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Abstract: The covalent immobilization of suitable
alkyne/azide carbohydrate derivatives on comple-
mentarily functionalizated azide/alkyne silica was
performed by click ligation througth the Cu(I)-cata-
lyzed 1,3-dipolar cycloaddition reaction of such com-
pounds. The new glyco-silicas have shown to be effi-
cient and valuable bio-selective affinity chromato-
graphic supports for the purification of lectins as
well as for the one-pot fluorescent labeling of those

proteins. The synthetic methodology is simple, high
yielding and flexible, allowing the preparation of tail-
ored glyco-silicas with potential future applications
in the inmobilization of other biomolecules.
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Introduction

Immobilization of biomolecules is a mainstay in bio-
logical and related areas with many potential applica-
tions such as the characterization of their functions
and their interaction with other biomolecules, the ap-
plication in the analysis and purification of mixtures
of biomolecules, and the design of solid-phase based
essays or bioactive implant surfaces as the most repre-
sentative examples.!! These applications rely on the
specific interactions of those biomolecules with other
molecules such as the case of antibody-antigen, the
carbohydrate-lectin or the enzyme-inhibitor interac-
tions and require that one of the members of the in-
teracting pair be fixed onto an adequate solid support.
In the broadest sense, two current immobilization
methods are used for the attachment of biomolecules
to a surface: non-covalent immobilization based on
physical adsorption and direct-covalent immobiliza-
tion to chemically functionalized surfaces. Microar-
rays,?! bionanoparticles,®! microbeads,* biosensor
chips® and self-assembled monolayers (SAMs)® are
some of the most valuable tools developed from bio-
molecule-based surfaces with important applications
in the “omic” sciences.

On the other hand, affinity chromatography!” is
one of the most important techniques based on the
immobilization of biomolecules onto a variety of solid
supports that exploits the various biological interac-
tions mentioned above for the analysis and purifica-
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tion of biomolecule mixtures. Considering the type of
supports, two affinity methods are distinguished: low-
performance affinity chromatography in which the
support is usually a large-diameter, non-rigid gel
(such as agarose, dextran or cellulose) and high-per-
formance affinity chromatography (HPAC) that uses
small, rigid particles based on silica or synthetic poly-
mers that are capable of withstanding the high flow
rates and/or pressures that are characteristic of HPLC
systems. The technique has proved to be very flexible
allowing a wide variety of applications mainly by the
chemical covalent ligation of lectins (lectin affinity
chromatography),®® proteins A and G"”! and antibod-
ies (immunoaffinity chromatography)!'” as the cap-
ture biomolecules. In this regard, carbohydrates have
been less extensively used as sugar affinity ligands'!)
mainly due to the intrinsic difficulties in the synthesis
of carbohydrate-containing molecules because of the
requirement of orthogonal hydroxy group protection
strategies and the challenge of stereoselective glycosi-
dic bond formation. However, recent advances in che-
moselective ligation have provided efficient techni-
ques for the covalent immobilization of carbohydrates
on a solid surface.l'” The different developed method-
ologies require a modified surface and a suitable func-
tionalized glycoconjugate with complementary func-
tional groups in order to obtain the desirable bioor-
thogonality for the grafting. The reactions of sulfthy-
dryl groups with maleimides and disulfides, the Stau-
dinger ligation involving azides and specially-designed
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phospine reagents, the Diels—Alder cycloaddition and
the Huisgen 1,3-dipolar cycloaddition have demon-
strated to be powerful chemoselective reactions that
found important applications not only in the construc-
tion of immobilized carbohydrate arrays!" but also in
cell-surface engineering and in the synthesis of glyco-
proteins and glycosylated natural products.!'”

Among the above-mentioned chemoselective reac-
tions, the Huisgen dipolar cycloaddition of alkynes
and azides!'"" has been recently established as an im-
portant synthetic tool under the “click-chemistry”
concept!™ especially after the discovery that Cu(I)
salts catalyzed regioselectively the ligation of such
functionalities at room temperature.'") Additional
benefits of this reaction are the easy introduction of
azides and alkynes into a substrate and the stability of
such functions that tolerate water and oxygen allow-
ing a modular assembly for individual building blocks.
Finally, the triazole formation resulting from the
fusion of these functions is irreversible and usually
high yielding. All these outstanding features have
found huge applications in biomedicinal science, or-
ganic synthesis and materials science.'”! In particular,
novel functionalized supports based in silica" and
agarose!'”! as well in the covalent ligation of carbohy-
drates probes to a solid surface® for the develop-
ment of glycoarrays,?!) carbohydrate-containing quan-
tum-dots'®” and sugars-SAMs*’! have been efficiently
prepared by this methodology.

As a chromatographic support, silica is advanta-
geous because its rigid mechanical structure makes it
invulnerable to swelling and resistant to large changes
in pressure and flow rates without disintegrating or
deforming. However, although silica is available in a
wide range of pore and particle sizes and macromole-
cules are adsorbed to its surface, it is not routinely
used for immobilization and affinity purification of
macromolecules. The strong electrostatic interactions
that dominate the process! are difficult to tune and
the curvature of the silica particles provokes a distor-
tion of the protein’s secondary structure that dimin-
ishes the catalytic activity.”” Recent studies have re-
vealed the orientation of BSA adsorbed to silical®
and demonstrated that the covalent attachment of
PEG to lysozyme alters the preferred molecular ori-
entation and makes its adsorption less irreversible.*’!
These experimental results provide additional insight
into the adsorption process and may have potential
interest for the use of silica as immobilization sup-
port. As both the modification of the protein and the
modulation of its orientation are difficult to achieve,
a more feasible approach is the modification of the
surface of the silica particles to tune the affinity and
specificity for macromolecules. The introduction of
organic functional groups on a silica surface to yield
modified silicas has received great attention for the
development of organic-inorganic hybrid having
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found applications in chromatography, catalyst and
clean technology.” In particular methods such as co-
valent grafting of polymers or coating with hydrophil-
ic polymers have succeeded in passivating the silica
surface and conferring specificity. In these cases, cou-
pling agents have demonstrated to play a role in the
interaction among the protein and the bed leading to
differences in the chromatographic behavior of the
functionalized silica.” In spite of these facts, silica
materials containing covalently bound sugars are
scarcer in the literature having found a limited use for
boron removal®! and the isolation and purification of
lectins.?"

With the aim of developing a fast, efficient and in-
expensive procedure for the immobilization of carbo-
hydrates, we turned our attention to silica gel as a
universal and ready accessible solid scaffold to be
functionalized with azido and alkyne functions in
tandem with the Cu(I)-catalyzed 1,3-dipolar cycload-
dition of such functions as an economical and high
yielding regioselective methodology for the grafting
of such biomolecules and leading to glyco-silicas.
Moreover, in order to evaluate the potentiality of
such materials, we also decided to study the applica-
tion of these materials as affinity chromatography
supports for the purification and isolation of lectins
based on their specific interactions.

Results and Discussion

To attain the pursued goals concanavalin A (ConA)
was the lectin of choice considering that it is one of
the most widely used in carbohydrate-lectin interac-
tion studies. As ConA binds specifically a-p-manno-
pyranoside (a-pD-Manp) and o-D-glucopyranosides, we
decided to prepared glyco-silicas containing o-D-
Manp. Surface chemical modification is the first re-
quired step of the process leading to the immobiliza-
tion of biomolecules on a solid support. For our pur-
poses, the chemical functionalization of silica was per-
formed by silanization of activated commercial silica
with adequate azide and alkyne derivatives of trie-
thoxysilane that allow the covalent ligation of such
derivatives. (3-Azidopropyl)triethoxysilane (3)P*” and
propiolic acid (3-propyltriethoxysilane)-amide (5)
were easy prepared from commercial 3-chloro- and
(3-aminopropyl)-triethoxysilanes 1 and 2, respectively,
following standard chemical procedures (see Experi-
mental Section). These silane reagents were then re-
acted with activated silica by a simple refluxing pro-
cess of a toluene suspension. By this way the azido
and alkyne functionalized silicas 4 and 6 were effi-
ciently obtained (Scheme 1).

Considering that the carbohydrate-protein interac-
tions found in nature are multivalent to allow an effi-
cient and specific recognition of such biomolecules,
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Scheme 1. Synthesis of functionalizated silicas.

the immobilization of not only monovalent but also
of multivalent carbohydrate displays over silica was
planned by choosing the alkyne and azido monosac-
charides 7! and 8% as well as the trivalent dendrons
12 and 13 which are readily obtainable by click-
chemistry from the pentaerythritol derivative 959 as
depicted in Scheme 2. O-Alkylation with an excess of
2-chloroethyl ether’! gave the trialkynyl derivative
10 suitable for click conjugation with 8. The reaction
was performed in toluene as solvent and using the
soluble Cu(I) copper catalyst (EtO);P-Cul and micro-
wave irradiation as the optimal reaction conditions
taking into consideration successful previous results
found by us using this 1,3-dipolar cycloaddition reac-
tion in the construction of molecules with diverse ar-
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chitectures."*! The Man trivalent glycodendron G1-CI
11 was thus obtained in excellent yields. Nucleophilic
substitution of the chlorine by azide gave the glyco-
dendron G1-N; 12 which was further transformed in
the alkynyl glycodendron G1-C=CH 13 by a two-step
reaction sequence (hydrogenation followed by acyla-
tion with 4-pentynoic acid). Chemical click ligation of
the complementarily functionalizated alkyne (7 and
13) and azido sugar (8 and 12) derivatives to the func-
tionalized silicas 4 and 6 was carried out using the
same reaction described above yielding the glyco-sili-
cas 14-17 that were easily isolated by filtration and
extensively washed and dried prior to their further
utilization (Scheme 3).
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Scheme 2. Alkyne and azide carbohydrate derivatives for click-chemistry inmobilization on functionalized silica. Reaction
conditions: (i) (CICH,CH,),0, NaOH; (ii) Cul(C,H;);P, DIPEA, toluene, MW; (iii) NaN;/DMF/80°C; (iv) H,, Pd/C. MeOH;

(v) HC=CCH,CH,COOH, DCC, CH,ClL,.
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Scheme 3. Synthesis of glyco-silicas 14-17 by Cu(I)-catalyzed “click-chemistry”.

Once the glyco-silicas were synthesized, their abili-
ty to bind ConA was evaluated as an adequate meth-
odology to characterize and determine their potential
applicability as a chromatographic support. It has
been previously proven that affinity chromatography
is a valuable tool for the analysis of insoluble sys-
tems®’) since hemagglutination inhibition studies
(HIA) and enzyme-linked lectin assays (ELLA) (that
are the usual techniques for the analysis of carbohy-
drate-protein interactions) are restricted to assays in
solution. The characterization was carried out by
packing the glyco-silica in a column followed by satu-
rating this column with a ConA solution in HEPES
buffer and then washing with HEPES buffer to
remove the unbonded protein. In order to evaluate
the strength and nature of the interaction between
ConA and the glyco-silicas, the columns were subject-
ed first to a gradient of NaCl to identify unspecific in-
teractions followed by elution with 1M methyl o-b-
mannopyranoside (a-D-ManpOMe) to verify the spe-

Adv. Synth. Catal. 2006, 348, 2410-2420

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cific Man-ConA interactions. A similar protocol was
followed with raw-silica that was thus established as a
control assay.

From the results summarized in Table 1 different
conclusions can be deduced. First, raw silica appears
to be the most effective in retaining ConA (41 %
versus 19-34% in the case of glyco-silicas 14-17).
This fact is remarkable, especially when considering
that both silica and ConA (estimated isoelectric point
5.27)P are negatively charged and electrostatic repul-
sions are expected to disfavor the interaction. This
unexpected adsorption is not exclusive for ConA but
has been previously observed for ferritin (estimated
isoelectric point 5.4)P" and studied in detail for BSA
(isoelectric point 4.7) and endo-B-1,3-glucanase
(isoelectic point 4.4).14' The adsorption of proteins on
a hydrophilic surface under conditions of electrostatic
repulsions was predicted by Arai and Nordel*! for
soft proteins, meaning proteins with low conforma-
tional stability which allows structural arrangements
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Table 1. Summary of the characterization of glyco-silicas 14-17 and comparison with raw silica.

Raw silica Glyco-silicas

14 15 16 17
ConA initially trapped by the column (mg) 0.93 0.58 0.45 0.93 0.63
ConA eluted by washing with buffer (mg) 0.32 0.17 0.17 0.45 0.31
ConA retained by the column (mg) 0.61 0.41 0.28 0.48 0.32
ConA retained by the column (% )™ 41 27 19 34 21
ConA eluted by NaCl gradient (mg) 0.18 0.12 0.07 0.04 0.00
Retained ConA eluted by NaCl gradient (% ) 29 29 25 8 0
ConA eluted with a-p-ManpOMe (mg) 0.13 0.25 0.21 0.41 0.26
Recovery with a-pD-ManpOMe (%)) 30 86 100 93 81
Silica loading capacity! 0.50 0.96 0.81 1.58 1.00

) ConA was estimated spectrophotometrically assuming A,g 0.1% (=1g/L) 1.08. Calculations are referred to 1.5 mg of
ConA present in the tested sample and 260 mg of raw silica or glyco-silica packed in the column (see Experimental Sec-

tion).
] 9% = (ConA retained by the column/1.5) x 100.

[l 9% =(ConA eluted by NaCl gradient/ConA retained by column) x 100.
[ 9% =ConA eluted with a-pD-ManpOMe/(ConA retained by column—ConA eluted by NaCl) x 100.
[l Loading capacity means amount of ConA adsorbed specifically by the resin=mg of ConA/g silica

of the molecule upon adsorption and turns the confor-
mation entropy gain into the driving force that over-
comes the unfavorable electrostatic repulsions. This
hypothesis is in full agreement with the reported re-
duction of the a-helix content for the BSA molecules
adsorbed to silica and might explain the behavior of
ConA whose tertiary structure consists of three [3-
sheets with 50% of the residues in loop regions.*’]
However, in this regard, it should be also mentioned
that a recent study has demonstrated that endo-$-1,3-
glucanase behaves as a hard protein that deviates
from the classical model by being adsorbed on nega-
tively charged surfaces while maintaining its native
structural characteristics.

Secondly, the results of Table 1 indicates that the
amount of ConA released by the gradient of NaCl is
dependent on the nature of the glycoconjugate, being
negligible for trivalent silica gels 16 and 17 and signif-
icant for the monovalent glyco-silicas 14 and 15 which
are similar to raw silica. This result supports earlier
observations on the influence of the interaction of
ConA with polysaccharides and glycoproteins and its
relation with the structural differences of the grafted
saccharides.*! However, regardless of the functionali-
zation, a-D-ManpOMe provokes the elution of the
ConA attached to the silicas, even from raw silica, al-
though the functionalization of glyco-silicas improves
the recovery from 30% in the case of raw silica to
81-100% for glyco-silicas 14-17, making the synthe-
sized materials suitable for chromatographic applica-
tions.

In order to evaluate the potential of the new modi-
fied silica beds, we focused on two specific problems
that need to be improved despite the myriad of differ-
ent technologies and work flows currently available in
proteomic research: sample protein separation and
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protein labeling. Among the separation techniques,
affinity chromatography has been reported as a pow-
erful technique that can be used as part of the tradi-
tional work flow!*! and may circumvent some of the
technical disadvantages of two-dimensional electro-
phoresis. For the particular case of glycomics, glycoaf-
finity chromatography is a well established approach
to separate glycoproteins/carbohydrate pairs“! and
elucidates interactions and specificities.l”! To test the
potential of the synthesized glyco-silicas as beds for
glycoaffinity chromatography, we selected the glyco-
silicas 14 and 16 on the basis of their structure (mono-
valent versus trivalent Man functionalization) and
loading capacity and they were compared with raw
silica for the purification of the ConA contained in
ImL of a 3mgmL™' solution consisting of
0.15 mgmL™' of commercial Con A and 2.85 mgmL™"
of a crude extract from plant roots. The experiment is
summarized in Figure 1. As expected from the charac-
terization described above, raw silica and the glyco-
silica 16 trapped similar amounts of protein from the
extract and more than 14. However, unlike raw silica,
the proteins attached to the functionalized glyco-sili-
cas were insensitive to 1.6 M NaCl and sensitive to a-
D-ManpOMe (see insert in Figure 1). The electropho-
resis of the peak (Figure 2) confirmed the success of
the purification and demonstrated that a single pas-
sage suffices to isolate the ConA present in the ex-
tract to a higher purity than the commercial sample.
The performance of glyco-silica 16 is remarkable as
98 % of the ConA contained in the sample was recov-
ered, 82% being in the peak fraction (Figure 1). To
further analyze the influence of the nature of the
glyco appendages on the chromatographic properties
of the glyco-silicas, a second purification experiment
was carried out. The protein mixture consisted in a
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Figure 1. Chromatograms showing the performance of glyco-silicas 14 (o) and 16 (m) and comparison with raw silica (A) as
glycoaffinity beads for the purification of ConA from a sample contaminated with a crude extract from roots of plants.
Insert shows a detail of the effect of ionic strength and a-ManpOMe on the bound ConA. The table summarizes the yield of
the elution with a-pD-ManpOMe. Fraction 1: unbounded ConA; Fraction 2: washing with HEPES buffer; Fractions 3-8:
washing with 1.6 M NaCl in HEPES buffer; Fractions 9-12: elution with 1M a-p-ManpOMe in HEPES buffer.

Figure 2. Analysis by SDS PAGE and silver stain of the per-
formance of 14 (lane 3) and 16 (lane 4) for the purification
of commercial ConA (lane 1) from a mixture (lane 2).

sample of a 1.6mgmL™' solution containing
0.4mgmL~" commercial ConA and 12mgmL™'
lysate from Escherichia coli. As shown in Figure 3,
the dendritic glyco-silicas 16 and 17 show better chro-
matograms yielding sharper peaks while the protein
eluted from the monovalent Man-functionalized silica
14 is split into two fractions.

The potential of protein immobilization in a glyco-
silica column is not limited to protein purification and
identification but is also a valuable approach to
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modify proteins while preserving the integrity of the
carbohydrate recognition domains (CRDs) that are
the regions responsible for the interaction with the
glyco-silicas. As protein detection in many of the
high-throughput systems involved in proteomics is
based on fluorescent labeling,*®! it was decided to
label ConA with a fluorescent reagent. Among the
fluorescent reagents available in the market, those
with a benzofurazan skeleton have been widely used
in bioscience®! although their low water solubility
has limited their use in protein labeling. However, the
fact that 4-nitro-7-benzofurazanyl ethers show im-
proved water solubility and reactivity could solve this
limitation and since they are not commercial the syn-
thesis of 4-(2-hydroxyethoxy)-7-nitro-2,1,3-benzoxa-
diazole (NDB-OCH,CH,OH) was carried out follow-
ing the reported procedure.”” The labeling of ConA
with  NBD-OCH,CH,OH was effected while the
lectin was attached to the glyco-silica 16. Although it
is known that the prevalent structure of ConA found
at the water/mica interface is the dimer,”" the immo-
bilization was carried out at pH 5.2 to force ConA to
exist as dimers instead of tetramers, ensuring by this
way the maximum protection of CRDs by interacting
with the Man units of the glyco-silica. Prior to label-
ing, the column was equilibrated against phosphate
buffer pH 8.4 and the reaction was carried out by re-
circulating overnight NBD-OCH,CH,OH (1 mL of a
7.25 mM solution in buffer phosphate). After washing
with HEPES buffer to remove the excess of NBD-
OCH,CH,OH, the sample was eluted with 1M a-D-
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Figure 3. Detail of the chromatograms showing the elution peak resulting from the purification of ConA from a sample con-
taminated with an E. coli extract with the glyco-silicas 14 (» <), 15 (m), 16 (), 17 (A). Fractions 7 and 8: washing with 1.6 M
NaCl in HEPES buffer; Fractions 9-12: elution with 1M a-p-ManpOMe in HEPES buffer.

ManpOMe in HEPES buffer. The rationale behind
this buffer exchange and pH shift is that at alkaline
pH the reaction takes place at the amino group yield-
ing more fluorescent derivatives® while at acidic pH
the reaction is slower via SH groups™ which are not
present in ConA. The success of the labeling was ana-
lyzed by SDS PAGE and visualized with a UV source.
As shown in Figure 4 the band corresponding to the
labeled protein is visualized when the gel is illuminat-
ed with a standard UV transilluminator

Finally, it should be mentioned that the prepared
glyco-silicas prove to have a good chemical stability
which enhances their potential as affinity adsorbents
for the procedures of the separation cycle: adsorption,
washing, desorption and regeneration. Thus, the dried
glyco-silicas were stored at least for three months at
room temperature prior to the packing process with-
out lose of their capacity as affinity supports. Once
the columns were prepeared, they underwent eight
freeze-thaw cycles for their reuse with maintenance of
their performance. In addition, the results were repro-
ducible when the experiments were repeated.

Conclusions

The results reported herein demonstrated that the
Cu(I)-catalyzed 1,3-dipolar cycloaddition of alkyne
and azides (“click-chemistry”) is a general, versatile
and efficient synthetic methodology for the immobili-
zation of biomolecules such as carbohydrates, allow-
ing the easy preparation of tailored glyco-silicas.
These new materials have shown to be valuable bio-
selective affinity supports in which the unspecific in-
teractions that make silica unsuitable for affinity chro-
matography are passivated, turning raw silica into a
support with a clear potential in glycomic research.
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Figure 4. SDS-PAGE of the labeled ConA (lane 2) and con-
trol (lane 1) ConA and visualization with a UV source (left)
and silver stain (right).

The characterization of such materials, performed by
evaluating their binding capacity of a suitable lectin
(ConA), demonstrated that the structure of the glyco
appendages plays a role in the chromatographic prop-
erties of those glyco-silicas showing a better perfor-
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mance in the case of a dendritic architecture respect-
ing to a monovalent structure. Thus, among the glyco-
silicas prepared herein, 16 proved to be the most ap-
propriate for target separation. The utility of the pre-
pared glyco-silicas is manifested not only for the pu-
rification of a protein mixture but also for the possi-
bility of fluorescent labeling of the attached ConA in
a single step that allows the preservation of the carbo-
hydrate recognition domains of such a lectin. The
chemical stability of the glyco-silicas and the reprodu-
cibility and recycling characteristics as affinity sup-
ports are also remarkable characteristics of the silica’s
viability as a universal and inexpensive scaffold in the
immobilization of biomolecules.

Experimental Section

General

Unless otherwise noted, commercially available reagents
and solvents were used as purchased without further purifi-
cation. TLCs were performed on Merck Silica Gel 60 F,s,
aluminium sheets. Reagents used for developing plates in-
clude ceric sulfate (1% w/v) and ammonium sulfate (2.5%
w/v) in 10% (v/v) aqueous sulfuric acid, iodine, ethanolic
sulfuric acid (10% v/v) and by UV light when applicable.
Flash column chromatography was performed on Silica Gel
Merck (230-400 mesh, ASTM). Melting points were mea-
sured on a Gallenkamp melting point apparatus and are un-
corrected. IR spectra were recorded on a Satellite Mattson
FT-IR. '"H and "CNMR spectra were recorded at room
temperature on a Bruker (300-400 MHz) spectrometer. J
values are given in Hz. FAB mass spectra were recorded on
a Fisons VG Autospec-Q spectrometer, using m-nitrobenzyl
alcohol or thioglycerol as matrix.

Synthesis of 3-Azidopropyltriethoxysilane (3)

To a solution of 3-chloropropyltriethoxysilane (1; 2.31 g,
9.6 mmol) and tetrabutylamonium iodide (0.020 g,
0.05 mmol) in butanone (25 mL) was added sodium azide
(3.120 g, 48 mmol) and the reaction mixture heated under
reflux for 50 h. After this time, filtration over celite was fol-
lowed by evaporation of the solvent under vacuum. The res-
idue was dissolved in dichloromethane (150 mL) and then
washed with water (2x20 mL). The organic phase was dried
(NaSO,) and evaporated to give 3 (1.9 g) as a syrup that was
directly used without further purification. 'H NMR
(300 MHz, CDCly): 6=3.73 (q, 6H, J=6.94 Hz, OCH,), 3.18
(t,2H, J=7.0 Hz, CH,N3), 1.62 (m, 2H, CH,CH,N3), 1.14 (t,
9H, J=6.9 Hz, OCH,CH;), 0.58 (m, 2H, CH,Si); “C NMR
(75 MHz, CDCly): 6=58.2, 53.6, 22.5, 18.1, 7.4.

Synthesis of Propiolic Acid (3-Triethoxysilane-
propyl)-amide (5)

To a solution of 3-aminopropyltriethoxysilane (2; 2.4 g,
10.85 mmol) and propiolic acid (0.870 g, 11.93 mmol) in di-
chloromethane (15 mL) was added N,N'-dicyclohexylcarbo-
diimide (2.460 g, 12.0 mml). The reaction mixture was kept
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at room temperature for 1 h and then filtered. Evaporation
of the solvent was followed by coevaporation with toluene
(2x50 mL) giving 5 (3.0 g) as a syrup that was directly used
without further purification. "H NMR (300 MHz, CDCl,):
0=7.30 (m, 1H, NH), 3.82 (q, 6H, J=7.0 Hz, CH,0), 3.28
(m, 2H, CH,NH), 297 (s, 1H, C=CH), 1.67 (m, 2H,
CH,CH,NH), 1.22 (t, 9H, J=7.0 Hz, OCH,CHj;), 0.65 (t,
2H, J=8.4Hz, CH,Si); "CNMR (75MHz, CDCL): é=
162.5,77.3,73.2,58.2, 42.0,22.2, 17.9, 7.5.

Activation of Silica

Commercial silica (Merck, 70-230 mesh ASTM) was activat-
ed for the silanization process by heating at 120°C under
vacuum (1 mm Hg) for 24 h.

Preparation of Functionalized Silicas 4 and 6

Activated silica gel (4 g) was suspended in dried toluene
(20 mL) and then the corresponding triethoxysilane deriva-
tive 3 or 6 (1 g) was added. The reaction mixture was heated
under reflux for 2 h. Evaporation of the solvent up to half
of the volume to remove the formed ethanol was followed
by further addition of dry toluene (10 mL) and reflux for an
additional hour. The reaction mixture was filtered, washed
with dichloromethane (4x50 mL) and dried under vacuum
(1 mm Hg) at 50°C for 16 h.

3-{2-[2-(2-Chloroethoxy)ethoxymethyl]-3-prop-2-
ynyloxy-2-prop-2-ynyloxymethylpropoxy}-propyne
10)

To a solution of 9* (0.250 g, 1 mmol) and Bu,NHSO,
(0.678 g, 2 mmol) in 2-chloroethyl ether (5 mL)"P* was added
aqueous NaOH (50%, 5 mL). The two-phase reaction mix-
ture was vigorously stirred at room temperature for 3 h.
CH,CI, (30 mL) and water (30 mL) were added , the organic
phase separated and successively washed with water (2x
50 mL). The organic phase was dried (Na,SO,) and evapo-
rated to give a residue that was purified by column chroma-
tography (EtOAc-hexane, 1:3) affording 10 as a liquid;
yield: 0.317 g (89%); IR (film): v=3293, 2115, 1475, 1359,
1096 cm™'; '"H NMR (300 MHz, CDCl;): 6=4.12 (d, 6H, /=
2.3 Hz, CH,C=CH), 3.80-3.55 (m. 8H, CH, spacer), 3.51 (s,
6H, 3 x OCH,C=CH), 3.45 (s, 2H, CH,O spacer), 2.45 (t,
3H, /=23 Hz, C=CH); "CNMR (75 MHz, CDCL,): 6=
80.0, 74.1, 71.2, 71.0, 70.3, 69.7, 68.9, 58.6, 44.9, 42.8; HR-MS
(FAB+): m/z=379.1285, caled. for C;3H,sClIOsNa [M+
Na]*: 379.1288.

Glycodendron G1-ClI (11)

A solution of the alkyne 10 (1 mmol) and the azide deriva-
tive 8 (1 mmol/alkyne function), DIPEA (3 mmol) and the
cooper catalyst [(EtO);P-Cul]™*! (10 mmol %) in toluene
(75 mL) was irradiated at 800 W and 90°C for 20 min in a
Milestone Star Microwave Labstation until TLC showed the
disappearance of the starting material. The reaction mixture
was evaporated and the crude material purified in a short
flash column chromatography (AcOEt-MeOH, 20:1) to
afford 11 as a syrup; yield: 88%; [a]p: +26° (¢ 1, chloro-
form); IR (film): »=1751, 1431, 1371, 1226, 1138, 1091,
1047, 981 cm™"'; 'H NMR (300 MHz, CDCl,): 6=7.71 (s, 3H,
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H-5 triazole), 5.31-5.20 (m, 9H, H-2,3,4 Man), 4.82 (s, 3H,
H-1 Man), 4.59 (br s, 12H, 6xCH,), 422 (dd, 3H, J=12.3
and 5.0 Hz, H-6 Man), 4.05 (br d, 3H, J=12.0 Hz, H-6¢'
Man), 4.13, 3.92, 3.75-3.50 (several m, 22H), 2.14, 2.09, 2.04
and 1.99 (45, 36H); ®"CNMR (75 MHz, CDCl,;): 6=170.6,
170.0, 169.9, 169.6, 145.6, 123.8, 97.6, 71.3, 71.0, 70.4, 69.7,
69.2, 68.9, 68.9, 66.3, 65.7, 64.8, 62.2, 49.6, 45.4, 43.1, 20.9,
20.8, 20.7; MS (MALDITOF): m/z=1630.57, calcd. for
CeeHyN,0,:CINa [M + NaJ*: 1630.54.

Glycodendron G1-N; (12)

A solution of 11 (0.746 mg, 0.46 mmol), NaN; (0.300 g, 4.6
mol) and Bu,NI (0.018 g, 0.030 mmol) in DMF (8 mL) was
stirred at 80°C for 16h. After this time ether-toluene
(75 mL, 2:1) was added to the reaction mixture followed by
washing with water (3x20mL). The organic phase was
dried (Na,SO,) and evaporated. Column chromatography
(AcOEt-MeOH 20:1) of the residue gave 12 as a syrup;
yield: 0.701 g (94%); [a]p: +21° (c 1, chloroform); IR
(film): v=2255, 2109, 1752, 1284, 1237, 1093, 916, 731 cm™;
'"H NMR (300 MHz, CDCl;): 6=7.72 (s, 3H, H-5 triazole),
5.32-5.20 (m, 9H, H-2,3,4 Man), 4.82 (s, 3H, H-1 Man), 4.80
(m, 12H, CH,N, CH,O-triazole), 4.21 (dd, 3H, J=12.7 and
5.1 Hz, H-6 Man), 4.13 (m, 3H, CH,O Man), 4.04 (br d, 3H,
J=12.0 Hz, H-6' Man), 3.93 (m, 3H, CH,0O-Man), 3.64 (t,
2H, J=5.4 Hz, CH ,0-spacer), 3.62-3.48 (m, 7H, H-5 Man,
CH,O spacer), 3.47 (s, 6H, pentaerythrytol), 3.43 (s, 2H,
CH, pentaerythrytol), 3.34 (t, 2H, J=5.0 Hz, CH,N;), 2.14,
2.09, 2.04 and 1.99 (4s, 36H, Ac); “CNMR (75 MHz,
CDCl;): 6=170.4, 169.8, 169.7, 169.5 (COO), 145.5 (C-4 tri-
azole), 123.6 (C-5 triazole), 97.5, 71.3, 70.9, 70.3, 69.9, 69.6,
69.1, 68.8, 68.8, 66.2, 65.7, 64,8, 62.1, 50.7, 49.5, 45.3, 20.7,
20.6; MS (MALDITOF): m/z=1637.70, calcd. for
CeHouN,0;55Na [M +Na]t: 1637.58.

Glycodendron G1-C=CH (13)

A solution of 7 (0.125 g, 0.077 mmol) in MeOH (4 mL) was
hydrogenated with Pd/C (7.5 mg, 6% w/w) at 2 atm for 4 h.
Filtration over celite and evaporation gave a crude material
that was dissolved in dry CH,Cl, (5 mL). 4-Pentynoic acid
(0.011 g, 0.115 mmol) and DCC (0.019 g, 0.092 mmol) were
added and the reaction mixture kept at room temperature
for 30 min. Filtration over celite and evaporation gave a
new crude product that was purified by column chromatog-
raphy (AcOEt-MeOH, 10:1) giving 13 as a syrup; yield:
0.102g (79%); [a]p: +9.6° (¢ 1, chloroform); IR (film): v=
1746, 1667, 1432, 1371, 1226, 1138, 1089, 1048 cm™*;
'"H NMR (300 MHz, CDCl,): §=7.73 (s, 3H, H-5 triazole),
6.9 (br s, 1H, NH), 5.30-5.20 (m, 9H, H-2,3,4), 4.82 (s, 3H,
H-1 Man), 4.66-4.50 (m, 6H, CH,N-triazole), 4.60 (s, 6H,
CH,-triazole), 4.22 (dd, 3H, /J=12.3 and 5.0 Hz, H-6 Man),
412 (m, 3H. CH,0-Man), 4.04 (br d, 3H, J=12.3 and
2.1 Hz, H-6’ Man), 3.92 (m, 3H, CH,0-Man), 3.61 (m, 3H,
H-5), 3.55-3.40 (m, 16H, CH, spacer, C(CH,),), 2.63-2.40
(m, 5H, CH,CH,C=CH), 2.14, 2.10, 2.05 and 1.99 (4 s, 36 H,
Ac); "CNMR (75MHz, CDCly): 6=171.3, 170.6, 170.0,
169.9, 169.6, 145.6, 123.8, 97.6 , 83.0, 77.3, 71.0, 70.3, 69.8,
69.7, 69.1, 69.2, 68.9, 68.9, 66.3, 65.7, 64.8, 62.2, 49.6, 45.5,
39.5, 35.2, 33.0, 21.0, 20.8, 20.7, 20.7; MS (MALDITOF):
m/z=1691.71, caled. for C;H;(,N;(O;Na [M + Na]™:
1691.62.
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General Procedure for the Preparation of Glyco-
Silicas 14-17

To a solution of the alkyne or azide sugar derivative 7, 8, 12
and 13 (0.3 mmol) in dry DMF (5 mL) was suspended the
complementary azide or alkyne functionalized silica 4 or 6
(1g) and then the copper catalyst (EtO);P-Cull'®
(10 mmol %, 10 mg) was added. The reaction mixture was ir-
radiated at 800 W and 90°C for 1 h in a Milestone Star Mi-
crowave Labstation until the IR spectra of the reaction mix-
ture showed complete disappearance of the starting materi-
al. The reaction mixture was filtered and the resulting glyco-
silica was successively washed with MeOH (2x30mL),
EDTA disodium salt solution (50 mM, 2x30 mL), water (2 x
30 mL), acetone (2x30mL) and CH,Cl, (2x30 mL). The
glyco-silicas 14-17 were then dried under vacuum (1 mm
Hg) at 50°C for 16 h.

General Procedure for the Affinity Chromatography
Assays on the Glyco-Silicas 14-17

The glyco-silicas 14-17 (0.26 g) were resuspended in 2 mL of
HEPES buffer (50 mM HEPES pH 7.2, 1 mM CaCl,, 1 mM
MnCl,) and packed into a 1 mL column. The column was
equilibrated in HEPES buffer with 12 volumes of the bed
(12x0.5 mL). Typically, the experiments of affinity chroma-
tography were carried out at a flow rate of 0.3 mL/minute
by means of a peristaltic pump. After loading the sample,
non-immobilized protein was removed by washing the
column with several volumes of 1.6M NaCl in HEPES
buffer until A,g, was negligible. The protein retained by the
column was eluted with 1M a-pD-ManpOMe in HEPES
buffer and collected in 1 mL fractions. The purity of the
sample was verified by standard SDS-PAGEPY and silver
staining.” The capacity of the column was estimated as the
amount of ConA eluted with 1M a-p-ManpOMe in HEPES
buffer from the column saturated with a solution of com-
mercial ConA in HEPES buffer (1.5 mg) and washed with
12 volumes of HEPES buffer and with 2 volumes of 0.1, 0.2,
0.4 0.8, 1.6 M NaCl in HEPES buffer.

General Procedure for Fluorescent Labeling of ConA

The fluorescent labeling of the ConA was carried out on the
dimeric form of the protein immobilized in a column of the
glyco-silica 16 in acetate buffer (100 mM acetate pH 5.2,
1 mM CaCl,, 1 mM MnCl,). Prior to the labeling the column
was equilibrated with 20 volumes (10 mL) of 100 mM phos-
phate buffer pH 8.4 and then 2 volumes (1 mL) of 7.25 mM
NBD-OCH,CH,OH in 100 mM phosphate buffer pH 8.4
was recirculated overnight (14 h). The unreacted excess of
NBD-OCH,CH,0OH was removed by washing with 20 vol-
umes (10 mL) of HEPES buffer and the process was moni-
tored by A,g. Finally, the labeled ConA was eluted from the
column with 1M a-p-ManpOMe in HEPES buffer, analyzed
by SDS PAGE and visualized with a standard UV transillu-
minator.
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