, bound to Con A with 210
an almost 1:1 stoichiometry. For compound 2, the ligand/ 211
protein ratio increased to 1.4, which could be due to self- 212
association as some scattering of light was perceptible in the 213
solutions, although no aggregation was observed. The slightly 214
higher affinities of the two derivatives in comparison with 215
Manal-OMe also suggested that the interactions mediated by 216
the substituents at position 1 could extend beyond the first 217
methylene group, also supported by the enthalpic and entropic 218
contributions to the binding. It can be noted that the recorded 219
binding affinity of compound 2 is twofold higher than that of 220
compound 2’, in line with the higher affinity of Man-SNPs over 221

-

—_

192 this represents 4 orders of magnitude enhancement of the those synthesized by CuAAC. 222
193 binding affinity. The result was furthermore compared to that
194 of Man-SNPs synthesized from PFPA-SNPs and an alkyne- B CONCLUSIONS 223

195 derivatized mannose using the CuAAC click reaction.”’ The
196 density of Man on the Man-SNPs prepared from the AAAC
197 coupling chemistry was 2.6 times lower than that by CuAAC;
198 however, the binding affinity of FITC-Con A with Man-SNPs
199 synthesized by AAAC coupling was more than 4 times stronger
200 than Man-SNPs synthesized by CuAAC (Table 1).

201 Several factors can affect the binding affinity of glyconano-
202 particles other than the ligand density, such as the coupling
203 chemistry, linker type, and spacer length.** To evaluate these,
204 the two model compounds synthesized by AAAC (2) and
205 CuAAC (2') together with methyl @-pD-mannopyranoside
206 (Manal-OMe) were subjected to isothermal titration calorim-

In conclusion, we have developed an efficient method to 224
immobilize carbohydrates on nanoparticles using azide— 225
aldehyde—amine cycloaddition reaction by simply mixing 226
PFPA-SNPs, an amine-derivatized carbohydrate, and phenyl- 227
acetaldehyde in a straightforward protocol under mild 228
conditions without any catalyst. The density of Man on the 229
Man-SNP was quantitatively determined using '’F gNMR. The 230
glyconanoparticles retained their binding affinity and selectivity 231
toward cognate lectins, and the apparent dissociation constants 232
were measured by a fluorescence competition assay. For 233
example, the binding affinity of Man-SNPs was almost 4 orders 234
of magnitude higher than that of Man with Con A. Moreover, 235
even with a ligand density of 2.6 times lower than Man-SNPs 236

=t

Table 1. Ligand Density and Binding Affinity of Con A with
Man-SNPs Prepared from PFPA-SNPs Using AAAC or
CuAAC Coupling Chemistry

synthesized by CuAAC, the binding affinity of Man-SNPs
prepared by AAAC was more than 4 times higher. This result
can be attributed to the higher affinity of the mannose
derivative synthesized by AAAC than that synthesized by

237
238
239
240

C}?“P!ing SNSIi’Ze of = Man Cieon_sllét}’ on IMan'zSNP & (M CuAAC, as supported by the ITC results. This new coupling 241
chemistry s (am) (x nmol/nm’) a (M) chemistry avoids the use of a metal catalyst and results in the 242
AAAC 87+8 25+02 0.067 + 0.005 effective carbohydrate presentation. Since amine-containing 243
CuAAC 87 £8 64 + 02" 0.289 + 0.003”

compounds are ubiquitous in nature (e.g., proteins),
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Table 2. Thermodynamic Parameters and K; of Con A with Compound 2, Compound 2’, or Mana@1-OMe Obtained by ITC

ligand binding stoichiometry Ky (uM)
2 1.41 + 0.01 445 £ 0.5
2’ 1.07 £ 0.01 91.0 £ 2.0
Manal-OMe 0.93 + 0.01 121.5 = 1.5

AG (kcal/mol) AH (kcal/mol) TAS(kcal/mol)
—5.92 + 0.01 —6.34 + 0.03 —0.42 + 0.02
—549 + 0.01 —7.14 + 0.05 —1.65 + 0.02

—5.317 + 0.004 —7.62 + 0.03 —2.30 £+ 0.03

pharmaceuticals and synthetic polymers, this method extends
beyond carbohydrates and offers a new way to prepare
functional conjugates and nanomaterials.

B EXPERIMENTAL PROCEDURES

Materials. PBS (0.01 M, pH 7.4) was prepared by dissolving PBS
dry powder (containing TWEEN 20, Sigma-Aldrich, St. Louis) in
deionized water. Fluorescein-labeled concanavalin A (FITC-Con A)
and Ricinus communis Agglutinin I (FITC-RCA I) were purchased
from Vector Laboratories (Burlingame, CA). All chemicals were used
as received without purification. Water used was from a Milli-Q
ultrapure water purification system. 2,5-Dioxopyrrolidin-1-yl 4-azido-
2,3,5,6-tetrafluorobenzoate (PFI’A-NHS)‘W‘48 and N-(3-triethoxysilyl-
propyl)-4-azidotetrafluorobenzoate (PFPA-silane)**~>' were synthe-
sized following previously reported procedures. 2-[2-(2-
Aminoethoxy)ethoxy]ethyl @-pD-mannopyranoside (Man-NH,) and S-
p-galactopyranoside (Gal-NH,) were synthesized following previously
established procedures.”

Instrumentation. 'H-, *C-, and ’F-NMR spectra were recorded
on a Bruker DMX 500 instrument at 500 MHz (*H) or 125 MHz
(13C), or on a Bruker Ascend 400 instrument at 400 MHz ("H), 100
MHz (C), or 376 MHz (*F) in CDCl,, D,0, or methanol-d,. FTIR
spectra were collected on a BioRad FTS375 spectrometer.
Fluorescence measurements were conducted on a Varian Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Santa Clara,
CA). Transmission electron microscopy (TEM) images were obtained
on a JEOL 100CX transmission electron microscope operating at an
accelerating bias voltage of 100 kV. Electrospray ionization high-
resolution mass spectrometry (ESI-HRMS) data were obtained from
Proteoomika tuumiklabor at the University of Tartu, Estonia. ITC was
performed at 25 °C with a Microcal VP-ITC microcalorimeter (GE
Healthcare, Little Chalfont, UK.).

Synthesis of 4-Azido-N-butyl-2,3,5,6-tetrafluorobenzamide
(1). PFPA-NHS (100 mg, 0.30 mmol), triethylamine (30 mg, 0.30
mmol), and propylamine (19 mg, 0.32 mmol) were dissolved in
dichloromethane (15 mL), and the solution was stirred at room
temperature for 4 h. The resulting mixture was diluted with water and
extracted twice with dichloromethane. The combined organic phase
was washed with 1 M HCI, followed by brine. After drying over
MgSO, and evaporation of the solvent under reduced pressure, the
crude product was purified by flash column chromatography using
hexanes/EtOAc (3:1, v/v) to yield compound 1 as white crystals (69
mg, 83%). 'H NMR (400 MHz, methanol-d,): 6 3.35 (m, 2 H,
NHCH,), § 1.63 (m, 2 H, CH;CH,), 091 (t, 3H, ] = 7.17 Hg,
CH,CHj). *C NMR (100 MHz, methanol-d,): § 160.1, 146.6, 143.9,
143.4, 1104, 42.8, 23.4, 11.6. YF NMR (376 MHz, methanol-d,): &
145.0, 153.6.

Model Compound 2. Compound 1 (1S mg, 0.055 mmol),
phenylacetaldehyde (17 mg, 0.14 mmol), and Man-NH, (25 mg, 0.083
mmol) were dissolved in methanol-d, (1.5 mL). The mixture was
stirred at 37 °C for 8 h, after which '°F NMR showed a conversion of
91%. The crude product was purified by flash column chromatography
using CH,Cl,/methanol (7:1, v/v) to give compound 2 as a yellow oil
(30 mg, 83%). 'H NMR (400 MHz, methanol-d,): § 7.3—7.02 (m, 5
H, CH;), 4.80 (s, 1 H, H-1), 3.86—3.50 (m, 18 H, 5 X OCH, CCH,,
H-2, H-3, H4, H-S, H-6a, 6b), 3.21 (dd, J = 7.32 and 14.5 Hz, 4 H, 2
X NHCH,), 6 1.62 (m, 2 H, NHCH,CH,), 0.98 (t, 3H, ] = 7.34 Hz,
CH,CHj). '*C NMR (100 MHz, methanol-d,): § 163.2, 161.4, 136.2,
129.6, 127.9, 101.8, 74.6,72.6, 72.1, 71.6, 71.4, 71.3, 69.8, 68.6, 67.7,
62.9, 42.7, 42.4, 30.7, 23.4, 11.6. ’F NMR (376 MHz, methanol-d,): §
1473, 154.3. ESLHRMS: Calcd for CyHyF,N,O, [M + H]*™
6622695, obtained 662.2700. FTIR: 628.3, 6764, 7034, 748.6,

811.6, 895.6, 976.7, 1030.8, 1063.8, 1093.8, 11329, 1217.1, 1229.2,
1364.4, 1442.5, 1475.5, 1531.4, 1545.9, 1598.7, 1615.5, 1656.4, 1740.5,
2869.6, 2941.6, 2971.8, 3019.9, 3085.9, 3356.2 cm™.

Synthesis of PFPA-Functionalized SNPs. Silica nanoparticles
were synthesized following a previous protocol.”">* PEPA-silane (219
mg, 0.5 mmol) was added into a suspension of SNPs (400 mg) in dry
toluene (10 mL), and the mixture was stirred at 70 °C for 16 h. The
resulting nanoparticles were isolated by centrifugation and washed
with toluene (7500 rpm, two times) and ethanol (7500 rpm, two
times). The obtained PFPA-SNPs were dried under vacuum.

Conjugation of Carbohydrates. To an acetone solution (6 mL)
of PFPA-SNPs (70 mg) and phenylacetaldehyde (96 mg, 0.8 mmol),
an aqueous solution (1.5 mL) of Man-NH, or Gal-NH, (250 mg, 0.8
mmol) was added. The mixture was stirred at room temperature
overnight. Centrifugation of the mixture at 11 000 rpm for 15 min
separated the nanoparticles as a sedimented solid. Excess reagents
were removed by membrane dialysis (MW cutoff: 12 000—14 000 Da)
in water for S h. The solid was then washed with water (11 000 rpm,
two times) and acetone (11000 rpm, three times). The solid was
finally dried under reduced pressure to give Man- or Gal-SNPs (53
mg).

TEM Analysis. Samples for the TEM measurement were prepared
by dropping the suspension of SNPs in ethanol or glyco-SNPs—lectin
complexes in water onto a Cu grid (200 mesh), and vacuum drying for
a few hours. The particle size was estimated by averaging the diameters
of >100 nanoparticles.

Determination of Man Density on Man-SNPs. Man-SNPs (50
mg) were treated with 5% HF aqueous solution (3 mL) at room
temperature for 1 h under vigorous stirring. The resulting solution was
subsequently lyophilized to remove the volatile components by an in-
line trap containing CaO. The obtained products were subjected to '°F
NMR analysis in methanol-d,. Methyl pentafluorobenzoate (1.5 mg,
0.0066 mmol) was added as the internal standard.

Binding of Glyconanoparticles with Lectins. Man-SNPs or
Gal-SNPs (3.0 mg) were incubated in a solution of BSA (3 wt %) in
pH 7.4 PBS buffer containing 0.05% Tween (2.0 mL, 10 mM) for 30
min, and centrifuged. The sediment was then incubated in a pH 7.4
PBS buffer containing 0.05% Tween for another 20 min and
centrifuged. The resulting Man-SNPs or Gal-SNPs were subsequently
incubated with a solution of FITC-Con A (2.5 mL, 10 ug/mL)
containing MnCl, (1.0 mM) and CaCl, (1.0 mM), or FITC-RCA I
(2.5 mL, 10 ug/mL) in pH 7.4 PBS buffer under ambient conditions
for 1 h while shaking. The mixture was centrifuged to separate the

340
341
342
343
344
345
346
347
348

unbound FITC-Con A and FITC-RCA I. The fluorescence intensity of 349

the supernatant was measured using a spectrofluorimeter.

Fluorescence Competition Binding Assay. Solutions of FITC-
Con A (380 nM), Man (2.88 mM), and a concentration series of Man-
SNPs (1 X 107® to 7 mg/mL) were prepared in pH 7.4 PBS buffer
containing MnCl, (1 mM) and CaCl, (1 mM). To Man-SNPs (1 mL)
in 1.5 mL microcentrifuge tubes, Man (2.88 mM, 0.1 mL) and FITC-
Con A (380 nM, 0.1 mL) were added. The mixtures were shaken for 1
h and centrifuged at 10 S00 rpm for 20 min. The fluorescence emission
of the supernatant at 516 nm was recorded. The measurement at each
concentration was repeated three times, and the mean value of the
emission intensities was used for the analysis.

ITC Analysis. Con A was exhaustively dialyzed against PBS (pH
7.4) supplemented with 1 mM CaCl,, and ligand solutions were
prepared in the final dialysate. The protein concentration was
determined spectrophotometrically at 280 nm (monomer molar
extinction coefficient 31 741 outside diameter cm™" M™). Titrations
were performed by stepwise injections of the ligand (7.6—16 mM) into

350
351
352

363

the reaction cell loaded with Con A (189—296 uM). The heat of 367
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368 ligand dilution was determined separately and was subtracted from the
369 total heat produced following each injection. Titration data were
370 analyzed with the ORIGIN software (GE Healthcare) using Con A
371 monomer concentration as input in the fitting procedure.
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