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A solid phase carbohydrate library was synthesized and screened against Bauhin~a 
purpurea lectin. The library, which contains approximately 1300 di- and trisacchar~des, 
was synthesized with chemical encoding on TentaGel resin so that each bead contained 
a single carbohydrate. .Two ligands that bind more tightly to the lectin than Gal-@-I ,3- 
GalNAc (the known ligand) have been identifled. The strategy outlined can be used to 
identify carbohydrate-based ligands for any receptor; however, because the derivatized 
beads mim~c the polyvalent presentation of cell surface carbohydrates, the screen may 
prove especially valuable for discovering new compounds that bind to proteins partic- 
ipating in cell adhesion. 

C e l l  surface carbohydrates play central 
roles in many normal and patholog~cal bi- 
ological recognition processes ( 1  ). For ex- 
ample, cell surface carbohydrates have heen 
inlplicated in chronic ~nt lammation,  in vi- 
ral and bacterial ~nfect ion,  and in tumori- 
genesis and lnetastasis (2 ) .  Considerable ef- 
fort has lieen directed toward ( i )  ~rnder-  
standing l io~v  carhohyiirates function as rec- 
ognition signals, anii ( i i)  iieveloping 
strategies to block undesirable interactions 
betn.ee11 cell surface carbohydrates anii 
t l i e~ r  protein targets. Ligands whose binding 
to the  protein targets is better than that  of 
the  natural cell surface carbohyiirates coulii 
provide a n  effective means of p reven t~ng  or 
treating various ii~seases. But, progress in 
~lnderstaniiing how structure anii function 
are relateii in liiologically active carhohy- 
drates has been slow because oh ta in~ng  syn- 
thetic carhohvdrate derivatives for hio- 
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clie~nical st~lciles is extremely difficult. I11 
contrast, excellent chemical And hiolog~cal 
methods to ohtain large quantities of p e p  
tides and mlcleic acids have been ava~lahle 
for decades. As a conseauence, much more 
is known ahout these other biopolymers. 

Screenine combinatorla1 libraries of com- 
p(1uni1sis a very Fast \Yay to identify promlslng 
leaiis and elucidate structure-activity relation- 
ships (3). The  flrst comliinatorial l~braries 
n.ere built aro~lnd t>e~>ticies and nucleic acids 

L .  

because the chemistry to make them already 
er~steii  (4) .  The successful use of peptide and 
n~lcleic ac~cl lhraries has stimulated efforts to 
iievelop comhinatorial approaches to make 
other classes of lnoleci~les (5). O n e  ohv~ous ~, 

area n.1lere a co~nhinatorial approach co~lld 
have tremendous imnact 1s in carbohydrate 
chemistry and lliochemistry. 

For the tllne be~nc .  the most satisFactory 
c h e ~ n ~ c a l  approaches to the construction of 
c o m ~ o u n d  liliraries in\rolve svnthesis of the 
molecules on  a sold s~lpport (6).  Despite the 
efforts maiie, over Inore than 70 years, there 
has been little progress in the solid phase 
svnthesls of carbohydrates. Carbolivdrates 
piesent special difficulties for sollii phase syn- 
thesis because the bonds het\veen monomers 
must be formed stereospecifically and in high 

yield. Most glycosylation methods are ex- 
tremely sensitive to structural variations in the 
glycosyl iionor-acceptor pairs (7). Reaction 
c o n d ~ t i ~ n s  that ~rovi i ie  excellent yields with 
one donor-acceptor pair may give \~irtually no 
product for another donor-acceptor pa r .  F L ~ -  
thermore, the stereochemica! outcome 1s of- 
ten difficult to predict. The  unrellahility of 
most glycosylation methods has precluded tlhe 
cons t r~~c t io~ i  of a solici phase carbohydrate 
library, n.h~cli realires the ability to ~nake  a , , 
wide range of ii;fferent glycosihic linkages 
b ~ t h  stereoselectl\~ely anii in high yield. 

L3 , 

Several years ago we iiisco\rereii a glyco- 
svlation methoci that makes use of anomerlc 
sulhxides as glycosyl donors. Anorueric sulf- 
oxides call he activated allnost Instants- 

t leo~~sly  at  lon. temperature regariiless of the 
protecting groups on  tlhe sugar hyiiroxyl 
groups. T h e  low temperat~lre of reaction 
leads to excellent stereochemical control fils 
a n.iiie range of glycosyl donor-acceptor pairs 
n.hlle preventing side reactions so that ~t IS 
possible to get nearly c1uantitatlr.e yields on  
the solid phase (8, 9) .  W e  now report the 
syntlies~s of a solid phase carbohycirate li- 
brary using the s~~lfc>xiiie glycosylation reac- 
tion. T h e  lihrarv n.as screened against a car- 
bohydrate binii;tlg p ro ten ,  an~';n.o ligands 
that b ~ n d  more tightly tlian the natural li- 
gand xere  ~dentified. T h e  strategy described 
call he ~lseci to identify carbohydrate-hased 
ligands for ally receptor; hon.ever, the (111- 

beail screen may prove especially useful for 
~iiscovering carbohydrate ligands that bind 
to their receptors in a polyvalent fashion. 

W e  iiesiened the carbohydrate library to 
contain a diverse array of glycosidic 1111k- 
ages. The library cc>ns~sts of approximately 

HO OH 

~ o q ~ &  

H-N, S ~ O C H ~ C ( O ) N H R '  

R  
0 

2 R = S  

0 
-0 NOp 

3 R=$J, 

A series: R' = TentaGel 
B series: R' = CH2CH20CH3 

Fig. 1. Relevant structures contained in the library 
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1300 di- and trisaccharides, including both 
the a -  and P-thiophenyl derivatives of the 
known B. purpurea ligand Gal-P-1,3- 
GalNAc(1A) (Fig. 1) (1 0). B a h n i a  purpurea 
lectin is a protein that contains many carbo- 
hvdrate bindine sites. This lectin binds to u 

carbohydrates on the surfaces of erythrocytes, 
causing them to agglutinate. The lectin is thus 
a good model system for cell adhesion proteins 
and other carbohydrate binding proteins that 
recognize cell surface carbohydrates. 

The library was synthesized with the use of 
a split and mix strategy from the monomers 

shown in Fig. 2 (1 1). Six different carbohy- 
drate monomers were attached separately to 
TentaGel resin. Then 12 different glycosyl 
sulfoxide donors were coupled separately to 
mixtures of beads containing all six mono- 
mers. The beads were recombined. the sugar 
azides were reduced to amines, and the beids 
were split again. The separate pools of beads 
were then N-acylated with different reagents. 
Finally, all the beads were recombined and 
deprotected. To facilitate identification of the 
products on each bead, the beads were encod- 
ed with chemical tags at each combinatorial 

Attachment to 
O  r 0 

the Resin 
=coon + MY-@ - I1 (12gIyc'MyI 

T 
N. STEP 1 H O ~ ' N H ~  + Wsph donors) 

(6 glycosyl acceptors) 

Amine 
Deprotectlon Acylation 

t 

Decode T STEP 
(20 my/ groups) ~3 

Assay IR 

& 
Decode STEP (20 my/ groups) ~3 

Fig. 2. First, six glycosyl acceptors were coupled to 500 mg of TentaGel amine resin (Rapp Polyrnere, 0.3 
mmoVg) with 1 -hydroxybenzotriazole (HOBT) and 2-(1 H-benzotriazol-1 -yl)-1 ,l,3,3-tetramethyluronium 
hexafluorophosphate (HBTU), N,N-diisopropylethylamine, 1 -methyl-2-pyrrolidinone (NMP) at room tem- 
perature for 2 to 5 hours. The resins were washed with dichloromethane (CH2C12), NMP, and N,N- 
dimethylformamide (DMF), treated with hydrazine in DMF (1 : 7) at room temperature for 9 hours, and 
washed with portions of DMF, water, methanol (CH,OH), and CH,C12. The six resin portions were 
encoded (12). In step 2, the resins were mixed, divided into 12 glycosylation vessels, and suspended in 
CH2C12. The glycosyl donor (4 equivalents) and 2,6-di-tert-butyl-4-methylpyridine (8 equivalents) were 
dissolved in CH,C12, added to the resins, and cooled at -65OC. Trifluoromethanesulfonic anhydride (2 
equivalents) in 1 ml of CH2C12 was added over 10 min, and the reactions were warmed (1 to 2 hours) to 
PC. The resins were washed with aqueous sodium bicarbonate, water, CH,OH, diethyl ether, CH2CI,, 
and toluene. The resins were lyophilized for 12 hours and subjected to the reaction conditions again. The 
12 resins were encoded. In step 3, the resins were mixed and divided into 20 portions, and 19 were treated 
with trimethylphosphine in tetrahydrofuran (THF) at room temperature for 4 hours and then with THF and 
H,O (1 6: 1) at 70 to 75°C for 24 hours. The resins were washed with THF and CH2C12, and dried. Portions 
of resin (78) were acylated by one of two procedures: 1,3-dicyclohexylcarbodiimide, and a mixture of DMF, 
and CH2C12 (1 : 1) at room temperature for 12 to 24 hours or catalytic 4-dimethylaminopyridine, triethyl- 
arnine, CH,CI, at 4°C for 12 hours. The original 20 portions of resin were encoded. The resins were 
combined and deprotected with 20% trifluoroacetic acid in CH,C12 at room temperature for 30 min 
followed by lithium hydroxide monohydrate in 20% THF in CH,OH at room temperature for 12 hours. 

step to record the reaction history of each 
bead (12). 

ComMnatodal 
STEP 3 

m-X 

Acyl Q W P  

Combinatoilal 
STEP 1 

ACO-.-coon 
N3 

Glycosyl acceptor 

Ph 

  he 'carbohydrates were synthesized 
from the reducing to the nonreducing end 
because this procedure permits the use of 
excess glycosyl donor, which drives the gly- 
cosylation reaction to completion. Com- 
plete reaction at each chemical step is crit- 
ical in the construction of a solid phase 
library because mixtures of products on the 
beads can compromise both screening and 
identification of hits. In addition, carbohy- 
drates constructed from the reducing to the 
nonreducing end are presented on the beads 
in a wav that mimics their  resenta at ion on 

RuO 0% 
rcp 

PivO 

0% 6- O 
m 

0 - C = N M  S-C-NM 

m -  ! m P k o  SPh PMBO D-&-L.-OH L-Ac-Ab4H 

Comblmtodal 
STEP 2 

o 
Ph 

Gmsyl  dcnor 

cell (or protein) surfaces. Hence, on depro- 
tection the resin-bound libraw could be 
screened immediately against carbohydrate 
binding proteins that recognize cell surface 
carbohydrates. 

A colorimetric assay was used to screen the 
resin-bound carbohydrate library against Bau- 
hinia purpurea lectin (Fig. 3). Briefly, 10 mg of 
derivatized resin containing approximately 
9000 beads, or six copies of the 1300-member 
library, was incubated with biotin-labeled lec- 
tin. The beads were then exposed to strepta- 
vidin-linked alkaline ~hos~hatase and 

L L 

stained. Remarkably, only a small percentage 
of the 10-mg sample of beads (<0.3%) stained 
over a period of 20 minutes (Fig. 4). During 
this time, a total of 25 dark purple beads were 
picked out of the library and decoded (12). 
Four of the five beads that stained heavily 
within the first 5 minutes after addition of the 
enzyme substrate were identified as Gal-a- 
1,3-GlcNR-a-thiophenyl glycoside acylated 
with either 4-nitrobenzoyl (2A) or isovaleroyl 
(3A) (Fig. 1). After 20 minutes of staining, 
five copies of 2A and five copies of 3A had 
been pulled out of the library along with three 
other N-acyl derivatives of the same disaccha- 
ride (two copies of 4A and one of 5A). Thus, 
of 25 stained beads, 13 contained the same 
core disaccharide acvlated with a hvdro~hobic , . 
group. In the remaining 12 stained beads, no 
carbohydrate structure appeared more than 
once and no pattern was evident. We consider 
the structures that appear only once to be 
noise. It is remarkable that essentially all the 
copies of two specific structures were selected 
from a pool of beads that contained approxi- 
mately six copies each of -1300 other related 
carbohydrate ligands. 

For verification of the results, the known 
ligand lA, as well as the hit ligands 2A and 
3A, were independently resynthesized on 
TentaGel, mixed, and stained. Beads contain- 
ing 2A and 3A stained rapidly, but beads 
containing the known ligand did not. How- 
ever, beads derivatized with the known ligand 
stained preferentially to beads derivatized 
with several other carbohydrates. The results 
confirmed that 1A is a good ligand for the 
lectin, but 2A and 3A are better ligands. 
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To evaluate the relative solution affini- 
ties of the "hit" ligands relative to the nat- 
ural ligand, we synthesized compounds IB, 
2B, and 3B and tested for their ability to 
inhibit binding of the lectin to beads deri- 
vatized with the known ligand (1A). lB, 
2B, and 3B all inhibit binding of the !ectin 
to beads (derivatized with the known li- 
gand) at concentrations of 20 to 50 p,g/ml, 
indicating that 2B and 3B can block the 
pocket of the known ligand. 

It is interesting that the lectin discrimi- 
nates so well between beads containing the " 
hit ligands and beads containing the known 
ligand given that the inhibitory concentra- 
tions are so similar. One of the paradoxes of 
carbohydrate binding is that typical carbohy- 
drate binding proteins bind a wide range of 
related saccharides with similar affinities in 
solution, and yet appear to function with re- 
markable specificity in cell-cell recognition 
(13). The polyvalent presentation of carbohy- 
drates on cell surfaces is believed to amplify 
the affinity and specificity of their interac- 
tions with carbohydrate binding proteins con- 

taining multiple carbohydrate binding sites 
(14, 15). Our work definitively demonstrates 
that a carbohydrate binding protein can rec- 
ognize a particular polyvalent carbohydrate 
ligand with exquisite specificity in the pres- 
ence of a large number of related structures. 

The work also shows that presenting the 
carbohydrate ligands on the beads affects their 
interactions with the lectin. Otherwise, the 
known ligand should stain as well as the hit 
ligands. Although presentation effects com- 
plicate on-bead screening of some libraries, we 
believe that on-bead screens are more biolog- 
ically relevant than off-bead screens for study- 
ing binding interactions such as these that 
normally occur at surfaces. From the stand- 
point of design, one critical implication of our 
results is that the solution affinity of a mono- 
valent carbohydrate ligand is not a reliable 
indicator of how well it will function in a 
polyvalent context. 

Our work shows that it is possible to 
synthesize and screen a large carbohydrate 
library in a parallel fashion. The selection of 
two specific ligands from a collection of 

Fig. 3. Derivatized TentaGel beads (10 mg) were 
washed three times with 1 ml of PBST buffer [lo mM Lectin idin 

sodium phosphate, pH 7.2; 150 mM sodium chlo- Biotin Enzyme 
ride (NaCI); 0.05% Tween-201 and then suspended 
in 1 ml of PBST containing 3% bovine serum albumin p=* Dye 
(BSA). After being shaken for 30 minutes at room ,:::.,;;::::;::::..;......::....:ii .................. .. .... :..: .......... ..: ..:; : ........;.. :......... temperature, the beads were washed times .:::.:.:<.:<<;;<;<;;<<<<<<<<<<.:<<<<<<<;=.;<<<<<;<<;<;<<<<<;;<. ...................................................................... 
with 1 ml of PBST containing 1% BSA. The beads TentaGel 
were incubated at room temperature for 3 hours on a 
rotary shaker in 1 ml of a biotin-labeled lectin solution (1 0 pglml in PBST containing 1 % BSA) and then washed 
three times with 1 ml of TBST buffer [20 mM tri(hydroxymethyl)aminomethane hydrochloride (tris.HCI), pH 7.5; 
500 mM NaCI; 0.05% Tween-20) containing 1 % BSA. The beads were incubated on a rotary shaker for 20 
min at room temperature in 1 ml of alkaline phosphatase-coupled streptavidin (10 pglml in TBST containing 
1 % BSA). The beads were washed three times with 1 ml of alkaline phosphatase buffer (100 mM tris.HCI, pH 
9.2; 100 mM NaCl and 5 mM MgCI,) and kept in the alkaline phosphatase buffer prior to staining. A portion 
of the beads was transferred to a petri dish and the alkaline phosphatase buffer was replaced with 200 pI of 
a solution containing 5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT). Color 
development was 0bse~ed under a low-power microscope. The staining was terminated by washing the 
beads twice with 200 pI of sodium EDTA solution (20 mM, pH 7.4). The colored beads were picked out 
manually under the microscope for decoding. 

Fig. 4. A portion of the beads in the library after 5 min of staining. The dark bead in the center was 
identified as a hit. This level of contrast shown in the photograph was representative [60X]. 
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1300 polyvalent carbohydrate structures 
validates the fidelity of the chemistry used 
to make the library as well as the utility of 
the assay. This combinatorial approach to 
studying carbohydrate binding could accel- 
erate research on many carbohydrate recog- 
nition events dramatically. In addition, this 
approach should be tremendously valuable 
for discovering polyvalent ligands that 
block interactions at cell surfaces. 
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