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Receied January 5, 2000 Figyre 1. Structures of the unsubstituted macrocytlivalent mannose

Protein-carbohydrate recognition events mediate significant derivative2, and the monovalent mannose contol

biological processes including fertilization, pathogen-cell adhe-
sion, and the inflammatory responsé.Binding affinities for
monovalent proteircarbohydrate interactions are often weak (i.e.,
Ka = 1054 MY, yet the strength and specificity required for
recognition in physiological settings is high. Accordingly,

and for understanding the roles of carbohydrgisotein interac-
tions in vivo.

The templated ligand array we investigated is based on
conformationally defined macrocycle which belongs to a new

carbohydrate epitopes often are presented in multivalent arrays¢/ass of rigid macrocyclic scaffolds (Figure )** The target
at the cell membrane, and these arrays can serve as high|yl|gand2was designed to display three mannose residues appended

effective and specific ligandst Despite many documented through a solubilizing linker to the macrocyclic cGfé.This
examples of enhanced activities for multivalent over monovalent Scaffold differs from many investigated previously for carbohy-

ligands, an understanding of the molecular mechanisms thatdrate presentation in that the template is rigid and the saccharide
contribL’Jte to their potencies is only beginning to emerge. residues are oriented such that they emanate from a single face.

The structural features of multivalent ligands influence their Molecular modeling studies indicate that the maximum separation
activities and the mechanisms by which they funcfi®n® In between mannose residues is approximately 35 A. Given that the
general, only ligands with widely spaced saccharide epitopes Cang\'gg'”_g sites within the Con A tetramer are separated by &b
interact with multiple binding sites within an oligomeric lectin "' trivalent ligand2 (Figure 1) cannot simultaneously occupy
(i.e., act by the chelate effect). Still, low molecular weight ligands two mannose binding sites within the tetrameric lectin. Therefore,
that cannot span multiple binding sites within an oligomeric lectin thiS compound can be used to explore mechanisms of multivalent

often have increased activities relative to their monovalent ll9and binding in the absence of the chelate effect.
counterpartd®-1° To explore their mechanisms, we synthesized Our first objective was to compare the abilities of the trivalent

a preorganized trivalent mannose array and evaluated its abilityi9and 2 and the corresponding monovalent control ligahtb

to inhibit the mannose-binding lectin concanavalin A (Con A). Pind to Con A. A surface plasmon resonance (SPR) competition
We found that this ligand, which is more potent than the binding assay has been developed to garner quantitative Elndlng
corresponding monovalent derivative, functions by clustering the data on monovalent and multivalent lectitgand complexes

lectin in solution. Although many multivalent ligands are known The. assay !nvolves monitoring thg ability of a substrate to inhibit
to function by forming lectir-ligand precipitated® 22 this is the the interaction of soluble Con A with a self-assembled monolayer

first report of favorable clustering of a lectin in solution. Our €ontaining a mannose-substituted lipid. To investigate whether

results have ramifications for the design of inhibitors for receptors the attachment of mannose to the template influences its interac-
tion with Con A, the monomeric mannose derivatBas tested

IMD/Ph-D Integrated Degree MSTP. ) in the SPR assay. An inhibition curve (Figure 2A) was generated
Departments of Chemistry and Biochemistry. by measuring the binding responses for Con A in the presence
(1) Varki, A. Glycobiology1993 3, 97—130. . . . RS :
(2) Dwek, R. A.Chem. Re. 1996 96, 683—720. of increasing concentrations of |nh|b|tor_. As the concentration of _
(3) Gabius, H.-JEur. J. Biochem1997 243 543-576. the inhibitor increases, the response units decrease as less protein
(4) Lis, H.; Sharon, NChem. Re. 1998 98, 637-74. binds to the surface. Analysis of these data reveals thaKthe
(5) Lee, Y. C.; Lee, R. TAcc. Chem. Red.995 28, 321-327. : . -
(6) Kiessling, L. L.; Pohl, N. LChem. Biol.1996 3, 71-77. value for3 with Con A is 99uM, similar to theK; value for
Eg Soy'kR'Cg”qume" _StrTuCct. Blg-l99gt6, §9%;7I012§96 6 679601 o-methyl mannoside (6lxM). These results indicate that the
rocker, P. R.; Feizi, urr. Opin. Struct. Biol. 3 . i i
(9) Mammen, M.; S.-K., C.; Whitesides, G. Mingew. Chem., Int. Ed. linker used for man!‘los.e att.achmem to the macrOCyChC core does
Engl. 1998 37, 2754-94. o not perturb lectin binding significantly.
< (1% gl;/éo;tleg, 2Kz.gl;.;8Weatherman, R. V.; Kiessling, L. J. Am. Chem. The interaction of tetrameric Con A with trivalent mannose
oc. g, L | . .
(i1) Liang, R.. Loebach, J.: Horan, N.: Ge, M.: Thompson, C.: Yan, L. Qer|vat|ve2 is dramatically cﬁﬁferent from that of the monovalent
Kahne, D.Proc. Natl. Acad. Sci. U.S.A997 94, 10554-9. ligand (Figure 2A). Surprisingly, as the concentration f
(12) Weis, W. 1.; Drickamer, KAnnu. Re. Biochem 1996 65, 441-73. increased from 0.038 to 98M, the response unitsicreased
(13) Wright, C. S.Curr. Opin. Struct. Biol.1997 7, 631-6. Thus, compoun@ promotes rather than inhibits binding of Con
(14) Bouckaert, J.; Hamelryck, T.; Wyns, L.; Loris, ®urr. Opin. Struct. h bsti d £ he d h
Biol. 1999 9, 572-7. A_ to the mannose-substituted surface. The ata suggest that
(15) Rini, J. M.; Lobsanov, Y. DCurr. Opin. Struct. Biol1999 9, 578— trivalent 2 binds two or three Con A tetramers simultaneously.
84. _ The soluble clusters bind avidly to the immobilized ligand,
To(()}g)’ "EV??}B*}?JL’;,‘:QQ;%@Q“QO?[;?'gégt-z'f hervenak, M.; Kiessling, L. L.; presumably because the clustered Con A tetramers possess
(17) PageD.; Roy, R.; Perez, S. F.; Bencomo, V. Blycocon]. J.1998 unoccupied saccharide binding sites that can interact with the
15, 251-63.
(18) PageD.; Roy, R.Glycoconj. J.1997, 14, 345-356. (24) Burke, S. D.; Heap, C. R.; Porter, W. J.; Song, Y.T€trahedron
(19) Dimick, S. M.; Powell, S. C.; McMahon, S. A.; Moothoo, D. N.; Lett. 1996 37, 343-6.
Naismith, J. H.; Toone, E. J. Am. Chem. S0d.999 121, 10286-96. (25) Burke, S. D.; O’'Donnell, C. J.; Hans, J. J.; Moon, C. W.; Ng, R. A.;
(20) Olsen, L. R.; Dessen, A.; Gupta, D.; Sabesan, S.; Sacchettini, J. C.; Adkins, T. W.; Packard, G. KTetrahedron Lett1997, 38, 2593-6.
Brewer, C. F.Biochemistry1997, 36, 15073-80. (26) (a) For preparation of compourig see: Burke, S. D.; Zhao, Q.
(21) Gupta, D.; Bhattacharyya, L.; Fant, J.; Macaluso, F.; Sabesan, S.; Org. Chem.200Q 65, 1489-1500. For the synthesis & from 1, see the
Brewer, C. F.Biochemistryl994 33, 7495-7504. Supporting Information. (b) For experimental procedures and data from the
(22) Gupta, D.; Brewer, C. Biochemistryl994 33, 5526-5530. fluorescence and SPR assays, see the Supporting Information.
(23) Burke, S. D.; O’'Donnell, C. J.; Porter, W. J.; Song, YJTAmM. Chem. (27) Mann, D. A.; Kanai, M.; Maly, D. J.; Kiessling, L. L1. Am. Chem.
S0c.1995 117, 12649-50. Soc.199§ 120, 10575-82.

10.1021/ja000068e CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/22/2000



Communications to the Editor J. Am. Chem. Soc., Vol. 122, No. 18, 24809

A 300 . labeled Con A (F-Con A) and tetramethylrhodamine-labeled Con
s trivalent 2 . . .
[ emonovalent 3 A (TMR-Con A) were combined in Fhe presence each of Ilgands
o1 2 and3. Samples were prepared with constant concentrations of
[ F-Con A and TMR-Con A and variable concentrations of either
i macrocycle2 or monovalenB. Samples were irradiated individu-
J ally at 492 nm and the fluorescein emission intensity was
monitored at 517 nm. The data reveal that trival2ig capable
of quenching fluorescein emission at concentrations aboud 5
but monovalent3 is not (Figure 2B). The activity is observed
only for the trivalent macrocycle. When a solution contain2g
F-Con A, and TMR-Con-A at concentrations known to result in
fluorescence emission quenching was treated with increasing
: . . . . concentrations ofx-methyl mannopyranoside, the intensity of
00t 01 1 10 102 703 104 fluorescence emission increasé&diThis result indicates that the
log [ligand] (M) formation of soluble clusters is reversible. The concentration of
2 that results in 50% of the observed quenching in the FRET
« trivalent 2 assay is 1uM. Interestingly, the concentration @ needed to
1801 ®monovalent 3 induce the maximum signal in the SPR assay is approximately 6
1601 § uM. Both assays indicate that the trivalent compound is at least
10-fold more potent than monovalent derivatBeNo precipita-
tion of the labeled Con A was detected in the presence®f3
. under the assay conditions. These results indicate that clustering
of Con A by macrocycle2 does not depend on subsequent
80+ precipitation or cluster binding to a surface. The data also indicate
that the interaction of trivaler with multiple Con A proteins is
synergistic; the formation of a Con A cluster is more favorable
than the formation of a one-to-one complex of Con A and the
trivalent ligand.
B TR P S e s o) ~Multivalent ligands that cannot span the saccharide binding
log fligand] (uM) sites within the Con A tetramer are typically between 2- and 6-fold
. o . more potent than their monovalent counterparts. These ligands
Figure 2. (A) Binding of Con A tetramer (1.:M) to the glycolipid have been found to inhibit Con A by promoting its precipita-
surface in the presence 2®) or 3 (O). All values are relative to those tion17-19.30|n contrast, trivalent ligan@ facilitates the formation

Fone standard deviaton around the mean relaiv resqonse uni and ar®| SOluble clusters in solution. The rigilty of the macrocyclic
e AN . P X . scaffold and/or the disposition of the saccharide epitopes likely
an indication of variations in expenmental measurement. Data points with

error bars represent three independent experiments; those without represerRIay a frt'rt]lcfl rollt(? "; thte ac“;]”ty. dOf (’;he Illganﬁ. Ourtresults .
one experiment. (B) Quenching of fluorescein emission upon addition suggest that muitivaient saccharideé displays can act as superior
of 2 (®) or 3 (0). Samples contained F-Con A (dy/mL), TMR-ConA ligands through their ablllyes to c!uster target Iectlns. Intrlgu.mgly,
(4 ugimL), and variable concentrations of added ligand (0, 0.098, 0.20, COMPplex carbohydrate side chains of glycoproteins may induce
0.39, 0.78, 1.6, 3.1, 6.3, 13.0, or 281). Samples were excited at 492 lectin clustering at the cell surface. This change in lectin
nm and the emission was monitored at 517 nm. Error bars reprgsent Organization could facilitate cellular processes, such as endocy-
one standard deviation around the mean relative fluorescence intensity.tc_35|55‘310r cellular signaling? Thus, synthetic multivalent ligand
Each data point is derived from three independent experiments. displays may be used not only as highly effective inhibitors but
also to induce cellular respongg¥ through receptor clustering.
surface. Only a single translational penalty must be paid for ) ) )
multiple binding interactions between the cluster and the carbo- fAckr}or\]Nl(eggmgegt. This work évaszsglégportsed by thecr’:‘a“‘?”a' '”?“ItUtes
hydrate-substituted surface to occur. The concentration of trivalent©f Health (GM49975, L.L.K.; GM28321, S.D.B.; Chemistry-Biology
. - : .. Interface program T32-GM08505, M.C.S.). We also acknowledge support
g(;l_ezgefdléolpromortwe thehlnte;actlon of |C%? A vgtf:jthe_s?‘r_fba_lce 'S from NIH and NSF for NMR and mass spectrometry instrumentation.
-lold lower than that of monovale neeae to Infhi It We thank D. Mann and J. E. Gestwicki for helpful conversations.
Thus, trivalent compoun® appears to effectively bind and
promote clustering of Con A in solution at concentrations where  Supporting Information Available: A description of the surface
no inhibition by monovalent ligands is observed. As the concen- plasmon resonance and fluorescence measurements and data analyses,
tration of 2 is increased further, inhibition of the binding of Con  experimental procedures for the synthesis of compothded 3, and
A and clustered Con A to the surface is observed, as expéftted_ characterization data for all new compounds (PDF). This material is
Our results indicate that trivalei promotes Con A clustering available free of charge via the Internet at http://pubs.acs.org.
in solution, yet it is unclear from these data whether the formation jag00068E
of such clusters would be favorable in the absence of the mannose-
substituted surface. (29) FRET has been applied previously to detect the bridging of labeled
We used a fluorescence resonance energy transfer (FRET) assayarbohydrate ligands (dextran) by Con A, 'see: Ballerstadt, R.; Schultz, J. S.
to test whether trivalent ligan@ or monovalent3 can bring Anal. Chim. Actal997 345 203-12.
together differentially labeled Con A lectins such that donor and 19@815’&9”” Aravind, S Roy, RJ. Chem. Soc., Chem. Commaast

acceptor fluorophores can interdttSpecifically, fluorescein- (31) Baenziger, J. U.; Fiete, [Tell 198Q 22, 611-20.
(32) Heldin, C.-H.Cell 1995 80, 213-23.

(28) Whitesides and co-workers found that a ligand for vancomycin could (33) Klemm, J. D.; Schreiber, S. L.; Crabtree, G.Anu. Re. Immunol.
promote its binding to the surface; however, they did not observe the dramatic 1998 16, 569-92.
increase in surface binding described here. See: Rao, J. H.; Yan, L.; Xu, B.;  (34) Gordon, E. J.; Sanders, W. J.; Kiessling, LNature1998 392 30—
Whitesides, G. MJ. Am. Chem. S0d.999 121, 2629-30. 31.
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