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Abstract

A combination of rational design based on mimicking natural protein—carbohydrate interactions and solid-phase combinatorial chem-
istry has led to the identification of an affinity ligand which displays selectivity for the mannose moiety of glycoproteins. The ligand was
initially identified as 32/18, a triazine scaffold substituted with 2-acetylpyrrole (32) and 5-aminoindan (18). However, characterisation of
the immobilised ligand by release from the matrix via a cleavable linker, (4s,5s)-4,5-di(aminomethyl)-2,2-dimethyldioxolane, and using a
non-destructive on-resin methddC NMR spectroscopy, confirmed that the putative ligand 32/18 was, in fact, 18/18, the disubstituted 5-
aminoindan!H NMR studies on the interaction of-p-methylmannoside with the ligand 18/18 in solution confirm the involvement of the
hydroxyl group in the C-2 position.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in which stable synthetic analogues replace natural biologi-
cal substratels,8]. The concept of rational design of durable
Affinity chromatography on immobilised lectins has been affinity ligands comprising the generation and screening of
used extensively to purify glycoproteifis-4]. However, de- focused combinatorial libraries of biomimetic ligands has
spite the fact that they have broad group-specificity towards successfully led to the identification of ligands for the bind-
carbohydrate moieties, lectins have yet to find significant ap- ing and purification of endotoxif©®], immunoglobulin G
plication in the commercial production of glycosylated bio- [10-12] and insulin[13]. More recently, it has been shown
pharmaceuticals for human administration. This is partly be- that rational design and solid-phase combinatorial chemistry
cause lectins are biological macromolecules and are thus senean be applied to develop affinity adsorbents for glycopro-
sitive to degradation and denaturation by enzymes, detergenteins[14].
treatments and the harsh conditions required to sterilize- or A detailed assessment of a number of X-ray crytallo-
clean-in-place adsorbents, and partly because many lectingraphic structures depicting protein—carbohydrate inter-
are known to be toxic to mammalian cglis6]. However, the actions was used to identify key amino acid residues that
generic problems faced by biologically-derived ligands may determine monosaccharide specificity and which were sub-
be circumvented by the introduction of “biomimetic” ligands, sequently exploited as the basis for the synthesis of a limited
library of glycoprotein binding ligands. One particular ligand
- (18/18), synthesised on a triazine scaffold with 5-aminoindan
* Corresponding author. Tel.: +44 1223 334160; fax: +44 1223 334162. (18) as substituent, displayed exceptional binding for the
E-mail addressesumadevi@sirim.my (U.D. Palanisamy), mannoprotein enzyme, glucose oxidase (GOX).
Crlll@b'OteCh'cam'ac'Uk (C.R. Lowe). . There has been significant interest in the application of
Present address: Environment and Bioprocess Technology Centre, o !
SIRIM Berhad, P.O. Box 7035, 40911 Shah Alam, Malaysia. NMR spectroscopy for characterising products of solid-phase
Tel.: +60 3 55446972, fax: +60 3 55446988. synthesis and for monitoring the progress of chemical trans-
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formations onresind.5-19] Since line widthsinNMR spec-  was monitored by the decrease in absorbance at 365 nm fol-
troscopy are greatly influenced by both the mobility of atoms lowing hydrolysis of RNA to oligonucleotidg23]. Protein
in a sample as well as the homogeneity of the sample matrix,concentration was routinely assayed by the method of Brad-
compound immobilisation on solid supports dramatically ford [24] using the Bio-Rad Protein Assay reagent accord-
influences the type and quality of spectral information that ing to the manufacturers protocol. The combinatorial array
can be obtained by NMR spectroscopy. WAKENMR spec- of ligands synthesised was screened for their ability to bind
troscopy is sufficiently sensitive to permit rapid analysis of glucose oxidase, RNase B and RNase A (unglycosylated con-
solid-phase reactions, the signals obtained from resin samplegrol) by measuring the absorbance at 280 nm of the unbound
by the gel-phase approach are typically too broa@% Hz) and eluted protein. Pure protein standards of glucose oxi-
to be useful in structure determination. This line broadening dase and RNase B/A were used to construct the calibration
can result from the restricted molecular mobility of the curves. Primary amines immobilised on agarose beads were
tethered compound, as well as from magnetic field inhomo- detected qualitatively using the ninhydrin spray method. Nin-
geneity surrounding the sample (susceptibility mismatches athydrin (0.2%, w/v) in ethanol, was sprayed onto plates con-
the resin/solvent interface) and homonuclear dipolar interac- taining the aminated agarose and warmed using a hairdryer
tions. These latter effects can be minimised by rapidly until a brown to purple coloration was observed. The TNBS
spinning the sample at the “magic angle” with the use of a method[25] was used to determine amination quantitatively.
magic-angle spinning (MAS) prob0,21] On the other To 1g of amine-activated gel washed thoroughly, p00f
hand, with gel-phasé3C NMR, the low abundance of the 5M HCI was added and heated to 8D for 10 min. Upon
13C nucleus demands prolonged spectral acquisition timescooling the hydrolysed gel solution was neutralised with 5 M
and the sample’s spectrum may frequently be confoundedNaOH, and the final volume of the agarose solution noted. To
by signals resulting from the polymer matrix. Look et al. varying volumes of agarose solution (100—%0f) appropri-
[22] have described the use of building blocks selectively ately diluted to 1 ml with sodium tetraborate buffer (pH 9.3),
enriched with13C which enables the gel-phase method to 25ul of 0.03M TNBS was added. The samples were agi-
be employed for convenient rapid reaction monitoring. A tated and allowed to stand for 30 min at room temperature
similar method was used to characterise ligands synthesisedrior to measuring its absorbance at 420 nm. The extent of
on al3C enriched matrix. amine-activation was determined from a calibration curve
constructed using 6-aminocaproic acid.

2. Materials and methods 2.4, Combinatorial synthesis of glycoprotein binding

2.1. Materials ligand library

All chemicals were of the highest purity available unless ~ Allligands designed consist ofdriazine framework with
otherwise stated. 2-Acety|pyrro|e, Cyanuric chloride, epi- substitution of different groups around the triazine ring. One
Ch|orohyd|’in and 5-aminoindan were from Aldrich (G||||ng- hundred and fifty milliliters of amine-activated Sepharose
ham, UK). Glucose oxidase and-p-methylmannoside 6-CL (24p.mol amino groups/g moist mass gel, 120 g) was
were obtained from Sigma (London), UK. Sepharose 6B thoroughly washed (& gel volume), suspended in distilled
and 6B-CL were purchased from Amersham Biosciences, water (150 ml) and maintained at’G in an ice/salt bath.
Uppsala, Sweden while ArgoGel-NHvas from Argonaut ~ An ice-cold slurry of cyanuric chloride (14.4 mmol, 2.66 g)

Technologies (CA, USA). dissolved in 40 ml acetone was added in aliquots at 30 min
i intervals to the gel suspension. The reaction was maintained
2.2. Instrumentation at pH 7.0-7.5 by adding aliquots of 10% (w/v) NaOH, and

kept at °C with continuous stirring for 2 h. The progress of

the reaction was monitored by removing small amounts of
the coupled gel and performing the qualitative test for pri-
mary amines using the ninhydrin spray. Upon completion
of coupling cyanuric chloride to the agarose, the gel slurry

Spectrophotometric readings were taken using a Shi-
madzu 160A UV-vis recording spectrophotometer. %l
and™3C NMR spectra were performed on a Jeol JNM Lambda
FT NMR spectrometer while mass spectra were recorded on
AEI MS50 mass spectrometers, in fast atom bombardment ) )
(FAB) mode at the Department of Chemistry, University of was washed seq-uent.lally.wnb:{%lo gel v.olumes of acetone-
Cambridge. Molecular modelling, molecular design and all distilled water (1'1_’ 31, 1_'0' 31,11, 0.;_and vIV) to remove
calculations were performed on a Silicon Graphics (Read- unreacted cyanuric chloride and to equilibrate the gel in wa-

ing, UK) with a Quanta97 Software package from Molecular ter. Unless otherwise stated, all substitution of the chlorine

Simulations (San Diego, CA, USA). atoms in cyanuric chloride with .the necessary amines was
carried out at amine concentrations five times the original
2.3. Methods amine concentration on the matrix and equivalent to the cya-

nuric chloride concentration. The cyanuric chloride-activated
Glucose oxidase activity was followed using the coupled gelwas divided into five equal portions; Bubstitution of the
peroxidases-dianisidine system, while ribonuclease activity chlorine atom was carried out at 30 for 24 h with continu-
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ous stirring, after which the gel was washed thoroughly with bind GOx. Cleavage of the linker was performed by immers-
the appropriate solvents, which included acetone, dimethyl- ing the linker-attached ligands (2 g) in distilled water (20 ml)
formamide (DMF), 0.1 M carbonate, pH 10.0and 0.1 M phos- and 1M HCI added to bring the pH to 4-5. The reaction
phate buffer, pH 7.0, followed by distilled water. was allowed to proceed at 6Q for 30 min with continu-
The gels containing the four different ligands were further ous agitation. The gel was washed thoroughly with distilled
sub-divided into five equal portions and Rubstitution was  water followed by the addition of 2% (w/v) sodium perio-
carried out at 80-90C for 72 h in a rotating oven reactor. date (5ml) and left in a rotating oven at 80 for 24 h. The
Upon completion of the ligand synthesis the gels containing cleaved compounds were washed in succession with distilled
the different ligands were washed with the appropriate sol- water, acetone and 0.1 M NaOH in 30% (v/v) isopropanol.
vents followed by water and stored in 20% (v/v) ethanol at The wash solutions were dried in vacuo and left in a desic-
4°C. cator overnight prior to TLC and spectroscopic analysis. The
cleaved gels were washed thoroughly with water, packed into

2.5. Screening methodology of the glycoprotein ligand columns (0.9 crmx 6.2 cm: 0.5 ml) and re-screened.

library
2.7. Solid-phase synthesis of ligands on ArgoGekbNH

The glycoprotein ligand library synthesised above were resin and its structural elucidation on gel phastc
packed into columns (6.2cm0.9cm; 1 ml) and washed NMR spectroscopy
generously with 0.1 M NaOH in 30% (v/v) isopropanol in
order to remove any physically adsorbed, i.e. non-covalently  The ArgoGel-NH resin comprises of a polystyrene back-
attached ligands. This was followed by a water wash and bone lightly (1-2%) cross-linked with divinyl benzene that
10 bed volumes of the equilibration buffer, 10mM Tris, has been grafted with polyethylene glycol and bears a ter-
200 mM NacCl, 20% (v/v) ethylene glycol, 1 mM Mhand minal amine. The resin was used in the synthesis of ligands
1mM C&*, pH 7.0. The appropriate glycoprotein to be 32/18, 32/32 and 18/18 and the control, cyanuric chloride-
screened (GOx; 1 mg/ml, RNase B, 0.1 mg/ml and RNase A, activated ArgoGel. The ArgoGel resin (0.42 mmol/g, 0.2 )
0.1 mg/ml) dissolved in the equilibration buffer were applied was thoroughly washed (3 gel volume), suspended in dis-
to the columns. The columns were washed with equilibration tilled water (10 ml) and maintained at°C in an ice-bath.
buffer at a flow rate of 0.4 ml/min and 2 ml fractions were An ice cold slurry of cyanuric chloride (0.42 mmol, 74 mg)
collected until the absorbance at 280 nm reached < 0.01. Thedissolved in acetone (10 ml) was added to the gel suspension.
bound protein was eluted using 0.5dvb-methylmannoside  The reaction was maintained at pH 7.0/7.5 by adding aliquots
dissolved in the equilibration buffer. The % of protein eluted of 10% (w/v) NaOH and kept at @ with continuous stir-
against total protein loaded and % of unbound protein againstring for 12 h. The progress of the reaction was monitored
protein loaded were used to assess the binding efficiencyby removing small amounts of the coupled gel and perform-
of the ligands. A column containing unsubstituted cyanuric ing the qualitative test for aliphatic amines. Upon completion
chloride-activated agarose was used as the control. of coupling cyanuric chloride to the ArgoGel resin, the gel
slurry was washed sequentially with<3L0 gel volumes of
acetone-distilled water (1:1, 3:1, 1:0, 3:1, 1:1 and 0:1, v/v) to
remove unreacted cyanuric chloride and to equilibrate the gel
in water. Further synthesis of ligands 32/18, 32/32 and 18/18
were performed as described above. The gels containing the
ligands were washed in acetone and left to dry overnightin a
fume cupboard. A sample of the dry ArgoGel resin (150 mg)
containing the ligands and the control were placed in separate
NMR tubes and{He]benzene (benzene-d6) (8Q0 added.
Resin sticking to the wall was coaxed down into the bulk
sample by re-wetting with solvent and swinging the tube as
though it was a medical thermometer, with care being taken
to avoid packing the resin in the bottom of the tURé].
13C NMR spectra of the ArgoGel resin attached to putative

ination (24pmol/g moist gel mass) quantified using 2,4,6- . : )
trinitrobenzenesulfonic acid (TNBS) method. The linker- ligands 32/18, 32/32 and 18/18, cyanuric chloride and pure
samples of 32 and 18 were recorded.

substituted agarose (agarose-linker) was washed thoroughly
with acetone-distilled water (1:1, 3:1, 1:0, 3:1, 1:1 and 0:1, 2.8. Studies of the interaction between ligand 18/18 and
v/v) to remove unreacted linker and to equilibrate the gel a-p-methylmannoside b\H NMR spectroscopy

in water. The agarose-linker was used in all further synthe-

sis of the cyanuric chloride-based ligands 32/18, 32/32 and  Solution synthesis of ligand 18/18 (2-(5-aminoindan)-6-
18/18. The ligands synthesised were packed into columns(5-aminoindan)-4-chlora-triazine) was carried out as de-
(0.9cmx 6.2cm; 0.5ml) and screened for their ability to scribed previously[27]. The 'H NMR spectra ofa-p-

2.6. Solid-phase synthesis using a cleavable linker

The compound (4s,5s)-4,5-di(aminomethyl)-2,2-dime-
thyldioxolane was used as the cleavable linker in the solid-
phase synthesis of ligands 32/18, 32/32 and 18/18 (where
32 is 2-acetylpyrrole and 18 is 5-aminoindan) and the con-
trols, agarose-linker and agarose-linker-cyanuric chloride.
The linker (0.24 g, 1.5 mmol), in 20 ml acetone:distilled wa-
ter (1:1, v/v) was added to a 5ml suspension of epoxy-
activated agarose (10g, gfnol/g moist gel mass) in dis-
tilled water. Epoxy-activated agarose was prepared in a pre-
viously published proceduif@1]. The reaction was allowed
to proceed in a 30C shaker for 12 h and the extent of am-
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methylmannoside (10 mg, 0mol) and ligand 18/18 (19 mg,  (18) as substituents, displayed exceptional binding for the
50umol) in [?Hs]acetonitrile (acetonitrile-g) were taken mannoprotein enzyme, glucose oxidase (GOx), with almost
individually at room temperature on a Jeol JNM Lambda 96% of the adsorbed glycoprotein eluted with 0.5vb-
LA400 FT NMR Spectrophotometer. Irradiation of the pro- methylmannoside. Further evidence to establish 32/18 as a
ton peaks ina-p-methylmannoside was performed to en- glycoprotein binder is described by Palanisamy e{2d].
able assignment of the peaks in this molecule. A few drops Once confirmed a glycoprotein binder, the structural charac-

of [2H,]water (water-d) was added to the solution of- terisation of the 32/18 was carried out using both solid and
p-methylmannoside and mixed thoroughly before fté solution-phase techniques.
NMR spectrum was retaken. To a fresh solution cof Linkers have been commonly used in solid-phase com-

p-methylmannoside (10mg, 3nol) in [?Hz]acetonitrile binatorial chemistry for the characterisation of the synthe-
(acetonitrile-d), the solution of ligand 18/18 was added. The sised compoundP8]. Many linkers are available commer-

two solutions were mixed thoroughly and thé NMR spec- cially although the majority of them tend to be aromatic and
trum of the mixture was taken at room temperature. The spec-their attachment and removal are not conducive to use in
trum of thea-p-methylmannoside:ligand 18/18 mixture was the relatively fragile agarose-based matrix used for protein
also observed at 6@ and again at room temperature. adsorption. The compound (4s,5s)-4,5-di(aminomethyl)-2,2-

dimethyldioxolane ig. 1) was selected as the linker in our
studies for a number of reasons: first, the primary amines at

3. Results and discussion both terminals of the compound enables facile attachment to
both the matrix and the cyanuric chloride-scaffold. Secondly,

3.1. Determination of the structure of ligand 32/18 it is a small, relatively polar linker, which contains no aro-

using a cleavable linker matic structures that might interfere with the ability of the

ligand to bind the target protein. Finally, its ease of cleavage

The glycoprotein binding ligand (32/18), synthesised on a using periodate, with minimal disruption of the agarose ma-

triazine scaffold with 2-acetyl pyrrole (32) and 5-aminoindan trix, makes this an ideal compound to be used as a linker in

OCH,CH(OH)CH ,

BT e

(0] o R,
X
1 M HCI 60 °C
(CH,),CO 30 min R,

~
OCH,CH(OH)CH , g% \ N

HO OH R,

. <N
(T

cleaved ligand R /R,

2 % (vIv) e
periodate
H,0 24 h

OCH,CH(OH)CH ,

Fig. 1. Ligand attached to the solid support through the linker and the steps involving its cleavage.
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Table 1 servations suggest that the cleavage of the ligand from adsor-
Ligands screened for their stability to bind and elute GOx before and after pantg comprising 32/18L and 18/18L had been successful
periodate cleavage although periodate may interfere with the quantitative des-

Ligand Before cleavage (%) After cleavage (%) orption of GOXx from the immobilised ligand.

Bound  Eluted Bound Eluted Analysis of the cleaved product(s) of ligands 32/18L
32/18L 968 894 35 0 and 18/18L by FAB positive mass spectroscopy showed
18/18L 978 856 24 0 the presence of a mixture of compounds whose structures
32118 982 903 97.3 721 were unassignabléH NMR spectral analysisHig. 2) of the
Agarose-linker 0 0 0 0 cleaved products from adsorbents comprising (a) 32/18L and
Agarose-linker-C& 0 0 0 0

_ : : : (b) 18/18L also confirmed the presence of a mixture of com-
32/18L and 18/18L were synthes.lsed using the cleavable linker wheiee R pounds and both spectra showed striking similarities. The
2-acetyl pyrrole and Ris 5-aminoindan. .

@ 32/18 was put through the same cleavage conditions as 32/18L and aryl protons of 5-aminoindan (18), were observed at 8.2, 8.4
18/18L. and 8.5 ppm, although, most of the other peaks were uniden-
b Cyanuric chloride-activated agarose-linker. tifiable.

Itshould be noted that although cleavage of the ligand from
our systemFig. 1shows a typical triazine ligand attached to its solid support appeared to be successful, several problems
the solid support through the linker and the steps involving were encountered: large amounts (10 g) of the linker-attached
its cleavage. The ligands with the cleavable linker, designatedligands were required in order to obtain adequate amounts
32/18L, 32/32L and 18/18L, and the controls; agarose-linker of the cleaved product for mass spectroscopymNMR
and cyanuric chloride-activated agarose-linker, were synthe-spectral analysis. Furthermore, the cleaved product(s) were a
sised as described earlier. mixture of compounds requiring further purification to iden-

These ligands were screened for their ability to bind GOx tify the compound most active in binding GOx. In order to
before and after periodate cleavadalfle 1. The cleaved do this, the cleavage conditions should be optimised, such
product(s) were analysed By NMR and mass spectrom-  that a substantial amount of cleaved product(s) is obtained.
etry. The ligands 32/18L, 18/18L and 32/18 showed more However, the'H NMR spectral analysis of cleaved products
than 95% binding of GOx with almost quantitative recov- of 32/18L and 18/18L were very similar with a definite iden-
ery prior to cleavage, while no binding was observed in tification of substituent 18 in both, suggesting that they might
the controls; agarose-linker and cyanogen chloride-activatedbe one and the same ligand.
agarose-linker. This indicates that the linker does not affect
the ability of the ligand to bind GOx. On the other hand, 3.2. Determining the structure of 32/18 by gel ph&¥e
screening after cleavage showed that ligands 32/18L andNMR spectroscopy using ArgoGel resin
18/18L had lost their ability to bind GOx, while 32/18, the
ligand without the cleavable linker, still retained its binding The ArgoGel resin based on a polyethylene glycol-
ability albeit with a slight reduction in recovery. These ob- polystyrene graft co-polymer was used in this study.

(a)

aminoindan

ppm

T T T T T T T T T T ¥ T T T T T

T T
8 6 4 2 ppm

Fig. 2. The'H NMR spectra of cleaved products of (a) 32/18 and (b) 18/18litsJacetone (acetones)l
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Fig. 3. 13C NMR spectra of (a) ligand 32/18 synthesised on ArgoGel resin (b) 5-aminoindan (18) and (c) 2-acetylpyrrole (32). The spectra was taken in
benzene-glat room temperature.

Gel phasel3c NMR on the ArgoGe| resin represents 5-aminoindan (18) with the triazine occurred but not with

a powerful means of characterising synthetic transforma- 2-acetyl pyrrole (32). An explanation for this could be due
tions on the solid support. The polyoxyethylene (POE) to pyrroles polymerizing under acidic conditiof29]. Cya-
chain and molecules bound to them are more mobile nuric chloride (2,4,6-trichlore-triazine) has been known to
than the polystyrene backbone units and consequentlyhydrolyse atroom temperatures produces cyanuric[86id
give relatively sharp NMR lines. Signals from the poly- This creates an ideal environment for the pyrrole to undergo
oxyethylene backbone are largely absent due to anisotropicPolymerization and not react with the triazine.
broadening.

The ArgoGel resin was used to synthesise the ligands 3.3. Studies of the interaction between ligand 18/18 and
32/18, 32/32, 18/18 and the control cyanogen chloride- «-methylmannoside byH NMR spectroscopy
activated ArgoGel. Gel-phas€C NMR spectra of ligand
32/18 and standards 2-acetyl pyrrole (32) and 5-aminoindan The nature of the interaction between ligand 18/18
(18) were takenKig. 3). The characteristic peaks of the car- and a-methylmannoside was studied usitig NMR spec-
bonyl (188.22 ppm) and methyl groups (25.14 ppm) in 32 troscopy. ThelH NMR spectra of (a) ligand 18/18, (b)
were not seen in ligand 32/18. However, all the carbon peaksa-methylmannoside and (c) the ligandmethylmannoside
for 18 and cyanuric chloride were observed in A& NMR complex is shown inFig. 4 Proton peaks ina-
spectra of 32/18. It should also be mentioned that the spec-methylmannosideHig. 4b) were assigned after irradiating the
trum for 32/18 was almost identical with that obtained for individual peaks on the mannoside, while the hydroxy! clus-
ligand 18/18 (results not shown). Furthermore, the spectraters at 3.06—3.13 ppm (three hydroxyls) and 2.70-2.73 ppm
for the control ArgoGel and 32/32 (results not shown) were (CH,OH) were identified on adding deuterated wafét40)
also identical indicating that the compound 32 was not sub- which led to the formation of hydrogen bonds and thus saw
stituted onto the triazine scaffold. In addition to the above, the disappearance of these groups. The disappearance of all
solution synthesis (results not shown) of 32-triazine and 18- three hydroxyl groups (3.06—3.13 ppm) on the mannoside
triazine adducts showed that the nucleophilic substitution of in the ligand 18/18:-methylmannoside complexfig. 4c)
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(a)

H(CH,OH)

Fig. 4. 'H NMR spectra of (a) ligand 18/18, (la}p-methylmannoside and (c) ligand 18/&8>-methylmannoside complex in acetonitrilg-heH NMR
spectra of ligand 18/18;-p-methylmannoside and ligand 18/&8p-methylmannoside complex in acetonitrilg-@t room temperature were recorded on a Jeol
JNM Lambda LA400FT NMR spectrometer.

strongly suggests the formation of hydrogen bonds with the hydrophobic patch. Similar stacking of aromatic residues
ligand 18/18. against the faces of sugars have been observed in almost all
Furthermore, shifts in thet{4.59-5.63 ppm) and +and protein—carbohydrate complexes and is said to confer speci-
Hs (3.71-3.80 ppm) on the mannoside indicates the involve- ficity and stability to these complex§35,36]
ment of the hydroxyl group at the C-2 position, which has a
tendency to affect these protons sterically. It has been pointed
out that hydrogen bonds confer specificity and affinity upon 4. Conclusions
carbohydrate—protein interactions and carbohydrate binding
proteins[31-34] The ligand initially thought to be 32/18 and synthesised
To ensure that the disappearance of the hydroxyl groupsusing solid-phase combinatorial chemistry was identified as
is in fact due to the formation of hydrogen bonds, the ligand a putative glycoprotein binding ligand. However, characteri-
18/18w-methylmannoside complex was heated t6 60af- sation using NMR spectroscopy strongly suggests that ligand
ter which it was allowed to cool down to room temperature 32/18 was, in fact, the symmetrical ligand 18/18. A cleavable
again. Upon heating the complex, the weak hydrogen bondlinker designed to characterise the synthesised ligand upon
interactions will be broken and thus with it the appearance cleavage was identified. Analysis of the cleaved products of
of hydroxyl clusters, and on cooling, these hydroxyl groups ligands 32/18 and 18/18 also confirmed that the ligand was in
were seen to disappear again, confirming the formation of fact 18/18. Finally, a non-destructive method of on-rés
hydrogen bonds between 18/18 andinethylmannoside. In NMR spectroscopy confirmed that the putative ligand 32/18
an earlier papef27], molecular modelling was performed was indeed 18/18. These results therefore confirm conclu-
to support the above evidence on the nature of interactionsively that the ligand 32/18 synthesised on the solid support
between the ligand 18/18 anrdp-methylmannoside. Aro-  is actually the bis-substituted ligand, 18/18. Ligand 18/18
matic stacking of the ligand 18/18 was observed against thewas successfully synthesised in solution and characterised
face of the methyl group of the sugar molecule creating a by TLC, 'H NMR spectroscopy and mass spectroscopy. The
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final product was obtained in a yield of >96% and was de-

termined to be pure b¥H NMR integration. The ligand was

immobilised onto an amine-derivatised agarose matrix and
was found to behave in a similar fashion to the ligand (32/18)

synthesised using the solid-phase assembly method.

In addition, studies on the nature of interaction between

ligand 18/18 and.-p-methylmannoside usinigd NMR spec-

troscopy suggest the formation of hydrogen bonds, with a

strong indication that the hydroxy group at the C-2 posi-
tion are involved. Hydrogen bonds have in fact been impli-

cated as the major contributors of carbohydrate specificity
in protein—carbohydrate interactions of carbohydrate bind-

ing proteing33,34,37]
It is interesting to note that the triazine-scaffold plays a
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