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mentarity for the overall pentavalent ligand to LT, “linkers” that
project in the direction of the receptor binding sites, and “fingers”
High-affinity protein ligands have wide applications in disease that fit snugly into the binding sites (Scheme 1). With efficient
diagnosis, prevention, and treatment. A promising strategy to chemistry to connect these modules, assembly of the large
arrive at such ligands is the creation of multivalent compounds pentavalent ligands is synthetically feasible, as will be shown.
that bind to a multivalent targétCurrent approaches include the In this report, we demonstrate the power of a modular synthesis
synthesis of bivalent ligands, in which two copies of a ligand are procedure, which allowed us to explore in detail the effects of
joined by a flexible linke? and more generally, the attachment linker length on affinity. For the core, we chose acylated
of a larger number of monovalent ligands onto a selected pentacyclerb. Force-field calculations show that this molecule
backbone. Examples of backbones include polymers/oligofners, can adopt a conformation close to 5-fold symmetry. We usgd 1-
membrane$and dendrimersln these approaches structure-based amidatedp-galactosel as the fingerp-galactose is a terminal
information on the spatial arrangement of the target’'s multiple sugar unit of LT's natural receptor GM1. It interacts very
binding sites does not usually enter the design process. Thereforespecifically with the toxin via defined hydrogen bonds and a
the obtained ligands may not be ideal for maximizing the carbohydrate against tryptophan stackihd@salactose and its
interaction with the target. Here, we present a novel approach derivatives with substitutions at C1 have been observed to bind
toward high-affinity multivalent ligands: a modular design that in the same manner in LT’s receptor binding Sifhus,1 would
incorporates structural information of the multiple target sites. be expected to be a good mimic of galactose while providing
Our work focuses on an ideal target model: the heat-labile functional groups for full ligand assembly.
enterotoxin (LT) fromEscherichia coli LT, a close relative of The success of this design, however, depends critically on
cholera toxin, is a member of the ABamily of bacterial toxins  finding suitable linker modules. Rigid linkers complementary to
which also includes shiga toxin, shiga-like toxin, and pertussis the protein surfadewvould be ideal but are difficult to achieve in
toxin.® The symmetrical arrangement of the five B subunits of one design step. Here we present a solution to this problem, based
LT presents five identical carbohydrate binding sites that recognize on readily available flexible linkers. This raises the following
ganglioside GM1 headgroups protruding from cells of the questions: can a large gain in affinity be obtained with flexible
gastrointestinal lumen. This LT-carbohydrate interaction has beenjinkers, and how long do the linkers need to be? To answer these
determined in atomic detdiland provides the basis for the  questions, we have chosen to span a large range of linker lengths
structure-based design of pentavalent ligands. using the commercially available 4,7,10-trioxa-1,13-tridecanedi-
The large dimensions of LT make the design and synthesis of amine 3 as the basic unit of the linkers. Longer linkers in our
a structurally complementary pentavalent ligand a major chal- pentavalent ligands consist of up to four units3of
lenge. As shown in Scheme 1, distances between the toXin's 1 moqular synthesis of our full ligands is shown in Scheme

nonadjacent binding sites are 45 A. In our modular design, the , Although each long linker could be synthesized separately from
large pentavalent ligand is divided into three modules: a semirigid 3, it is more economical to perform the stepwise coupling of each
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HaN(CHyJ5[CH;OCH1s(CHy )Y H(CH»s"HfH o note that in this first system_atic stud_y _of the effects of flexible
Full ligand assembiy: linker Igngth on pe_zntavalent ligand affinity, our results agree very
Perform n steps of : i well with the notion brought up by Kramer and Kargeifor .
R\(\E A a4, MeOHIO, Sy VNG Gin=1 flexible bivalent ligands. That is: in order to obtain a large gain
Q‘mﬁ NaHCO,, LUJ Jin=2 in affinity, the ligand dimensions should match that of the binding
Allm b TRa AN S:n=4 site distribution in the target (Scheme 1). Most importantly, this

q
R = —C—(CH,);NH,

§TCH) ij;(" i match should not be based on the extended conformation of the
5 (Core) = H

PHCHaJaICH;OCH(CH, TNH, flexible linkers, rather, the linkersffective lengths should be
" considered. As a guideline for determining the effective dimen-
q sions of our pentavalent ligands, we followed the equation used
by Kramer and Karpen, which is based on a polymer model

2,
HaO/NaHCOs SR VLT 01 described by Knoll and HermaA%Hence, the effective dimen-
(’UJ Bnzd sions of our ligands are taken to be proportional to the square
;6/ \52 HOCH, OH root of the molecular weights between two fingers. As shown in
7 = 0 3;(0 g oM Figure 1, even though all ligands’ extended dimensions are far
oT(cuz);,‘i?;tu(cnz)z[cuzocuzh(cuz)ziNH NICH;),G=NH  OH greater than the distance between nonadjacent binding sites in
HoH n LT, the effective dimensions of ligand€—12 are less than the
nonadjacent binding site distance in LT. Therefore, we see a
Table 1 steady drop in IGy's as the ligand’s effective dimensions increase
ligand 1Gso (uM) gain over galactose in ligands 10—-13. In ligand 13, where the ligand’'s effect
dimensions have the best match of LT’s binding site distribution
galactose 5800& 8000 1 . . . . . L -
14 5000+ 200 11 in this series of ligands, we obtained the largest gain in affinity
10 242+ 91 240 to LT over galactose. Although it would be interesting to see the
11 16+ 8 3600 affinities of ligands with effective linker lengths substantially
12 6+4 10 000 larger than the distances between the target binding sites, the low
13 0.56+ 0.06 104 000 solubilities of the synthetic intermediates prevented us from
GM1-0S 0.01+0.01 5800 000 obtaining such ligands. It is, however, worth noting that according

. - to the findings of Kramer and Karpéfligands with too long a
ICso was the standard-deviation-weighted average of two or more jinker length would have less affinity toward the target protein
independent quadruplicate determinations. than ligands whose effective dimensions match the distribution
The results in Table 1 clearly show that our structure-based of binding sites on the target protein.
design of pentavalent ligands leads to very significant affinity | summary, our modular approach has allowed for efficient
gains compared to the monovalent ligand. The best pentavalentsynthesis of large molecular weight protein ligands and, for the
ligand 13 shows an IG that is 10-fold better than galactose, first time, a systematic study of the effects of flexible-linker
the molecular moiety mostly responsible for the affinity of our |engths on the affinities of multivalent ligands. The design of
fingers to LT. The IG, of 13 approaches that of GM1-OS, the  myitivalent ligands on the basis of structural information appears
oligosaccharide portion of LT's natural receptor ganglioside more powerful in gaining ligand affinity than conventional
GM1MTo furth_erdlssect the effect of penta\{alent linkage rather approaches based on structurally less well-defined supports.
than that of linker structure, we synthesized compodd  Fyrther study of multivalent ligands based on our approach, such
ConSIStIng of both the flngel‘ and the linker modules. Compared as using higher aﬁinity finge%éand incorporating protein surface

to 14, ligand 13 shows more than Zéold gain in affinity, or recognitiorf into linkers, would provide even more insight into
2000-fold on a valency-corrected basis. In comparison, recently mytivalent proteir-ligand interactions.

reported GM1-OS derivatized dendrimers only exhibited a few
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" . A - the presence of various amountsl@f the measured molecular weights varied
In addition to demonstrating a large affinity gain by our fom 53057 kD. As a positive control for protein aggregation, a solution of

pentavalent ligands over the monovalent ligand, it is exciting to LT-Bs at 7.84M in the presence of the aggregating reagent chlorophenolred-
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