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Abstract

Progression of Alzheimer’s disease is associated with the development of protein 

deposits in the brain composed of -amyloid peptide. This peptide is known to aggregate and 

form amyloid fibrils, and the process of aggregation is associated with the toxicity of the 

peptide in vitro. To develop compounds that interfere with this process, a more detailed 

understanding of the binding of small molecules to the peptide is required. Therefore, we 

have developed a direct binding assay to determine the affinity of small molecules for -

amyloid. Additionally, the affinity of a panel of peptides related to the central hydrophobic 

domain of -amyloid was determined. Using this assay we find that ligands with high affinity 

in our assay are potent inhibitors of toxicity. 

Biological systems exploit multivalent presentation to enhance the affinity and 

specificity of many diverse interactions. Changes in apparent affinity due to multivalent 

presentation are responsible for the exquisite selectivity of antibodies. At the cell surface, 

multivalent interactions are important both for cell-cell recognition and for transfer of 

information to the interior of the cell. A common mechanism by which signal transduction is 

in initiated is through alteration of the proximity of cell surface receptors. Receptor clustering 

is an important initiating event in diverse systems such as bacterial chemotaxis, inflammatory 

response, and apoptosis. 

We hypothesized that synthetic multivalent ligands could provide access to new 

methods for systematic study of multivalent interactions. Studies to quantify a model receptor 

clustering event with multivalent ligands are described. Using the multivalent lectin 

concanavalin A (Con A), the effects of multivalent ligand structure on features of receptor 
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clusters such as the stoichiometry of the cluster, the rate of clustering, the proximity of the 

receptors and the apparent affinity of the interaction were studied. Representative ligands of 

several classes of organic molecules, including small molecules, dendrimers, polymers, and 

protein conjugates were used. Each of these classes was explored by variation of the number 

of binding sites for Con A. Each architectural class is shown to have distinct features and 

strengths. We find that linear polymers are the most efficient ligand architectures for 

promoting clustering of Con A. 
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It is a capital mistake to theorize before one has data. 

Insensibly one begins to twist facts to suit theories, instead of 

theories to suit facts. 

Sherlock Holmes, 

in Sir Arthur Conan Doyle’s A Scandal in Bohemia (1891).
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Chapter 1. Affinity-Based Inhibition of -Amyloid

Toxicity

Portions of this work are published in: 

“Affinity-Based Inhibition of -Amyloid Toxicity,” Cairo, C. W.; Strzelec, A.; Murphy, R. 
M.; Kiessling, L. L. , Biochemistry 2002, in press.

Contributions:

Cell viability assays shown in Table 1.3 were performed by A. Strzelec. 

Peptides were contributed by:

1.22, 1.27-1.33, 1.41, 1.44  - D. Weicherding 

1.34, 1.42, 1.43    - A. Strzelec 

1.26    - M. M. Pallitto  

1.14, 1.15    - J. Ghanta  
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1.1.1. Abstract 

 Strategies to interfere with protein aggregation are important for elucidating and 

controlling the pathologies of amyloid diseases. We have previously identified compounds 

that block the cellular toxicity of the -amyloid peptide, but the relationship between their 

ability to inhibit toxicity and their affinity for A  was unknown. To elucidate this 

relationship, we have developed an assay capable of measuring the affinities of small 

molecules for -amyloid peptide. Our approach employs immobilized -amyloid peptide at 

low density to minimize the problems that arise from variability in -amyloid aggregation 

state. We found that low molecular weight (700-1700 MW) ligands for -amyloid can be 

identified readily by using surface plasmon resonance. The best of these bound effectively (Kd

~10 M) to -amyloid. Several compounds with high affinity in our assay are inhibitors of 

amyloid toxicity. Therefore, our data support the hypothesis that ligands exhibiting greater 

affinity for the -amyloid peptide are effective at altering its aggregation and inhibiting cell 

toxicity. Additionally, our assay provides a high-throughput method for the identification of 

new ligands capable of inhibiting amyloid toxicity. 
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1.1.2. Protein aggregation 

Protein aggregation and amyloid plaque formation are implicated in the pathology of a 

number of disease states such as Huntington’s disease, familial amyloid polyneuropathy 

(FAP) and Alzheimer’s disease (AD) (Rochet and Lansbury, 2000; Sipe, 1992). The 

underlying processes that lead to aggregation in these diseases are poorly understood. In some 

cases, it is a matter of some controversy whether the formation of amyloid plaques plays a 

causative role or if it is merely symptomatic (Naslund et al., 2000; Selkoe, 1997). Regardless, 

the development of general strategies for interfering with protein aggregation could have 

enormous benefits for the development of therapies and the elucidation of the etiology of 

these diseases.

Alzheimer’s disease is a devastating neurodegenerative disorder currently affecting an 

estimated 4 million people in the United States (Evans et al., 1989). Amyloid plaques found 

in AD patients contain a 39-42 residue peptide, -amyloid (A ), that is highly prone to 

aggregation under appropriate conditions (Zagorski et al., 1999). The natural function of A

is unknown. The peptide is found in both the AD and the non-AD brain; however, in the 

disease state amyloid plaques containing A  are more abundant and are associated with 

neurodegeneration. A large body of evidence has suggested that the aggregation of A  to 

soluble oligomers or fibrils is important for the development of its toxic effects (Klein et al.,

2001; Koo et al., 1999; Lansbury, Jr., 1997; Pike et al., 1991; Selkoe, 1999). The findings that 

mutations associated with familial Alzheimer’s disease influence the in vivo concentrations of 

A  or its propensity to form amyloid fibrils provide strong support for the significance of A

aggregation (Selkoe, 1997). A  aggregation is an excellent model system for the development 
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of protein anti-aggregation strategies for several reasons: 1) the aggregating species, A , is 

readily available; 2) both in vitro and in vivo model systems for toxicity of the aggregates 

have been developed (Annaert and De Strooper, 2000; Games et al., 1995; Higuchi et al.,

1999; Janus et al., 2000; Shearman, 1999); 3) considerable structural data have been collected 

on this system (Serpell, 2000). The resulting compounds can be used to investigate the role of 

protein aggregation in the disease. These features render A  an excellent test case for 

evaluating general strategies to alter protein aggregation.

Progress in developing therapies for AD has been slow. Emerging approaches are 

focused on inhibiting the production of A  in the brain(Ghosh et al., 2000; Shearman et al.,

2000) or removing existing plaques (Bard et al., 2000; Schenk et al., 1999). An alternative 

strategy is to identify small molecules capable of binding A . These compounds could act by 

disrupting the formation of aggregates and altering aggregate structure, or by inhibiting 

interactions of A  with other receptors (Harkany et al., 2000; Lansbury, Jr., 1997; Moore and 

Wolfe, 1999; Soto, 1999; Thorsett and Latimer, 2000).   

We hypothesized that compounds with high affinity for A  would also serve as 

effective inhibitors of cellular toxicity. Although some inhibitors of toxicity have been shown 

to bind to A (Howlett et al., 1999a; Howlett et al., 1999b) a clear relationship between 

affinity for A  and inhibition of toxicity has not been established for any series of 

compounds. This fact is primarily due to the lack of a robust or standard binding assay. 

Therefore, we proceeded to establish a satisfactory method to directly compare the affinity of 

a series of compounds for -amyloid peptide. 
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1.1.3. Design of direct binding assay using SPR 

The direct binding assays reported to date for screening amyloid inhibitors require 

extrinsic dyes or the inclusion of either a fluorophore in the inhibitor(Kuner et al., 2000) or a 

radionuclide in A (Esler et al., 1997; Tjernberg et al., 1997). Measurements that employ 

extrinsic dyes are particularly susceptible to optical artifacts, such as absorbance overlap by 

ligands and light scattering due to fibril formation. All reported assays consume amyloid 

peptide for each experiment, and significant effort must be taken to ensure consistent sample 

preparation (Zagorski et al., 1999). Approaches that determine the affinity to a single 

preparation are advantageous and provide an opportunity to readily compare the activities of 

different compounds. These data could then be used to understand and optimize ligand 

activity.

We developed a new direct binding assay to identify small molecules that bind A .

Through such an assay we wished to identify potential inhibitors of amyloid toxicity. 

Additionally, the mechanism of known inhibitors could be probed and new small molecules 

that bind A  identified. We describe the development of a surface plasmon resonance (SPR) 

assay in which ligand binding to an immobilized form of A  can be readily detected.

SPR has been used previously to investigate A  interactions; however, these 

experiments were not designed to identify small molecule binding targets. Tjernberg and 

coworkers demonstrated a specific interaction of an immobilized peptide with full length 

A (Tjernberg et al., 1997). Other studies have focused on observing the growth of 

immobilized amyloid fibrils (Myszka et al., 1999). Neither of these general approaches is 

amenable to the screening of small molecules. Our strategy was to immobilize an easily 
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handled form of A , A (10-35) (Benzinger et al., 2000), to a carboxymethyl dextran matrix, 

and measure the solution affinity of small molecules to this surface. A major advantage of this 

arrangement is that the surface density can be manipulated to minimize the density of the 

binding target, which may also limit its aggregation and therefore increase reproducibility. 

Moreover, with SPR detection, no labeling strategy for A  is needed. Because a single 

surface is used for all experiments, there is no target variability between assays. Using this 

approach, we found that several compounds previously reported to prevent cellular toxicity 

are also high affinity ligands for A .
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Figure 1.1. Amyloid inhibitor design

The binding target for these studies is the A� peptide: 1) the full sequence of A�(1-40) is shown, 

and 2) a portion of the native sequence, A�(10-35), was used for SPR binding studies with C-
terminal modifications to allow specific immobilization. Homologous binding elements from the 

A�(1-40) sequence have been used by several researchers to design inhibitors of amyloid 

formation; the A�(16-20) region has been used most frequently. Some examples are depicted in 3-
6: 3) Tjernberg et al.(Tjernberg et al., 1996); 4) Ghanta et al.(Ghanta et al., 1996); 5) Soto et

al.(Soto et al., 1998); and 6) Findeis et al.(Findeis et al., 1999).
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1.2.1. Amyloid binding studies using CM5 Surfaces 

 To evaluate the affinity of ligands for A , we selected a surface that we 

expected to be compatible with our binding experiments. Our initial studies sought to 

determine whether a specific interaction between A  immobilized at low density and small 

molecules in the desired molecular weight range could be observed. To evaluate whether the 

necessary sensitivity could be achieved, we immobilized A (10-35) on a carboxymethyl 

dextran surface (CM5 chip, Biacore AB). We chose A (10-35) as the immobilized target due 

to its competence to bind to A (1-40) plaques and its consistent aggregation properties 

(Benzinger et al., 1998). Under appropriate conditions, A (10-35) has been shown to form 

aggregates of similar morphology to A (1-40) (Benzinger et al., 2000), and NMR studies 

suggest that structured aggregates of A (10-35) and A (1-40) are similar (Antzutkin et al.,

2000; Benzinger et al., 2000).

To generate the modified surface required for SPR, the target peptide was linked to the 

matrix using standard protocols for amide bond formation (O'Shannessy et al., 1992). 

Although this method does not require any modification of A , several amines within the 

peptide could react; consequently, it is likely immobilized in multiple orientations. 

Ethanolamine was coupled to a separate activated surface to produce a control lane. The 

modified surfaces were exposed to solutions containing either of two potential peptide 

ligands, the pentapeptide KLVFF, A (16-20), and the peptide VFFAEDVG, A (18-25)

(Figure 1.2.1). These peptides correspond to overlapping regions of the central hydrophobic 

domain of A , which contains key residues for A -A  self-association (Tjernberg et al.,

1996). Previously we reported that A (16-20), but not A (18-25), inhibits the cellular toxicity 
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of A (Ghanta et al., 1996; Pallitto et al., 1999). Our SPR experiments revealed that A (16-

20) interacted specifically with the immobilized target, but A (18-25) bound poorly. Full 

length A (1-40) and A (10-35) also bound specifically to immobilized A (10-35) (Figure 

1.2.2). Control proteins such as bovine serum albumin (BSA) did not bind well to the surface. 

These initial results suggested that specific interactions of ligands with A  could be detected 

using SPR. 
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Figure 1.2. Specific interactions with immobilized A�(10-35)

1) Sensorgrams from a flow cell containing a CM5 surface derivatized using amine coupling. 

Specific interactions were seen with the peptide KLVFF (1.1), VFFAEDVG (1.26) did not show a 

significant response (responses for all peptides at 1 mM concentration in HBS). 2) Amyloid 

sequences A�(10-35) and A�(1-40) bind to a CM5 surface derivatized with A�(10-35). Control 

experiments using BSA show negligible response. All proteins are at 50 �M concentration in HBS 

buffer.
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To confirm the presence of immobilized peptide on our surface, we attempted to 

characterize the resulting surface using surface IR techniques. Corn et al. have successfully 

applied polarization modulation Fourier transform infra-red reflection-absorption 

spectroscopy (PM-FTIRRAS) for studying the composition of self-assembled monolayers 

(SAM) on gold surfaces (Smith et al., 2001). Spectra obtained for CM5 surfaces with 

immobilized peptide were obtained (Figure 1.3.1), as well as spectra for an underivatized 

surface as a control (Figure 1.3.2).

These spectra were unsuitable for high-resolution characterization of the surface due 

to the high background absorbances of the carboxylated matrix. This is unsurprising 

considering that a single flow cell is 1 mm2 and should contain on the order of 2-5 pg/mm2 of 

immobilized peptide; meanwhile the surface area coated with carboxymethyl dextran is 1 

cm2. Additionally, it was observed that the intensity of PM-FTIRRAS measurements was 

highly variable due to ad hoc methods required for mounting a non-standard chip. The 

instrument mountings were designed for 3.0 cm2 chips, and the chips used for our 

experiments were 1.0 cm2, this resulted in variable angles of reflection, and therefore variable 

absorbances between chips. The high variability in the magnitude of these absorbances 

prevented background correction for the dextran. Therefore, only qualitative assessment of 

these experiments is warranted. The underivatized surface (Figure 1.3.2) shows absorbances 

at 1728 and 1660 cm-1 consistent with a hydrogen bonded C=O stretch of a carboxylic acid as 

expected. The derivatized surface (Figure 1.3.1) shows some additional features, although 

these are somewhat obscured by the absorbances of the carboxylated matrix. A new 

absorbance may be present at 1630 cm-1, consistent with an amide I stretch of a polypeptide. 

Amide II stretches should also be observed at 1560-1555 cm-1, however this region is 
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obscured. These data are therefore consistent with the immobilization of a polypeptide, but 

are not conclusive. 

Despite the success of our initial binding experiments, we were concerned that 

Coulombic interactions between charged peptides and the anionic CM5 surface could 

complicate the evaluation of some ligands. Therefore, to expand the utility of the assay, we 

selected a surface with different charge density characteristics. Additionally, we employed a 

selective immobilization chemistry to maximize the uniformity of the binding sites on the 

surface.
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Figure 1.3 PM-FTIRAS spectra of CM5 surface.

1) PM-FTIRRAS absorbance spectra for a CM5 surface with A�(10-35) immobilized using amine 

2
crosslinking (~2-5 pg/mm  in each cell). The surface of the chip contained two derivatized flow 

2 2
cells (1 mm  each) and the entire surface area of the chip was 1 cm . The chip was mounted on a 

2
larger blank gold surface (3.0 cm ). 2) PM-FTIRRAS absorbance spectra for a blank CM5 surface 

with no immobilized peptide. Note the difference in the magnitude of absorbances, as well as the 

appearance of all major peaks found for the surface containing immobilized peptide. 
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1.2.2. Amyloid binding studies using B1 surfaces 

The B1 surface (Biacore AB) is composed of a carboxymethyl dextran matrix with 

approximately 10-fold fewer carboxylate sites than the CM5 surface. To ensure orientation-

specific immobilization of the target, we introduced a C-terminal cysteine residue linked via 

an aminohexanoic acid (Aha) residue to the A (10-35) sequence (Figure 1.1.2).

The cysteine side chain enables selective covalent bond formation to the matrix 

through conjugate addition of a cysteine thiolate to a maleimide (O'Shannessy et al., 1992). 

To further reduce the likelihood of aggregation on the surface, we immobilized the target at 

low density. Thus, our conditions for surface modification are designed to minimize the 

immobilization of aggregates by using: 1) a truncated A  sequence; 2) orientation-specific 

immobilization chemistry; and 3) target attachment at low density. The resulting surface was 

treated with a high salt denaturant, 4 M guanidine-HCl at pH 8.0, before and after injections 

of potential ligands to promote conformational homogeneity and dissociate any bound 

ligands. When A (16-20) was exposed to this surface, specific binding was observed. 

Multiple injections of identical samples afforded highly reproducible responses. To test the 

reproducibility of this procedure, the immobilization protocol was repeated on a fresh sensor 

chip. This preparation gave similar ligand binding responses and affinity. Given the 

reproducible results obtained with the modified B1 surfaces, we explored the binding 

interactions of candidate ligands for A .
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Figure 1.4. Sensorgrams for compound 1.13.

 A representative set of binding data for KLVFFK  (1.13). All ten runs are overlaid for 6

concentrations at 3000, 2000, 1000, 700, 400, 300, 200, 100, 70, and 50 �M. The equilibrium 

response is determined as the average RU at 90% of contact time (430-440 sec) at each 

concentration. All sensorgrams have control lane data subtracted (subtraction artifacts at the 

start and end of each sensorgram have been removed for clarity).
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Figure 1.5. Binding isotherm of compound 1.13.

Equilibrium analysis of binding data for KLVFFK  (1.13). 1) Regression analysis of binding 6

affinity using the equilibrium values. Both single-site (eq. 1.1) and single-site with non-

specific term  (eq. 1.3) models are shown. 2) A linear transform of the equilibrium data for a 

Scatchard plot indicates heterogeneity in binding. 
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1.3. Peptide inhibitors binding to A (10-35)

To develop our method for determining the affinity of ligands for A , we examined 

the interactions of a well characterized inhibitor of toxicity, compound 1.13. This compound 

is known as a potent inhibitor of amyloid toxicity and is able to alter the aggregation pathway 

and morphology of amyloid (Ghanta et al., 1996; Pallitto et al., 1999). Therefore we 

performed experiments using this compound to determine a binding isotherm and examine the 

mechanism of binding. For these experiments, the compound was injected over the amyloid 

surface and allowed to reach equilibrium (Figure 1.4). We corrected all binding measurements 

for changes in bulk refractive index by using reference-subtracted response levels at 

equilibrium to determine the binding isotherm (Karlsson and Stahlberg, 1995). Replicates 

over a range of concentrations provided the binding isotherm, and these data were plotted 

(Figure 1.5). 

Initial examination of these data suggested that the binding of 1.13 did not follow the 

expected single site binding model (eq. 1.1). Additionally, examination of the same data using 

a Scatchard plot indicate that binding was heterogeneous, suggesting the presence of an 

additional binding site. Since a single site binding model was incapable of describing the data, 

we explored more complex models. The simplest model that introduces an additional binding 

site includes a single term for a second non-specific, or low-affinity, site (eq. 1.3). A slightly 

more complex model would include two new terms in order to describe an additional 

saturable binding site (eq. 1.4). The experiment shown in Figure 1.5 had been designed for 

increased throughput, and therefore we used a limited number (10 per compound) and range 

(10-3000 M) of concentrations. These conditions were designed to provide data able to 
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distinguish relative differences in affinity between compounds. To decide which model was 

more appropriate for analysis of the data, we first determined a more complete isotherm with 

a wider concentration range and more points. Additionally, we analyzed the binding of this 

and other compounds statistically to determine if use of the more complex binding model was 

appropriate. Experiments using an expanded concentration range (0.6-6000 M) and 

increased replicates (35 concentrations over three experiments) were performed in order to 

test for evidence of multi-site binding in the assay (Figure 1.6).  
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Figure 1.6. Detailed binding isotherm for compound 1.13.

1) Semilogorithmic plot of a binding isotherm for compound 1.13. The isotherm consists of 35 

concentrations over three separate experiments using the same surface. The concentration range is 

0.6-6000 �M. 2) The data were fit to several models: single site (eq. 1.1), single site with non-

specific binding (Single Site + ns, eq. 1.3), and independent two site binding (eq. 1.4). Parameters of 

the fits are shown including the sum of the squares of the residuals (SS) and the ratio of the SS to the 

single site model SS (F). 

Fit Results:

Eq. Name K R SS Fd max

_______________________________________________________________

1.1 single 120 +/- 10 123 4 2320 1.0
1.3 single+ns 100 10 110 6 1894 1.1
1.4 two site 16 6 41 8 785 3.0
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Examination of the fit in Figure 1.6 shows that using a two-site model (eq. 1.4) instead 

of a single-site model with a non-specific term (eq. 1.3) does provide a reduction in the sum 

of the squares of the residuals relative to the other models (Figure 1.6.2). Replotting the data 

in the form of a Hill plot gives a Hill coefficient of 0.9, consistent with non-cooperative 

binding sites (Figure 1.7). Although supportive of a non-cooperative second binding site, 

these results are not definitive and further investigation is required to confirm the validity of 

the independent two-site model. Interestingly, the saturation values (Rmax) determined from 

these fits suggests that if a second site is present, it has a different point of saturation. The 

tighter affinity site has a saturation value of 40 RU [10% Rmax(theoretical)], while the lower 

affinity site has a saturation value of 100 RU [30% Rmax(theoretical)]. Because the mass of the 

peptide is invariant, the predicted saturation values in an ideal two-site interaction should be 

equivalent (eq. 1.2). Therefore, if this model is appropriate it suggests that there are two sites 

of different population on the surface. 

Examination of the binding isotherms of other compounds screened for binding to 

amyloid also revealed that a two site model was not appropriate for the series of compounds 

in Table 1.3. Compounds 1.13-1.25 had been used to test for affinity on the same surface 

using a range of 50-3000 M. We fit these data with all three binding models to assess the 

ability of the model to describe multiple compounds. We found that using the single site 

model with the addition of the non-specific term (eq. 1.3) was able to reduce the residual sum 

of the squares (F = SSi/SSii) by 4-30 fold. Treatment of these data with the independent two-

site model did improve the fit for 1.13, however no other compounds showed an improvement 

in F (Table 1.1). Therefore, we used eq. 1.3 to analyze data from our assay. We discuss the 

potential origins of binding site heterogeneity in Section 1.5. 
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Table 1.1. Analysis of binding model for compounds 1.13-1.25. 

Compound Fns (eq. 1.1 vs. eq. 1.3) F2 (eq. 1.3 vs. eq. 1.4) 

1.13 4.9 14 

1.14 31 3.7 

1.15 4.9 1.3 

1.16 3.5 1.2 

1.17 25 1.3 

1.18 1.0 1.0 

1.19 1.0 1.0 

1.20 1.0 1.0 

1.21 10 6.5 

1.22 17 1.9 

1.23 7.8 7.3 

1.24 1.0 1.0 

1.25 1.4 1.6 
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Figure 1.7. Hill Plot for compound 1.13.

Hill plot of data shown in Figure 1.6 to test for cooperativity between sites. The hill 

coefficient for the plot is n=0.9. A value of 1.0 suggests no cooperativity [free ligand 

concentration (F), bound ligand concentration (B)].

Fit:
y=0.9x+3.5
r ²=0.946
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1.4.1. Affinities of peptide ligands for A

We analyzed binding isotherms for compounds 1.13-1.25 using eq. 1.3 (Figure 1.5). 

The Kd values determined from our analysis are summarized in Table 1.3. Compound 1.13

(KLVFFK6) is an effective ligand for A  (Kd = 40 M). This result indicates that a peptide 

domain lacking direct homology with A  can play a significant role in binding. The increased 

affinities of sequences bearing lysine residues are not due to non-specific Coulombic 

interactions of KLVFFK6 with the surface, as the affinities of compounds 1.17-1.20 and 1.22

indicate. Comparison of the affinities of compounds 1.13, 1.14, and 1.15 reveals that 

increasing the number of lysine residues from 4 to 6 does not afford more potent ligands. The 

position of the positively charged residues has a critical influence on A  affinity. Placement 

of the positively charged residues close to position 20, as in 1.17, gives rise to the most potent 

ligand of the four isomers. Placing the lysines three residues apart from the 16-20 region with 

intervening negatively charged residues (1.18) reduces the affinity by as much as 14-fold. 

Placement of positive charge at the N-terminus of the 16-20 sequence, as in 1.16, results in 

lower activity than that of compounds 1.13-1.15. These measurements support that affinities 

measured in this assay are interacting with the immobilized A (10-35) peptide. The 

observation that interactions of positively charged peptides have positional requirements 

strongly supports that observed binding is not an artifact of the negatively charged matrix. 

With a method in place to analyze the affinity of candidate ligands, we examined 

several different classes of ligands including peptides and small molecules. First, we 

examined variants of A (16-20), which contained different aromatic side chains (Table 1.2). 

In these variants, one or both of the phenylalanine residues is substituted with tyrosine, 
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tryptophan, or histidine residues. Residues 19 and 20 have been shown previously to be 

important for plaque formation (Hilbich et al., 1992), and we sought to determine if these 

interactions contribute to binding. Second, we tested peptides related to the KLVFFK6

sequence, 1.13, in which the C- and N-terminal sequence was varied (Tables 1.3 and 1.4). We 

demonstrated previously that 1.13 was a more potent inhibitor of A  toxicity than was 

KLVFF (1.1) (Pallitto et al., 1999). Thus, compounds designed to explore the importance of 

the lysine side chains in binding were assayed. Several small molecules previously reported to 

have effects on the aggregation or biological activities of A  were also tested, including 

Congo red, rifampicin, melatonin, and the pentapeptide, LPFFD (Soto, 1999).  

1.4.2. Pentapeptide KLVxx compounds.

In the case of pentapeptide ligands, we found that these compounds had universally 

low-affinity for immobilized A . Due to these low responses, we obtained only approximate 

determinations of affinity using a single-site model (eq. 1.1) by assuming the curves would 

reach a similar plateau. The relative affinity of these compounds could be compared using this 

method due to their similar mass and structure. This method is similar to that employed in 

other studies that determined the relative affinities of related compounds (Frostell-Karlsson et 

al., 2000). It provides only a relative assessment of binding and should not be directly 

compared to dissociation constants. Additionally, the results from this analysis (Table 1.2) 

were similar to those obtained using graphical extrapolation methods for determining relative 

affinities (Klotz and Urquhart, 1948). 
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A series of variants of the KLVFF sequence were tested in the SPR assay. Truncation 

of the C-terminal phenylalanine (1.2) reduces affinity by approximately 10-fold. The D-amino 

acid sequence klvff (1.3) bound with similar affinity as 1.1, as might be expected from 

previous reports (Findeis et al., 1999; Tjernberg et al., 1997). Substitutions of tyrosine at 

either the 19 or 20 position (1.4, 1.5) did not alter the affinity; however, replacement of both 

phenylalanines with tyrosine (1.6) was detrimental. Substitution of histidine in position 19 

(1.8), but not 20 (1.7), led to a substantial loss of binding; nevertheless, a double histidine 

substitution (1.9) partially restored binding. Substitution of tryptophan for phenylalanine 

residues gave mixed results. The sequence with a tryptophan residue at position 20 was less 

potent (1.10). When the analogous change was made at position 19 (1.11) or when 

substitutions were made at both positions (1.12), the resulting peptides afforded Req levels 

well above the theoretical Rmax at high concentrations. This finding suggests that these 

peptides may aggregate in solution at high concentrations. Thus, the data from these 

compounds cannot be analyzed using a theoretical Rmax. Still, the results demonstrate that 

compounds that interact by different mechanisms may be identified by this method.  

Among the tetrapeptide and pentapeptide ligands screened, no sequences were found 

with greater potency than the original A (16-20) sequence, KLVFF. It has been observed 

previously that this ligand is capable of altering A  aggregation and toxicity (Ghanta et al.,

1996; Pallitto et al., 1999; Tjernberg et al., 1996). We sought to determine if substitutions of 

the aromatic side chains might give rise to sequences with altered affinities. Compounds 1.1-

1.12 all contained minor permutations of the A (16-20) sequence (Table 1.2). Because these 

variants bound weakly to immobilized A , only their relative binding abilities could be 
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evaluated. Many variations of the aromatic residues resulted in decreased binding relative to 

1.1 (KLVFF). These data indicate that the phenylalanine residues contribute to the ability of 

the KLVFF sequence to bind A  Sequences with conservative changes at these positions, 

however, retain activity. Still, we were unable to find more potent sequences with standard 

amino acid substitutions. Our results suggest that peptidomimetic strategies are required to 

discover more potent analogs.  



27

Table 1.2. SPR results from steady state affinity determinations of pentapeptide ligands 

Compound Sequence Krel(mM)
a

±SE

1.1 KLVFF 1.4 0.9 
1.2 KLVF 12 8 
1.3 klvff 1.0 0.6 
1.4 KLVFY 1.6 0.6 
1.5 KLVYF 2.4 1.6 
1.6 KLVYY 6 2 
1.7 KLVFH 4 3 
1.8 KLVHF ND b

1.9 KLVHH 4 2 
1.10 KLVFW 7 3 
1.11 KLVWF ND c

1.12 KLVWW ND c

a
 Values reported were determined by fitting equilibrium values to a single site model 

and assuming the theoretical Rmax as described in Materials and Methods (eq. 1.1, 
Section 1.8.2). Error is reported as the standard error of the fit.   

b
 Krel could not be determined due to insufficient response levels.

c
 Krel could not be determined due to equilibrium values exceeding theoretical Rmax.

1.4.3. Composite peptides with charged domains. 

We reported previously that composite peptides containing short sequences composed 

of hydrophilic amino acids appended onto the A (16-20) fragment are effective at inhibiting 

A  toxicity (Ghanta et al., 1996; Lowe et al., 2001; Pallitto et al., 1999). The affinity of these 

composite sequences (comprising an A  recognition element appended to a more hydrophilic 

sequence) for A  is enhanced by positively charged residues at the C-terminus (Table 1.3). 

The differences in affinity between the composite sequences containing additional lysine 

residues, compounds 1.13-1.18, reveal that the improvements in activity are due to the 

specific interactions of the C-terminal lysine residues with A . The placement of the lysine 
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residues within a sequence greatly influences its binding affinity for the target. We postulate 

that these residues engage in complementary Coulombic interactions with negatively charged 

residues in the target sequence (e.g. E22 and D23). In accord with this model, the arginine-

containing peptide 1.21 bound to immobilized A  with an identical affinity to its lysine-

substituted counterpart 1.13.

The increased affinities of compounds 1.13, 1.14, and 1.21 for A  relative to KLVFF 

may be due to the binding of these peptides in a parallel -sheet mode. Parallel as well as 

anti-parallel binding modes have been invoked for assemblies of A -derived sequences 

(Antzutkin et al., 2000; Balbach et al., 2000; Benzinger et al., 2000; Egnaczyk et al., 2001; 

Rochet and Lansbury, 2000), suggesting that the specific sequence investigated might 

determine the binding mode. Additionally, cross -sheet interactions involving charge-charge 

interactions can be exceptionally favorable (Smith and Regan, 1995). The lysine residues of 

compounds 1.13 and 1.14, for example, could make favorable contacts with residues E22 and 

D23 within the target in the parallel mode. The arginine residues within peptide 1.21 would 

be expected to interact similarly. Interestingly, such contacts for compound 1.16 would only 

be accessible through an anti-parallel binding mode, and compound 1.14 binds more tightly to 

A  than does 1.16. Further characterization of the binding modes for different peptides will 

facilitate the optimization of A  ligand structure. 

The finding that the highest affinity compounds indicate a synergistic contribution of 

the hydrophobic recognition element (LVFF) and a positively charged sequence (oligo-lysine 

or -arginine) provides new directions for improving the affinity of A  ligands. The results 

suggest new sites for interaction that can be used to generate compounds that make multi-
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point contacts with A . In addition, composite sequences that contain recognition elements 

beyond the KLVFF sequence can bind with high affinity.

The data for Congo red (1.25) indicate that the SPR assay can report on the affinities 

of non-peptidyl small molecules for A . Additionally, the interactions of Congo red with 

immobilized A  measured here provide indirect evidence for site isolation of the A  target on 

the surface (Table 1.3). Congo red has been reported to interact with both monomeric A  and 

fibrillar aggregates (Podlisny et al., 1998). Our experiments with immobilized A  result in a 

substantially weaker affinity for Congo red than that reported for binding to aggregated fibrils 

(Han et al., 1996). Thus, the affinity of a ligand can be highly dependent upon the aggregation 

state of the target. This result highlights the advantages of our surface-based approach, and its 

potential to determine binding affinities for specific aggregation states.  

Arginine-containing compound 1.21 was tested to determine the potency of 

compounds that incorporate positively charged residues other than lysine. These compounds 

possess activity similar to that of the lysine-containing compound 1.13, suggesting that 

appending other positively charged sequences can afford compounds that exhibit 

enhancements in affinity relative to KLVFF. To examine the effects of altering the A (16-20)

region in the context of a composite sequence, compounds 1.23 and 1.24 were tested. The 

activity of compound 1.23 is similar to that of 1.13; however, 1.24 is less potent than might be 

expected from the relative activity of 1.10.

Measurements of the affinities of several small molecules previously reported to alter 

fibrillogenesis and in vitro neurotoxicity were also conducted. We observed insignificant 

response levels (below 10 RU) for melatonin, rifampicin, and the peptide sequence LPFFD. 
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Congo red, however, did bind effectively to immobilized A  in this assay. It was found to 

have reasonable affinity, although lower than that reported for aggregated A  (Table 1.3).

Table 1.3. SPR results from steady state affinity determinations 

Compound Sequence Kd ( M) 
a

SE %Viability
f

1.13 KLVFFKKKKKK 40 9 88 c

1.14 KLVFFKKKK 37 5 78 c

1.15 KLVFFKK 80 40 72 c

1.16 KKKKLVFF 180 80 60 
1.17 KLVFFKKKEEE 90 10 69 
1.18 KLVFFEEEKKK  1300 600 62 
1.19 KLVFFEKEKEK  300 160 66 
1.20 KLVFFKEKEKE  ND b  62 
1.21 KLVFFRRRRRR 40 10 92 
1.22 KKKKKK 400 200 64 
1.23 KLVWWKKKKKK 40 10 85 
1.24 KLVFWKKKKKK 65 10 74 
1.25 Congo Red  38 8 NA d

1.26 VFFAEDVG ND   NA e

a
 Affinity was determined using eq. 1.3, as described in Materials and Methods 

(Section 1.8.3). Error is reported as the standard error of the fit. Kns values were 

typically near 70 M.

b Kd could not be determined due to insufficient response levels.

c
 From Lowe, T. et al. (Lowe et al., 2001).  

d
 From Klunk, W. et al., viability was recovered using 20:1 molar ratio of Congo red 

to A (25-35) (Klunk et al., 1998).   

e
 From Ghanta, J. et al., viability was unchanged from control A (1-39) in PC12 cells 

(Ghanta et al., 1996). 

f
 Untreated A  samples gave 59% viability. The standard deviation in all cell viability 

measurements is 2%. Viability experiments were performed as described in 
Materials and Methods unless otherwise noted. 
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1.4.4. Alanine replacements within KLVFF. 

With a satisfactory method of measuring affinity for -amyloid, we set out to explore 

structure-activity relationships. The data in Table 1.2 suggest that small peptides would 

provide inadequate response levels for affinity measurements. However, considering the 

positive results found in Table 1.3 we reasoned that peptides with appropriate characteristics 

could be used to ascertain new insights into the requirements for binding to the amyloid-

derivatized surface. Several characteristics are apparent from the tight-binding peptides 

already studied: the sequences tend to have more than seven residues, they tend to have a net 

positive charge, and they require both a hydrophobic element and a charged element. With 

these requirements in mind, we set out to examine additional parameters such as 

stereochemical presentation of the sidechain, the inclusion of negatively charged elements, 

and modifications of the hydrophobic elements. 

Our initial studies using pentapeptide ligands (compounds 1.1-1.12) were directed at 

determining the requirements for binding of the aromatic region of the KLVFF sequence. 

Those studies suggested that alteration of the C-terminal phenylalanine position (residue 20 of 

-amyloid) is severely detrimental to binding. Even conservative replacement with aromatic 

residues (Tyr, His) results in decreased binding. It remained to be established, however, what 

effect alterations of other hydrophobic residues in the sequence would have. We synthesized a 

set of peptides with alanine replacements of all residues within the 16-20 sequence 

(compounds 1.27-1.31). Additionally we explored the polarity requirements of position 16 by 

using both serine (1.32) and glutamic acid (1.33) replacements. 
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Table 1.4. SPR results from steady state affinity determinations 

Compound Sequence Kd ( M) 
a

SE

1.27        KLVFAKKK 2000 4000 
1.28        KLVAFKKK 210 120 
1.29        KLAFFKKK 90 30 
1.30        KAVFFKKK 130 40 
1.31        ALVFFKKK 100 20 
1.32        SLVFFKKK 140 90 
1.33        ELVFFKKKK 4000 30000 
1.34         LVFFKKK 200 80 
1.35        klvffkkkk 110 50 
1.36           ffvlkRRRRRR 7 5 
1.37    kkkkklvff 60 20 
1.38       kkkkffvlk 19 3 
1.39           ffvlkYGRKKRRQRR 50 10 
1.40        KLVFFYGRKKRRQRR 40 10 
1.41      EKELVFFKKK ND b

1.42 KKKKKKKKLVFF 100 40 
1.43        KLVFFEEEE ND b   
1.44     EEEELVFFK ND b

a  Affinity was determined using eq. 1.3, as described in Materials and Methods 
(Section 1.8.3). Error is reported as the standard error of the fit. Kns values were 

typically near 70 M.

b  Kd could not be determined due to insufficient response levels.

The alanine replacements of the 16-20 region confirmed our previous observations 

using pentapeptide ligands containing substitutions at the aromatic region. In those studies, 

we observed that truncation of the C-terminal phenylalanine reduced affinity by an order of 

magnitude. Using alanine substitutions in this series, we observe a similar effect: replacement 

of the C-terminal phenylalanine reduced affinity by as much as 50-fold (relative to 

KLVFFKKKK, 1.14). Substitution of alanine at the 19 position provided an approximately 5 

fold loss of affinity (1.28). Replacement of leucine (1.30) and valine (1.29) also reduced the 
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measured affinity, however this change was no more than a two-fold reduction. The N-

terminal position of the sequence appears to favor positively charged lysine over either 

alanine (1.31), serine (1.32), or glutamic acid (1.33) replacement. Truncation of the N-

terminal position is also detrimental (1.34), and reduces affinity by as much as five-fold. 

These data reinforce several features of peptide binding interactions for this system. 

Again, we observe that the phenylalanine residues (positions 19 and 20) are essential for 

binding, and the C-terminal position is the more critical of these two. Additionally, the 

hydrophobic residues leucine and valine are important for binding, even a conservative 

change of these residues to a smaller hydrophobic residue, alanine, showed measurable 

decreases in affinity. The N-terminal position appears to require a positive charge, as 

truncation or modification at this position reduces affinity. 

1.4.6. D-Amino acid sequences. 

To explore the effects of stereochemical modifications on affinity, we synthesized 

inverso and retro-inverso peptides containing the KLVFF motif and a positively charged 

element (Chorev and Goodman, 1993; Fletcher and Campbell, 1998). In our previous studies 

using L-amino acid sequences we found that positively charged residues placed at the C-

terminus (1.13, 1.14, 1.21) of the KLVFF region were more favorable than placement at the 

N-terminus (1.16, 1.42). Therefore, we constructed several variations of these sequences in 

order to determine the best placement of the positively charged element. Sequences with the 

same order of residues, but containing all-D-amino acids were used to construct inverso 

sequences 1.35 and 1.37. Additional sequences were synthesized with a reversed order of all 

D-amino acids to construct retro-inverso peptides 1.36, 1.38, 1.39. Affinity measurements of 
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these peptides reveal that inverso peptides favor positively charged residues at the N-

terminus, and retro-inverso peptides tolerate positive charges at both termini (Table 1.4).  

These results may indicate that alternative binding modes are possible for these 

modified sequences. Previous experiments that appended residues to the KLVFF motif (Table 

1.3) were consistent with a parallel -sheet binding mode, which required 2-3 positively 

charged residues at the C-terminus and adjacent to the aromatic residues. Here, we find that 

this preference is reversed for the inverso sequences (1.35, 1.37), and the retro-inverso 

sequences tolerate both N-terminal and C-terminal positive charge (1.36). It is clear that these 

results are not consistent with a parallel N C alignment of the sequences, in contrast to what 

is hypothesized for the previous sequences. Rather, these results may be rationalized by 

considering the orientations of the pair of phenylalanine residues in each sequence. If the 

sidechain orientations are maintained in these interactions, then the similar affinity of these 

ligands suggests that interactions between the amide backbones are not critical for binding 

(Figure 1.8). This model would predict that positive charges would be favorable at the N-

terminus of both inverso and retro-inverso sequences. This is consistent with the measured 

affinity of the inverso sequences. The retro-inverso sequences tolerate both arrangements 

well; therefore, these sequences are also consistent with the model. 

The critical nature of aromatic-aromatic interactions suggested by this model of 

binding is consistent with our previous results as well as those from other groups. 

Modifications of phenylalanine residues within the amyloid sequence are known to alter 

aggregation and conformational properties of the peptide (Esler et al., 1996; Janek et al.,

2001). Studies of amyloid binding to immobilized small molecules also suggests that 

phenylalanine interactions are essential for binding (Tjernberg et al., 1996; Tjernberg et al.,
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1997). We find that alanine substitutions of these residues within eight residue inhibitors are 

most detrimental, leading to as much as a 50-fold reduction in affinity. In our studies of 

pentapeptides, truncations of aromatic residues were the most destructive to binding 

interactions. Aromatic interactions are well known as important elements of protein structure, 

and have been proposed to be essential for amyloid aggregation (Gazit, 2002; McGaughey et 

al., 1998; Scrutton and Raine, 1996). Our observations here reinforce the importance of the 

central hydrophobic domain of A (1-40), and in particular the aromatic residues of this 

region appear to be extremely important for self-recognition of the peptide. 



N
H

H
N

N
H

H
N

OH

O

O

O

OO

H2N

R3 R5R1

R2 R4

N
H

H
N

N
H

H
N

OH

O

O

O

OO

H2N

R3 R5R1

R2 R4

N
H

H
N

N
H

H
N

OH

O

O

O

OO

H2N

R3 R1R5

R4 R2

H
N

N
H

O

O

R2

R1

O

R3

H
N

N
H

O

O

R2

R3

O

R1

H
N

N
H

O

O

R2

R1

O

R3

N
H

H
N

O

O

R2

R1

O

R3

H
N

N
H

O

O

R2

R3

O

R1

36

Figure 1.8. Binding model for retro-inverso peptides.

Structures of 1) an L-amino acid peptide, 2) a D-amino acid retro peptide, and 3) a D-amino acid 

retroinverso peptide. To orient both D-amino sequences to mimic the presentation of R  and R  in 1 2

the L-amino acid sequence (4). 5) Rotation of the peptide backbone presents R  and R  sidechains, 1 2

but results in a reversal of the peptide backbone, and exchange of R  and R . 6) Reversal of the 1 2

peptide backbone results in alignment of R  and R  similar to the L-amino acid configuraion, but 1 2

again reverses the backbone. 

1)

3)

2)

4)

5)

6)
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1.4.7. Alternative charged domains. 

To further explore the requirements of charged residues in amyloid binding peptides, 

we synthesized sequences with both positive and negative charged elements. Our previous 

work had suggested that positive charged residues (lysine or arginine) were favored when 

positioned C-terminal to the KLVFF motif. Therefore, we synthesized sequences containing 

alternative positively charged elements. For compounds 1.39 and 1.40, we employed the 

cationic protein transduction domain from HIV TAT protein (Mi et al., 2000; Schwarze et al.,

1999). These peptides could have potential in vivo applications due to their ability to 

penetrate cell membranes. These peptides showed similar affinity to compounds able to 

inhibit amyloid toxicity. Unfortunately, cell viability experiments with both of these 

compounds suggested that the peptide itself was toxic to cells. Experiments with PC12 cells 

showed that compound 1.40 at concentrations used for our assays (25 M) reduced cell 

viability to 75 ± 9% and compound 1.41 reduced cell viability to 87 ± 6%. Therefore these 

compounds could not be used for biological experiments. 

To determine the length requirements of the charged domain, we studied different 

length polylysine domains. Extended polylysine sequences at the N-terminus (1.42) failed to 

improve affinity over shorter sequences at the same position (1.16). Peptides with a net 

negative charge did not provide measurable responses in our binding assay. We tested 

sequences containing multiple glutamic acid residues at both the N- and C-termini of the 

KLVFF motif (1.42, 1.43), and found that both peptides failed to show any response. This 

result may be due to the characteristics of the surface used for binding studies. The surface 

consists of a negatively charged dextran matrix, and therefore the partitioning of net negative 
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peptides into this material will be unfavorable. Therefore, these data suggest a notable 

limitation to our assay design. 

1.4.8. Structure activity relationships for binding to A -derivatized surfaces. 

The structure activity relationships determined here provide the most detailed model 

of the binding interactions of -amyloid presented to date. With the advent of a medium-

throughput direct binding assay, we have been able to determine the structural requirements 

for high affinity binding. Further studies will be required to uncover the detailed mechanisms 

of activity, and a more defined structural model for these interactions. Still, our data still 

provide a useful empirical description of the requirements for small molecule binding to 

immobilized -amyloid peptide. 

We find several important characteristics for tight binding ligands in our assay. First, 

the presence of two neighboring aromatic groups (either phenylalanine or tryptophan) is 

essential for binding. Replacements using tyrosine or histidine are generally detrimental. The 

combination of effective aromatic and charge interactions in putative ligands also appears to 

be essential. Charged domains appear to be the most effective when located at the C-terminus 

of the KLVFF motif, and can consist of either arginine or lysine. These domains should be of 

at least 2 residues in length, however longer sequences sometimes improve affinity. 

Alteration of either of these key elements in a peptide ligand appears to prevent effective 

binding in virtually all cases studied here. 
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1.5. Designing peptide inhibitors for distinct oligomerization states 

Our analysis of the data suggests that there is an additional class of binding sites found 

on the prepared surface. What are the potential causes of this additional interaction? Given 

our selective immobilization strategy, it is unlikely that multiple orientations of the A  target 

are responsible for the observed heterogeneity. We propose that the observed heterogeneity 

arises from an additional independent binding site contained within the immobilized sequence 

or due to the presence of aggregates. Multiple binding sites within the peptide itself have been 

detected previously in studies that examined the binding of radiolabeled A (1-40) to short 

homologous peptides (Tjernberg et al., 1996). In addition to identifying the primary A  self 

recognition sequence as A (16-20), a secondary site was also found within the A (24-34)

sequence. We suspect that this region could provide an additional weak-binding site within 

the immobilized peptide that accounts for the observed heterogeneity.  

An alternative proposal also presents itself in light of the unusual saturation values 

observed for the two-site model (Figure 1.5). Two separate classes of sites could be present 

on the surface, and differences in populations between these sites could provide disparate 

Rmax values. This heterogeneity of the surface could be accounted for by several possibilities, 

including the presence of alternate conformations or immobilization of different 

oligomerization states. Considering the aggregation-prone nature of the immobilized peptide, 

we favor the presence of a quantity of -amyloid oligomers on the surface. Although we 

designed our conditions for immobilization to avoid the inclusion of oligomers, these data 

would be consistent with their presence.
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If this analysis is correct, it implies that the binding assay is capable of determining 

the affinity for separate states of oligomerization. In the current configuration, this appears to 

be possible on the same surface; however, it is unclear what aggregation state can be assigned 

to particular sites from the binding isotherm. Comparison of our affinity measurements using 

Congo red to those performed with aggregated fibrils suggests that this compound binds 

tighter to higher aggregation states (Han et al., 1996). Therefore, we hypothesize that the low 

affinity site found here is due to monomeric -amyloid, and the high affinity site is due to -

amyloid dimers or small oligomers (Harper et al., 1997; Koo et al., 1999; Walsh et al., 1997). 

This possibility is particularly interesting considering that we have found our surface 

preparations to be consistent over separate experiments and stable over long periods of time. 

Therefore, the configuration of our assay may provide a simple means to immobilize and 

study the binding interactions of separate oligomeric species. 

Reconsideration of our initial binding studies also lends support to the presence of 

multiple classes of sites on the surface. Tabulation of the saturation values fit from the 

binding isotherms of compounds in Tables 1.3 and 1.4 show a non-uniform distribution of 

these values. The majority of compounds (65%) have saturation values between 5-15% of the 

theoretical saturation (normalized for the mass of each peptide), the remaining compounds 

have values between 20-40% of saturation (Figure 1.9). The measured Rmax values do not 

appear to correlate with affinity (Figure 1.9). The range of observed Rmax values may indicate 

that certain compounds have an intrinsic selectivity for a particular aggregation state found on 

the surface. 
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Figure 1.9. Distribution of R  values.max

1) Semilogorithmic plot of R  values vs. measured affinity. 2) Histogram of R  values from max max

binding data in both Tables 1.3 and 1.4. Values have been normalized to the molecular weights of 

each compound, and are calculated as percent of theoretical (using eq. 1.2). 
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Results from several laboratories suggest that specific states of aggregation are 

responsible for amyloid toxicity (Harper et al., 1997; Koo et al., 1999; Walsh et al., 1997). 

Specifically, small amyloid oligomers (dimers to tetramers) appear to be early species in the 

process of aggregation. These oligomeric species (also known as -amyloid derived diffusible 

ligands, or ADDLs) have been proposed to be the relevant toxic species in AD (Klein et al.,

2001; Koo et al., 1999). These oligomers have been observed by a variety of techniques 

including atomic force microscopy (Harper et al., 1997), transmission electron microscopy 

(Ward et al., 2000), and size exclusion chromatography (Pallitto and Murphy, 2001; Shen et 

al., 1993; Tseng et al., 1999; Walsh et al., 1997).

Until recently the association between soluble oligomers and amyloid toxicity was 

relatively obscure. In vitro and in vivo data is consistent with ADDLs being neurotoxic (Koo

et al., 1999; Walsh et al., 2002). However, evidence that ADDLs are present in the AD brain 

is still lacking. Murphy and coworkers have developed the most detailed in vitro model of the 

amyloid aggregation pathway to date. The model is based on size exclusion chromatography, 

dynamic light scattering, and static light scattering (Pallitto and Murphy, 2001). This 

development was facilitated by conditions that provide a homogeneous preparation of 

monomeric peptide as a starting point for aggregation experiments. The model suggests that 

formation of intermediate aggregates, referred to as filaments, associate to form amyloid 

fibrils. Murphy et al. have shown that this model is able to predict several elements of the in

vitro aggregation event, more importantly, these authors have been able to exploit the model 

to develop conditions in which particular intermediate species predominate. This development 

will be particularly useful for testing the in vitro toxicity of such species.
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This model of toxicity inhibition is counterintuitive, and contrary to the accepted 

strategy of aggregation inhibition. Considering the aggregation models refined by Murphy et

al. and studies of peptide inhibitors of toxicity by Murphy and Kiessling et al., it becomes 

clear that acceleration of aggregation is a viable strategy for designing new inhibitors of 

toxicity (Ghanta et al., 1996; Pallitto et al., 1999). As discussed above, we propose that the 

surfaces we have used for these studies are capable of harboring stable -amyloid oligomers. 

Conceivably, immobilization conditions could be developed for particular oligomerization 

states of interest. In this way experiments could be performed that measure the affinity of 

compounds for separate oligomerization states. The identification of compounds that could 

selectively target intermediate species would be invaluable for both in vitro and in vivo

studies of AD. 

1.6.1. Biological activity of peptide inhibitors. 

Several biological models are used to test the ability of potential ligands to alter the 

toxicity of -amyloid. Two critical components of any assay are the choice of the biological 

model and the conditions used to produce toxic aggregates. The most common tissue culture 

models used in the literature are rat neuronal cells (PC12) and human neuroblastoma cells 

(SH-SY5Y) (Li et al., 1996; Shearman et al., 1994). Several labs developing small molecule 

inhibitors of amyloid toxicity have employed these models (Ghanta et al., 1996; Lowe et al.,

2001; Pallitto et al., 1999). Toxicity is assessed by determining the activity of the cell 

mitochondria after challenge (Shearman et al., 1994). A decrease in MTT reduction, which 

indicates loss of mitochondrial function, is an early indicator of A -mediated toxicity 
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(Shearman et al., 1994). We have previously used this assay to show that compounds related 

to 1.13 are effective inhibitors of A  toxicity (Ghanta et al., 1996; Lowe et al., 2001; Pallitto

et al., 1999). Several conditions are available for the preparation of toxic amyloid, for our 

studies we have used dissolution of the peptide with small concentrations of a strong acid, 

trifluoroacetic acid (TFA) (Shen and Murphy, 1995). 

The ability of 1.13 to prevent amyloid toxicity has been previously characterized using 

this assay in both PC12 and SH-SY5Y cells (Ghanta et al., 1996; Lowe et al., 2001; Pallitto et 

al., 1999). We used the PC12 cell model to further characterize the activity of compounds 

1.13 and 1.23. We first tested the ability of both compounds to prevent the toxicity of A  at 

1:1 molar ratios of A  to inhibitor (Figure 1.10.1). We found that both compounds were able 

to inhibit toxicity, and our results were consistent with previously published studies (Ghanta

et al., 1996; Lowe et al., 2001; Pallitto et al., 1999). Additionally, we confirmed that this 

effect was dose-dependent by repeating the experiment with reduced concentrations of the 

inhibitor peptide (Figure 1.10.2). The inhibition of toxicity was dose-dependent and treatment 

of these data as an IC50 gives an approximate value of 0.001 equivalents inhibitor to amyloid.  

Although we were able to observe that peptide inhibitors such as 1.13 are able to 

prevent the formation of toxic amyloid aggregates, we also wanted to test if these same 

compounds could reverse the toxicity of already formed aggregates. Therefore, using identical 

conditions as above, we prepared toxic amyloid aggregates and used inhibitors to reverse 

toxicity (Figure 1.11). For these experiments we first aggregated an amyloid sample for 48 h 

at 37 ºC. The sample was then allowed to incubate for another 48 h at 37 ºC. Importantly, for 

the second portion of the incubation, peptide inhibitors were added either 24 or 48 h prior to 
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the end of the incubation. Therefore, recovery of toxicity relative to control should be an 

indication of the ability of the peptide inhibitor to reverse the toxicity of amyloid aggregates. 

We observed that compound 1.13 was able to reverse toxicity with 24 or 48 h of exposure to 

the aggregates. Compound 1.23 was also able to reverse toxicity with 48 h of incubation. 



Figure 1.10. Prevention and concentration dependence of toxicity.

1) To test the biological activity of some tight binding ligands for A�, PC12 (rat neuronal) cells were 

challenged with aggregated A� in the presence and absence of peptide inhibitors. Co-incubation of 
both compounds 1.13 and 1.23 during aggregation inhibits amyloid toxicity. Amyloid was 
dissolved initially in 0.5 % TFA before aggregation. Samples were aggregated for 48 h at 37 ºC with 

(25 �M final concentration) A� and (25 �M final concentration) peptide inhibitor. Points shown 
represent 5-7 replicates and error is shown as the standard error of the mean.  2) To test the 

concentration dependence of this effect, decreasing molar ratios of inhibitor to A� were used. 

Compound 1.13 was able to partially inhibit toxicity with a molar ratio as low as 1000:1  A� to 
peptide present. Points shown represent 5 replicates each, and error is given as the standard error of 
the mean.
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Figure 1.11. Reversal of toxicity.

To test the ability of peptide inhitors to reverse already toxic A� aggregates, we aggregated A� at 37 
ºC for 48 h (after initial dissolution in 0.5% TFA). After this incubation, the aggregated solution was 

incubated at 37 ºC for another 48 h. Peptide inhibitors (1:1 ratio of A�:inhibitor) or buffer (control) 
were added at either 24 h or 48 h before the end of the second incubation. Therefore, increased 
viability is a measure of the reversal of amyloid toxicity. Data shown are the mean of 5 replicates, 
and error is given as the standard error of the mean.
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Figure 1.12. Correlation of Affinity with in vitro inhibition of toxicity.

Correlation of affinity measured by SPR with prevention of cellular toxicity of A�(1-40).

Compounds shown are all from Table 1.3. For toxicity experiments, the final A�

concentration was 25 �M, and the A�:peptide molar ratio was 1:1. Cellular viability was 
assessed with the MTT assay.(Shearman, 1999) Each value represents the mean of results 
from 2 separate runs with seven replicates per run. 
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1.6.2. Ligand affinity is a predictor of toxicity inhibition 

To examine the ability of the remaining A  ligands to influence cellular toxicity, we 

examined their potency using the MTT assay and SH-SY5Y cells (Shearman, 1999). 

Previously, we and others have identified compounds that alter A -A  association processes 

(Findeis et al., 1999; Ghanta et al., 1996; Gordon et al., 2001; Lowe et al., 2001; Pallitto et 

al., 1999; Soto et al., 1996; Soto et al., 1998; Tjernberg et al., 1996; Tjernberg et al., 1997). 

Although some of these compounds have been found to block the cellular toxicity of A , the 

relationship between A  binding affinity and inhibition of toxicity has been obscure (Howlett

et al., 1999b). 

We reasoned that compounds that bind A  would be likely to alter its aggregation 

pathways and thereby prevent its toxicity. Compounds with these characteristics serve as 

useful probes of the molecular mechanisms underlying amyloid formation and pathology and 

as leads for the design of therapeutic agents. Using an immobilized form of a target protein 

fragment A (10-35), the relative affinities for small molecules can be assessed with SPR. A 

key to this success is an immobilization protocol that provides a consistent preparation of the 

target, A (10-35). In any solution-based assay, A  monomers readily aggregate to generate a 

diverse mixture of different targets. By immobilizing a form of A  at low density, a surface 

that affords consistent binding results is obtained. Another benefit of our approach is that the 

surface modified with A (10-35) is stable for several weeks and can be used for multiple 

assays. With this assay method, the relative affinities of several groups of small molecules 

were measured and compared to their ability to prevent A  cellular toxicity. The results of 

these viability experiments are given in Table 1.3 and Figure 1.12. 
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To test our hypothesis that the most effective ligands for A  would be effective 

inhibitors of its toxicity, we developed an assay to determine relative affinities of a series of 

compounds for A . The results of toxicity experiments with new compounds analyzed here 

given in Table 1.2, and they show excellent agreement with the measured affinities from SPR 

(Figure 1.12). Compounds with measured dissociation constants lower than approximately 50 

M (1.13, 1.14, 1.21, 1.23) afforded protection against toxicity with cell viability levels above 

80%. The compounds (1.16, 1.18, 1.19, 1.20, 1.22) that were less effective ligands in our 

binding assay (i.e. with Kd values greater than 100 M) were less effective at preventing the 

cellular toxicity of A .

A key finding from our results is that a direct binding assay can identify compounds 

that alter A  toxicity. Several of the compounds examined here were previously identified as 

inhibitors of toxicity (i.e., compounds 1.1, 1.13, 1.14, 1.15, and 1.25 (Lowe et al., 2001; 

Pallitto et al., 1999; Soto, 1999)). Our results suggest that their mechanism of action depends 

on high affinity binding to A . Not all compounds reported to interfere with A  toxicity were 

found to bind to the immobilized A species in this assay. For example, several other 

compounds with reported biological activity were ineffective in our assay (i.e. melatonin, 

rifampicin, and LPFFD). Their lack of activity in this assay suggests that these compounds 

may act by a different mechanism. Alternatively, these compounds may not bind effectively 

to the A (10-35) sequence used here or they may only interact with higher order assemblies 

of A , which we have attempted to minimize on our surface. In addition to providing leads 

for inhibitors of toxicity, our ability to directly monitor binding to A  allows us to dissect the 

role of A  affinity in inhibitor function. 
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1.7. Conclusions 

In summary, we have presented a new method for determining the affinity of small 

molecules for -amyloid peptide. Using this method, we have developed detailed structure 

activity relationships for the binding of ligands to amyloid. We find that modified sequences 

containing the central hydrophobic domain (A (16-20)) can provide ligands of high affinity 

for amyloid. Additionally, we have shown that the aromatic residues of the sequence are an 

essential feature of this recognition event. Composite sequence containing positively charged 

elements were also used to demonstrate that additional Coulombic interactions can provide 

significant and synergistic enhancements in the affinity of ligands. Using in vitro cell viability 

assays we demonstrate that ligands of high affinity are often potent inhibitors of amyloid 

toxicity. Together these methods provide a straightforward means of designing new inhibitors 

of amyloid toxicity.  

Our direct binding assay for determining the affinity of small molecules to A  serves 

as a highly effective method to identify compounds that bind A . Significantly, the SPR assay 

is convenient, reproducible, and has the necessary sensitivity to detect the interaction of low 

molecular weight ligands with the A  target. Our finding that ligands for immobilized A  are 

effective at preventing A  toxicity in cell culture provides support for the hypothesis that 

ligands for A can function as effective inhibitors of its toxicity. The assay we describe 

provides the means to identify such inhibitors. 

Many amyloid diseases are known, and few strategies for therapy are currently 

available. Emerging evidence suggests that there are many common features between these 
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diseases, in particular soluble oligomers (ADDLs) seem to be the primary toxic species in 

several systems. Our results reported here provide general methods to identify specific ligands 

for -amyloid peptide; these will facilitate studies of the mechanisms of aggregation, and 

ultimately amyloid diseases. 
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1.8.1. Experimental procedures 

Reagents. All reagents were purchased from Sigma (St Louis, MO) or Fisher 

Scientific (Pittsburgh, PA) unless otherwise noted. 

Peptide synthesis. Protected peptide residues and resins were purchased from 

Advanced Chemtech (Louisville, KY). Peptides used in this study were assembled by solid-

phase peptide synthesis procedures appropriate for monomers equipped with 

fluorenylmethoxycarbonyl protecting groups (FMOC). Peptides were purified by reverse-

phase high-performance liquid chromatography (RP-HPLC) using a Vydac C18 column and 

water/acetonitrile mobile phase. All peptides were analyzed by matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) spectroscopy on a BRUKER REFLEX II 

mass spectrometer. 

A (10-35). A (10-35)-amide used in the initial studies was purchased from QCB 

Biosource International (Camarillo, CA). The amino acid sequence is 

YEVHHQKLVFFAEDVGSNKGAIIGLM-NH2. The reported mass is 2902 and the purity is 

>97% (purity based on HPLC peak area). The A  (10-35)-Aha-Cys (Figure 1.1.2) was 

synthesized using a Synergy 432A Peptide Synthesizer (Applied Biosystems, Foster City, 

CA). The cysteine used for surface immobilization was introduced to the peptide at the C-

terminus through an intervening aminohexanoic acid (Aha) spacer. The amino acid sequence 

is YEVHHQKLVFFAEDVGSNKGAIIGLM-Aha-C. The peptide was purified by RP-HPLC 

(purity was 88% based on peak area). The mass of the peptide is 3120, and its sequence was 

confirmed by amino acid analysis. All protected peptide reagents were purchased from 
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Novabiochem (La Jolla, CA), and the coupling reagents were purchased from Applied 

Biosystems.  

SPR Assay. Sensor chips were purchased from BIAcore (Upsala, Sweden). All SPR 

experiments were run on a BIAcore 2000 instrument. Reagents for immobilization (EDC, 

NHS, ethanolamine) were purchased from Aldrich Chemical Company (Milwaukee, WI). The 

buffer used to immobilize the peptide through amide bond formation was 10 mM sodium 

acetate (pH 5.0), the regeneration buffer was 4 M guanidine-HCl in 10 mM Tris-HCl (pH 

8.0); running buffer was HEPES-buffered saline (HBS) containing 10 mM HEPES and 150 

mM sodium chloride (pH 7.4). All buffers were filtered (0.22 m, nylon) prior to use. For 

immobilization via cysteine thiolate addition to maleimide, HBS buffer (pH 7.4) was used for 

all steps unless otherwise noted. The bifunctional coupling reagent m-maleimidobenzoyl-N-

hydroxysulfosuccinimide ester (Sulfo-MBS) was purchased from Pierce Chemical Company 

(Rockford, IL), ethylenediamine (EDA) and cysteine were purchased from Aldrich and used 

as provided.

A  Immobilization. Attachment of A (10-35)-amide to the CM5 chip followed 

standard amide bond-forming conditions as reported elsewhere (O'Shannessy et al., 1992). 

The flow rate employed for all steps was 5 L/min to maximize contact time. The 

carboxymethyl dextran matrix was activated by injection of a 1:1 mixture of N-ethyl-N’-

(dimethylaminopropyl)-carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (70 L, 200 

mM EDC, 50 mM NHS). The -amyloid peptide (10-35) fragment was then injected into the 

activated flow cell (0.5 mg/ml peptide in sodium acetate buffer). Unreacted NHS esters were 

capped with ethanolamine (70 L, 1 M, pH 8.5) to afford a surface that gave a final change in 
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response units (RU) of 2700 in the A  sample flow cell. The control flow cell was reacted 

under the same protocol using an injection of ethanolamine buffer (70 L) instead of the 

peptide to produce a control cell with reduced charge. The B1 surface was prepared using 

standard maleimide chemistry (O'Shannessy et al., 1992); the surface was activated as above 

using NHS/EDC, then reacted with EDA (70 L, 1 M, pH 8.5) to generate free amine groups 

on the surface. Sulfo-MBS (70 L, 50 mM in HBS) was then injected to generate a surface 

modified with maleimide groups. For the conjugate addition of the A  sequence, the cysteine-

containing peptide was dissolved in immobilization buffer containing 10% DMSO at a 

concentration of 5 mg/ml. The resulting mixture was injected immediately after dilution to 

afford a final concentration of 50 g/ml in immobilization buffer with 0.1% DMSO. Cysteine 

(70 L, 100 mM in 10 mM NaOAc, pH 5.0) was injected to eliminate free, unreacted 

maleimide groups. The change in RU corresponding to A  immobilization was 1350. The 

surface was washed with regeneration buffer in short pulses to remove non-covalently 

associated peptide (5 l  20), this gave a final response of 800 RU. The control lane was 

prepared as above and then blocked with an injection of cysteine after injection of sulfo-MBS.

SPR of peptide analytes. Peptide samples were prepared by dilution into running 

buffer after lyophilization. Each peptide was diluted at ten concentrations (3000, 2000, 1000, 

700, 400, 300, 200, 100, 70, and 50 M) and injected in multichannel mode (40 L

KINJECT, 5 L/min). The surface was then exposed to running buffer for 300 sec to observe 

dissociation. The chip surface was regenerated by injection of the regeneration buffer (10 

L). The control lane data was subtracted from raw data obtained from the flow cell with 
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immobilized A . The response at equilibrium (Req) was then plotted versus concentration (M) 

using the graphing program Sigma Plot.  

1.8.2. Binding models. 

For the compounds listed in Table 1.2, the isotherms did not reach a final plateau; 

thus, the data were fit to a standard binding curve with a fixed Rmax value (eq. 1.1) (Attie and 

Raines, 1995; Frostell-Karlsson et al., 2000; Karlsson and Stahlberg, 1995). Here, R is the 

response in RU, F is the concentration of free ligand, and Kd is the fitted dissociation 

constant.

FK

FR
R

d

max       (1.1) 

The Rmax was calculated as the theoretical plateau determined from eq. 1.2, using the 

molar mass of each analyte (MWA), the molar mass of the immobilized ligand (MWL), and 

the RU of immobilized ligand (RUL).

L

L

A RU
MW

MW
Rmax     (1.2) 

This analysis is intended only to provide a relative assessment of binding; it does not 

yield absolute affinities. This fitting procedure afforded Krel values, a nomenclature used to 

distinguish them from true affinities. To determine affinities for compounds listed in Tables 

1.3-1.4, a non-specific binding term was added to equation 1.1 (Attie and Raines, 1995), and 

data were fit by linear regression to equation 1.3:

FK
FK

FR
R ns

d

max     (1.3) 
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For these analyses, Rmax, Kd and Kns were left as independent variables. Alternatively, 

a model including an additional saturable binding site could be used to fit the data, as in 

equation 1.4: 

FK

FR

FK

FR
R

dd 2

2max

1

1max                  (1.4) 

Prevention of A  cellular toxicity in SH-SY5Y cells. All cell culture medium, 

antibiotics and serum were purchased from Life Technologies (Gaithersburg, MD). All other 

chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless stated otherwise. 

A (1-40) was purchased from AnaSpec, Inc. (San Jose, California) and used without further 

purification. The identity and purity of the peptide were assessed by mass spectrometry and 

amino acid analysis. The amino acid sequence of the peptide is 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGV. The reported molecular 

weight was 4331.3 and the reported purity was greater than 95.8%. Lyophilized A  was 

stored at –70 C until use. For toxicity experiments, lyophilized A  was dissolved in pre-

filtered 0.1% TFA at 10 mg/mL, then incubated 1 hour at 37 C. A  stock solution was then 

diluted to 0.5 mg/mL (115 M) with sterile-filtered phosphate-buffered saline (PBS) 

containing penicillin and streptomycin (PBS: 0.01 M K2HPO4/ KH2PO4, 0.14 M NaCl, pH 

7.4). The samples were allowed to aggregate at 37 C for 48 hours, and then diluted to 25 M

with fresh media for plating. Human neuroblastoma (SH-SY5Y) cells obtained from ATCC 

(Rockville, MD) were used as model neurons. Cells were stored in liquid nitrogen and thawed 

in a 37 C water bath. Cells were cultured to confluence on poly-lysine coated T-flasks in 

medium containing 44% minimal essential medium (MEM) modified to contain 1.5 g/L 
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sodium bicarbonate, 44% Ham’s modification of F-12 medium, 10% fetal bovine serum 

(FBS), 1% 3.6 mM L-glutamine, and 1% penicillin/streptomycin antibiotics (10,000 

units/ml). Flasks were incubated in a humidified 37 C incubator with 5% CO2. Cells were 

harvested using 0.4 mM EDTA and 0.05% trypsin, centrifuged at 750 G for 10 minutes, then 

resuspended in fresh medium, with mild aspiration used to break up clumps. Cells were 

counted using a haemocytometer (Hausser Scientific), and plated in 96-well poly-lysine 

coated plates with approximately 10,000 cells per 100 L medium per well. Plates were 

incubated in a humidified 37 C incubator, 5% CO2 for 24 hours to allow cell attachment, 

then 80 L of medium was removed and 80 L of A  or control medium was added to cells. 

Plates were then incubated for an additional 24 hours at 37 C. Cell viability was assessed 

using an MTT (3-(4,5 dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide) toxicity assay 

with 20 L of 2.5 mg/mL MTT in medium per well (Shearman, 1999). After MTT addition, 

plates were incubated at 37 C for 4 hours then formazan crystals, produced by healthy 

mitochondria, were dissolved in 100 L of 50% DMF, 20% SDS (pH 4.7) at 37 C 8 to 12 

hours. Absorbance at 570 nm was detected with a microplate reader (Bio-Tek Instruments, 

Winooski, VT) using background subtraction. Cell viability percentages, %V, were calculated 

as follows:

BC

BS
V%    (1.5) 

where S is the sample absorbance, C is the buffer control absorbance, and B is the 

background absorbance. Sample, background and control absorbances were averaged over 7 
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replicates. Background samples contained cell culture medium, unreduced MTT, and the 

SDS/DMF solution.

Prevention of Ab cellular Toxicity in PC12 cells. All cell culture reagents were 

obtained from GIBCO BRL. Amyloid samples were aggregated following the above 

procedure. Phosphate Buffered Saline (PBS) was prepared as 7.5 mM Na2HPO4·7H2O, 2.5 

mM NaH2PO4, 140 mM NaCl, 100 units/mL Streptomyicin/Penicillin, pH 7.4 and the solution 

was sterile filtered. Amyloid peptide (A (1 40)) was obtained from Biosource 

International/QCB (Camarillo, CA) as a lyophilized powder. The peptide was dissolved in 

ddH2O with 0.1% TFA at 10 mg/mL. The peptide solution was immediately diluted into PBS 

buffer (with or without inhibitors present) to a final concentration of 125 M in epindorf 

tubes. Inhibitor concentrations were typically equimolar with A , or at lower concentrations 

as indicated. The samples are then sealed with parafilm and incubated for 48 h at 37 C.

Aggregated samples were cooled to room temperature and then diluted 5:1 using 

RPMI 1640 culture media and vortexed immediately before use. Culture media for PC12 cells 

was prepared as 84% RPMI 1640 containing L-glutamine and phenol red, 10% heat 

inactivated horse serum (HIHS), heat inactivated fetal bovine serum (FBS), 1% 

penicillin/streptomycin (10,000 units/mL).   

PC12 cells (below pass 10) were harvested from confluent culture by treatment with 

Trypsin/EDTA (0.025 % trypsin) solution for 2-5 min. Trypsin was quenched by addition of 

fresh media. Cells were then centrifuged at 2100 rpm for 10 minutes. The solution was 

aspirated and cells were resuspended in fresh media and vortexed to achieve a monodisperse 

sample. An aliquot of the solution was then diluted 2:1 with trypan blue (4 %) and counted by 
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haemocytometer. Cells were then plated to a sterile 96 well plate at 15,000 cells/well in 100 

L of fresh media. The plate was incubated for 24 h at 37 C to allow cells to attach. The 

media was removed and amyloid samples were added to the plate. Samples were run with 5-7 

replicates each. Control samples contained vehicle diluted into media. A background control 

was provided by co-addition of lysis buffer and MTT to untreated wells. Samples were 

incubated for another 24 h at 37 C, at the end of the incubation 10 L of a fresh solution of 

MTT (5mg/ml) was added to each well. The plate was incubated for another 6 h, at the end of 

which 100 L of lysis buffer was added to all wells (except background control). Lysis buffer 

was prepared as 10 g sodium dodecyl sulfate (SDS), 15 mL H2O, and 25 mL dimethyl 

formamide (DMF) adjusted to pH 4.7. The plate was then incubated at 37 C for 12 h, and 

then read at 570 nm. Cell viability was calculated as described above. 

Reversal of A cellular toxicity in PC12 cells. Amyloid samples were aggregated as 

above for 48 h at 37 C in PBS buffer. Samples were then incubated for an additional 48 h 

period at 37 C in sealed epindorf tubes. As indicated, equimolar concentrations of peptide 

inhibitors were added to the incubating samples at 24 or 48 h prior to the end of the 4 d 

incubation. Therefore, samples marked 24 h were co-incubated with inhibitor for only 24 h 

prior to the end of this period, and samples marked 48 h were co-incubated for 48 h prior to 

the end of this period.

At the end of the 96 h incubation, samples and A  controls were diluted 5:1 into fresh 

RPMI media, and added to wells containing 10,000 PC12 cells/well as described above. 

Samples were incubated with the cells for 24 h, and cell viability was determined by addition 

of MTT identical to the above procedure. 
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K  =   1.4 +/- 0.9 [mM]rel

R (theo.) =  272 [RU]max
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1.8.3. Raw binding data for SPR binding experiments.
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Chapter 2. Structure Based Design of Multivalent 

Ligands
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2.1. Abstract. 

In this chapter, general structural considerations for the design of multivalent ligands are 

discussed. Multivalent ligands present unique design problems for the macromolecular 

chemist. In contrast to monovalent ligand design in which the molecular complementarity of a 

small molecule must be optimized for its protein binding site, multivalent ligands must 

accommodate the topography of multiple binding sites. Binding sites may be located on the 

same oligomeric protein, or on entirely separate proteins. Therefore, multivalent ligand 

designs must take into account the spatial arrangement of the target binding sites. Although 

examples of successful multivalent ligand design are found in the literature, principles for 

multivalent ligands design are not as well appreciated. We summarize here diverse examples 

of multivalent carbohydrate ligands that have been used to target two commonly studied 

multivalent proteins: the tetrameric plant lectin, concanavalin A (Con A), and the family of 

pentameric AB5 bacterial toxins. Our summary contrasts the activity of general ligand 

structures for these two disparate multivalent protein structures. General guidelines in the 

design of multivalent ligands can be drawn. Finally, we suggest general methods for more 

effectively determining guidelines in multivalent ligand design targeted at specific protein 

structures.
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2.2.1. Mechanisms of multivalent binding. 

The design of synthetic molecules for use in biological systems generally focuses on 

binding to, or inhibiting the binding of a native ligand. This is a powerful approach and the 

generation of small molecule ligands has become a well-developed process that has resulted 

in unprecedented advances in clinical therapies. Multivalent ligands have been recognized as 

some of the most potent synthetic inhibitors known (Fan et al., 2000a; Kiessling and Pohl, 

1996; Mammen et al., 1998a). The design of multivalent ligands as effective inhibitors is an 

emerging field that requires empirical optimization of ligand design (Kiessling et al., 2000b). 

We propose that the topographic features of multivalent ligands can be optimized for a 

desired activity. Here, we discuss examples of multivalent ligands that have been developed 

for two different receptors, the plant lectin concanavalin A (Con A) and the class of AB5

bacterial toxins. These two examples demonstrate not only the importance of optimal ligand 

design but also the essential consideration of the mechanism of ligand activity. 

Although multivalent ligands are potent inhibitors of binding, these ligands also can 

participate in more complex biological processes. A common mechanism for signal 

transduction is the non-covalent association of cell surface receptors into clusters (Heldin, 

1995; Klemm et al., 1998). Multivalent ligands are unique in their ability to control the 

association of multiple receptors, providing tools that are able to form complexes ranging 

from dimers to infinite lattices (Olsen et al., 1997). Promoting receptor clustering using 

multivalent ligands is rapidly emerging as an method to deconvolute signal transduction 

pathways (Gestwicki and Kiessling, 2002; Sacchettini et al., 2001). Due to this unique 

activity of multivalent ligands, it has been proposed that multivalent ligands able to engage in 

receptor clustering events can act not only as inhibitors but also as effectors (Kiessling et al.,
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2000a). Two primary challenges remain for effective implementation of this strategy – the 

synthesis of new ligands with optimum activity and the development of assays capable of 

differentiating between the available binding modes for these ligands. Only with a 

mechanistic basis for measured activity will it be possible to associate ligand structure with 

observed potency. 

Multivalent binding interactions are inherently complex due to the multiple binding 

modes available. Several distinct binding modes have been proposed for these events (Figure 

2.1) (Kiessling, L. L. et al., 2001; Kiessling and Pohl, 1996; Mammen et al., 1998a). Each of 

these additional binding modes has the potential to enhance the functional affinity of 

multivalent ligands. To generate a ligand with particular biological properties, however, a 

single binding mode could be required. For example, a response due changes in the proximity 

of receptors at the cell surface would be triggered only by ligands able to cluster receptors 

well. Alternatively, inhibition of a natural ligand binding to an oligomeric receptor would be 

best mediated by ligands with high functional affinity (avidity). For this discussion, we define 

activity as the functional affinity, that is, the measured affinity, of a ligand. However, it is 

important to consider that mechanisms, such as receptor clustering, may have activity in a 

biological context that does not fit this definition. Examples of proposed binding modes for 

multivalent ligands are summarized below: 

1) Subsite binding. Subsite binding is defined as ancilliary interactions at the same or a 

separate low affinity site. Branched oligosaccharides often interact with carbohydrate-

binding proteins by this mechanism. The terminal residues of the oligosaccharide might 

interact at a separate site near the high affinity site providing enhancements in 

functional affinity (Quesenberry et al., 1997). 
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2) Local Concentration Effects. Increased effective concentrations in intramolecular 

reactions are well known (Kiessling, L. L. et al., 2001; Page and Jencks, 1971). By 

extension, it has been hypothesized that upon binding of a single epitope of a 

multivalent ligand, the receptor experiences an enhanced local concentration due to the 

enforced proximity of multiple un-bound epitopes.  

3) Chelate effect. The chelate effect has been invoked to account for the increased 

inhibitory potency of multivalent ligands of sufficient size to span multiple binding sites 

on a single receptor. This mode of binding is believed to be favorable because only one 

translational entropic cost is paid (Jencks, 1981; Page and Jencks, 1971). This 

mechanism has been invoked for linear polymers and branched oligosaccharides (Lee 

and Lee, 2000; Mann et al., 1998). This is clearly seen in the co-crystal structure 

reported by Bundle, Read and coworkers (Kitov et al., 2000). 

4) Receptor Clustering. The clustering of a receptor by a multivalent ligand is often 

invoked as a mechanism of enhanced potency. This mechanism has been invoked for 

small molecules, polymers, and dendrimers (Burke et al., 2000; Cairo et al., 2002; 

Corbell et al., 2000). Clustering is often observed in co-crystal structures of lectins with 

branched oligosaccharides (Hester and Wright, 1996; Mandal and Brewer, 1992; Olsen

et al., 1997). 

5) Steric Stabilization. Steric stabilization of a receptor is defined as the steric inhibition 

of access to unligated binding sites using a multivalent ligand (Mammen et al., 1998a). 

For example, large polymer structures that bind only a few sites on a cell surface could 

effectively inhibit the binding of other ligands to unbound sites due to their steric bulk. 
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This mechanism has primarily been invoked in the inhibition of viral adhesion to cells 

using polyacrylamide polymers (Mammen et al., 1995). 

The array of binding modes available to multivalent interactions presents a unique 

problem for the study of these events (Lundquist and Toone, 2002). In a typical monovalent 

bimolecular binding event a single assay that relates to bound ligand can provide the 

fundamental descriptor of binding, the association constant (Ka). The association constant 

then describes the free versus bound state of the ligand and receptor at any given 

concentration. In the case of multivalent ligands the situation is much more complex. For 

example, in a system where both clustering and chelate binding modes are active, a given 

measurement of bound ligand does not distinguish between ligand bound to a single receptor 

or to two separate receptors. Therefore, it is generally the case that no single parameter can 

describe the binding of a multivalent ligand in the presence of multiple binding modes. Any 

successful approach to the mechanistic study of multivalent interactions will depend on 

multiple assays that report on separate modes of binding, and/or the design of compounds that 

exclude particular binding modes. Comparisons of ligand activities in a single assay should be 

valid in systems where a single binding mode dominates.  

Considering the diverse interactions that multivalent ligands engage in, it is no 

surprise that optimization of their activities is challenging. The synthesis of multivalent 

ligands for the inhibition of viral adhesion, lectin agglutination, inhibition of bacterial toxin 

binding, and the clustering of cell surface receptors has been described (Gestwicki and 

Kiessling, 2002; Kitov et al., 2000; Lundquist and Toone, 2002; Mammen et al., 1998a). 

From these studies, a diverse group of structures and multivalent ligand receptor interactions 
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have been investigated. Unfortunately, comparison of results from these studies is difficult. 

They are often conducted in disparate systems with unrelated assay methods. As a result, the 

accumulation of general structure-activity relationships is difficult. There is a definitive need 

for large-scale systematic studies of multivalent ligands to determine whether specific 

scaffolds have general properties. Using data from the literature, we analyze two systems that 

feature relatively uniform methods of activity determination and use similar receptor targets. 

From these examples, important structural considerations particular to each receptor can be 

ascertained.
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Figure 2.1. Mechanisms of multivalent binding. 

The binding of multivalent ligands to multivalent receptors is inherently complex due to the 

diverse modes of binding available to these systems.  

1) A monovalent ligand binds to only one site.  

2) A multivalent ligand may make additional contacts within a single binding site, or at 

an ancilliary site. This binding mode is termed subsite binding.  

3) A multivalent ligand engaged at a single site results in an increased local 

concentration due to the additional copies of the binding epitope.

4) A multivalent ligand of appropriate length can engage multiple sites on the same 

receptor complex; this mode of binding is termed the chelate effect.  

5) A multivalent ligand can also engage multiple receptors, resulting in receptor 

clustering.

6) Multivalent ligands can also sterically block unbound sites on multivalent receptors, 

this binding mode is termed steric stabilization. 
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2.2.2. Variables to consider in multivalent ligand design. 

Multivalent ligand design requires the consideration of a number of separate 

macromolecular parameters (Figure 2.3) (Kiessling et al., 2000b). These parameters are 

distinct from the typical parameters required for monovalent ligand design (Figure 2.2). 

Although appropriate choice of a specific ligand is required for multivalent binding, the 

challenge of multivalent ligand design lies in the optimal presentation of multiple epitopes for 

the desired activity. The primary issues to be considered are the covalent attachment of the 

ligand to the polyvalent presentation (attachment point and linker composition), the number 

of active sites presented (valency and density of sites), and the nature of the polyvalent 

scaffold. We will refer to the collective description of these parameters as the ligand 

architecture. Few systematic studies of the influence of ligand architecture on ligand activity 

are known (Chapter 3). We expand on these individual parameters and provide some 

examples below: 

Linker length. Early work with dimeric compounds designed to inhibit influenza 

adhesion to cells provided some of the first experimental evidence for the influence of linker 

length on multivalent binding (Glick et al., 1991). These studies found that dimers of 

appropriate length achieved enhanced inhibitory potencies by bridging multiple receptors, and 

optimal linker lengths were essential to this activity. Recent studies using large dendrimeric 

structures as inhibitors of AB5 toxins optimized the appropriate linker lengths for binding 

multiple sites on the same protein surface and this variable was found to be criticial to activity 

(Fan et al., 2000b). Additionally, increased linker length may be required to provide access to 

deep binding clefts (Gestwicki et al., 2001). 
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Valency. Many separate studies have found increases in ligand valency affect 

potency; systematic studies within ligand structural classes are available for dendrimers, 

linear polymers, and protein conjugates (Kanai et al., 1997; Mammen et al., 1998a; Page et 

al., 1996b; Weigel et al., 1979; Woller and Cloninger, 2001). This parameter is necessary and 

sufficient for the classification of a molecule as a multivalent ligand; however, its 

optimization is often overlooked. Each of the aforementioned studies has identified notable 

differences between ligands of different valencies, and these trends can be hard to predict. 

Density. The density of sites on a multivalent ligand is defined here as the number of 

potentially active binding epitopes relative to inactive epitopes. Therefore, the density of 

binding epitopes on a multivalent ligand is essentially a measure of the spacing between sites. 

In systems with an invariant scaffold (e.g., a globular protein) an increase in density is 

equivalent to an increase in valency. In scaffold structures that can change with valency (e.g.,

a living polymer), an increase in density is distinct from an increase in valency. The effects of 

altered epitope density were first observed using glycosylated proteins (Ashwell and Morell, 

1974; Weigel et al., 1979). Recent efforts have examined these effects in linear polymers, and 

have found that epitope density is an important determinant of ligand potency (Cairo et al.,

2002; Mammen et al., 1996). 

Ligand Scaffold. The three dimensional presentation of epitopes in a multivalent 

ligand can be critical for its activity. This effect can be seen in the range of activities observed 

for different multivalent structures, even when targeting similar receptors (Reuter et al., 1999; 

Roy et al., 1998; Yi et al., 1998). Although there are very few systematic examples that 

measure these effects, it is clear that these parameters may be one of the most important 

considerations for activity. For example, the difference in activity between a linear polymer 
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and a dendrimer structure often is not compared within the same assay. Thus, information on 

whether different types of scaffolds are especially suited to a specific application is generally 

lacking. Still, some inroads into this problem are being made, and these are discussed in this 

chapter.
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Figure 2.2. Monovalent ligand design.
General strategy and parameters used to optimize the activity of monovalent ligands. 1) A specific 
binding lead compound is first identified. 2) The identified lead is structurally modified in order to 
determine the essential components of the pharmacophore. 3) Modifications of the lead that 
improve binding are combined and (4) optimized to provide a tight binding inhibitor of the target. 
The general features of the ligand used for optimization of activity are the functional groups used, 
the stereochemistry and regiochemistry of their presentation and the scaffold on which the groups 
are presented. 
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Figure 2.3. Multivalent ligand design.
Multivalent ligand design requires the consideration of several parameters distinct from 
monovalent ligand design. 1) The selection of an appropriate specific ligand is a prerequisite for 
successful design. 2) The attachment of the ligand to the polyvalent scaffold requires chemical 
modification of the ligand at a site that does not disrupt binding. 3) The linker used to attach the 
ligand to the scaffold must accommodate binding and its composition, length, and flexibility 
should be considered. 4) The number of binding sites, or valency, of the ligand is a key determinant 
of ligand activity. 5) The density of binding sites on the ligand backbone can also influence ligand 
activity. 6) The presentation of binding sites on a particular scaffold can also be an important 
determinant of the activity of the ligand.
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2.3.1. Multivalent ligand architecture influences activity 

Based on the number of variables able to influence multivalent ligand activity, 

multivalent ligand design is expected to be difficult. Moreover, the relationship between 

ligand structure and its activity is likely to be complex because different binding modes could 

occur simultaneously. Although there are currently no comprehensive studies of the broad 

effects of ligand structure on multivalent activity, there are examples of particular systems 

that have been intensively studied across multiple laboratories. Data from these systems can 

provide useful general observations. Empirical conclusions regarding the influence of ligand 

structure on multivalent binding can still be drawn. 

In the following sections the activity of diverse multivalent ligand structures to 

interact with the tetrameric plant lectin Con A and the family of pentameric AB5 bacterial 

toxins. For each set of examples, data comparing the activity between general classes of 

ligand structure will be discussed. Because the data are often collected using slightly different 

experimental configurations, caveats to data interpretation will be discussed. The activities of 

general ligand structures between different receptor classes have been analyzed. We find that 

optimal ligand activity can be associated with the general structural class of the ligand, and 

this may be due to the particular receptor and its natural mechanisms of activity. 

2.3.2. Designed multivalent ligands for inhibition of Con A binding. 

The plant lectin, Con A, is often used as a model for multivalent lectins. Con A binds 

monovalent -mannosides with relatively weak affinity (~ 0.1 mM) and interacts with 

branched oligosaccharides with somewhat tighter affinity (2 M, trimannoside) (Williams et 
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al., 1992). The lectin has four binding sites presented in a tetrahedral arrangement (Becker, J. 

W. et al., 1976). The physiological activity of Con A is unknown; however, it is a potent 

agent for the clustering of cell surface glycoproteins and the agglutination of cells (Chapter 

4). Because it is readily available and has been extensively characterized, Con A is often used 

as a model of multivalent receptor interactions. 

The tetrahedral arrangement of Con A binding sites may be important for its ability to 

become clustered in the presence of multivalent ligands. This arrangement provides the lectin 

with the ability to form three-dimensional lattices when bound to multivalent ligands (Mandal 

and Brewer, 1992). The ability to form lattices may be a general property of lectins with this 

fold, as other lectins have been observed to form these types of lattices in the presence of 

divalent ligands (Hester and Wright, 1996). Interestingly, the packing of Con A lattices in the 

crystal depends on the ligand used, and thus it may provide a means for generating selectivity 

in binding (Hamelryck et al., 2000; Mandal and Brewer, 1992; Olsen et al., 1997). Although 

these interactions are likely different in solution, they suggest a mechanism for increasing 

specificity in the formation of homo-aggregates with multivalent lectins. 

Several researchers have designed and tested multivalent ligands for binding to and 

inhibiting the activity of Con A (Kiessling and Pohl, 1996; Lundquist and Toone, 2002; Page

et al., 1996a; Woller and Cloninger, 2002). These examples may constitute the most 

comprehensive exploration of the structure-activity relationships for multivalent ligands with 

any single receptor class. A notable feature of these studies is that many use hemagglutination 

inhibition assays (HIA) to compare relative enhancements in activity. Although interpretation 

of data from this assay does have some inherent difficulties, the studies provide a uniform 

comparison of activity between ligands and across laboratories. The assay configuration used 
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measures the ability of a given multivalent ligand to inhibit the agglutination of cells by Con 

A. Potent inhibitors are effective at blocking Con A – glycan interactions, however, this 

activity could derive from multiple binding modes (e.g. receptor clustering, chelate effect, 

subsite binding, etc.) 

We have summarized the spectrum of multivalent ligand structures that have been 

used as ligands for Con A below (Table 2.1). Three general classes of scaffolds are 

represented: small molecules, dendrimers, and linear polymers. The majority of these 

examples have used HIA to compare activity, and these data are provided where appropriate. 

All activities presented are relative to that of monovalent mannose saccharides. 

How do each of these structural classes fare as inhibitors of Con A activity? Small 

molecules, such as dimers, trimers and macrocycles, tend to have the smallest enhancements 

in activity (0.8 – 21 fold per saccharide). Dendrimers provide the largest range of activity 

within a single class – small dendrimers (n < 30) show between 30-300 fold enhancements, 

while larger dendrimers can have as much as 660 fold enhancements. The most potent ligands 

for Con A in HIA are linear polymers, these ligands are able to provide as much as a 2000 

fold enhancement of activity on a per saccharide basis. Competitive binding assays using 

SPR or enzyme linked lectin assays (ELLA) provide further qualitative confirmation of these 

conclusions.

Optimal design of multivalent ligands for inhibition of Con A in HIA likely rests on 

the ability of these ligands to effectively cluster the lectin and not the ligands functional 

affinity (Corbell et al., 2000). The activity of Con A to stimulate T cells and to induce 

apoptosis derives from its ability to form homo-clusters of cell surface receptors, and 

therefore optimal ligands would provide ideal arrangement of the lectin for lattice-like 
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assembly (Anderson, J. et al., 1976; Cribbs et al., 1996). We propose that linear polymers 

derive their enhanced activity in HIA from efficient Con A lattice formation. Indeed, 

experiments that quantitate the stoichiometry of Con A – ligand complexes after precipitation 

have shown surprisingly high ratios compared to many other ligands (Cairo et al., 2002; 

Gestwicki et al., 2002b). Optimal ligands for lattice formation would be expected to perform 

well in HIA as they would more efficiently remove binding sites from solution; therefore, our 

analysis here may be skewed for this activity. However, our conclusions suggest that 

consideration of the native biological function of the target can be a valuable tool for guiding 

multivalent ligand design. 
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Table 2.1. Multivalent ligands for Con A inhibition. 

Reference Structure Valency (n) Rel. Potency (per n) 
(Assay Used) 

a

(Burke et al., 2000) macrocycle 3 30     (10) 
(FRET)

(Roy et al., 1998) dendrimer 3
4

616   (205) 
1200 (300) 
(HIA)

(Dimick et al., 1999) dendrimer 3
4
8

2       (0.8) 
124   (31) 
104   (13) 
(HIA)

(Page and Roy, 1997) PAMAM dendrimer 2
3
4
8
16
32

24.3   (12.2) 
62.9   (21.0) 
75      (18.8) 
224    (28.0) 
301    (18.8) 
402    (12.6) 
(ELLA/yeast mannan) 

(Woller and Cloninger, 
2002)

PAMAM dendrimer 8
16
29
55
95
172

8           (1) 
24         (1.5) 
1 x 103  (45) 
2 x 104   (275)
5 x 104   (510)
1 x 105   (660)
(HIA)

(Mann et al., 1998) ROMP 10
33
143

200      (20) 
920      (28) 
5 x 103 (37)
(SPR)

(Kanai et al., 1997) ROMP 10
25
52
143

1 x 103 (100) 
1 x 104 (400)
8 x 104 (1500)
2 x 105 (2000)
(HIA)

a. The activity of multivalent ligands is given relative to mannose. The activity is also 
given on a per saccharide basis in parenthesis. The most similar assay results have 
been chosen for comparison, however experimental configurations may be 
different.
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2.3.3. Designed multivalent ligands for inhibition of AB5 toxins. 

The family of carbohydrate binding AB5 toxins have been the subject of intense 

research in the field of medicinal chemistry (Fan et al., 2000a; Merritt and Hol, 1995). These 

structurally related bacterial toxins are produced by several notorious pathogens, best known 

among these are cholera and the shigella toxins. The AB5 complex itself is the agent 

responsible for the deadly symptoms of these infections (Acheson, D. W. K. et al., 2000; 

Alouf, J. E., 2000). The B subunits are required for specific binding of the toxin to target cells 

within the host. Upon binding at the surface of host cells the catalytically active A subunit is 

delivered into the cytoplasm where it then disrupts the cell by a variety of mechanisms 

(Falnes and Sandvig, 2000; Fan et al., 2000a). The specificity of the toxin complex is 

imparted by the carbohydrate binding sites of the B subunits, which bind cell surface 

glycolipids, such as GM1. As a result of the millions of deaths caused by these pathogens 

every year, there is great interest in the development of inhibitors that target this class of 

carbohydrate-binding proteins (Crowcroft, 1994; Ivanoff and Robertson, 1997; Kotloff et al.,

1999).

Although a great deal of work has focused on the optimization of monovalent 

inhibitors for B subunit binding, these studies have met with extremely limited success (Fan

et al., 2000a). Even the best of these is of equal potency to the native oligosaccharide, and 

many are thousands of times weaker (Bernardi et al., 1999; Minke et al., 1999b; Minke et al.,

1999a). In recent years however, several groups have hypothesized that multivalent ligands 

could provide exceptionally active inhibitors of these interactions. To this end, researchers 

have synthesized multiple classes of ligand structures, designed to block different specific 

toxins. The carbohydrate-binding specificities of each toxin is different, and some of these 



89

complexes are proposed to bind to more than five carbohydrate epitopes simultaneously (Ling

et al., 1998). These factors all complicate the direct comparison of activity between receptor 

and ligand structural features. For our analysis we have tabulated the measured inhibitory 

potencies of these ligands. The method used to determine their activity as well as the toxin 

used are also tabulated (Table 2.2). All data are shown relative to the corresponding 

monovalent epitope to allow for comparisons between structures.  

Our survey reveals different structural trends for multivalent ligands that bind to AB5

toxins than those that bind Con A. Small molecules (dimers and small dendrimers, n = 2-8) 

provide limited enhancements of inhibition. In fact some small dendrimers are unable to 

provide any enhancement when compared on a per saccharide basis to their monovalent 

counterpart. Linear polymers can provide impressive enhancements of inhibitory potency as 

shown by Gargano et al. in their studies of SLT-1. By far, the greatest enhancements 

observed were found using large dendrimeric structures designed specifically to complement 

the binding sites of the B subunits within the toxin complex. The enhancements observed for 

these ligands were as high as 5 x 105 on a per saccharide basis. 

The two most active inhibitors for AB5 toxins found to date are dendrimers that are 

both extremely similar in design and structure. Additionally, both of these ligands 

demonstrate similar enhancements in activity, even though specific features of their design 

are different. Both groups used previously known crystal structure data to determine the 

optimal presentation of carbohydrates (Ling et al., 1998). In addition, Fan et al. optimized the 

linker lengths used for presentation of the sugar epitopes and found that this feature was vital 

to ligand activity. It is very likely that the ability of these ligands to mimic the surface 
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presentation of glycolipids is responsible for their impressive gains activity, and these two 

studies provide an outstanding example of successful rational design. 

The mechanism of binding for large dendrimer structures to AB5 toxins cannot be 

inferred from inhibition experiments; however, structural insights have been provided by 

Kitov et al. The crystal structure data obtained provides an indication of the potential 

mechanisms (Figure 2.4) (Kitov et al., 2000). The determined structure of the pentavalent 

ligand bound to SLT-1 shows the presence of two binding modes simultaneously. Although 

originally designed to bind a single AB5 complex at 10 sites by chelation, the crystal structure 

shows the ligand binding to 5 sites on two separate AB5 complexes using both chelated and 

crosslinked binding modes (Figure 2.4). Although these data are not necessarily indicative of 

the solution binding mode of the ligand, they provide a clear demonstration of the complexity 

of multivalent binding events.  
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Table 2.2. Multivalent ligands for AB5 toxins. 

Reference Structure Valency (n) 
a
 Rel. Potency (per n) 

(Target/Assay Used) 
b, c

(Lundquist et al.,
2000)

dimer peptide 2 75         (38) 
(SLT-1/ELISA)

(Thompson and 
Schengrund, 1997) 

dendrimer 4 10           (2.5) 
(HLT/

125
I binding) 

(Vrasidas et al., 2001) dendrimer 2
4
8

77           (38) 
182         (46) 
545         (68) 
(CLT/Fluorescence titration) 

(Fan et al., 2000b) dendrimer 5 1 x 105   (2 x 104)
(HLT/ELISA)

(Kitov et al., 2000) dendrimer 2
10

40          (20) 
5 x 106     (5 x 105)
(SLT-1/ELISA)

(Dohi et al., 2002) polyacrylamide ~800
( =0.2)

25        (0.03) 
(SLT-1/HIA)

(Gargano et al., 2001) polyacrylamide NR 5 x 103     (NR)
(SLT-1/cell toxicity) 

a. Valency is given where applicable(NR = not reported). Compounds with site 

density other than 100% are noted by  values. 

b. The activity of multivalent ligands is given relative to the corresponding 
monovalent saccharide. The activity is also given on a per saccharide basis in 
parenthesis. The most similar assay results have been chosen for comparison, 
however experimental configurations may be different. 

c. Abbreviations used for AB5 ligands: CLT (cholera toxin), HLT (heat-labile 
enterotoxin), SLT (shiga-like toxin). 
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Figure 2.4. Binding modes of STARFISH ligands for SLT-1.
Schematic of multivalent binding modes possible for binding to verotoxin homopentamers. 1) 
Initially proposed binding mode for STARFISH ligands. 2) Observed binding mode of STARFISH
ligand found by by X-ray crystallography.(Kitov et al., 2000) 3) Proposed binding mode for HLT
ligands. 4) Face-on view of SLT-1 showing monovalent ligands bound at Site 1 (light red), Site 2 
(dark red), Site 3 (light red, center).



93

Our survey of Con A and AB5 ligand structure-activity indicates that distinct ligand 

architectures are optimum for each receptor class (Figure 2.5). In the case of Con A, we 

propose that ligands able to form efficient clusters of the lectin are the most active. Optimal 

ligands for the tetrameric Con A tend to be dendrimers and linear polymers. Inhibitors of AB5

toxin binding are optimal when they effectively mimic the cell-surface presentation of 

glycolipids. Inhibition of binding is most efficient in the case of structures that are able to 

span the face of the toxin binding sites. Both long polymers and dendrimers with long linkers 

are able to accommodate these features and are the most potent inhibitors. Although these 

structural requirements could be predicted upon consideration of the function of each 

receptor, such a general principle has not been established in the literature. The juxtaposition 

of multivalent ligand activity with receptor structure provides a general conclusion regarding 

multivalent ligand activity: Macromolecular complementarity is essential for optimum 

activity – a multivalent ligand must accommodate the spatial presentation of receptor binding 

sites. In light of multiple ligand structure-activity studies we can determine which structural 

parameters are required in particular cases. Additionally, the deconvolution of the 

mechanisms of binding responsible for activity would assist our analysis and might also 

identify common structural features that result in particular binding modes. 

2.4.1. Conclusions. 

We have surveyed the relative potencies of multivalent ligands directed at the 

inhibition of the plant lectin Con A and the family of AB5 toxins. We find in this survey that 

individual receptor architectures require specific multivalent ligand structures for optimal 

activity. Importantly, we observe that in these two cases the optimal structural class of 
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multivalent ligands is different. Therefore, the determination of optimal ligand design is 

certain to benefit from systematic approaches to multivalent ligand design that explore 

multiple ligand architectures for any given receptor.  

The rational design of synthetic multivalent ligands is currently in an early stage of 

development. In contrast to the well-established methodology available to the medicinal 

chemist, the macromolecular chemist often designs ligands without general rules for activity 

and cannot predict the mechanism of binding that the ligand will engage in. Both of these 

facets of multivalent ligand design require new approaches to both the design and study of 

these systems. Studies able to systematically explore the influence of particular ligand 

parameters will be absolutely essential to the rational design of new ligands with optimal 

properties. Additionally, the development of assay methods that yield practical information 

with regard to the mechanisms of binding are lacking. These improvements will be especially 

useful when ligands from multiple structural classes can be compared within identical assay 

configurations.
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Figure 2.5. Interplay of ligand and receptor architecture in multivalent binding.
Both ligand and receptor architecture are key determinants of multivalent binding. The inhibitory 
potency of general structural classes of ligands is summarized for the two receptor architectures 
discussed here. Activities of each class are disparate between receptor classes. Optimal ligands for 
Con A are large dendrimers and linear polymers. Optimal ligands for AB  toxins are large 5

dendrimers that mimic the surface presentation of glycolipids. Ranges of activity in related assays 
are summarized on a per saccharide basis (using HIA for Con A and ELISA for AB ).5
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Chapter 3. Influence of Ligand Structure on Multivalent 

Interactions

Portions of this work are published in: 

“Control of Multivalent Interactions by Binding site Density”, C.W. Cairo, J.E. Gestwicki, M. 
Kanai, and L.L. Kiessling, J. Am. Chem. Soc., 2002, 124, 1615-1619. 

“Cell Aggregation By Scaffolded Receptor Clusters”, J.E. Gestwicki, L.E. Strong, C.W. 
Cairo, F.J. Boehm, L.L. Kiessling, Chem. Biol., 2002, 9, 163-169. 

“Designed Potent Multivalent Chemoattractants for Escherichia coli”, J.E. Gestwicki, L.E. 
Strong, S.L. Borchardt, C.W. Cairo, A.M. Schnoes, L.L. Kiessling, Biorg. Med. Chem.,

2001, 9, 2387-2393. 

“Structurally Diverse Multivalent Ligands Reveal the Influence of Architecture on Receptor-
Binding Mechanisms”, J.E. Gestwicki, C.W. Cairo, L.E. Strong, K.A. Oetjen, L.L. 
Kiessling, submitted for publication..

Contributions:

Compounds 3.21-3.35 were contributed by M. Kanai. 

Compounds 3.5-3.10, 3.11, 3.12, 3.14-3.16 were contributed by L.E. Strong

Compounds 3.13, 3.17-3.20, 3.36-3.38, chemotaxis and  QP assays were contributed 

by J.E. Gestwicki. 

FRET and solid-phase binding assays were contributed by J.E. Gestwicki and K.A. 

Oetjen.

GGBP binding studies (Figure 3.6) were performed by J.E. Gestwicki and N. Reiter. 
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3.1. Abstract 

 The clustering of cell-surface receptors is a common mechanism used to activate 

signaling pathways. Multivalent ligands can be used to control receptor clustering, and 

therefore the resulting signal transduction. In principle, multivalent ligand features can 

control clustering and the downstream signals that result, but the influence of ligand structure 

on these processes is incompletely understood. In this chapter, efforts towards understanding 

the underlying principles that guide multivalent ligand activity are described. Specifically, an 

example of structure-based design of multivalent ligands for the glucose/galactose binding 

protein (GGBP) is described. Using molecular modeling and crystal structures of the target 

receptor monomer units for multivalent ligand synthesis were designed, and the resulting 

ligands are potent new bacterial chemoattractants. Secondly, the development of assays that 

report on distinct aspects of multivalent binding events are detailed. To validate the assays 

used, the influence of a single parameter of multivalent ligand structure (binding epitope 

density) on receptor clustering events was analyzed. Finally, the activities of a structurally 

diverse group of compounds in these assays to determine the effects of ligand structure on 

multivalent binding were compared. Using this battery of assays the effect of changing 

epitope density, valency, and overall architecture of multivalent ligands was studied.   

3.2.1. Structure based design of multivalent ligands for GGBP 

The signaling pathway that controls chemotactic response in Escherichia coli (E. coli)

is a particularly well-characterized signaling system. The bacteria use this system to detect 

changes in their chemical environment, and respond by altering their locomotion (Hazelbauer

et al., 1993). This versatile system is able to recognize an array of both attractants and 
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repellents using only a few cell surface receptors (Adler et al., 1973; Grebe and Stock, 1998). 

Moreover, the bacteria are able to detect minute changes in the concentrations of these 

molecules over as many as five orders of magnitude.  

E. coli is known to undergo taxis in response to many different saccharides (Adler et 

al., 1973). Chemotaxis towards saccharides in E. coli is initiated by the binding of a 

chemoattractant to the periplasmic binding protein glucose-galactose binding protein (GGBP) 

(Grebe and Stock, 1998; Hazelbauer et al., 1993). GGBP then binds to the transmembrane 

receptor, Trg. Trg is one of the five methyl-accepting chemotaxis proteins (MCPs) known in 

E. coli. Upon activation by ligated GGBP, Trg becomes methylated by the methyl-transferase 

CheB. Methylation of the MCP leads to activation of the flagellar motor proteins by a two-

component system that consists of the kinase, CheA, and the response regulator, CheY. 

Reports have suggested that several components of this system may act in concert, either as 

homo-dimers or tetramers (Grebe and Stock, 1998).  

Although the molecular details of each step of the pathway are known, the 

mechanisms used by the system to respond to such a large dynamic range of concentrations 

remain obscure. Models have been proposed in the literature that suggest receptor clustering 

as a potential mechanism (Bray et al., 1998; Shimizu et al., 2000). Gestwicki et al. have 

shown that clustering of Trg receptors using multivalent ligands is a potent means of 

modulating chemotactic signaling (Gestwicki et al., 2000a). Additionally, Gestwicki and 

Kiessling have shown that clustering of Trg results in potentiation of signaling through other 

MCPs, such as the serine receptor, Tsr (Gestwicki and Kiessling, 2002). This work has been 

furthur supported by recent genetic studies (Ames et al., 2002). Although it has been known 

that these receptors are localized to the poles of the bacteria, receptor-receptor interactions are 
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not well characterized. These studies have lent convincing support to models of homo- and 

hetero-dimer communication within bacterial chemotaxis, and suggest that the development 

of ligands for this system could provide useful insights to the biological mechanisms 

responsible for signaling.

In the course of developing ligands for studies of bacterial chemotaxis, we became 

interested in the structural requirements of these ligands. In particular, we sought to optimize 

the activity of multivalent ligands that were known to be chemoattractants for E. coli.

Therefore, using both biological and structural information available in this system, we 

designed and synthesized a series of mono- and multivalent ligands for the periplasmic 

binding protein, GGBP, and tested their ability to cause chemotaxis in bacteria.  

3.2.2. Attachment point. 

To design ligands for GGBP, we used the extensive crystallographic data on this 

saccharide-binding protein (Vyas et al., 1987; Vyas et al., 1988). The structure of GGBP 

consists of two major lobes with a deep binding cleft near a hinge region of the protein 

(Figure 3.2.1). Upon binding, the protein undergoes a conformational change through the 

hinge region that closes the binding cleft around the ligand (Shilton et al., 1996; Vyas et al.,

1988). GGBP is able to bind to both anomers of glucose and galactose. The saccharide is 

engages in multiple hydrogen bonds from aspartate residues within the cleft, as well as van 

der Waals interactions with tyrosine and tryptophan residues. The available crystallographic 

data reveal that all four sugars bind in the same orientation, with the anomeric hydroxyl group 

directed into the binding cleft (Vyas et al., 1994). 
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To design multivalent ligands for this receptor, we needed to identify appropriate 

attachment points to introduce new functionality without significantly disrupting the binding 

interactions of the saccharide. The crystallographic data described above suggest that the 

anomeric position is an untenable site for a linker; however, the O3 position appeared to be a 

solvent accessible group that could accommodate a linker to a multivalent scaffold. Analysis 

of the available chemotactic data for methylated sugars, however, offered a conflicting view 

(Adler et al., 1973). Adler et al. tested the chemotactic activity of several methylated 

derivatives of both galactose and glucose. They observed that monosaccharides with a 

substituent at the O3 position were not chemoattractants, but those with anomeric substituents 

were. To provide insight into this apparent discrepancy, we performed molecular modeling 

studies of monosaccharides and alkylated monosaccharides in the binding site of GGBP. 
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Figure 3.1. Selected monosaccharides chemoattractants for E. coli.

Monosaccharides that have been tested for bacterial chemotaxis (3.1-3.4).(Adler et al., 1973) 
Alkyl substitution is tolerated at the anomeric position of galactose, but not at the O3 position. A 
surface representation of the GGBP binding site is shown with the native ligand, galactose. The O1, 
O3, and O6 positions have been noted. Based on the co-crystal the O3 position is expected to be 
tolerant of methylation.
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We hypothesized that there might be an alternate binding mode that could reconcile 

these data. We reasoned that any alternate orientation would likely retain several key features 

of the binding interactions observed in the co-crystal. 1) The plane of the saccharide (C1-C2-

C4-C5) would not be altered so that van der Waals contacts and hydrogen bond interactions 

with equatorial hydroxyl groups could be maintained; and 2) the largest ring substituent, C6-

O6, would remain in the same area of the binding pocket. The only transformation capable of 

meeting these two criteria is a rotation of the saccharide through a C2-C6 axis (Figure 3.2.4). 

This orientation would satisfy our criteria for binding to the protein, as well as reorient the 

anomeric hydroxyl group to a solvent-exposed position.  

To test our hypothesis, we performed docking calculations able to predict alternate 

orientations of the ligand within the binding site. We expected that these calculations could 

confirm the potential of this alternate orientation, and might suggest how prevalent this 

conformer might be. Automated docking calculations have been found to be a useful tool for 

similar studies, and software to perform these calculations is available (Morris et al., 1996). 

Olson and coworkers have obtained excellent results from docking studies of several small 

molecules to receptors, including -trypsin, cytochrome P-450, streptavidin, HIV-1 protease, 

and influenza hemaglutinin using the program AutoDock. This method employs simulated 

annealing conformational searches using AMBER-based force fields for energy calculations 

(Goodsell and Olson, 1990; Weiner et al., 1984). The method can dock both rigid and flexible 

molecules to fixed binding sites. Typical calculations generate populations of potential 

orientations, which are then sorted into clusters by relative energies. 

Docking calculations of galactose, glucose and mannose anomers were conducted 

using AutoDock 2.4 (Figure 3.3). Monosaccharides were docked to the ligated structure of 
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GGBP (PDB: 1GLG, with the saccharide removed). Orientations produced by the calculation 

were sorted into clusters of related orientations. The results were consistent with an alternate 

saccharide orientation (Figure 3.2.2), and the majority of all orientations found were 

consistent with either the crystal structure or the alternate orientation (> 85%). In the case of 

galactose, docking calculations predicted that the -anomer would favor the alternate 

orientation. For glucose, both anomers were predicted to favor the alternate orientation. Both 

anomers of mannose were predicted to favor the orientation found using x-ray 

crystallography.

The alternate orientation identified by these calculations maintains several important 

non-covalent interactions found in the co-crystal structure (Figure 3.2.3, 3.2.4). Several sets 

of hydrogen bonding interactions between the hydroxyl groups of the saccharide and aspartate 

residues D14, D154, and D236 are maintained. Comparison of the coordinates of the heavy 

atoms of the structures suggests that these two orientations are very similar, giving an root-

mean squared deviation (rmsd) value of 1.54 Å2 for pseudo-symmetric heavy atoms (rmsd is 

calculated using coordinates of transformed atoms; e.g., C1 C3, C6 C6, etc.) The positions 

of pseudo-symmetric oxygen atoms are exceptionally well maintained.  
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Figure 3.2. Alternate orientations of galactose within GGBP. 

1) Ribbon diagram of the galactose-GGBP co-crystal (1GLG). 

2) An alternate orientation of galactose predicted by docking studies of the GGBP binding 

site. The crystal structure orientation is shown in dark grey, and the alternate orientation 

is shown in light grey. The overlay is shown crossed stereoview, in similar orientation 

to the structure shown in (1). 

3) Two-dimensional representation of important hydrogen bonding interactions found for 

the crystal structure orientation of galactose. 

4) Two-dimensional representation of important hydrogen bonding interactions found for 

the alternate orientation of galactose. 

5) Crossed-stereo view of the internal surface of the binding pocket of GGBP with the 

crystal structure orientation. 

6) Crossed-stereo view of the internal surface of the binding pocket of GGBP after 

minimization with an alkylated galactose monomer. 



Crystal
Structure %
Orientation
(Frequency)

Autodock
Orientations
found using 
1GLG

Alternate
Orientation %

(Frequency)

Other
Orientations %

(Frequency)

D-galactose

���-anomer 7 35 12 60 1 5

���-anomer 10 74 2 14 2 14

D-glucose

���-anomer 3 23 8 61 2 15

���-anomer 6 38 9 56 1 6

D-mannose

���-anomer 11 73 2 13 2 13

���-anomer 6 60 3 30 1 10

Figure 3.3. Autodock results for docking of galactose to GGBP.
Results of docking studies for monosaccharides to 1GLG using Autodock 2.4 (Goodsell et al.,
1996). Coordinates of docked saccharides were first filtered to examine only those within the 
binding site. Then cluster analysis was used to group similar orientations. The resulting groups 
were then compared to the crystal structure orientation and tabulated. The populations are given as 
the raw number of structures found as well as each orientations percentage of the total orientations 
found in the binding site.
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These calculations, therefore, support our hypothesis that an alternate saccharide 

orientation could be accommodated in the saccharide binding site of GGBP. The predicted 

orientation is consistent with available data for chemotactic ligands. Importantly, our 

theoretical binding model predicted that the anomeric position of monosaccharides would be 

tolerant of substituents. We therefore proceeded to determine the ability of the GGBP binding 

channel to accommodate alkyl linkers for attachment to a polymer backbone. 

3.2.3. Linker length. 

With a clear idea of an appropriate attachment point, we set out to determine what 

type of linker could be best accommodated by the GGBP binding channel. We first noted that 

the channel is relatively narrow and consists predominantly of polar residues (Asn, Asp, Thr). 

Therefore, ethylene glycol units were chosen to link the saccharide to the bulky polymer 

backbone. To determine the optimum length requirement for the linker, molecular modeling 

was used. 

We designed a monomer unit containing multiple ethylene glycol units appended in a 

-linkage to the anomeric position of D-galactose. The ring-opened norbornene structure was 

then docked into the binding site using the alternate orientation predicted by our calculations. 

The structure was minimized and then subjected to molecular dynamics (sidechains within 5 

Å were allowed to move). During these calculations, we monitored the intra-chain distances 

between the saccharide and each ethylene glycol unit (Figure 3.4).

 Our calculations indicate that compounds containing one and two ethylene glycol 

units were extremely confined within the GGBP binding channel. Specifically, a narrow 

distribution of intra-chain distances was observed for these linker regions during the course of 
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the calculations. The average distance found for one and two ethylene glycol units was 4.8 

and 7.7 Å, respectively. The range occupied for 90% of the observed values was 0.6 and 1.0 

Å. In contrast, after addition of the third ethylene glycol unit, the distribution of these values 

is much wider with 1.6 Å at an average distance of 10.3 Å, suggesting motion is less 

restricted for compounds with this chain length.  



Figure 3.4. Determination of optimal linker lengths using molecular dynamics.
To determine the optimal linker lengths of monomer units for binding GGBP, a monomer with three 
PEG units was minimized into the binding site in the alternate orientation identified by docking 
studies. The resulting structure was then subjected to molecular dynamics simulations, and the 
intra-chain distances were monitored. Histograms of these distances reveal that a minimum of 
three PEG units are required to provide relatively free motion of the terminal region of the 
monomer. The average distance for each PEG unit is given, along with the distance range occupied 
by 90% of the values.
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3.2.4. Chemotactic activity of designed ligands.

Based on our analysis of the binding site requirements of GGBP, we designed and 

synthesized a series of mono- and multivalent saccharide ligands as potential 

chemoattractants (Figure 3.5). ROMP was used to produce multivalent ligands displaying 

galactose residues using norbornene-derived monomers (Gestwicki et al., 2000a; Strong and 

Kiessling, 1999). To test our predictions for required linker lengths to bind GGBP, we 

synthesized ligands with both short (3.5-3.7, Figure 3.5) and long (3.8-3.10) linker lengths. 

Additionally, each series contained both short (n = 10) and long (n = 25) polymers to test the 

effect of increased valency on chemotaxis. 

We tested whether these ligands were active chemoattractants using capillary 

accumulation assays and found that they were active (Table 3.1) (Gestwicki et al., 2001). 

Additionally, we confirmed that monomer units 3.5 and 3.8 were able to bind to GGBP by 

monitoring the internal fluorescence of tryptophan (Figure 3.6) (Boos et al., 1972; Gestwicki

et al., 2001). To assess relative chemotactic activity, we employed a motion analysis assay 

using video microscopy. This method allows the quantification of bacterial motion as angular 

velocity over time. Due to its analysis of single bacterial paths, this technique is often more 

sensitive to small changes in activity between ligands. The results of these experiments with 

the designed chemoattractants (3.5-3.10) are summarized in Table 3.1 (Gestwicki et al.,

2001).
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Table 3.1. Chemoattractant activity of synthetic galactose ligands. 

Compound n

(linker)

Chemoattractant  Rel. 

Potency a

Reference

3.1

-glucose

NA +  (Adler et al., 1973) 

3.2

-galactose

NA + 1 (Adler et al., 1973; Gestwicki

et al., 2001) 

3.3

-methyl-

galactose

NA +  (Adler et al., 1973) 

3.4

-3-methyl-

galactose

NA -  (Adler et al., 1973) 

3.5 1 (short) + 1 (Gestwicki et al., 2000a; 

Gestwicki et al., 2001) 

3.6 10

(short)

+ 1 (Gestwicki et al., 2000a; 

Gestwicki et al., 2001) 

3.7 25

(short)

+ 10 (Gestwicki et al., 2000a; 

Gestwicki et al., 2001) 

3.8 1 (long) + 1 (Gestwicki et al., 2001) 

3.9 10

(long)

+ 10 (Gestwicki et al., 2001) 

3.10 25

(long)

+ 100 (Gestwicki et al., 2001) 

a. Relative potencies were determined by motion analysis, and represent changes in 
the minimum concentration required for initiating chemotaxis. All concentrations 
compared on a per saccharide basis. 
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These experiments confirmed that GGBP binds sugars with anomeric alkyl 

substituents, and that such compounds are attractants. Even very large substituents appear to 

be well tolerated. Additionally, we confirmed that these ligands could bind to GGBP using 

tryptophan fluorescence experiments (Boos et al., 1972) (Figure 3.6). Examination of the 

relative potencies of these ligands as chemoattractants suggests that alkyl substituents are 

tolerated only at the anomeric position, and that longer linkers enhance activity. Comparison 

of the relative activities of the two monomers (3.5 and 3.8, Figure 3.5) initially suggests that 

increased linker length does not impart additional activity to these ligands. However, 

multivalent ligands with galactose residues tethered through the longer linkers had different 

activities than those possessing shorter linkers. Specifically, only the highest valency 

polymers containing a short linker (3.6-3.7) exhibited increased potency (n = 25, 3.7) relative 

to the monomer. Both multivalent ligands that possess a longer linker (3.9-3.10) showed 

increased activity relative to the monomer. The short polymer (n = 10, 3.9) showed a 10-fold 

increase in activity. The most potent ligand studied, (n = 25, 3.10) was 100-fold more active 

than galactose alone. Thus, both linker length and valency of the ligand are critical to 

improved activity of these multivalent ligands. Our observation that multivalent presentation 

is required for the bacteria to distinguish between these ligands is consistent with models of 

chemotaxis signaling that use receptor clustering to potentiate activity (Ames et al., 2002; 

Bray et al., 1998; Gestwicki et al., 2000a; Gestwicki et al., 2001; Gestwicki and Kiessling, 

2002; Shimizu et al., 2000).

These results provide an example of how structure based-design can guide the 

production of potent multivalent ligands. Using both experimental results and the tools of 

molecular modeling we predicted a new putative binding mode for our ligands, and using this, 
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optimized their ability to bind to the target receptor. This example is unique in its exploration 

of the effects of altering both the attachment point, valency, and linker lengths of a series of 

multivalent ligands.  

From these studies we found that some features of multivalent ligand design are 

amenable to rational design approaches (attachment point, linker length). However, we also 

found that other parameters require empirical study to determine optimum activity (valency). 

There are few examples of systematic studies of structural parameters of multivalent ligands. 

Although many multivalent ligands have been used in different systems, no comprehensive 

studies have analyzed multiple parameters in multiple assays. To more thoroughly explore the 

effects of multivalent ligand structure on activity we chose to study a model multivalent 

protein, the plant lectin concanavalin A. Using this system, we identified a battery of assays 

to provide orthogonal measurements of multivalent ligand activity. With these methods in 

hand we then screen a small library with diverse ligand architecture in order to determine the 

general contributions of ligand structure to activity. 
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ability to attract E. coli. using capillary accumulation assays.(Gestwicki et al., 2000a) 
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3.3.1. Assays for studying multivalent binding. 

Studies of multivalent carbohydrate ligands have generally focused on determinations 

of increases in functional affinity (avidity) (Kiessling and Pohl, 1996; Mammen et al., 1998a). 

To this end, several types of assay design are generally employed to measure avidity effects 

(Kiessling, L. L. et al., 2001). This analysis almost universally finds that multivalent ligands 

have avidities many fold greater than their monovalent forerunners. As a result, many 

researchers have attempted to discover the mechanisms of this enhancement. Efforts to dissect 

these effects have suggested that explaining the thermodynamic basis of these enhancements 

can be unexpectedly complex (Lundquist and Toone, 2002; Mammen et al., 1998b; Rao et al.,

1998). However, empirical studies of avidity effects in multivalent ligands have provided a 

variety of structures to consider in the design of new ligands. We summarize here the primary 

techniques currently used in the literature for these studies. 

3.3.1.1. Hemagglutination. 

A range of multivalent carbohydrate ligands have been used as inhibitors of lectin 

binding. One of the primary assays for comparing lectin activity is analysis of the ability of 

these proteins to cause agglutination of cells. These multivalent proteins are effective agents 

for causing clustering of cell surfaces, leading to large cell-cell aggregates that drop out of 

solution. Therefore, to determine inhibition of this activity, lectins are incubated with 

agglutinating cells with increasing concentrations of lectin inhibitors. In this way, relative 

activities of these inhibitors can be assessed (Mortell et al., 1996; Page et al., 1996b; 

Schnebli, H. P., 1976; Sigal et al., 1996). Agglutination assays provide a straightforward 

method of comparing inhibitory activities; however, they have several key drawbacks. For 
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example, there is an inherent 2-fold error in any activity determination. Additionally the 

multivalent nature of both the ligands and the lectins used can complicate the data. For 

example, some multivalent ligands may crosslink lectins in solution, and therefore give 

uninterpretable assay results (Corbell et al., 2000). Therefore, more direct means of 

determining lectin inhibition have been sought. 

3.3.1.2. Isothermal titration calorimetry. 

Isothermal titration calorimetry (ITC) has been used in several studies of multivalent 

interactions (Dam et al., 2000; Dam and Brewer, 2002; Lundquist and Toone, 2002; Rao et 

al., 1998; Weatherman et al., 1996). This method has the potential to dissect the 

thermodynamic components of entropy and enthalpy in a binding event (Cooper, A. et al.,

1994a; Fisher and Singh, 1995). This is accomplished by directly measuring the heat released 

from the binding event (Ladbury and Chowdhry, 1996; Wiseman et al., 1989). Recent 

applications of this technique to multivalent binding have demonstrated that the results of ITC 

experiments using multivalent lectins often do not agree with hemagglutination experiments 

(Corbell et al., 2000). This is expected, considering that HIA experiments measure only 

inhibition, and ITC should measure affinity.  

It should be noted that calorimetry measurements can suffer from precipitation 

artifacts in multivalent systems. For example, multivalent binding can occur such that the 

ligand clusters multiple receptors in solution. Under appropriate conditions, this event can 

lead to precipitation, a change in the concentration of soluble protein and ligand and therefore 

the measured heat of the system. The effects of precipitation are well known to be 

problematic for calorimetric experiments (Cooper, A. et al., 1994b). Quantitative precipitation 
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experiments using identical conditions to the calorimetric experiment can provide an 

assessment of the extent of precipitation. Indeed “turbid” solutions are often found at the end 

of calorimetric titrations although the ramifications with regard to data interpretation are often 

unclear (Dimick et al., 1999). 

Several calorimetry studies in the literature have reported unexplained Sº 

measurements for multivalent interactions. For example, investigations of complex formation 

of synthetic trimeric vancomycin structures and trimeric analogs of D-Ala-D-Ala binding 

partner have provided measurements of the energetics of multivalent binding (Rao et al.,

1998). The authors use ITC to measure the affinity of this binding event, and they observe 

that the functional affinity of the multivalent ligands is due to an increase in the enthalpic 

term. Enthalpic contributions of binding scaled linearly with the number of binding sites, 

however the entropic contributions were approximately 1.5-fold less favorable than expected. 

This additional entropy is not due to error and is not accounted for in the proposed binding 

model. Similar entropic effects have been observed in multivalent carbohydrate systems (Dam

et al., 2000). In a study of small di-, tri-, and tetra-valent carbohydrate ligands which bind to 

the lectins Con A and Dioclea grandiflora (DGL) entropic contributions for higher valency 

compounds are again 1.5-fold less favorable than expected. These enthalpic contributions also 

scale with valency for the high affinity ligands. The authors suggest that the entropic effects 

could be indicative of clustering multiple lectin molecules in solution, a mechanism that is 

consistent with the ITC model fits. Similar mechanisms have been proposed to account for 

glycodendrimer ligand binding to Con A (Corbell et al., 2000). Calorimetric methods also 

have been used to study the cooperativity of multivalent binding events using Con A. It is 
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interesting to note that these authors observe precipitation under the conditions used for 

calorimetry (Dam et al., 2000; Dam et al., 2002a; Dam et al., 2002b).

3.3.1.3. Quantitative precipitation. 

Quantitative precipitation assays can provide an assessment of the ability of a 

multivalent ligand to cause precipitation of its receptor (Khan et al., 1991). Experiments are 

performed at low temperature and using high salt concentrations to increase precipitation. 

Importantly, these assays can provide stoichiometric information about the complexes formed 

between the multivalent ligand and its receptor. By determining the concentration of ligand at 

which the precipitation curve reaches saturation, the molar ratio of ligand to receptor is found. 

The assay therefore reports on the stoichiometry of multivalent complexation; however, this 

value should be treated as the stoichiometry of the final precipitate not that of discreet 

complexes. This information can have important ramifications for biological applications of 

these interactions. Receptor clustering is a common mechanism for initiating signal 

transduction, therefore being able to predict the ability of multivalent ligands to control 

clustering is useful (Heldin, 1995; Klemm et al., 1998). For example, signaling events that are 

modulated by the number of bound receptors might be enhanced by multivalent binding 

(Cochran et al., 2000). Therefore, these assays may provide a method to identify ligands with 

improved biological activity (Stone et al., 2001).

3.3.1.4. Turbidity. 

Turbidity assays are often used for determinations of the rate of aggregation of 

multivalent proteins (Easterbrook-Smith, 1993; Murphy et al., 1988; Sittampalam and 

Wilson, 1984). These experiments were first conducted using antibodies, and similar 
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experiments are often used to study multivalent carbohydrate interactions. For example, 

multivalent mannose-substituted dendrimers have been studied using turbidimetric assays to 

determine relative rates of Con A clustering (Roy et al., 1998). Rates of receptor clustering 

are known to be important in several biological systems. Moreover, receptor clustering events 

at the cell surface have been observed to occur over many orders of magnitude from seconds 

to days (Petrie et al., 2000; Sugiyama et al., 1997). Therefore, turbidity assays may provide 

an important indicator of the activity of multivalent ligands in these systems. Determining the 

structural features of a ligand that influence rates of clustering will be useful for the design of 

ligands to be used in systems that require specific rates of clustering to achieve a specific 

functional output. 

3.3.1.5. Fluorescence resonance energy transfer. 

Fluorescence resonance energy transfer (FRET) can provide important structural 

information about multivalent interactions (Ballerstadt and Schultz, 1997; Matko and Edidin, 

1997). The assay exploits distance dependent transfer of energy between two differentially 

labeled receptors, one labeled with a donor and one with an acceptor. Decreases in the 

observed fluorescence of a label indicate decreased distance between the labels, and therefore 

is an indicator of inter-receptor distances. FRET efficiency varies as the sixth power of the 

distance between labels, and therefore is extremely sensitive to changes in proximity. 

This method has been used extensively in biological systems to look at inter-receptor 

distances of proteins in vitro and in vivo (Matko and Edidin, 1997). FRET has been 

successfully used for studies of multivalent interactions by Kiessling and coworkers for small 

trimeric molecules and multivalent polymers (Burke et al., 2000; Cairo et al., 2002; 
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Gestwicki et al., 2002c). These studies have shown that multivalent ligands can form soluble 

receptor clusters, and that the structure of these clusters is dependent on the structure of the 

ligands. A change in FRET signal can be interpreted as a defined change in distance or as an 

average change within a population. 

FRET assays have several advantages over other assays described here. First, FRET 

uses minimal quantities of both ligand and receptor and is adaptable to microtiter plate 

format. Second, the assay is able to provide structural information about soluble receptor-

ligand complexes. Therefore, FRET experiments are extremely useful for the study of 

multivalent interactions. 

3.3.1.6. Transmission electron microscopy. 

Transmission electron microscopy has recently emerged as a powerful analytical tool 

for imaging of multivalent ligand – receptor complexes. Using proteins labeled with gold 

nano-particles, the proximity of individual labels can be assessed. Gestwicki et al. have used 

this method to characterize discrete populations of dimeric, trimeric, and tetrameric 

complexes of the lectin Con A bound to multivalent mannose-substituted polymers 

(Gestwicki et al., 2000b). These results were consistent with those from precipitation assays 

(Cairo et al., 2002). This method is unique in its ability to give a visual representation of 

single complexes. Electron microscopy has also been used to observe the orientation of 

engineered multivalent constructs (Lawrence et al., 1998). 
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3.3.1.7. Surface plasmon resonance. 

Optical biosensors using surface plasmon resonance (SPR) have been employed for 

both kinetic and thermodynamic studies of bio-molecular interactions (Morton and Myszka, 

1998; Myszka, 2000; Rich and Myszka, 2000; Schuck, 1997). Several studies of multivalent 

interactions using this technique have been reported using lectins and carbohydrates. For 

example, the technique has been used as a method to identify lectin specificity, the kinetics of 

multivalent lectin binding, and the stoichiometry of galectin binding (Haseley et al., 1999; 

Shinohara et al., 1994; Shinohara et al., 1997; Symons et al., 2000). Mann et al. have used 

SPR to characterize the competitive binding of multivalent mannose-substituted polymers to 

Con A (Mann et al., 1998). Rao et al. used SPR studies to characterize the binding of 

synthetic divalent ligands for vancomyicin (Rao et al., 1999).

These examples demonstrate the versatility of surface binding studies for evaluation of 

both kinetic events and binding affinity. SPR measurements are often in excellent agreement 

with other solution techniques (Rich and Myszka, 2000). It should be noted however that 

surface presentation can often affect the observed rates (Horan et al., 1999). Therefore, SPR 

measurements of any interaction should be carefully evaluated for such artifacts by varying 

the density of immobilized receptor.   

3.3.2. Multiple assays are required for study of complex interactions. 

It is apparent from this brief survey of methods for assessing multivalent ligand 

activity that no single assay can provide a comprehensive description of these complex 

events. As discussed in Chapter 2, multivalent ligand interactions can engage in multiple 

binding mechanisms, and therefore a single parameter, such as affinity, is not easily related to 
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more complex properties, such as receptor clustering, without experiment. Complex events, 

including receptor clustering, chelate binding, or precipitation could be obscured in analyses 

of a single parameter of binding. Receptor clustering events are an excellent example of non-

affinity effects related to multivalent binding. In a given clustering event, functional affinity 

(or avidity) will predict the equilibrium concentration of bound ligand, however properties 

such as the distance between receptors, or the rate of their complexation must be measured 

independently.

Receptor clustering governs many biological processes, including immune responses 

and growth factor signaling (Heldin, 1995; Kiessling and Pohl, 1996; Klemm et al., 1998; 

Mammen et al., 1998a). Parameters known to be important for receptor clustering include the 

stoichiometry of binding (Cochran et al., 2000), the rate of cluster formation (Petrie et al.,

2000; Sugiyama et al., 1997), and the proximity of receptors (Livnah et al., 1999). 

Understanding the molecular features of a multivalent ligand that influence these parameters 

would provide insight into how natural multivalent interactions are regulated. Additionally, 

the properties of synthetic ligands can be optimized so that they serve as regulators for 

systems of interest. 

We hypothesized that to develop a useful interpretation of the impact of ligand 

structure on the processes of receptor clustering multiple assays would be required. Therefore, 

we identified a panel of assays that would provide a broad range of information about 

receptor clustering events. Importantly, the results of these non-affinity assays were also 

compared to functional affinity measurements. In this way, we intend to demonstrate that 

guidelines for multivalent ligand design can be extracted. 
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3.3.3. Multivalent binding assays to study receptor clustering. 

The assays we used for our studies were selected to provide insight into receptor 

clustering events in solution (Figure 3.7). The majority of these assays were not expected to 

be directly related to inhibitory activity, and therefore could provide insights beyond typical 

binding assays. QP assays were used to determine both the ligand concentrations required to 

cause precipitation and the stoichiometry of the resulting complexes. Turbidity assays were 

used to compare the initial rates of clustering in solution. FRET assays were used to observe 

changes in proximity between receptors in the complex. Finally, measurements of functional 

affinity were provided by a competitive binding assay.  

To test the merit of our approach, we selected a series of multivalent mannose-

substituted polymers that varied only in binding epitope density. We expected that assessment 

of the activities of these ligands in the selected assays would allow us to observe the effect of 

binding epitope density. These studies would provide a useful description of binding epitope 

density effects in multivalent binding, and more generally, would provide insight into 

multivalent ligand function. 

3.3.4. Concanavalin A as a model receptor. 

Many proteins that participate in multivalent interactions are oligomeric. One of the 

most studied members of this class is the tetrameric lectin, concanavalin A (Con A) (Liener, I. 

E., 1976). At neutral pH, the lectin exists as a homotetramer that presents four distinct binding 

sites for mannopyranosides (Kd ~0.1 mM) (Becker, J. W. et al., 1976; Liener, I. E., 1976; 

Williams et al., 1992). Con A is a well-known activator of cellular signaling (Anderson, J. et 

al., 1976). The oligomeric state of Con A can influence its signaling activity, and the 

formation of macromolecular Con A-ligand assemblies on the cell surface appears to be 
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important for signal transduction (Cribbs et al., 1996). Although Con A-induced signaling has 

been well-studied, its physiological relevance is unknown. Con A is structurally similar to 

many animal and bacterial lectins implicated in signaling events (Kogelberg and Feizi, 2001; 

Lis and Sharon, 1998; Vijayan and Chandra, 1999). One class of these, the galectins, are 

galactose-binding lectins that can regulate cell adhesion, cell proliferation, and cell survival 

(Barondes et al., 1994; Bouckaert et al., 1999; Perillo et al., 1998). As with Con A, the 

abilities of the galectins to cross-link cell surface receptors have been implicated in initiation 

of signal transduction (Perillo et al., 1998). Thus, both Con A and galectin-mediated signaling 

appears to depend on the formation of macromolecular assemblies on the cell surface.  

Multivalent ligands that bind and cluster lectins can serve as scaffolds for the 

assembly of macromolecular displays. For example, multivalent arrays of mannose have been 

shown to promote the formation of higher order assemblies containing multiple copies of Con 

A (Figure 3.12) (Gestwicki et al., 2002c). In the case of Con A, these macromolecular 

complexes can possess many unoccupied sugar binding sites poised for interaction. For 

example, we have found that scaffolded displays of Con A bind more avidly to surfaces 

presenting mannose residues (Burke et al., 2000). Such macromolecular complexes are more 

effective than Con A itself at promoting cell – cell associations (Gestwicki et al., 2002c). 

Thus, multivalent ligands that cluster lectins without saturating their carbohydrate-binding 

sites can be used to cross-link cell surface glycoproteins and thereby initiate signaling 

(Gestwicki et al., 2000a; Gestwicki et al., 2002c; Kiessling et al., 2000a). Multivalent 

interactions of saccharide ligands with Con A have been studied using a wide range of 

methods, including electron microscopy (Gestwicki et al., 2000b), calorimetry (Dimick et al.,

1999), and x-ray crystallography (Olsen et al., 1997). Because of the signaling properties of 
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Con A and the abundance of information on its complexes, it is an excellent model for 

examining ligand features that impact receptor clustering.  
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Figure 3.7. Assays employed for studies of multivalent binding.
Multivalent binding events were studied using multiple assays. Turbidity and precipitation assays 
are used to determine rates and stoichiometries of multivalent interactions. FRET assays are used to 
test for changes in receptor proximity within complexes. Additionally, competitive binding 
experiments were used to determine the inhibitory activity of each ligand.
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3.4.1. Density effects in multivalent binding. 

We studied the influence of multivalent ligand binding epitope density on the 

clustering of the model receptor, Con A. We analyzed four aspects of receptor clustering: the 

functional affinity of binding, the stoichiometry of the complex, the rate of cluster formation, 

and receptor proximity. Our experiments reveal that the density of binding sites on a 

multivalent ligand strongly influences each of these parameters. In general, high binding 

epitope density results in higher functional affinity, greater numbers of receptors bound per 

polymer, faster rates of clustering, and reduced inter-receptor distances. Ligands with low 

binding epitope density, however, are the most efficient on a binding epitope basis. Our 

results provide insight into the design of ligands for controlling receptor – receptor 

interactions and can be used to illuminate mechanisms by which natural multivalent displays 

function.

The binding epitope density of a multivalent ligand has been shown to influence its 

activity (Horan et al., 1999; Krantz et al., 1976; Mammen et al., 1995). Often these increased 

activities have been attributed to increases in functional affinity (Kiessling et al., 2000a; 

Kiessling and Pohl, 1996; Mammen et al., 1998a). We hypothesized that binding epitope 

density could also affect kinetic and structural parameters important in cluster formation. To 

test this hypothesis, we investigated a series of multivalent ligands varying in binding epitope 

density. Polymeric carbohydrate displays that vary in the density of binding sites presented 

are known (Horan et al., 1999; Krantz et al., 1976; Mammen et al., 1995). The compounds 

employed in prior studies were synthesized by increasing the ratio of unfunctionalized to 

functionalized monomer to decrease binding epitope density. The unfunctionalized monomer 

units were typically smaller and of different hydrophobicity than the functionalized units; 
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consequently, the resulting polymers did not present a uniform steric and electronic 

environment. To allow selective analysis of the impact of changes in binding epitope density 

on receptor clustering, we devised a method to synthesize multivalent ligands with monomer 

units that varied only in their binding activity. Moreover, we employed a battery of assays to 

characterize different parameters relevant to receptor clustering. 

We used the ring-opening metathesis polymerization (ROMP) to synthesize polymers 

that vary only in the density of mannose residues (Table 3.2) (Kanai et al., 1997; Kanai and 

Kiessling, 2002). Con A binds mannose but does not recognize the sterically similar moiety 

galactose (Goldstein, I. J., 1976); consequently, we altered the ratio of mannose- and 

galactose-substituted monomers in copolymerization reactions. Using this approach and the 

functional group-tolerant ruthenium initiator [Ru=CHPh(Cl)2(PCy3)2](Trnka and Grubbs, 

2001), we could readily produce materials with different mannose densities (compounds 3.29-

3.35, Figure 3.13). Differences in the mannose to galactose monomer ratios employed in the 

polymerization reactions were preserved in the final materials. Thus, ligands could be 

produced with similar length, polarity, and steric properties that differ only in their proportion 

of binding sites. With these compounds, we examined the influence of epitope density on the 

formation of Con A clusters. Our investigations reveal that the density of binding sites 

presented by a multivalent ligand influences critical features of receptor clustering. 
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3.4.2. Functional affinity of multivalent ligands. 

The functional affinity (avidity) of multivalent ligands is well known to increase with 

valency (Kiessling and Pohl, 1996; Mammen et al., 1998a; Mann et al., 1998). The effect of 

binding epitope density has not been as well studied. Functional affinity enhancements for 

multivalent ligands are generally measured using either competition assays (which yields an 

inhibitory constant) or direct binding assays (Mann et al., 1998; Rao et al., 1998). 

Hemagglutination assays are also used as a general measure of ligand activity; however, these 

measurements may suffer from precipitation artifacts as discussed above. To compare the 

functional affinity of our ligands, we implemented a competitive plate-binding assay. The 

assay uses an immobilized 2-aminoethyl -D-mannopyranoside, and the ability of ligands to 

inhibit fluorescently labeled Con A binding to the surface is determined. 

Using this method, the functional affinity of compounds 3.31-3.35 (Figure 3.13) was 

determined and compared to that of -methyl-mannose. The results of these experiments are 

shown in Figure 3.8. Interestingly, we observed that increasing the binding epitope density of 

the ligands leads to a direct increase of the functional affinity. This is a surprisingly large 

effect, resulting in an 80-fold increase in affinity as the density of the ligand is increased from 

20% to 100% mannose. Therefore, in regards to functional affinity, optimum compounds 

should contain 100% epitope density.
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Figure 3.8. Measured inhibitory potency of polymers with variable binding epitope density.
The ability of each ligand (3.29-3.35) to inhibit the binding of fluorescently-labeled Con A 
tetramers to a surface derivatized with mannose was tested. The activity of each ligand is shown 

relative to �-MeMan (230 �M). Concentrations were calculated on a per saccharide basis.  (Linear 
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regression of the data give r  = 0.95, dashed line). Compound structures are shown in Figure 3.13.
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3.4.3. Relative stoichiometry of Con A to ligand within the cluster.  

The number of Con A tetramers bound that bind to ROMP-derived ligands depends on 

the degree of polymerization (length) of the multivalent ligand (Gestwicki et al., 2000b). 

Steric effects preclude the binding of Con A tetramers to every mannose residue on a fully 

elaborated polymer generated by ROMP (Schuster et al., 1997). To determine the effect of 

binding epitope density on the stoichiometry of the Con A – ligand complex, compounds 

3.29-3.35 (Figure 3.13) were used in quantitative precipitation (QP) assays. These 

experiments determine the concentration of ligand required to maximally precipitate the lectin 

from solution. Therefore, the results provide a determination of the stoichiometric 

composition of the precipitate (Khan et al., 1991). 

The initial aggregates formed in QP experiments likely consist of isolated complexes; 

however, crosslinked lattices may form in later stages (Olsen et al., 1997). The data from 

these experiments reveal that the number of tetramers bound per polymer increases with 

increasing epitope density (Table 3.2, Figure 3.9). The observed stoichiometry agrees well 

with our previous experiments using transmission electron microscopy, in which we 

examined the stoichiometry of isolated multivalent ligand-promoted clusters of Con A 

(Gestwicki et al., 2000b). The fully elaborated polymer binds the greatest number of 

tetramers, but reducing the mannose epitope density to 70% does not significantly alter the 

stoichiometry of the precipitate. Polymers in which 2-20% of the residues are mannose bind 

the greatest number of receptors per residue. Thus, on a mannose residue basis, the most 

efficient compounds are those with the lowest density of binding sites. In contrast, the 

polymers that display the greatest number of binding sites generate the largest clusters. 
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Figure 3.9. Precipitation of Con A by polymers with variable binding epitope density.
Quantitative precipitation assays were used to determine the relative ability of each ligand (3.29-
3.35) to precipitate the lectin (Khan et al., 1991). These data are represented as the half maximal per 
saccharide concentration required for precipitation. The data can also be used to determine the 

2
stoichiometry of the complex (Table 3.2) (Linear regression of the data gives an r  value of 0.58, 
dashed line). Compound structures are shown in Figure 3.13.
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Table 3.2. Binding epitope density of multivalent polymers influences the stoichiometry 

of Con A complexation. 

Compound valency (DP) 
a
 %Man 

b
 Stoichiometry 

c
 Mannose/Con A 

d

3.29 143 100 16 9 

3.30 145 71 15 7 

3.31 115 45 9 6 

3.32 86 31 7 4 

3.33 102 18 6 3 

3.34 116 10 3 3 

3.35 129 2 1 2 

a. The degree of polymerization (DP) was determined by NMR integration of polymer 
end groups versus internal olefin resonances, to give the valency (see: 
Experimental Methods). 

b. Ratio between incorporated mannose and galactose used in the polymerization is 
given as % mannose. 

c. Stoichiometry of the complex is calculated using QP experiments. The ratio is 
reported as the ratio of Con A tetramers per polymer backbone. 

d. The ratio of mannose residues to Con A tetramers is calculated as 
DP/stoichiometry.

3.4.4. Rate of cluster formation.

QP provides information about an endpoint of receptor clustering, yet a critical 

parameter for biological systems is the rate of complex assembly. Cell-surface receptor 

clustering processes occur on time scales that range from seconds to days (Petrie et al., 2000; 

Sugiyama et al., 1997). To measure the effects of epitope density on the kinetics of receptor 

clustering, we employed a turbidimetric assay to monitor the rate of formation of lectin 

clusters in solution (Kitano et al., 2001; Roy et al., 1998; Ueno et al., 1997). 
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In the turbidity assay, Con A is mixed with a 10-fold excess of multivalent ligand, a 

process that induces rapid precipitation (see: Figure 3.10, inset). The initial rate of change in 

turbidity is related directly to the rate of receptor - receptor association mediated by the 

polymer backbone (Lichtenbelt et al., 1974; Puertas et al., 1998; Puertas and delasNieves, 

1997). By determining the initial slope of the curve a measurement of the rate of Con A 

clustering is obtained. These initial values should relate to the formation of isolated 

complexes; however, at later time points, secondary interactions between complexes obscure 

analysis. For example, in the presence of the highest density ligand 3.29 (Figure 3.13), Con A 

rapidly aggregates and then reaches a plateau value (see: Figure 3.10, inset). Alternatively, 

the absorbance for assemblies formed in the presence of ligands 3.30-3.34 (Figure 3.13) 

continues to increase over time. This result is consistent with the formation of higher order, 

cross-linked complexes in presence of ligands 3.30-3.34, the cross-linked complexes are 

expected to be more prevalent when precipitation is slower. We, therefore, have restricted our 

analysis to the initial rates of complexation.  

The rate of Con A complexation depends on the epitope density of the multivalent 

ligand. The highest density polymer induces clustering at a rate approximately 10-fold faster 

than that of the lowest density polymers. Subtle decreases in binding epitope density (e.g. 

from 100% to 70%), can decrease the rate of clustering by as much as 2-fold. In contrast, this 

change in epitope  density produced little or no change in the stoichiometry of the clusters. 

Thus, the binding epitope density of a multivalent ligand has a considerable effect on the rate 

at which it mediates receptor clustering. 
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Figure 3.10. Rate of Con A precipitation using variable binding epitope density polymers.
Initial rates of precipitation were determined from three independent experiments, error shown is 
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the data give r  = 0.96, dashed line). Compound structures are shown in Figure 3.13.
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3.4.5. Receptor proximity.

Multivalent ligands can alter the proximity of receptors on the cell surface (Gestwicki

et al., 2000a; Heldin, 1995; Klemm et al., 1998; Mann et al., 1998; Rao et al., 1998). Changes 

in receptor proximity can dramatically influence biological processes. To explore the 

influence of binding epitope density on multivalent ligand-induced receptor clustering, we 

exploited fluorescence resonance energy transfer (FRET) as a method to assess changes in 

receptor proximity (Ballerstadt and Schultz, 1997; Matko and Edidin, 1997). These 

measurements rely on the distance-dependent transfer of energy between two differentially 

labeled receptors. Here, fluorescein- and tetramethylrhodamine (TMR)-labeled Con A were 

used as donor and acceptor, respectively (Burke et al., 2000). 

Decreases in the fluorescence emission of the fluorescein donor are an indication of 

the proximity of Con A tetramers in the assembly. Compounds 3.29-3.33 (Figure 3.13) were 

added to a solution containing differentially labeled Con A, and the fluorescein emission was 

monitored (Figure 3.11). As the binding epitope density of the ligand increased, the maximum 

percent change in fluorescence emission elicited also increased. FRET efficiency varies as the 

sixth power of the separation distance (Matko and Edidin, 1997). Thus, this change is 

anticipated if the average distance between Con A tetramers in the polymer-lectin complex 

decreases. Alternatively, the change may also reflect an increase in the population of Con A 

tetramers in close proximity. Although these data do not distinguish between either scenario, 

both represent relevant changes in receptor clustering. Applying the average distance 

analysis, the changes in FRET for compounds 3.29-3.33 (Figure 3.13) indicate that altering 

the binding epitope density from 20% to 100% results in a decrease of the average inter-Con 

A distances of approximately 15%. This change is less pronounced for small reductions in 
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binding epitope density; comparison of the highest mannose density ligands 3.29 and 3.30

(100% and 70% mannose residue incorporation), shows that little to no change in FRET is 

observed. This result is consistent with studies of the stoichiometry determined from 

quantitative precipitation experiments, in which the stoichiometry of complexes formed from 

compounds 3.29 and 3.30 was similar.  
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Figure 3.11. FRET induced by variable density ROMP-derived  ligands.
FRET is assessed by determining the percent decrease in emmission of the fluorescent donor (520 
nm) on Con A in the presence of multivalent ligands. The donor and acceptor used are fluorescein 
and rhodamine. FRET of labeled Con A induced by compounds 3.29-3.35. Each point represents 

the average of three separate experiments, each over a concentration range of 0.001- 100 �M
mannose. Concentrations were calculated on a per saccharide basis. Error shown is the standard 

2
deviation. (Linear regression of the data give r  = 0.93, dashed line). Compound structures are 
shown in Figure 3.13.
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3.4.6. Changes in binding epitope density affect multivalent binding 

Multivalent ligands are useful biological probes due to their increased functional 

affinity and their ability to engage in multiple binding mechanisms. Multivalent ligands that 

influence receptor clustering can be used to illuminate and manipulate diverse physiological 

processes (Gestwicki et al., 2000a; Kiessling et al., 2000a). We hypothesized that the binding 

epitope density of a multivalent display influences parameters beyond its functional affinity. 

These include: the stoichiometry of complexation, rate of cluster formation, and receptor 

proximity. Little is known about the influence of multivalent ligand structure on these 

parameters. Using a series of multivalent ligands that differ only in their binding epitope 

density, we explored mechanistic parameters relevant for receptor clustering events. 

Applying assays that report on the assembly of Con A complexes, we investigated the 

effects of changing the binding epitope density of multivalent ligands. The stoichiometric 

composition of the multivalent ligand – receptor complexes was determined by QP assays. 

These results indicate that lower density ligands bind fewer receptors. Surprisingly, they also 

reveal that these ligands provide the most efficient interactions per recognition element. As 

anticipated, the ligands that display the most binding sites clustered the most receptors per 

polymer. Interestingly, increasing the binding epitope density beyond 70% mannose residues 

did not increase the number of receptors bound per multivalent ligand. FRET experiments 

showed that changes in binding epitope density afforded similar trends with regard to the 

proximity of receptors within the cluster. Increases of binding epitope density from 20-70% 

resulted in decreases in average inter-receptor distances. Again, increasing binding epitope 

density from 70% to 100% produced no measurable changes in FRET.   
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Turbidimetric experiments allow quantitation of the relative rates of clustering 

induced by the polymers. We observed that the rate of clustering is directly related to binding 

epitope density; the highest density ligands showed the fastest rates of assembly. In contrast 

to both QP and FRET experiments, the rate of clustering for ligands with binding epitope 

densities of 70% and 100% were different. The highest density ligand 3.29 exhibited a 2-fold 

increase in rate of clustering of Con A over ligand 3.30 (Figure 3.13). This result suggests that 

the rate of clustering is more sensitive to small changes in the multivalent scaffold than the 

other parameters measured.  

The results presented here demonstrate that binding epitope density is an important 

parameter that influences receptor clustering. In addition, there is interplay between epitope 

density and cluster formation. Traditionally, research on multivalent interactions has focused 

on optimizing activity on a binding epitope basis. Our results reveal other parameters may be 

critically influenced by changes in ligand structure. We found that epitope density can be 

decreased to complex a greater number of receptors per binding element. In contrast, 

increasing the mannose density of a multivalent ligand increased the number of receptors 

bound per polymer, increased initial rates of complexation, and decreased the inter-Con A 

distances in the complex. Thus, when receptor proximity is essential, density should be 

increased to reduce inter-receptor distances. For interactions requiring fast kinetics, the 

highest possible binding epitope density may be optimal. Our studies indicate that ligand 

microstructure plays a key role in controlling the outcome of multivalent binding events. 

Thus, it is a critical design parameter in creating multivalent ligands with tailored biological 

activities (Bertozzi and Kiessling, 2001; Kiessling et al., 2000b). 
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Multivalent interactions govern many important biological responses, yet there is little 

known about the influence of multivalent ligand structure on these processes. It has been 

suggested that natural polyvalent ligands (e.g. mucins, heparan sulfate) may use variations in 

binding epitope density to modulate biological interactions and the responses that result 

(Gerken et al., 1998; Lindahl et al., 1998; Perrimon and Bernfield, 2000). Our results suggest 

mechanisms by which binding epitope density could influence the regulation of natural 

multivalent interactions to yield the range of kinetic parameters and structural features that 

these processes require.



Figure 3.12. Scaffolded receptor clusters.
A theoretical model of a ROMP ligand (n = 50) complexed with three Con A tetramers. The model 
is intended to convey a sense of scale for the complexes discussed in this chapter.
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3.5.1. Multivalent ligand architecture. 

Our studies of polymers with variable binding epitope density (Section 3.4) support 

the hypothesis that multivalent ligand architecture can influence protein binding modes. 

Specifically, our results suggest that a single parameter, such as density, can have diverse 

effects on binding. Using a panel of four different assays, we found that the rate of clustering, 

the stoichiometry of the complex, the proximity of receptors, and the inhibitory potency were 

all influenced by changes in binding epitope density. These results are of direct application in 

the design of new multivalent ligands; however, there are additional structural features that 

might provide equally profound effects on multivalent binding modes.  

We hypothesized that other ligand features, such as valency and three-dimensional 

architecture, could also influence multivalent interactions. The assays that we have already 

implemented for examining changes in receptor clustering are ideal for addressing the 

propensity of a ligand to engage in different binding modes. We required a diverse array of 

compounds to investigate the influence of structural features, such as valency and 

architecture. Therefore, we prepared a collection of multivalent ligands that can be grouped 

into five different structural classes of ligands. Within each class, we varied both the valency 

and density of binding epitopes. Each of these compounds (with the exception of control 

compounds) were derivatized with -mannosides for binding to Con A. For comparison, we 

included the compounds already examined in Section 3.4 for analysis. For all assays, the 

binding epitope concentrations were normalized by using a hexose assay. All data is 

presented in saccharide concentrations (except for the stoichiometric ratios given in Figure 

3.15). Therefore, differences between ligands are due only to changes in presentation – not 

concentration – of saccharide. 



145

The structures we chose are members of five general classes of molecules (Figure 

3.13):

1) Low molecular weight compounds (3.11-3.14). This class contains both dimeric and 

trimeric structures with few binding epitopes (< 5 sites). Low molecular weight 

structures (ca. < 1000 Da) were generated and functionalized with an -mannoside 

according to previously described methods (Lindhorst and Kieburg, 1996; Woller and 

Cloninger, 2001). 

2) Dendrimers (3.15-3.16). We chose poly(amidoamine) (PAMAM) dendrimers as 

representatives of this class of medium size multivalent molecules (ca. < 7500 Da)  

(Esfand and Tomalia, 2001). The interactions of similar compounds with Con A have 

been studied by other research groups (Page and Roy, 1997; Woller and Cloninger, 

2002).

3) Globular Proteins (3.17-3.20). A common method for constructing multivalent 

carbohydrate ligands is to derivatize globular proteins, such as bovine serum albumin 

(BSA), with saccharides (Krantz et al., 1976; Roseman and Baenziger, 2001). These 

ligands are generally large (~250,000 Da) and of medium valency (5-100 sites). 

Therefore, we prepared BSA conjugates with variable amounts (density) of mannose 

residues.

4) Linear Polymers (3.22-3.35). Multivalent saccharide-substituted polymers generated 

by ROMP have provided exceptionally active ligands for a number of different 

systems (Gestwicki and Kiessling, 2002; Manning et al., 1997; Maynard et al., 2001). 

An advantage of using ROMP for the production of these polymers is that the 

resulting materials can be of low polydispersity and possess a wide range of functional 
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groups (Fraser and Grubbs, 1995; Schrock et al., 1995; Trnka and Grubbs, 2001). In 

addition to the variable-density ligands used for Section 3.4 (3.29-3.35), a series of 

variable valency polymers (3.21-3.29) was included to more completely represent this 

class of ligands (Kanai et al., 1997; Kanai and Kiessling, 2002). 

5) Polydisperse Polymers (3.36-3.38). We selected another polymer backbone with 

different characteristics from ROMP-derived ligands. Polyethylene-maleic anhydride 

(PEMA) polymers are commercially available and easily functionalized to provide 

multivalent saccharide presentations (Lu and Chung, 2000). These ligands are 

generally of high molecular weight (~100,000 Da) and of high valency (~700 sites). 

The polymers are generally of high polydispersities.  

Our library consists of five general classes of ligands that vary in structure, and within 

each class we explore the influence of valency and epitope density. This library is intended, 

therefore, to provide a general survey of multivalent ligand architecture. Each of these ligands 

were tested with the battery of assays described. Analysis of these results provides some 

insight into the general features of each class. 
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Figure 3.13. Structures of multivalent ligands used. 

In order to study the effects of ligand architecture, we assembled a small library of 

diverse multivalent ligands. The library consisted of small molecules (3.11-3.14), dendrimers 

(3.15, 3.16), protein conjugates (3.17-3.20), linear polymers (3.22-3.35), and polydisperse 

polymers (3.33-3.38). Several of these groups contained members with altered density and 

valency of binding sites. 
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3.5.2.1. Low molecular weight compounds. 

Low molecular weight multivalent ligands used in our assays were effective inhibitors 

of Con A binding; however, they were poor clustering agents. Considering the low valency of 

these ligands (n = 2-3), they achieve exceptionally good increases in functional affinity 

(avidity), as much as 60-fold using our inhibition assay (3.12). In addition, these compounds 

were able to crosslink receptors; however, they had very weak activity in QP assays, 

complexing ~1 tetramer per molecule. Similarly, the rate of clustering was too slow to 

observe on the timescale of the turbidity experiments (10 min). Compound 3.12 was active in 

FRET assays, causing as much as a 40% change in FRET.  

3.5.2.2. Dendrimers. 

The dendrimer ligands used here showed modest gains in functional affinity, and were 

reasonably good clustering agents. The dendrimers we generated contain between 4-8 

mannose residues; the best inhibitors showed as much as 300-fold increases in potency (3.16).

Additionally, the dendrimers were able to cluster multiple Con A tetramers, 2-8 tetramers per 

ligand by QP. The dendrimers showed good rates of clustering based on turbidity 

measurements (< 0.25 AU/min). Surprisingly, these ligands were incapable of eliciting any 

change in FRET signal in our experiments. The lack of FRET is likely due to the orientation 

or spacing of Con A tetramers in the complex. 
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3.5.2.3. Globular proteins. 

Protein conjugates were effective as both inhibitors and as mediators of clustering. 

The conjugates showed only modest improvements in functional affinity, generally they were 

10-40-fold more effective inhibitors than -methyl-mannose. Mannose-substituted protein 

conjugates were able to complex 4-10 Con A tetramers per conjugate. Additionally, the rate 

of clustering was generally slow (< 0.1 AU/min) and some conjugates with low binding 

epitope densities did not show any clustering over the course of the turbidity experiment. 

Globular proteins were able to induce modest changes in FRET, providing a maximum of 

10% FRET in the highest density studied. 

3.5.2.4. Linear polymers. 

Linear polymers were represented here by ligands produced using ROMP. These 

polymers consisted of two series, one series contains variable valency polymers and the other 

contains variable density polymers. Overall, these polymers showed excellent activity in 

every assay. The high density and high valency polymers were 900-fold more effective 

inhibitors than -methyl-mannose. QP assays showed that these ligands were capable of 

forming clusters of as many as 20 Con A tetramers per polymer. Ligands with the highest 

binding epitope densities gave the fastest rates of clustering (~0.5 AU/min) and these events 

quickly reached saturation. This class of ligands were superior for inducing changes in FRET, 

causing as much as 55% change in FRET signal. 
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3.5.2.5. Polydisperse polymers. 

PEMA polymers represented a class of high-molecular weight polydisperse polymers. 

These polymers were superior in several assays, including inhibition of Con A binding and 

QP. Enhancements in inhibitory potency of these ligands were the largest observed in our 

study (> 2000-fold). PEMA-derived polymers also provided the highest stoichiometric ratios 

of Con A to ligand; they were capable of complexing more than 400 tetramers per polymer. In 

addition, these ligands were able to cause receptor clustering at good rates (0.1-0.3 AU/min). 

However, only small changes in FRET (20%) were observed in the presence of these ligands, 

indicating that the Con A tetramers in the complex were not in close proximity.  
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Figure 3.14. Functional affinity  of Con A binding to multivalent ligands.

(Top) Solid-phase binding assays were used to determine the inhibitory potency of each ligand. 
IC  values were determined by non-linear regression of inhibition curves derived from seven 50

ligand concentrations. Concentrations were calculated on a per saccharide basis.  Error bars 
represent the standard deviation. Asterisks denote compounds that were unable to inhibit Con A 
binding (IC  > 1 mM). 50

(Bottom) Inhibition data are represented potencies relative to �-MeMan given as unity (230 

�M). Asterisks denote compounds with IC > �-MeMan.50

Compound structures are shown in Figure 3.13.
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Figure 3.15. Precipitation of Con A by multivalent ligands.
(Top) Quantitative precipitation assays were used to determine the half maximal concentration 

required for Con A precipitation. Ligand concentrations were between 0.01- 300 �M or 0.001- 

75 �M for compounds 3.17-3.20. Each point represents the average of at least two replicates 
performed in duplicate. Concentrations were calculated on a per saccharide basis. The resulting 
curves were fit by non-linear regression to determine the half maximal concentration required 
for precipitation. Error bars represent standard deviation. Asterisks denote that precipitation was 
not observed. 
(Bottom) Analysis of QP assays to determine the relative stoichiometries of Con A-ligand 
complexes. The values are extracted from the inflection point of the precipitation curve as 
described elsewhere.(Khan et al., 1991) Asterisks indicate that no precipitation was observed or 
that analysis of the curve for stoichiometry could not be performed.
Compound structures are shown in Figure 3.13.
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Figure 3.16. Rate of precipitation of Con A by multivalent ligands.
(Top) Turbidity experiments were performed in order to determine the rate at which 
complexation of Con A occurs in the presence of multivalent ligands. Analysis of the initial 
linear portion of the curve (peak rate) provides a determination of the relative rates of 
aggregation (k ). Each point represents three replicates, error bars represent the standard i

deviation of these determinations. All experiments were performed at the same per saccharide 
concentration. Asterisks denote that no precipitation was observed.
(Bottom) In the case of turbidity profiles that reached saturation, the time required for reaching 
half-maximal turbidity was determined (t ). Asterisks denote that no precipitation was 1/2

observed or that the precipitation did not reach saturation within 10 minutes. nd = not 
determined.
Compound structures are shown in Figure 3.13.
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Figure 3.17. FRET analysis of Con A complexes formed by multivalent ligands.
(Top) FRET experiments were performed with fluorescein- and TMR-labeled Con A in solution 
at a total final concentration of 80 nM. Fluorescein emission was monitored relative to 
untreated control, and the results were fit by non-linear regression to determine the half 
maximal concentration for FRET. Each point represents the average of three experiments with a 

range of 10-12 concentrations between 0.001-50 �M. Concentrations were calculated on a per 
saccharide basis. Error bars represent the standard deviation. Asterisks indicate that there was 

no change in FRET observed up to 50 �M of ligand.
(Bottom) The maximal percent change in FRET signal for the Con A donor-acceptor pairs 
observed in the presence of each multivalent ligand. Asterisks indicate that there was no change 

in FRET observed up to 50 �M. Compound structures are shown in Figure 3.13.
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Small Molecules Dendrimers Globular Linear Polydisperse
Proteins polymers polymers
(BSA) (ROMP) (PEMA)

  small    small   large  medium   large
600-700 1,500-7,500 ~250,000 3,000-34,000 ~100,000

   low   variable medium  variable   high
   2-3     4-16    5-100   5-100    700

 +  +  +  ++  +++

 + ++ ++  ++ ++++

 + ++  + +++   ++

++  -  + +++   ++

    Size
    (Da)

Maximum
Valency

Inhibition

Cluster
size

Rate

FRET

Figure 3.18. Summary of the influence of different ligand architectures on Con A binding.
General structural features of the ligands studied are summarized, including molecular weight 

and valency. The activities of each of these ligands are summarized for the assays used here. 
Inhibitory Potency (solid-phase binding assay):

Average relative potency for each class 1-200 (+), 200-1000 (++), >1000 (+++). 
Stoichiometry (QP assay):

Average ratio of receptor-ligand < 2 (+), 2-10 (++), 10-100 (+++), >100 (++++). 
Rate of aggregation (turbidity assay):

Averagek < 0.1 (+), 0.1-0.3 (++), > 0.3 (+++) (AU/min).i

Proximity of Receptors (FRET assay):
Average maximum change in FRET < 10% (+), 10-30% (++), >30% (+++). 
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3.5.3. The architecture of a multivalent ligand affects its binding mode(s). 

Using a library of compounds that vary in architecture, valency, and epitope density, 

we have shown that ligand structure has an important influence on receptor clustering and 

functional affinity. The assays employed provide determinations of the inhibitory potency, 

stoichiometry of clustering, rate of clustering, and proximity of receptors. Testing a diverse 

compound library in mechanistic assays provides insights into multivalent ligand function. 

These studies suggest the structural features that provide optimum activity for ligands that 

recognize their targets through a specific binding mode. 

Each of the clustering assays we used provide an indication of a separate facet of the 

receptor clustering event. The Con A binding inhibition assay reports on which ligands are 

the most potent inhibitors. Activity in QP assays is an indication of the number of receptors a 

single ligand can interact with upon cluster formation. Therefore ligands with optimum 

activity in this assay could cluster the greatest number of receptors. Ligands that demonstrate 

fast rates in the turbidity assay should promote events that require rapid clustering. Finally, 

ligands that produce large changes in the fluorescence emission of donor- and acceptor-

labeled receptors upon binding due to FRET should be able to bring individual receptors into 

close proximity.  

What general structural trends do we observe for activity in each of these assays? 

(Figure 3.19) We find that linear polymers (derived from ROMP or functionalization of 

PEMA, 3.22-3.35, Figure 3.13) are the most avid binders, showing as much as 2000-fold 

increases in inhibitory potency. Dendrimers (3.15-3.16), globular proteins (3.18-3.20) and 

small molecules (3.11-3.14) all show less enhancement over monovalent ligands. Linear 

polymers are the best ligands for interacting with large numbers of receptors in precipitation 
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assays. Dendrimers and globular proteins have less pronounced effects on precipitation. The 

fastest clustering reactions occur in the presence of high density ROMP-derived ligands, 

however both functionalized PEMA polymers and dendrimers induce moderate rates of 

clustering. Finally, ROMP-derived ligands are also superior for causing changes in proximity 

as observed by FRET, but both PEMA-functionalized compounds and small molecules are 

only moderately active. 

 Based on these results, we conclude that the presentation of binding sites in a linear 

polymer is generally optimum for Con A clustering activity. Defined polymers of medium 

length and high density tend to be optimal for high rates of clustering and FRET. Long 

polydisperse ligands of medium density tend to be optimum for increased inhibitory potency 

and binding of multiple receptors. 

Using a structurally diverse library of multivalent ligands in combination with 

multiple assays we have been able to identify highly effective ligands for promoting Con A 

clustering. Our exploration of multivalent ligand architecture provides conclusions that may 

be general for the design of ligands that cause clustering. To establish generality, further 

investigations of the interaction of a multivalent ligand library with different receptors is 

required. Our studies here have been restricted to a single receptor structure, Con A. 

However, receptors with different numbers or orientation of binding sites could have different 

preferences for interaction. In part, the data presented here provide incentive for the pursuit of 

such questions. They demonstrate the value of structural optimization of multivalent ligand 

activity.
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3.5.4. Deciphering the rules of multivalent ligand design. 

An intended goal of the studies described in this chapter is to determine whether 

general structural rules for multivalent ligand design can be developed. Full realization of this 

goal would require an extensive library consisting of series within each structural class that 

vary in parameters such as valency and density. Our current data set only contains systematic 

variations within a single structural class. The library sampled polymer displays derived from 

ROMP with variable valency (3.21-3.28) and variable density (3.29-3.35) and the results of 

this characterization may contain useful trends (Figure 3.13). 

We have considered both series in our analysis above; however, comparison of both 

sets of data reveals some differences. The variable density series shows linear trends in all 

assays, with the exception of QP assays (Figure 3.8-3.11). Specifically, as the density of 

mannose residues increases the inhibitory potency, the rate of clustering, and the change in 

fluorescence due to FRET increases. The half maximal concentrations required for 

precipitation in QP also increased with increased density. The extremely low density 

polymers tested in QP assays were outside these trends, and showed greatly reduced activity 

in QP experiments. Presentation of the variable valency series in the same manner suggests 

similar linearity in both inhibition and FRET assays (Figure 3.18). It should be noted that 

very long polymers (3.29) disrupt this trend. 

We suggest that these regions of linearity for these two series can provide useful 

guidelines for ligand design. It is important to emphasize that this empirical analysis does not 

provide a mechanistic interpretation for the trends, it only quantifies our observations. As 

seen here, deviation from these trends at the extremes of each parameter strongly support the 
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expectation that these trends may be oversimplified. With these caveats in place, a linear 

analysis of these results is a useful exercise. 

Linear regression of assay results for compounds generated by ROMP are summarized 

in Table 3.3. For each assay, the quality of the fit (r2) and the slope of the fit (m) are given. In 

the valency series, only the inhibitory potency and FRET results appear to follow a linear 

trend for polymer lengths of n = 3 – 52 (r2 > 0.9). In the density series, all four assays follow 

linear trends between 10-100% (r2 > 0.93). For brevity, we relate each dependence to 

inhibitory potency measurements using a proportionality constant (Table 3.3). Therefore, 

comparison of the magnitude of the proportionality constants should provide a relative 

assessment of the resulting dependence of each activity on the parameter of density or 

valency.

Using this method of comparison, general relations within the data can be identified. 

We find that inhibitory potency is attenuated more dramatically by valency (m = 17), rather 

than density (m = 8). We also find that changes in FRET signal are attenuated equally well by 

both parameters (m = 0.2 and 0.3). Therefore, we could conclude that to more efficiently 

design high avidity compounds that induce maximal FRET signal (i.e. close proximity of 

receptors), a polymer of high density and high valency should be employed. 

Once trends have been described within a series, the proportionality constant (Kav)

becomes a predictive tool. In the density series we have found linear trends for all assays. 

Therefore, using the proportionality constants in each assay, we can predict the activity of 

new compounds in three assays from a single measurement of any other. For example, a 

measurement of a new compound’s inhibitory potency could provide direct predictions of QP, 

turbidity, and FRET results.
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We have restricted our analysis to linear trends, as these are the simplest to 

deconvolute. In the absence of data from more compounds, the determination of more 

complex relationships is untenable. Our current data set does provide useful trends within 

limited ranges. As mentioned above, the extreme regions of these parameters warrant more 

detailed investigation, and may require more complex descriptors of activity. 
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Figure 3.19. Correlations between ligand valency and measured parameters.
Plots of ROMP ligands (3.22-3.28) in each of the assays used versus the length of each polymer is 
shown. Each plot is fit by linear regression, a summary of these relations is given in Table 3.3. For 
comparison see Figures 3.7-3.10 with variable density ROMP ligands. Compound structures are 
shown in Figure 3.13.
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Table 3.3. Correlations for density and valency of polymers produced by ROMP. 

Valency Compounds

3.22-3.28 (n=3-52) 

Functiona

l Affinity 

Turbidity QP FRET 

r2 0.91 0.01 0.51 0.93 

m a 17 -2 2 0.3 

Kav

b

- NA 0.09 0.02 

 Density  Compounds

3.29-3.34 (100%-10%) 

 Functiona

l affinity 

Turbidity QP FRET 

r2 0.95 0.96 0.96 0.93 

m a 8.0 3.0 0.9 0.2 

Kav

b

- 0.4 0.1 0.03 

a. The units for slope of the fit are:   

Functional affinity [Rel. Potency/n] or [Rel. Potency/%n].  

Turbidity [(AU/min)/n] or [(AU/min)/%n].  

QP [ M/n] or [ M/%n].  

FRET [% Max. Change in Fl./n] or [% Max. Change in Fl./%n].   

b.  The proportionality constant Kav is derived by calculating the ratio of the fit slope 
of each parameter (mi) to the slope of the functional affinity (mav). Kav=(mi)/(mav)
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3.6. Conclusions 

The interaction of multivalent ligands with their receptors is generally complex, 

because it can involve multiple modes of binding. As a result, these interactions are difficult 

to characterize, and the design of new ligands for specific activity is often challenging. Here 

we have described the design of multivalent ligands for two different receptors: GGBP and 

Con A. In each case we examine the effect of structural parameters on multivalent binding. 

These studies provide useful examples of the controlling influence of multivalent ligand 

structure on binding interactions. 

In contrast to monovalent ligand design, the design of multivalent ligands requires 

consideration of parameters such as attachment point, linker length, ligand valency, and 

ligand density. Additionally, the overall architecture of a multivalent ligand can influence its 

activity. We have used two series of multivalent ligands that differ in some or all of these 

parameters in order to assess the influence of these variables on multivalent ligand activity.  

In our studies of multivalent ligands for GGBP, we designed potent new bacterial 

chemoattractants. Using molecular modeling, we determined the optimal attachment point and 

linker length for saccharides presented on a multivalent ROMP-derived ligand. The activities 

of ligands that varied in linker length to the polymer backbone support our molecular 

modeling predictions: the most potent attractants were those predicted to best accommodate 

the binding site of GGBP. Interestingly, optimized linker lengths only showed increased 

activity when presented on polymers of high valency. These studies support previous findings 

that multivalent presentation can provide improved selectivity. Additionally, the design of 

these ligands required consideration of attachment point, linker length, and valency of the 

multivalent ligands.  
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To more thoroughly explore the effects of ligand structure on multivalent binding, we 

studied the interactions of multivalent mannose ligands with the lectin Con A. Our approach 

to this problem required the implementation of multiple binding assays to report on different 

aspects of binding. A structurally diverse library of multivalent ligands was evaluated in these 

assays. This combination of diverse assays and compounds provides one of the most 

comprehensive studies of this kind. Our results suggest that, in the case of Con A, ROMP-

derived ligands provide the most efficient presentation of binding sites. These ligands are 

some of the most potent inhibitors, and are of superior activity in turbidity and FRET assays 

to other ligands studied. Therefore, ROMP-derived ligands are highly effective at complexing 

multiple receptors and will remain a useful instrument in biological studies of receptor 

clustering.

Finally, we observe that systematic variation of multivalent ligand structure can 

provide useful indications of ligand activity. Variation of ROMP-derived ligands in both 

valency and density of binding epitopes provided several notable trends within individual 

assays. Determination of these trends could provide the means for de novo design of ligands 

with desired activity. Future investigations will require detailed exploration of these 

parameters within different structural classes of ligands. Studies that also compare the 

function of these ligands among different receptor structures will be of critical importance. 

Ultimately, the relation of observed trends for ligand activity between receptor classes will 

provide general guidelines for ligand design based solely on receptor structure. 
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3.7. Experimental materials and methods 

General Methods

Con A and tetramethylrhodamine-labeled Con A (6.3 mol/mol average loading 

density) were obtained from Vector Laboratories, Inc. Burlingame, CA. Fluorescein-labeled 

Con A (7.5 mol/mol average loading density) was purchased from Sigma, St. Louis, MO. All 

other reagents were obtained from Sigma unless otherwise noted. All experiments were 

conducted using HEPES-buffered saline (HBS) unless otherwise noted (HEPES 10 mM, NaCl 

150 mM, and CaCl2 1 mM adjusted to pH=7.4 and filtered using 0.2 �m nylon filters). 

Concentrations of polymer stock solutions were estimated by gravimetric analysis and 

confirmed by the hexose assay (Dubois et al., 1956; Fox and Robyt, 1991).

Molecular Modeling 

Extended isotactic ROMP-derived polymers (3.7) were built in silico using

Macromodel 6.5 (Schrodinger Inc., Portland, Oregon). These structures were minimized 

initially using distance constraints to induce an extended conformation, then minimized again 

without constraints. All calculations used the AMBER* force field in vacuo.

Con A tetramer coordinates were retrieved from the protein data base as 1CVN. 

Multiple tetramers were generated by symmetry operations to produce Con A dimers with 

lattice symmetry. A random conformation of isotactic ROMP-derived polymer (3.7), n=50, 

was then arranged to interact with the binding sites of the tetramers. These components were 

arranged and then minimized in SYBYL 6.3 (Tripos Inc., St. Loius, MO). Images of the 

resulting coordinates were generated using Molscript 2.1 and Raster 3D. 

Surfaces of the binding site of glucose-galatose binding protein (GGBP) were 

generated in GRASP 1.2 using coordinates retrieved from the protein data bank (PDB ID: 
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1GLG and 1GCG). Monosaccharides were docked to GGBP (PDB ID: 1GLG) using 

Autodock 2.4 (Goodsell et al., 1996; Goodsell and Olson, 1990). For these runs the hydroxyl 

groups of the saccharides were allowed to rotate freely. Grid files for the docking simulations 

were 60 Å on each side. Resulting conformations were analyzed by cluster methods.    

Optimal lengths for ethylene glycol linkers were determined by introducing monomer 

units with varying ethylene glycol linkages into the binding site of GGBP (1GLG with 

original ligand removed) using Macromodel 6.5. Each monomer was subjected to 

substructure molecular dynamics for 200 ps using the AMBER* force field and GBSA water 

solvation. Each run was then analyzed by observing the interchain distances over the course 

of the simulation.     

Solid-phase binding assay.

Micro-titer well plates activated with maleic anhydride (Reacti-bind polystyrene 96-

well plates, Pierce, Inc.) were derivatized with mannose by the addition of a solution of 2-

aminoethyl -D-mannopyranoside (50 µL, 1 mg/mL) in HBS. Plates were incubated for 60 

minutes at 22 °C. Wells were washed twice with phosphate-buffered saline containing 0.1% 

Tween-20 and 1 mM CaCl2 (PBST-Ca2+). Solutions of 50 µg/mL fluoresceinated Con A 

(Vector Laboratories, Burlingame, CA) and mannose-bearing ligands 1-28 in PBST-Ca2+

were incubated in the wells for 30 minutes at 22 °C. Wells were washed twice with PBST-

Ca2+ and once with HBS. Remaining fluoresceinated Con A was detached for analysis by the 

addition of 100 µL of 100 mM methyl -D-mannopyrannoside. After a 15 minute incubation, 

these solutions were transferred to cluster plates (Costar black with clear bottom cluster plate, 

Corning Inc., Corning NY) suitable for fluorescence analysis. Fluorescein emission intensity 
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was determined on a BioLumin plate reader using 5 nm slit widths, a PMT voltage of 850 V, 

an excitation wavelength of 480 nm, and emission wavelength of 520 nm.

Quantitative Precipitation 

Quantitative precipitations and analysis were carried out by a method modified from 

that previously described by Khan, et al. (Khan et al., 1991). Briefly, Con A and ligand were 

prepared in precipitation buffer (0.1 M Tris-HCl pH 7.5, 90 mM NaCl, 1 mM CaCl2, 1 mM 

MnCl2), vortexed briefly to mix, and then incubated for 5 h at 22 °C. The final concentration 

of Con A was 30 M (assuming Con A tetramers with a molecular weight of 104,000 Da). 

White precipitates were pelleted by centrifugation at 5000 x g for 2 min. Supernatants were 

removed by pipette and pellets were gently washed twice with cold buffer. Pellets were then 

resuspended in 600 mL of 100 mM methyl -D-mannopyranoside, and were completely 

dissolved after a 10 min incubation at room temperature. Protein content was determined by 

measuring the absorbance at 280 nm by UV-Vis spectroscopy on a Varian Cary 50 Bio using 

a 100 mL volume quartz cuvette with a 1 cm pathlength. Measurements are the average of 

three independent experiments with 2 scans performed in each experiment. Experiments also 

were performed using control polymers bearing only galactose residues (Figure 3.20) to 

demonstrate that polymeric galactose is unable to cause significant precipitation of Con A. 
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Figure 3.20. Precipitation of Con A by galactose polymers.
To test the ability of the “non-binding” galactose residue used in the variable density mannose 
polymers (compounds 3.29-3.35), we performed QP experiments with galactose homo-polymers 
(n=50). The resulting precipitation profile is shown. These data support that galactose is a weak 
ligand for Con A, and that precipitation caused by galactose residues for compounds 3.29-3.35
should not be significant.Compound structures are shown in Figure 3.13. 
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Turbidimetric Assay 

Con A was diluted fresh for all experiments. The lectin was dissolved at ~1 mg/mL in 

HBS buffer, and the resulting solution was mixed and sterile filtered (2 m). The 

concentration of the Con A stock solution was determined using UV absorbance at 280 nm 

(A280 = 1.37 x [mg/mL Con A]). The solution was then diluted to 1 M (based on Con A 

tetramer at 104,000 Da). Turbidity measurements were performed by adding 100 mL of the 

diluted Con A solution to a dry quartz micro-cuvette (100 mL volume, 1 cm pathlength). A 

solution of the ligand of interest in HBS buffer was then added (10 mL at 500 M, final 

concentration was 50 M per mannose residue). Upon addition, the solution was mixed 

vigorously for 5 s using a micropipette and then placed in the spectrometer. Absorbance data 

were recorded at 420 nm for 10 min at 1 Hz. Each sample was run three times, the steepest 

portion of the initial aggregation was then fit to determine the rate of aggregation. Error was 

determined as the standard deviation of the three rates. Curves shown are the average of all 

three runs. To establish that the aggregation process was a result of specific binding of 

saccharide epitopes to the lectin, competition experiments were also performed. Complexes 

between Con A and multivalent ligands were produced as above (5 M Con A, 50 M

saccharide). The resulting solutions were allowed to stand for 1 hr at room temperature. The 

turbid solution was then placed in a dry quartz micro-cuvette (100 L volume, 1 cm 

pathlength) and the absorbance at 420 nm was recorded (T=0 min). A solution of methyl- -D-

mannopyranoside was then added (10 L at 54 M, final concentration 5 M) and mixed for 

5 seconds. The change in absorbance (at 420 nm) was monitored as a function of time. The 

final absorbance (T=10 min) was determined as an average of the last 10 seconds of this run. 
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The percent change in absorbance was determined as (T0-T10)/T0, the results are represented 

in Table 3.4. The resulting data indicate that the ability of monovalent methyl- -D-

mannopyranoside to disrupt the aggregates depends on the binding epitope density of the 

multivalent ligand template employed. 

Table 3.4. Reversal of aggregation by a competitive ligand. 

Compound (Density) T0 T10 %Change(T0-T10)/T0)

3.29 (100%) 0.34 0.24 29.6 

3.30 (71%) 0.56 0.27 51.8 

3.31 (45%) 0.61 0.22 64.4 

3.32 (31%) 0.75 0.16 78.9 

3.33 (18%) 0.64 0.11 83.5 

3.34 (10%) 0.67 0.11 84.0 

Fluorescence Resonance Energy Transfer 

Stock solutions of tetramethyl rhodamine-Con A and fluorescein-Con A were 

resuspended in HBS to 400 mg/mL. Ligand was suspended in distilled H2O to 10x of the final 

concentration by serial dilution from a 20 M stock. Ligand and Con A solutions were mixed 

in 96-well plates (Costar black with clear bottom cluster plate, Corning Inc., Corning NY). 

The final concentrations of rhodamine-Con A and fluorescein-Con A were each 4 mg/mL. 

The final concentration of ligand is varied over the concentration range of 0.001-100 M

mannose residues. The final volume was brought to 100 mL with HBS. Solutions were mixed 

by gentle tapping and then incubated at 22 °C for 30 min in the dark. Fluorescein emission 

was measured on a BioLumin plate reader using 5 nm slit widths, a PMT voltage of 850 V, 
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excitation wavelength of 485 nm, and emission wavelength of 520 nm. Results are the 

average of two experiments performed in duplicate. Error represents the standard error of the 

mean. The maximum percent change in fluorescence to calculate the change in average 

distance between receptors is shown in Table 3.5. It should be noted that a similar change in 

fluorescence could result from changes in the population of proximal receptors rather than 

changes in the average distance between receptors. 

Table 3.5. Average distance calculations for FRET (Compounds 3.29-3.35). 

%

Mannose

r +/

-

100 60 2 

71 62 1 

45 63 1 

33 67 1 

18 70 1 

10 ND  

2 ND  

Calculation of Average Inter-Receptor Distances. Average inter-Con A distances were 

calculated using the maximum % change in FRET as described previously (Matko and 

Edidin, 1997). The Förster distance used for calculations was 54 Å (Wu and Brand, 1994). 

High throughput FRET assay.

The FRET experiments were performed with some minor modifications to the 

procedure described previously (Burke et al., 2000; Gestwicki et al., 2002c). The 
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modifications were made to allow more rapid analysis of samples in 96-well plates. Con A 

derivatives with fluorescent labels (4 µg/mL of fluoresceinated and rhodamine-labeled Con 

A, Vector Laboratories, Burlingame, CA) and ligand were added to the wells of black cluster 

plates in a final volume of 100 µL. The buffer was calcium-enriched HBS (HBS with 1 mM 

CaCl2). Solutions were mixed by gentle tapping and then incubated at 22 °C for 30 minutes in 

the dark. Fluorescein emission was measured on a BioLumin plate reader using 5 nm slit 

widths, a PMT voltage of 850 V, excitation wavelength of 485 nm, and emission wavelength 

of 520 nm. Ligands had negligible fluorescence at 520 nm. Half-maximal fluorescence values 

were determined by fitting data to non-linear curves. 

Ligand synthesis.

Precursors to ligands 3.11-3.20 and 3.36-3.38 were obtained from commercial 

sources, as indicated. Mannose residues were appended to these scaffolds using the reagents 

2-aminoethyl -D-mannopyranoside, [p-isothiocyanato]-phenyl -D-mannopyranoside or [2-

isothiocyanato]-ethyl -D-mannopyranoside. These were generated from mannose using 

known procedures (Lindhorst and Kieburg, 1996; Page and Roy, 1997). The concentrations of 

all ligands were calculated by hexose determination, as described (Dubois et al., 1956; Fox 

and Robyt, 1991), using mannose as a standard. The concentrations of 3.17 and 3.36 could not 

be calculated in this fashion, as these ligands did not bear saccharide modifications. The 

concentration of these control compounds was determined by gravimetric or 

spectrophotometric analysis, and the concentrations employed corresponded to the maximum 

functionalized scaffold concentrations used (e.g. the concentration of 3.16 employed was the 

same as the concentration of 3.38).
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Low molecular weight compounds (3.11-3.14):

Compound 3.11. 2,2’-(Ethylenedioxy)bis(ethylamine) (3.2 µL, 0.022 mmol, 1 

equivalent, Pierce, Inc. Rockford, IL) was reacted with [2-isothiocyanato]-ethyl -D-

mannopyranoside (17.6 mg, 0.066 mmol, 2.5 equivalents) in water. The product was dialyzed 

(100 molecular weight cutoff (mwco), 24 hours, 4x250 mL), and compound 3.11 was isolated 

as a solid (14.6 mg) in 98% yield. The product was purified by column chromatography using 

a 5:4:1 CH2Cl2:MeOH:H2O solvent system. 1H NMR (300 MHz, 80% DMSO-d6,20% D2O)

4.6 (s, 2H);  3.6-3.3 (m, 30 H);  1.2 (t, 4H). MALDI-TOF: m/z = 701.4 [M+Na+] (M+Na+

cal. 701).

Compound 3.12. 2,2’-(Ethylenedioxy)bis(ethylamine) (2.5 µL, 0.0168 mmol, 1 

equivalent, Pierce, Inc. Rockford, IL) was treated with [p-isothiocyanato]-phenyl -D-

mannopyranoside (12.3 mg, 0.042 mmol, 2.5 equivalents) and triethylamine (7 mL 0.0506 

mmol, 3 equivalents) in a methanol/water mixture (1:1 200 µL total volume). The product 

was dialyzed (100 mwco, 24 hours, 4x250 mL) and compound 3.12 was isolated (4.7 mg) in 

36% yield. 1H NMR (300 MHz, 80% DMSO-d6,20% D2O)  6.9 (s, 8H);  5.4 (d, 2H);  4.0 

(m, 2H);  3.8 (dd, 2H);  3.6-3.4 (m, 20H). MALDI-TOF: m/z = 797.3 [M+Na+] (M+Na+ cal.

797).

Compound 3.13. Bis(sulfosuccinimdyl) suberate (5 mg, 0.00874 mmol, 1 equivalent, 

Pierce, Inc. Rockford, IL) was treated with 2-aminoethyl -D-mannopyranoside (7.79 mg, 

0.0349 mmol, 4 equivalents) in 200 µL dimethylsulfoxide (DMSO). The reaction was allowed 

to proceed for 3 hours at 22 °C. Water was added to allow dialysis (500 mwco, 24 hours, 

2x1000 mL). The resulting solution was lyophilized to afford compound 3.13 as a solid (4.2 
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mg) in 83% yield. 1H NMR (300 MHz, 80% DMSO-d6,20% D2O)  4.7 (s, 2H);  3.8-3.2 (m, 

20H);  2.0 (m, 4H);  1.4 (m, 4H);  1.2 (s, 4H). MALDI-TOF: m/z = 607.3 [M+Na+]

(M+Na+ cal. 607.2). 

Compound 3.14. Tris(2-aminoethyl)amine (2.4 µL, 0.0159 mmol, 1 equivalent, Pierce, 

Inc. Rockford, IL) was reacted with [2-isothiocyanato]-ethyl -D-mannopyranoside (19 mg, 

0.0717 mmol, 4.5 equivalents) in water. The product was dialyzed (100 mwco, 24 hours, 

4x250 mL) and compound 3.14 was purified by column chromatography using a 5:4:1 

CH2Cl2:MeOH:H2O solvent system. Compound 3.14 was obtained as a solid (7.5 mg) in 50% 

yield. 1H NMR (300 MHz, 80% DMSO-d6,20% D2O)  4.6 (s, 2H);  3.6-3.4 (m, 18H);  3.3 

(m, 18H);  2.6 (m, 12H). MALDI-TOF: m/z = 964.4 [M+Na+] (M+Na+ cal. 964). 

Dendrimers (3.15-3.16): Starburst PAMAM dendrimers were obtained from Aldrich 

as 20 wt% solutions in methanol. Dendrimers 3.15 and 3.16 were prepared as described by 

Woller and Cloninger (Woller and Cloninger, 2001). Compound 3.15
 1H NMR (300 MHz, 

80% DMSO-d6,20% D2O)  4.3 (s, 4H);  3.8-3.1 (m, 56H);  2.7 (m, 8H);  2.5 (s, 4H); 

2.3 (m, 8H). MALDI-TOF: m/z = 1577.7 [M+] (cal. 1577). Compound 3.16
1H NMR 

(300MHz, 80% DMSO-d6,20% D2O)  4.6 (s, 8H);  3.8-3.2 (m, 48H);  3.1 (m, 48H);  2.7-

2.5 (m, 36H);  2.4-2.0 (m, 48H). MALDI-TOF: m/z = 3312.8 [M+Na+] (M+Na+ one 

unreacted site cal. 3311). 

Globular protein conjugates (3.17-3.20): A thiol was appended to 2-aminoethyl -D-

mannopyranoside (3 mg/mL in DMSO) by reaction with the N-hydroxysuccinimidyl ester of 

S-acetylthioacetic acid (SATA, 2 equivalents, Pierce, Inc. Rockford, IL). The reaction was 

conducted for 2 hours at 22 °C. Remaining SATA was removed by scavenger resin (100-fold 
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molar excess of amines). After removal of the resin, the thioester was treated with 0.5 M 

hydroxylamine (100 µL, 10 mM phosphate buffer, 25 mM EDTA, pH 7.2, 15 minutes) to 

reveal the thiol group. The thiol-containing mannose derivative was added to 10 mg/mL 

IMJECT BSA (maleimide-activated bovine serum albumin, Pierce, Inc. Rockford, IL) in 

phosphate buffered saline (PBS) pH 7.1. IMJECT BSA contains approximately 20 

maleimides per BSA, according to manufacturer specifications. Mannosylation reactions were 

performed for 2 hours at 22 °C on a rotary shaker. Cysteine (100 µL, 30 µM) was added to 

quench the unreacted maleimides. Shaking was continued for 1 hour at 22 °C. The resulting 

solution was dialyzed (7000 mwco, 2x1000 mL) overnight against 10 mM HBS (10 mM 

HEPES, 150 mM NaCl, pH 7.5). Compounds 3.18-3.20 were isolated. Control compound 

3.17 was not treated with 2-aminoethyl -D-mannopyranoside, but otherwise received 

identical treatment.

Linear defined polymers (3.21-3.35):

The syntheses and characterization of 3.21-3.35 are reported elsewhere (Kanai et al.,

1997; Kanai and Kiessling, 2002). Polymer length (degree of polymerization) was confirmed 

by integration of 1H NMR peaks. Briefly, to the solution of the mannose bearing monomer 

(36 mg, 0.098 mmol) and dodecyltrimethylammonium bromide (DTAB) (48 mg, 0.16 mmol, 

1.6 eq) in water (310 L), was added catalyst [Ru=CHPh(Cl)2(PCy3)2] (0.8 mg, 0.00098 

mmol, 0.01 eq) in CH2Cl2 (150 L). The mixture was stirred vigorously for 20 hr at room 

temperature. After workup and purification, polymer 3.29 was obtained as a colorless film (24 

mg, 67%). The degree of polymerization determined from 
1
H NMR is 143 (3.29).

Characterization of Multivalent Ligands (3.29-3.35):
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1
H and 

13
C NMR spectra were recorded on a Bruker WP-300 or a Bruker AM-500 

Fourier Transform NMR spectrometer. Polymers were synthesized using emulsion conditions 

with a monomer to catalyst ratio of 100:1 (M/C = 100) as previously described(Kanai et al.,

1997), using various ratios of mannose and galactose monomers (Kanai and Kiessling, 

unpublished results). The ratio of the two saccharides within the polymer was analyzed from 

the intensity of the anomeric protons by 1H NMR: (mannose-1-H at 4.86 ppm and galactose-

1-H at 4.93 ppm). As shown in Table 3.6, the polymers obtained reflect the 

mannose/galactose ratios employed in their synthesis. These data indicate that there is no 

detectable reactivity difference between mannose- and galactose-bearing monomers. 
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Table 3.6. NMR Characterization of DP for compounds 3.29-3.35.  

Entry % Man 
a

% Man (NMR) 
b

n c yield/% d

3.29 100 100 143 67 (95) 

3.30 71 71 145 78 (89) 

3.31 45 45 115 81 (85) 

3.32 31 33 86 77 (83) 

3.33 18 18 102 47 (69) 

3.34 10 10 116 70 (85) 

3.35 2 ND 129 87 (95) 

a. Percent mannose incorporation based on ratio of mannose to galactose monomers 
used in the polymerization.

b. Percent mannose incorporation based on integration of mannose- and galactose-
1-H by 1H NMR.

c. The value n is defined as the degree of polymerization (DP) for the reaction 
determined from 

1
H NMR.

d. Isolated yield. Yields estimated from NMR are in parentheses.  

Polydisperse polymers (3.36-3.38): 2-Aminoethyl -D-mannopyranoside (4.42 mg, 0.5 

equivalents, 0.1 mg/mL) and polyethylene maleic-anhydride (PEMA) polymers (10 mg, 35 

mg/mL, Polysciences Inc., Warrington, PA) were dissolved in DMSO. The PEMA was 

considered to be an average molecular weight of 100,000 (according to manufacturer 

specifications), which constitutes an average of 400 maleic anhydride and 400 ethylene units 

per polymer chain. The conjugation reaction was agitated for 3 hours at 22 °C on a rotary 

shaker. The remaining maleic anhydride groups were quenched with addition of 100 µL 

distilled water and the product was treated with a 2-fold molar excess of TMS-diazomethane 
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to methylate any carboxylic acid groups. Solutions were brought to <25% DMSO by the 

addition of distilled water, dialyzed overnight (7000 mwco, 2x1000 mL), and compound 3.38

was isolated. Similar conditions were used to generate compound 3.37. Control polymer 3.36

was generated by addition of ethanolamine in place of the mannose-derivative.  
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Chapter 4. Controlling Receptor Clustering in vitro

using Synthetic Multivalent Ligands 

Portions of this work are in preparation: 

“Modulation of Con A toxicity using Synthetic Multivalent Ligands,” Cairo, C.W., 
Gestwicki, J.E., Kiessling, L.L.,  in preparation.

Contributions:

Compounds 4.1 and 4.2 were contributed by F.J. Boehm and R.M. Owen. 

Compound 4.4 was contributed by B.R. Griffith. 

IC50 determination of -Fas IgM was contributed by E. Underbakke (Figure 4.10.3). 
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4.1. Abstract. 

With the methods to quantitate the activity and binding mechanisms of multivalent 

ligands outlined in Chapter 3, we sought to apply information from those assays to 

interactions at the cell surface. Specifically, we wanted to test if our model studies using 

lectin clustering could be directly applied to activate signaling through receptors in the cell 

membrane. In the first part of Chapter 4, we describe our results from testing the ability of 

scaffolded lectins to cluster cell surface receptors in sensitive cell lines. In the second part, we 

explore the generality of our findings using a specific cell surface target, the Fas receptor. In 

both systems synthetic multivalent ligands function as powerful reagents for the control of 

signal transduction. Our findings are consistent with findings in Chapter 3 that suggest linear 

polymers are able to assemble lectin complexes. 

Oligomeric lectins are well known as potent mitogens and cell activators (Anderson, J.

et al., 1976). This activity is due to their ability cluster cell surface receptors. As a result, 

lectins have been used to activate signal transduction. For example, the lectin concanavalin A 

(Con A) is known to induce apoptosis in sensitive cell types by clustering glycosylated cell-

surface receptors (Cribbs et al., 1996). This apoptotic activity is dependent on whether the 

dimeric or tetrameric form of the lectin is employed; the tetrameric form is active but the 

dimeric form is not. Therefore, ligands that modulate the oligomerization state of Con A 

could be used to control its toxic effects. We anticipated that multivalent mannose-substituted 

polymers could be used as scaffolds to assemble multiple copies of Con A (Gestwicki et al.,

2002c). These complexes could cind to and cluster cell-surface glycoproteins. Thus, we 

reasoned that multivalent mannose-displaying ligands could modulate the toxic effects of Con 

A. Because tumor cells often have patterns of glycosylation that are distinct from normal cells 



182

(Kim and Varki, 1997), such ligands could be useful for promoting apoptosis of unwanted 

cells.

Using three cell lines that undergo apoptosis in response to Con A treatment (PC12, 

SW837, and HCT15), we characterized the ability of multivalent ligands to modulate Con A-

induced apoptosis. In the presence of mannose-bearing polymers, the toxic effects of Con A 

can be enhanced by at least 40-fold. Fluorescence microscopy experiments reveal that Con A 

– polymer complexes cluster cell-surface receptors more effectively than Con A alone. 

Together these data indicate that oligomeric assemblies of soluble lectins can function as 

powerful mediators of signaling events that depend on receptor clustering. 

In the second part of Chapter 4, studies directed at examining the generality of our 

approach are illustrated. We identified a signal transduction event with potential for 

biotechnological applications: crosslinking of the Fas receptor. Fas is a member of the TNF 

family of cell surface receptors and is found on many cells in the immune system and some 

cancerous cells(Weller et al., 1998). Clustering of Fas results in apoptosis in sensitive cells 

(Belshaw et al., 1996). Several tumor lines are known to be produce Fas, and these cells are 

found in predominantly Fas(-) tissue (Weller et al., 1998). Therefore, reagents for clustering 

of this receptor could have potential as chemotherapeutics. We designed a semi-synthetic 

conjugate that incorporates antibody Fab’ fragments that bind Fas. Treatment of appropriate 

cells with conjugates that present Fas-binding units on a multivalent backbone should cause 

Fas clustering on relevant cell surfaces, thereby leading to apoptosis. Using cultured Fas(+) 

cells, we demonstrate that this strategy is feasible and that the multivalent conjugates are 

more potent than more conventional clustering agents, such as antibodies.  
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4.2.1. Receptor clustering using multivalent lectins. 

Multivalent lectins have long been used as reagents for the study of cell surface 

receptors (Anderson, J. et al., 1976). They often are used as reagents for the detection of cell 

surface glycoproteins (Anderson, J. et al., 1976; Lis and Sharon, 1998). Additionally, many 

are well known as T-cell activators and mitogens (Kilpatrick, 1999). Under appropriate 

conditions, lectins are also known to have cytotoxic effects (Gorelik, E., 1998; Schwarz et al.,

1999). For example, the sensitivity of transformed cells to Con A is often different from 

normal tissue; which is consistent with studies showing tumor cells can have glycosylation 

patterns distinct from normal cells (Kim and Varki, 1997). As a result, lectin toxicity has been 

explored as a potential tumor-targeting strategy (Nicolson, G. L., 1976). A major 

disadvantage of using lectins as cytotoxic agents for tumor cells is that these proteins can 

cause systemic mitogenicity and toxicity. As a result, methods to control the toxicity of 

lectins would improve the prospects for this strategy.  

4.2.2. Con A-induced apoptosis. 

One of the best-characterized lectins is the tetrameric plant lectin, Con A. Con A binds 

mannose-containing oligosaccharides with good affinity (Kd ~ 2 M), and it also can bind 

monosaccharides, such as mannose, albeit more weakly (Kd ~ 0.1 mM) (Toone, 1994). Con A 

is toxic to a number of cell types including murine neuronal cells (Cribbs et al., 1996), and 

human colorectal (Kiss et al., 1997) and melanoma cells (Lorea et al., 1997) (Table 4.1). The 

mechanism of lectin-induced apoptosis is not completely understood; however, key features 

have been established.
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Lectin toxicity requires the presence of lectin-binding sites at the cell surface. 

Presumably, the lectin binds to glycosylated cell-surface proteins. This condition is necessary, 

but not sufficient, for activity. Cell death caused by Con A is the result of apoptosis (Cribbs et 

al., 1996; Kim et al., 1993; Kulkarni et al., 1998; Kulkarni and Mcculloch, 1995; Nagase et 

al., 1998; Schwarz et al., 1999). As a result, the toxicity of lectins can be readily measured 

using cell viability assays (Cribbs et al., 1996; Gieni et al., 1995).

Examination of lectin binding to the cell surface has shown that cell-surface 

glycoproteins are clustered by treatment with multivalent lectins (Cribbs et al., 1996). 

Glycoprotein clustering induced by Con A is dependent on whether the lectin is a dimer or a 

tetramer (Cribbs et al., 1996; Wang, J. L. et al., 1976). Con A exists as a homotetramer that 

presents four binding sites in a tetrahedral orientation; however, succinylation of Con A 

results in a dimeric form with two intact binding sites (sCon A) (Wang, J. L. et al., 1976). In 

cells normally sensitive to Con A toxicity, sCon A is not toxic and is unable to cause receptor 

clustering at the cell surface (Cribbs et al., 1996; Mannino et al., 1978). Together, these data 

suggest that the mechanism of toxicity induced by Con A treatment requires the formation of 

glycoprotein clusters at the cell surface (Figure 4.1).

The specific binding partner(s) of Con A in mammalian cells is not definitively 

known; however, recent work has identified the protein zero receptor (PZR) as a potential 

binding partner in both murine and human cell lines (Zhao et al., 2002). Importantly, cells 

expressing an inactive PZR mutant are resistant to Con A-mediated toxicity and agglutination. 

These results suggest that PZR is the primary binding partner for Con A in these cell types, 

and that crosslinking of this receptor is required for toxicity.
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Table 4.1. Characterized lectin toxicity. 

Lectin Cell Lines or Source Species/Type Reference 

Con A HT29, Caco2 human/colorectal, 
adenocarcinoma 

(Ryder et al., 1994) 

Con A* HGF human/fibroblast (Kulkarni et al., 1998) 
Con A 3T3, SV3T3, H. normal, 

H. SV40, H. DMNA, H. 
Polyoma 

murine/fibroblast, 
hamster/fibroblast 

(Shohan et al., 1970) 

Con A* 3T3, HGF murine/fibroblast, 
human/fibroblast 

(Kulkarni and 
Mcculloch, 1995) 

Con A 3T3, HT-1080, HEK293, 
HeLa

murine/fibroblast, 
human/fibrosarcoma, 
human/kidney, 
human/adenocarcinoma  

(Zhao et al., 2002) 

Con A* cortical neurons murine/neuron (Cribbs et al., 1996) 
Con A* TC, SPC murine/T cell, 

murine/spleen cell 
(Nagase et al., 1998) 

Con A, PNA, 
WGA, GSA-IA4, 
PHA-L

SK-MEL-28, HT-144, 
C32

human/melanoma (Lorea et al., 1997) 

Con A, sCon A  3T3, SV3T3 murine/fibroblast (Mannino et al., 1978) 
Con A, WGA, 
GSA, PHA-L, PNA 

LoVo, HCT15, SW837 human/colorectal 
carcinoma 

(Kiss et al., 1997) 

Con A*, WGA, 
sWGA, PHA-L 

BxPC, MIA, Panc-1, 
CFPAC, ASPC, HS-766T, 
HTB-147, CaPan-1, 
CaPan-2

human/pancreatic (Schwarz et al., 1999) 

PNA human rectal human/colorectal (Ryder et al., 1998) 
WGA*, GSAB4 BL6-8, BL6-12, CL8-1, 

WEHI-164, YAC-1, 
MCA102, L929 

human/melanoma (Kim et al., 1993) 

WGA, MAL, STL, 
TML1, TML2, 
GML, PPL, AIL, 
LCL, NPA, AAL 

H3B, Jar, B16, ROS human/hepatoma, 
human/choriocarcinoma, 
human/melanoma, 
human/osteosracoma 

(Wang et al., 2000) 

* - cells were characterized as undergoing apoptosis on treatment with the indicated 
lectin
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Figure 4.1. Secondary clustering of cell surface receptors.
(1) Cell-surface receptors bearing mannose residues become clustered when treated with a 
multivalent lectin. (2) This clustering can trigger signal transduction. Treatment of the cells with 
lectin and a multivalent presentation of mannose (3) enhances the ability of the lectin to promote 
receptor clusters.
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4.2.3. Examining the toxicity of Con A in the presence of multivalent ligands. 

We have explored the use of multivalent polymers as scaffolds for the assembly of 

multiple copies of Con A (Cairo et al., 2002; Gestwicki et al., 2000b; Gestwicki et al.,

2002c). Ring-opening metathesis polymerization (ROMP) provides polymer backbones of 

defined length (valency) that can be easily derivatized with saccharide residues. These 

multivalent displays of saccharides can function as scaffolds for the assembly of multiple Con 

A tetramers. The resulting Con A complexes present their saccharide binding sites with 

altered spatial proximity and increased functional affinity relative to Con A alone (Gestwicki

et al., 2002c). As a result, the polymers should be able to modulate the ability of Con A to 

bind and cluster glycosylated proteins. Thus, we hypothesized that Con A toxicity could be 

potentiated by controlling the oligomerization state of the lectin by assembling multiple 

copies of it on multivalent saccharide polymers (Figure 4.1). 

In our study, three cell lines sensitive to Con A toxicity were employed to evaluate the 

activity of Con A in the presence of multivalent saccharide polymers (Figure 4.2). We found 

multivalent polymers modulated the activity of Con A in a dose-dependent manner. Apoptotic 

responses were found at significantly reduced Con A concentrations (e.g. 40-fold lower). 

Thus, we demonstrate that the assembly of Con A onto a multivalent scaffold can modulate 

the clustering of cell-surface proteins and therefore the activity of the lectin. Modulation of 

Con A toxicity by synthetic ligands demonstrates that scaffolded lectin clusters on the cell 

surface can be used to manipulate cellular responses (Sacchettini et al., 2001).

The development of general strategies to study and manipulate lectin-induced receptor 

clustering will be relevant for many biological systems. The lectin-fold and saccharide 
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specificity of Con A is homologous to lectins important for signaling, including the galectins 

and the Flt3 receptor-interacting lectin (FRIL) (Hamelryck et al., 2000; Kogelberg and Feizi, 

2001; Vijayan and Chandra, 1999). Galectins are known to regulate cell adhesion, cell 

proliferation, and cell survival (Perillo et al., 1998). The activity of these lectins is proposed 

to require multivalent interactions with cell surface receptors (Barondes et al., 1994; 

Bouckaert et al., 1999). Lectins that regulate cell proliferation, such as FRIL, have potential 

application in the cultivation of stem cells (Colucci et al., 1999). These lectins are known to 

form oligomerized structures in the presence of appropriate ligands and clustering of the 

lectin may affect both its specificity and its interaction with cell surface glycoproteins 

(Hamelryck et al., 2000). Therefore, synthetic multivalent ligands may provide useful tools to 

manipulate the specificity and activity of lectins at the cell surface (Kiessling et al., 2000a; 

Sacchettini et al., 2001). 
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4.3.1. Con A toxicity in PC12, SW937, and HCT15 cells. 

The lectin toxicity for the cell lines of interest was characterized. Cell viability assays 

were used to determine the lethal concentration (LC50) for Con A in three separate cell lines.  

Murine neuronal cells are known to be sensitive to Con A toxicity (Cribbs et al., 1996); 

therefore we anticipated that PC12 cells, a pheochromocytoma cell line often used as an in

vitro neuronal model, would show a similar response. SW837 cells are a human rectal cancer 

cell line that has been previously characterized for sensitivity to a number of lectins including 

Con A (Kiss et al., 1997). HCT15 cells are a human colon cancer cell line that is also 

sensitive to Con A, and it is similar to the SW837 cell line (Kiss et al., 1997). All cell lines 

were obtained from ATCC and characterized for dose-dependent Con A toxicity (Figure 4.3-

4.5). Viability assays were performed by quantifying the amount of 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) reduced to formazon by the cells after exposure 

to samples. Cells with decreased mitochondrial function give reduced conversion of MTT 

relative to controls (observed by A570, see: Materials and Methods, Section 4.7). This assay 

has been shown to correlate well with other measures of cell viability in response to lectin 

toxicity, such as trypan blue dye-exclusion and thymidine incorporation assays (Cribbs et al.,

1996; Gieni et al., 1995). All cell lines had similar responses to tetrameric Con A: PC12 cells 

responded at an LC50 value of 4 x 10-6 M, HCT15 cells responded with an LC50 value of 0.2 x 

10-6 M, and SW837 cells responded with an LC50 of 0.2 x 10-6 M lectin (Figure 4.3-4.5). 
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Figure 4.3.1. Toxicity of Con A in PC12Cells

PC12 cells were exposed to lectin at the indicated concentrations (in HBS) for 48 h, then cell 

viability was measured using an MTT assay. Viability is shown relative to control wells treated 
-6

only with buffer. Linear regression using eq. 4.2 gives an LC  = 4 +/- 0.2 x 10  M. 50

Figure 4.3.2. Modulation of Con A toxicity in PC12 cells in the presence of multivalent 

ligands.
-7

PC12 cells treated with Con A at a constant concentration (1 x 10  M) in the presence of increasing 

equivalents of mannose presented on ROMP ligands 4.1 (�) and 4.2 (�). Cells were incubated with 

samples in low serum media for 48 h, and then viability was measured using MTT reduction. Each 

point represents the average of 6 replicates. Curves were fit using a standard IC  formula (see: 50

Experimental Methods), and error bars represent the standard error of the mean. Compound 

structures are shown in Figure 4.2.
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4.3.2. Modulation of Con A toxicity using multivalent mannose-substituted polymers 4.1

and 4.2. 

We tested our hypothesis that the presentation of multiple copies of Con A 

oligomerized by multivalent ligands could modulate lectin toxicity. Cell viability assays were 

performed in the presence of a non-toxic dose of Con A. Under these conditions, we expected 

changes in viability to result from changes in Con A oligomerization state. We used two 

different mannose-substituted polymers of different length. Based on previous studies of 

similar compounds, we predicted that increases in the length of the polymer would increase 

the number of Con A tetramers complexed with each polymer and also bring these complexes 

into closer proximity (Gestwicki et al., 2000b; Gestwicki et al., 2002c; Gestwicki et al.,

2002b). Therefore, we would expect to observe differences in the activity of these two 

polymers if the number of cell-surface receptors complexed or the proximity of those 

receptors affects signaling in the cell types of interest.

MTT assays were conducted on both cell lines using a fixed sub-lethal concentration 

of Con A (1 x 10-7 M), and conditions were considered 100% viability. When PC12 cells were 

treated with Con A or mannose-substituted polymers alone no effect on cellular viability was 

observed (Table 4.2). In contrast, when cells were exposed to Con A in the presence of 

mannose-substituted polymers the toxicity of Con A was potentiated (Figure 4.3-4.5). This 

toxicity depends on the valency and the concentration of the multivalent mannose derivative 

employed. Polymer activity was plotted in terms of the total concentration of mannose 

residues in each sample relative to the concentration of Con A binding sites (mannose 

equivalents). This unit incorporates the concentration of Con A binding sites and the 

concentration of mannose; therefore, it allows comparison of activity between polymers and 
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mannose ligands without any bias due to the valency of the ligand or the Con A concentration 

used. Additionally, the activity of each ligand is given as an absolute concentration.

We first tested the ability of two mannose-substituted polymers of different lengths to 

potentiate Con A toxicity in PC12 cells. The polymers had different effects on Con A toxicity. 

Compound 4.1 (DP = 63) gave an EC50 of 12  7 mannose equivalents (1.2  0.7 M

saccharide, 19  11 nM polymer), and compound 4.2 (DP = 142) gave an EC50 of 1.3  1.2 

mannose equivalents (130  120 nM saccharide, 0.92  0.85 nM polymer) (Figure 4.3). These 

results demonstrate that treatment of PC12 cells under these conditions with either 4.1 or 4.2

induces Con A toxicity at 1 x 10-7 M, 40-fold below the LC50 of Con A alone. Interestingly, at 

high concentrations of 4.2, viability of the cells returned to control levels. This result is 

consistent with previous observations that suggest Con A binding site saturation occurs at 

high concentration of multivalent ligand (Gestwicki et al., 2002c). Con A binding site 

saturation occurring at high concentrations. Under these conditions, excess polymer can 

occupy all vacant Con A binding sites thereby preventing the binding of Con A to cell surface 

glycoproteins (vide infra) (Gestwicki et al., 2002c).

These data suggest that SW837 and PC12 cells have different responses to clustering 

of Con A. Experiments with SW837 cells reveal that treatment with Con A or mannose-

substituted polymers alone did not affect cell viability (Table 4.2). As with PC12 cells, 

treatment of the SW837 cells with Con A in the presence of mannose-substituted polymers 

potentiated the toxicity of the lectin (Figure 4.4). Con A in the presence of the shorter 

polymer (4.1) gave an EC50 value of 18  3 mannose equivalents (1.8  0.3 M saccharide, 29 

 5 nM polymer), and when the longer scaffold was present (4.2), it had a similar EC50 value 
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of 18  8 mannose equivalents (1.8  0.8 M saccharide, 13  6 nM polymer) (Figure 4.4). 

Thus, in contrast to the results with PC12 cells, polymers of either length gave identical EC50

results when compared on a saccharide residue basis.  

Experiments with HCT15 cells in the presence of Con A or mannose-substituted 

polymers alone did not affect cell viability (Table 4.2). Treatment of cells with Con A in the 

presence of mannose-substituted polymers resulted in potentiated lectin toxicity as described 

for the other two cell lines above (Figure 4.5). In the presence of Con A, the 63mer (4.1) gave 

an EC50 value of 12  4 mannose equivalents (1.2  0.4 M saccharide, 19  6 nM polymer), 

and the 142mer (4.2) gave an EC50 of 8  4 mannose equivalents (0.8  0.4 M saccharide, 6 

 3 nM polymer). These results are similar to those with SW837 cells, as could be expected 

from their related origin (Kiss et al., 1997). 
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Figure 4.4.1. Toxicity of Con A to SW837 Cells

 SW837 cells were exposed to lectin at the indicated concentrations (in HBS) for 48 h, then cell 

viability was measured using an MTT assay. Viability is shown relative to control wells treated 
-6

only with buffer. A representative experiment is shown with an LC  = 1.1 +/- 0.2 x 10  M. 50

Figure 4.4.2. Modulation of Con A toxicity in SW837 cells in the presence of multivalent 

ligands.
-7

SW837 cells were treated with Con A at a constant lectin concentration (1 x 10  M) in the presence 

of increasing amounts of mannose presented on either a 63- or 142-mer ROMP-derived polymer 

4.1 (�) and 4.2 (�). Cells were incubated with samples in low serum media for 48 h, and then 

viability was measured using MTT reduction. Each point represents the average of 3 experiments, 

with 8 replicates in each experiment. Curves were fit using a standard IC  formula (see: 50

Experimental Methods), error bars represent the standard error of the mean. Compound structures 

are shown in Figure 4.2.
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4.3.3. Polymer – Con A complexes elicit an apoptotic cell morphology.

In a number of cell lines, treatment with Con A affords cell morphologies and 

biochemical changes consistent with programmed cell death (Cribbs et al., 1996; Kulkarni 

and Mcculloch, 1995). We anticipated that light microscopy experiments could therefore 

reveal whether similar morphological features are observed under conditions determined to be 

lethal in our cell viability experiments. Accordingly, cells were exposed to Con A and 

mannose-substituted scaffold under conditions determined to be lethal (vide supra), and the 

cellular morphology of PC12 and SW837 cells was monitored [Figure 4.6.1 (PC12) and 

Figure 4.6.2 (SW837)]. Because SW837 and HCT15 cells are similar, HCT15 cells were not 

studied by microscopy. In the presence of the multivalent ligands and Con A, both cell lines 

used showed characteristic membrane blebbing and the appearance of apoptotic bodies as 

indicated by visible microscopy (Hacker, 2000). At the concentrations used, Con A alone did 

not elicit these morphological changes. These results indicate that the Con A-mediated 

toxicity observed in cell viability assays results from apoptosis.    

4.3.4. Clustering of cell-surface glycoproteins by Con A and multivalent ligands.

To study the mechanism of Con A toxicity in the presence of multivalent ligands, we 

performed microscopy experiments to visualize clustering of Con A on the cell surface. 

Treatment of the cell lines with fluorescein-labeled Con A resulted in clustering of Con A on 

the cells, consistent with other reports (Cribbs et al., 1996; Mallucci, L., 1976). To compare 

the degree of clustering of Con A at the cell surface induced in the presence of the multivalent 

mannose substituted scaffolds, we used a Con A derivative that does not cause clustering on 
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its own. Succinylated Con A is known to have a reduced ability to cluster glycoproteins, 

presumably because it has only two binding sites. We have previously shown that multivalent 

polymers are able to assemble sCon A oligomers in solution (Gestwicki et al., 2002c). Thus, 

we anticipated the sCon A could cluster glycoproteins in the presence fo the multivalent 

ligands. As expected, fluorescein-labeled sCon A (Fl-sCon A) alone was unable to cluster 

surface glycoproteins in either cell line (Figure 4.6); however, upon treatment with either 4.1

(Figure 4.6) or 4.2 (Figure 4.6) characteristic Con A fluorescence that is indicative of protein 

capping was observed. Notably, clustering appeared to be more distinct in both cell lines 

when treated with the higher valency ligand (4.2) vs. the lower valency ligand (4.1). Improved 

clustering in the presence of polymer 4.2 could be an indication of the formation of larger 

sCon A complexes, and therefore larger clusters of cell-surface binding partners, by the 

higher valency polymer. 



Mannose Eq.

0.1 1 10 100

V
ia

b
ili

ty

0.4

0.6

0.8

1.0

1.2

1.4

Con A Conc [M]

1e-9 1e-8 1e-7 1e-6

V
ia

b
ili

ty

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Con A
-7

LC = 2.4 +/- 0.2 X10  M50

1)

2)

Figure 4.5.1. Toxicity of Con A in HCT15 Cells

 HCT15 cells were exposed to lectin at the indicated concentrations (in HBS) for 48 h, then cell 

viability was measured using an MTT assay. Viability is shown relative to control wells treated 
-6

only with buffer. A representative experiment is shown with an LC  = 2.4 +/- 0.2 x 10  M. 50

Figure 4.5.2. Modulation of Con A toxicity in HCT15 cells in the presence of multivalent 

ligands.
-7

HCT15 cells were treated with Con A at a constant concentration (1 x 10  M) in the presence of 

increasing equivalents of mannose presented on either a 63- or 142-mer ROMP-derived polymer 

4.1 (�) and 4.2 (�). Cells were incubated with samples in low serum media for 48 h, and then 

viability was measured using MTT reduction. Each point represents the average of 3 experiments, 

with 8 replicates in each experiment. Curves were fit using a standard IC  formula (see: 50

Experimental Methods), error bars represent the standard error of the mean. Compound structures 

are shown in Figure 4.2.
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Figure 4.6. Clustering of Con A on the surface of PC12 and SW837 cells results in apoptotic 
morphology.

1) PC12 cells were grown on glass cover slips in 6-well plates and fixed. Cells were treated with Fl-
-6 -7 -7

sCon A (1 x 10  M) for 2 h in the presence of 1) buffer; 2) 4.1 (3 x 10  M); 3) 4.2 (2 x 10  M). For 
-7

visualization of apoptotic morphology, cells were treated with Con A (1 x 10  M) for 48 h in the 
-8 -9

presence of 4) buffer; 5) 4.1 (2 x 10  M); 6) 4.2 (8 x 10  M). Scale bar is 10 �m.

2) SW837 cells were grown on glass cover slips in 6-well plates and fixed. Cells were treated with 
-6 -7 -7

Fl-sCon A (1 x 10  M) for 2 h in the presence of 1) buffer; 2) 4.1 (3 x 10  M); 3) 4.2 (1 x 10  M). For 
-7

visualization of apoptotic morphology, cells were treated with Con A (1 x 10  M) for 48 h in the 
-8 -8

presence of 4) Buffer; 5) 4.1 (3 x 10  M); 6) 4.2 (1 x 10  M). Scale bar is 10 �m. Compound

structures are shown in Figure 4.2.

1)

2)

1. 2. 3.

4. 5. 6.

1. 2. 3.

4. 5. 6.
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Table 4.2. Con A toxicity in PC12 and SW837 cells. 

Cell
Line

 Conditions   Viability 
d

 SE 

 Ligand  Concentration 
(Mannose Eq.) a

Concentratio
n
Ligand (M) b

Con A c

PC12 - - - + 100 10 
PC12 4.3 40 eq. 4 x 10-6

- 90 26 
PC12 4.3 40 eq.  4 x 10-6

+ 99 18 
PC12 4.1 40 eq. 6 x 10-8

- 97 1 
PC12 4.1 40 eq.  6 x 10-8

+ 70 1 
PC12 4.2 40 eq.  3 x 10-8

- 98 9 
PC12 4.2 3.3 eq. e 2 x 10-9

+ 73 2 
SW837 - - - + 100 3 
SW837 4.3 64 eq. 6 x 10-6

- 111 12 
SW837 4.3 64 eq.  6 x 10-6

+ 101 16 
SW837 4.1 64 eq. 1 x 10-7

- 97 5 
SW837 4.1 64 eq.  1 x 10-7

+ 51 5 
SW837 4.2 64 eq.  4 x 10-8

- 109 9 
SW837 4.2 64 eq.  4 x 10-8

+ 61 6 
HCT15 - - - + 100 13 
HCT15 4.3 64 eq. 6 x 10-6

- 114 4 
HCT15 4.3 64 eq. 6 x 10-6

+ 111 9 
HCT15 4.1 64 eq. 1 x 10-7

- 89 9 
HCT15 4.1 64 eq. 1 x 10-7

+ 60 8 
HCT15 4.2 64 eq. 4 x 10-8

- 83 7 
HCT15 4.2 64 eq. 4 x 10-8

+ 67 9 

a
Concentrations are given as mannose equivalents relative to Con A monomer. 

b
 Concentrations are given as molar concentration of the ligand or polymer. 

c
For experiments in which Con A is added (+), the concentration was 1 x 10

-7
 M (1 

eq.) 

d
Viability is given as the mean of 6 replicates, error is the standard error of the mean. 

e Ligand 4.2 had an effective concentration lower than 4.1; the concentration that 
showed the greatest toxicity is shown for comparison. 
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4.4.1. Synthetic multivalent ligands are effective tools for controlling receptor clustering. 

We found that multivalent ligands can be used to control the extent of clustering of 

Con A at the cell surface and therefore the toxicity of this lectin. In the presence of mannose-

substituted polymers, Con A can assemble into higher order complexes in solution. It is these 

complexes that presumably cluster target cell-surface glycoproteins. It is this crosslinking of 

cell-surface lectin-binding glycoproteins that leads ultimately to apoptosis. This study 

provides a general and selective strategy for potentiation of signal transduction events that 

rely on the clustering of a target receptor. 

Cell viability assays were used to quantitate the ability of Con A to induce apoptosis 

in the presence of multivalent mannose-substituted polymers. Based on previous studies of 

Con A binding to mannose-substituted polymers in solution, we expected the multivalent 

ligands could control the extent of clustering of the lectin at the cell surface (Gestwicki et al.,

2002c). Our results demonstrate that multivalent polymers can potentiate the toxicity of Con 

A are consistent with such a model (Gestwicki and Kiessling, 2002). The multivalent 

mannose-substituted scaffolds are active at nanomolar concentrations in the presence of Con 

A. Moreover, they are able to induce Con A toxicity at concentrations 40-fold below the LC50

value for Con A alone. These data suggest that scaffolded Con A complexes are more 

efficient at clustering the target cell-surface proteins. 

Comparison of our results across cell types suggests that specific cell types can 

respond differently to clustering of Con A. For example, PC12 cells respond to treatment with 

Con A in the presence of 4.2 with an EC50 of 1.3 mannose equivalents, this is as much as 14-

fold more potent than the response observed in SW837 cells and 6-fold more potent than the 

response in HCT15 cells. Therefore, potentiation of Con A toxicity can target different cell 
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types more effectively than others. Interestingly, we only observe this effect in the case of the 

longer polymer, 4.2, but not in the case of the shorter polymer, 4.1. These data suggest that 

potentiation of Con A toxicity is dependent both on cell type and the ability of the multivalent 

ligand to bring a sufficient number of lectins into close proximity (Gestwicki et al., 2000b; 

Gestwicki et al., 2002c; Gestwicki et al., 2002b). 

Our finding that the assembly of multiple copies of Con A on mannose-substituted 

polymers potentiates the toxicity of this lectin illustrate a versatile strategy for controlling 

signal transduction. Although the clustering of cell surface receptors by multivalent 

antibodies or lectins is well known, we have used multivalent ligands, which are traditionally 

considered inhibitors (Lundquist and Toone, 2002; Page et al., 1996a; Woller and Cloninger, 

2002), as effectors of lectin toxicity. In our initial studies of multivalent polymers, we 

observed that polymers similar to the ones used in this study can be effective inhibitors of 

Con A mediated hemagglutination (Kanai et al., 1997; Mortell et al., 1996; Strong and 

Kiessling, 1999). However, multivalent ligands can also serve as scaffolds for the assembly of 

Con A – complexes (Burke et al., 2000; Cairo et al., 2002; Gestwicki et al., 2002c). Here, we 

demonstrate that multivalent ligands can be used to tune a biological response. Specifically, at 

low concentrations that favor the formation of Con A oligomers (i.e. low molar ratio of 

multivalent ligand epitopes to Con A binding sites), the ligand acts as a template to assemble 

highly toxic Con A complexes. When the multivalent ligand concentration is high (i.e. high 

molar ratio of mannose epitopes to Con A binding sites), the Con A binding sites are 

occupied. As a result, the multivalent ligand now acts as an inhibitor of lectin toxicity. This 

change in activity can be observed when PC12 cells are treated with Con A in the presence of 

multivalent ligand 4.2 (Figure 4.3). The polymer acts as an effector of lectin toxicity at low 
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molar ratios (in the range of 0.2-2 mannose equivalents); however, at higher molar ratios (10-

20 mannose equivalents) oligomer formation is less favored and cell viability returns to 

control levels. These observations are consistent with quantitative precipitation and FRET 

studies of multivalent ligand binding to Con A (Burke et al., 2000; Gestwicki et al., 2002c).

The clustering of cell-surface receptors is a general process by which signal 

transduction cascades are initiated (Heldin, 1995). Oligomeric lectins have been used to 

activate signaling. Mammalian lectins, such as the galectins, are structurally homologous to 

Con A and have been shown to activate T cell apoptosis by clustering target cell-surface 

glycoproteins (Bouckaert et al., 1999; Pace et al., 1999; Perillo et al., 1998). The activity of 

the galectins can be modulated by antibodies that mediate dimerization (Liu et al., 1996). 

Antibody-mediated dimerization of lectins cannot be used to investigate the consequences of 

higher order clustering. Our strategy however, provides a simple method to modulate the 

clustering and therefore the activity of lectins. Thus, the activity of a lectin can be influenced 

specifically and varied systematically.  

Our data suggest that multivalent ligand structure could be optimized to provide 

selective targeting of specific cell types. In our studies of Con A toxicity in PC12 cells, we 

observe that the higher valency polymer 4.2 is 20-fold more effective than the lower valency 

polymer 4.1. Moreover, the effective concentration of polymer 4.2 in SW837 cells is different 

from that of the PC12 cells. These data suggest that lectin toxicity can be selectively 

modulated for particular cell types. Moreover, in our studies the valency of the multivalent 

ligand used can affect the potentiation of lectin toxicity. 

The use of multivalent ligands as effectors is emerging as a general strategy for 

investigating and manipulating signaling events (Kiessling et al., 2000a). Synthetic 
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multivalent ligands have served as valuable tools for the study of bacterial chemotaxis, 

apoptosis, T cell activation, and L-selectin shedding (Belshaw et al., 1996; Cochran and 

Stern, 2000; Gestwicki and Kiessling, 2002; Gordon et al., 1998; Portoghese, 2001). Our 

studies of Con A toxicity demonstrate that glycoprotein oligomerization state can have a 

profound effect on lectin-initiated apoptosis in vitro. Moreover, our results suggest strategies 

to control this and other lectin-mediated processes. 

The clustering of multivalent lectins could provide a means for improved lectin 

specificity. The lectin FRIL is structurally similar to Con A, and is able to regulate the 

proliferation of cells (Colucci et al., 1999). It has been proposed that the oligomerization of 

this and other lectins could provide improved selectivity when complexed by a native 

multivalent ligand (Dam and Brewer, 2002; Hamelryck et al., 2000). Our model studies with 

Con A provide a concrete demonstration that receptor clustering can modulate signal output. 

We have observed that Con A activity is regulated by clustering the protein onto a multivalent 

ligand. Additionally, we find that the structure of the ligand is able to provide selective effects 

in different cell types. Therefore, multivalent ligands similar to those used here may provide 

useful reagents for the selective control of biologically relevant lectins in other systems. 

4.5.1. Specific cell receptors for inducing apoptosis. 

Our studies of lectin-induced toxicity relied on the non-covalent interaction of three 

species: the polymer backbone, the soluble receptor (Con A), and its putative cell-surface 

binding partner (PZR). The advantages of this strategy are three-fold: 1) The combinatorial 

nature of the interaction allows the system to explore many degenerate states capable of 

activating signal transduction; 2) the multivalent ligand is synthesized from small molecule 
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precursors, such as monosaccharides; 3) the combination of two separate binding events 

results in a concentration range of activity (for example our results using 4.2 in PC12 cells, 

Figure 4.3.2). Below this range, there is insufficient binding of the multivalent ligand to form 

soluble clusters; above this range there is excess ligand that saturates the receptor. Thus, there 

is a region of effector activity (clustered) and inhibitor activity (saturation) for the ligand. 

An alternative approach could simplify this system by removing one of these non-

covalent interactions. Multivalent ligands with a covalently linked group able to bind to the 

target receptor directly would eliminate the intermediary binding step required for generating 

a multivalent display of a protein of interest. Additionally, ligands in which binding epitopes 

are presented through covalent linkage to the backbone are more structurally defined. We 

therefore identified a well-characterized receptor system known to cause signal transduction 

upon crosslinking with known binding partners available. 

Candidate receptors must provide a simple means of assessing signal transduction 

upon clustering. Therefore, we considered receptors known to induce apoptosis of cells upon 

clustering, because cell viability assays could be used to quantitate the effects of the 

multivalent ligands. One of the most characterized receptors in the apoptotic pathway is 

CD95/Fas/APO-1. The Fas receptor is a member of the tumor necrosis factor (TNF) receptor 

family and is activated by the soluble Fas ligand (FasL) (Wallach et al., 1999). FasL 

oligomerizes upon binding to Fas, resulting in crosslinking of the receptor (Bajorath, 1999b; 

Orlinick et al., 1997b; Orlinick et al., 1997a; Schneider et al., 1997). This interaction has 

been studied by fluorescence microscopy and SDS-PAGE (Bajorath, 1999a; Medema et al.,

1997; Weber and Vincenz, 2001). Some evidence suggests that Fas may exist as a trimer 

before ligand binding (Chan et al., 2000; Siegel et al., 2000). However, crosslinking of the 



206

receptor with multivalent antibodies (vide infra) induces apoptosis. The response to 

antibodies suggests that higher-order assemblies of Fas may be required for effective 

signaling.

Initiation of apoptosis by Fas clustering is believed to involve the formation of a 

death-inducing signaling complex (DISC). The complex is believed to include oligomerized 

Fas, cytotoxicity–dependent APO-1-associated proteins (CAPs), FADD, and pro-caspase 8 

(Blatt and Glick, 2001; Kischkel et al., 1995). Within the complex, the pro-caspase is 

converted to an active caspase, leading to initiation of the apoptotic cascade and ultimately 

cell death (Figure 4.7) (Blatt and Glick, 2001; Crowe et al., 1998; Martin et al., 1998; 

Wallach et al., 1999).

Although it is clear that the Fas receptor requires oligomerization for activation, 

structural information related to this organization is sparse. Several models of Fas 

oligomerization in the cell membrane have been described based on crystal structures of 

fragments and mutagenesis studies (Bajorath, 1999a; Orlinick et al., 1997a; Weber and 

Vincenz, 2001). Multivalent ligands could provide a unique method to study the structural 

requirements of this membrane bound assembly. For example, polymers with defined 

distances between binding sites could be used to determine the effect of receptor proximity 

within the complex. Alternatively ligands with different numbers of binding sites could report 

on the optimal size of the active complex. Therefore, we designed polyvalent ligands capable 

of crosslinking Fas receptor in order to establish that this strategy would be effective. 



Figure 4.7. Fas-initiated apoptotic signalling
Binding of FasL to Fas oligomerizes the receptors. The oligomer is generally thought to be a trimer 
as observed in crystal structures of FasL and native SDS-PAGE,(Kischkel et al., 1995)although 
higher order structures have been proposed.(Weber and Vincenz, 2001) The death domains (DD) of 
these receptors recruit FADD, which activates pro-caspase-8 to caspase-8. The caspase then 
initiates the apoptotic cascade beginning with caspases-2,3,6, and 7.(Blatt and Glick, 2001; 
Wallach et al., 1999)
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4.5.2. Strategies for crosslinking Fas. 

Several strategies for initiating crosslinking of the Fas receptor have been reported in 

the literature. Soluble FasL (sFasL) has been used in vitro and in vivo to cause crosslinking of 

Fas (Kawaguchi et al., 2000; Schneider et al., 1997). Native FasL is a 40 kDa membrane 

protein. Truncated forms of the protein are also known (~25-29 kDa), and these have been 

shown to require two N-glycoslyated sites for activity (Schneider et al., 1997). FasL appears 

to function as a trimeric structure, and this is considered to be part of the mechanism of Fas 

clustering (Bajorath, 1999b). Although FasL has not been crystallized, the structure is thought 

to be similar to that of other TNF family members (Bajorath, 1999b). Therefore, several 

model structures have been proposed (Bajorath, 1999a; Weber and Vincenz, 2001). Use of 

sFasL as an agent for clustering Fas is complicated by limitations on the production of the 

glycoprotein from cell culture (Roth et al., 1999). 

Strategies using chemical inducers of dimerization (CID) have also been employed to 

cluster Fas receptors fused to cyclophilin domains could be crosslinked using dimeric 

cyclosporin ligands (Belshaw et al., 1996). Importantly, several studies using IgG and IgM 

antibodies have shown that antibody crosslinking is sufficient to cause apoptotic signaling in 

a variety of cell types; interestingly, IgM molecules appear to be more active than IgG (Frei et 

al., 1998; Komada et al., 1999; Meterissian et al., 1997). Ichikawa et al. demonstrated that -

Fas antibodies were more active when treated with secondary antibodies to enhance clustering 

(Ichikawa et al., 2000). Engineered and non-specifically crosslinked whole antibodies have 

been used with varied success (Holler et al., 2000; Todorovska et al., 2001). Finally, 

multivalent fusion proteins have been constructed with multiple FasL regions and self 

associating protein domains (Holler et al., 2000). 
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Each of these strategies has inherent disadvantages. FasL is difficult to produce in 

large quantities and is, therefore, difficult to study (Roth et al., 1999). CID strategies are 

useful for in vitro study, but by design they require the generation of a cell line with the 

appropriate fusion protein (Belshaw et al., 1996). Antibody strategies are also restricted to in

vitro work; due to their large molecular weights and high immunogenicity. Engineered 

antibody constructs are extremely inefficient to produce due to statistical factors (Kroesen et 

al., 1998). Multivalent fusion proteins suffer from the disadvantage of being extremely large 

(FasL ~ 40kD, trimeric constructs ~ 400 kD) (Holler et al., 2000; Schneider et al., 1997). We 

propose that synthetic and semi-synthetic methods will allow the construction of more 

efficient and more active compounds. The resulting reagents are anticipated to be effective 

crosslinking agents for Fas and useful for both in vitro and in vivo studies.

The most promising studies to date have been reported by Willuda et al. using

“miniantibodies” (Willuda et al., 2001). These authors were able to engineer tetrameric scFv 

regions of -Fas antibodies. These constructs are of medium molecular weight (~ 130 kD) 

and valency (3-4 binding sites). Moreover, these materials are capable of penetrating tumor 

tissues, and are stable in plasma. These artificial constructs are limited however, in their 

valency and in the orientation of their binding sites. Synthetic approaches to macromolecular 

species that allow control of both valency and density of binding epitopes could allow better 

optimized ligands than are currently available. 

4.5.3. Therapeutic utility of Fas selective ligands. 

Methods to selectively control apoptotic signaling could give rise to new anticancer 

strategies. Compounds that target several receptors in the apoptosis pathway are currently 

under investigation. Receptors must be carefully chosen to affect only cancerous tissue, and 
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exclude non-cancerous tissue. Many cell types are Fas(+) and therefore Fas targeting 

strategies are limited to regions where tissue is generally Fas(-) but harbors cancerous tissue 

that is Fas(+). Several forms of malignant glioma are known to be Fas-sensitive. Importantly, 

brain epithelial tissue is not sensitive to Fas crosslinking, making Fas targeting strategies 

potentially feasible for treating malignant glioma.  

Weller et al. have studied the feasibility of using Fas clustering as a selective 

apoptosis signal in malignant glioma (Roth and Weller, 1999; Weller et al., 1998). These 

authors and others have shown that FasL is able to induce apoptosis in cultured cells as well 

as ex vivo tumors (Frei et al., 1998; Kawaguchi et al., 2000). Antibodies that crosslink Fas 

have also been described (Decaudin et al., 2001; Roth and Weller, 1999). Combination 

strategies are also emerging which employ treatment of resistant tumors with 

chemotherapeutic agents and FasL. These strategies have shown synergistic effects; combined 

therapy is often far more effective than either therapy alone would predict (Hueber et al.,

1998).

Although all of these strategies are under development, more versatile approaches 

may prove to be superior for studies of this system. As we have observed in model systems 

(Gestwicki et al., 2002b), there may be an optimal architectural configuration of multivalent 

ligands for Fas. Antibody strategies, while effective, are limited with regard to structural 

parameters. Additionally, these materials are of high molecular weight and may not penetrate 

tumor tissue well (Figure 4.10). Willuda et al. showed that multivalent “miniantibodies”, 

truncated scFv fragments with self-associating fusion sequences attached (tetramers ~ 130 

kD), were of small enough molecular weight to penetrate tumors (Willuda et al., 2001). These 

constructs were also stable and active against tumors. These results suggest that antibody 
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fragments arranged into a multivalent presentation could provide potent compounds for tumor 

therapy. To initiate our studies, we developed a general strategy to synthesize multivalent 

conjugates containing -Fas antibody fragments. 

4.5.4. Antibody conjugates for clustering apoptosis receptors. 

An ideal reagent for selective Fas crosslinking would be of high valency and low 

molecular weight. Additionally, the conjugate should have limited immunogenicity and 

should be stable to proteolysis. Our model studies of multivalent ligand architecture using 

Con A suggested that linear polymers can be one of the most efficient presentations of 

multivalent binding sites to cluster large numbers of receptors (Cairo et al., 2002; Gestwicki

et al., 2002b). We reasoned that a synthetic polymer could serve as an efficient backbone for 

the presentation of Fab’ fragments specific for Fas (Figure 4.8). Synthetic polymers also 

provide a great deal of structural variation. In this way, medium-sized molecular weight 

conjugates of different valencies may prove effective. The use of a single backbone to present 

antibody binding sites should provide ligands of significantly lower molecular weight than are 

possible with native antibodies (Figure 4.10). The Fc portions of whole antibodies impart 

excess molecular weight and are not required for the desired interactions. Therefore, synthetic 

conjugates of Fab’ should provide higher valencies for the same molecular weight. 

We used ATRP-derived backbones for our conjugation strategies. The ATRP reaction 

involves a radical initiator that reacts to afford a living polymerization of  unsaturated 

carbonyl compounds (Liang et al., 1999; Matyjaszewski and Xia, 2001; Patten and 

Matyjaszewski, 1998). The resulting polymers of ethylacrylate monomer units are of low 
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polydispersity and can be easily modified for introduction of new functional groups. We 

envisioned that conjugation of ATRP polymers to antibody fragments would provide 

compounds with the desired properties. Therefore, we synthesized ATRP polymers containing 

maleimide groups, which can react selectively with a cysteine side-chain in the antibody 

fragment  (4.4, Figure 4.2). This strategy avoids undesired side reactions of the lysine 

residues in the antibody which would be expected with an amide bond-forming strategy, 

providing a polymer with consistent and oriented binding sites.  

Several antibodies capable of crosslinking Fas are available (Komada et al., 1999). 

We employed the IgG producing clone DX2. This antibody had been previously shown to 

cause apoptosis in cultured malignant glioma (T98G) (Kawaguchi et al., 2000). Antibody 

Fab’ was prepared by standard methods using pepsin digestion to remove the Fc portion of 

the antibody. Subsequent reduction of the inter-chain disulfide bonds in the F(ab’)2 (Figure 

4.9.1)(Hermanson, G. T., 1996) resulted in fragments containing free sulfhydryl residues that 

undergo reaction with the maleimide-functionalized polymer to yield the desired conjugate 

(Figure 4.9.2). We prepared sufficient quantities of this material to perform preliminary 

experiments and characterize the ability of these ligands to induce apoptosis in Fas-sensitive 

cells in vitro. 
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Figure 4.8. Crosslinking of Fas using antibodies or antibody conjugates.

(1) Fas can be crosslinked at the cell surface using multivalent antibodies. (2) Synthetic conjugates 

containing antibody fragments that bind Fas may provide a more efficient display of binding sites.
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4.5.5. Toxicity of multivalent Fab’ conjugates. 

We employed cell viability assays with a human malignant glioma line, T98G, for 

determining the activity of our antibody conjugates (Kawaguchi et al., 2000). We first 

confirmed that the polymer backbone alone and the whole antibody alone were not cytotoxic  

(Figure 4.11.1). The IgG (clone DX2) was not toxic to cells at low concentrations (3 g/mL). 

Higher valency IgM antibodies (clone CH-11) were toxic to cells with an LC50 of 

approximately 25 g/mL (Figure 4.11.3). As expected, cells treated with synthetic antibody 

conjugates showed dramatic reductions in cell viability at concentrations of 5 g/mL (Figure 

4.11.1). These data suggest that the synthetic antibody conjugates are effective reagents for 

killing Fas(+) cells. Ongoing work will compare the activities of semi-synthetic conjugates to 

antibodies and provide more detailed characterization. 

To more accurately compare enhancements of activity, more extensive 

characterization of the antibody conjugates will be required. We have analyzed the conjugates 

used by SDS-PAGE, and we observe the MW of the ligands to be approximately 210 kD. 

This mass suggests the conjugation of three separate Fab’ fragments to the backbone. 

However, larger scale experiments are required to confirm the presence or absence of lower 

molecular weight species of lower abundance. Additionally, a range of concentrations for 

each conjugate will be required to establish the actual LC50 of each conjugate for comparison 

to the parent IgG. 

Considering these results, we propose that future studies using multivalent ligands 

with different structural features will provide new insights into membrane oligomerization of 

Fas. Analogous to our previous studies in solution, we would predict that determinations of 
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ligand avidity, binding stoichiometry, binding kinetics, and signaling will test structural 

hypotheses regarding Fas oligomerization. All of these parameters, particularly ligand avidity 

and stoichiometry can be characterized using cytometry methods (Owen et al., 2002). 

Additionally, FRET methods may provide a method for in situ determination of receptor 

proximity. 
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Figure 4.9. Preparation of multivalent antibody conjugates.

IgG is treated with pepsin in order to cleave the Fc portion of the antibody. The remaining F(ab')2

can then be selectively reduced using cysteamine to form the Fab' fragment with two thiol groups 

available for reaction with maleimide polymers. The resulting conjugate has uniform orientation of 

the Fab' binding sites away from the polymer.
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Figure 4.10. Theoretical properties of antibody conjugates.

Multivalent antibodies are well known crosslinking reagents. However, a large portion of the MW 

of these proteins is not required for binding (Fc). Therefore, conjugates constructed with Fab' 

fragments should have a considerably smaller MW per binding site. The theoretical MW of 

conjugates of 4.4 and Fab' fragments are plotted versus their valency (1). IgG, IgA, and IgM are 

also included for comparison. The ratio of MW to valency shows that the efficiency of the binding 

site presentation is significantly improved using conjugates (2).
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Figure 4.11. Activity of �-Fas conjugates.

1) Cell viability experiments using antibody conjugates were performed using a cultured human 

malignant glioma line (T98G). Viability measurements represent at least five replicates per point, 

and the error represents the standard deviation. Concentrations were determined by A  (see: 280

Experimental Methods.) Both conjugates are highly toxic at 5 �g/mL, however the parent IgG is 

not toxic at this concentration. Treatment of the cells with an unconjugated polymer did not show 

any change in viability. 2) Characterization of the conjugates by SDS-PAGE gel with silver 

staining shows conversion of the Fab' to a higher molecular weight conjugate (~ 210 kD). 3) LC50

determination of IgM (clone CH-11) in T98G cells. The measured LC  is approximately 25 50

�g/mL. Compound structures are shown in Figure 4.2.
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4.6. Conclusions. 

The use of multivalent ligands as effectors is emerging as a general strategy for the 

study of signaling events (Kiessling et al., 2000a). Researchers from these and other 

laboratories have used multivalent ligands for the study of bacterial chemotaxis, T cell 

activation, and L-selectin shedding (Cochran and Stern, 2000; Gestwicki and Kiessling, 2002; 

Gordon et al., 1998; Kiessling et al., 2000a). Our studies of Con A- and Fas-crosslinking 

demonstrate that receptor oligomerization state can have a profound effect on apoptotic 

signaling in vitro, a finding that suggests strategies to control multivalent binding events. The 

applications demonstrated here suggest an essential role for synthetic macromolecular 

chemistry in the manipulation and study of biological systems.  

The specific strategies used here employed two separate approaches to receptor 

crosslinking at the cell surface. Using multivalent saccharide polymers, we were able to alter 

the proximity of cell surface receptors that bound to Con A. The complexes formed in these 

experiments consisted of three components: the multivalent ligand (polymer), the soluble 

receptor (Con A), and the cell surface receptor (PZR). These studies provided a direct 

application of our model studies of receptor crosslinking in solution from Chapter 3. We 

observed that ligands generated by ROMP were able to crosslink Con A in solution and were 

able to scaffold lectins that potentiated Con A cell toxicity. The putative glycoprotein ligand 

for Con A, PZR, was therefore presumably clustered in at the membrane via scaffolded Con A 

complexes in solution. 

We also employed a more direct crosslinking strategy using receptor-binding antibody 

fragments covalently-linked to the polymer backbone. These compounds were able to directly 

bind and crosslink target cell surface receptors. Synthetic conjugates of intermediate MW (~ 
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210 kD) were shown to induce apoptosis in cultured glioma cell lines. We anticipate our 

results will lead to effective methods for the activation of apoptosis in malignant Fas(+) cells. 

We have hypothesized that multivalent ligands could provide tools for “outside-in” 

signal transduction. Using two disparate systems, we have observed potent changes in 

apoptotic signaling. These strategies used both direct binding (polymer-Fas) and scaffolded 

receptor binding (polymer-Con A-PZR) to alter signaling. The activities of the 

macromolecular complexes are strikingly consistent with those predicted from solution-phase 

studies previously conducted with multivalent lectins. Therefore, we have established a panel 

of solution techniques for high throughput identification of active ligands, and the activity 

identified in this way was predictive of the cellular response. This paradigm of multivalent 

ligand design should provide a robust framework for the development of synthetic agents that 

cluster cell-surface receptors and elicit desired activities. 
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4.7. Experimental Methods. 

Reagents:

All cell culture media, serum, and reagents were obtained from GIBCO BRL 

(Rockville, MD) unless otherwise noted. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) was obtained from Sigma-Aldrich Chemical Co. (Milwaukee, 

WI). Tissue culture flasks used were culture treated with vented caps (Cell+, Sarstedt, Norton, 

NC). Multivalent mannose-substituted polymers were prepared using the ROMP and the post-

polymerization modification strategy, and they were characterized as described (Strong and 

Kiessling, 1999). Polymer lengths (n) were determined by 1H NMR integration of internal 

olefin resonances and terminal phenyl resonances.  

Cell Culture of PC12, SW837, and HCT15 cells: 

All cells were grown in a humidified incubator at 37 C and 5% CO2. PC12 cells 

(ATCC: CRL-1721) were grown in media containing 84% RPMI 1640 (with L-glutamine), 

5% heat inactivated fetal bovine serum, 10% heat inactivated horse serum, and 1% 

penicillin/streptomyicin (10,000 units/mL). Low serum media for viability assays contained 

97.5% RPMI 1640, 0.5% heat inactivated fetal bovine serum, 1.0% heat inactivated horse 

serum, and 1% penicillin/streptomyicin. SW837 (ATCC: CCL-235) and HCT15 cells (ATCC: 

CCL-225) were grown in 88% MEM (with Earl’s salts and L-glutamine), 10% heat 

inactivated fetal bovine serum, 1% penicillin/streptomyicin. Low serum media for viability 

assays contained 98% MEM, 1% heat inactivated fetal bovine serum, and 1% 

penicillin/streptomyicin. Cells were harvested at confluence by treatment with trypsin (0.25% 

trypsin and 0.4 mM EDTA) followed by quenching with fresh medium. Cells were 

centrifuged to a pellet (2100 rpm for 10 minutes), aspirated, then re-suspended in fresh 
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medium. The population was determined by haemocytometer, cells were then transferred to 

96-well plates (tissue culture treated, CoStar, Corning NY) in media at 10,000 cells/well. 

Plates were then incubated for 24 h to allow cells to adhere. Before the addition of samples, 

media was removed and replaced with fresh low serum media. 

Viability Assays using PC12, SW837 and HCT15 cells: 

Concanavalin A (Con A) and fluorescein-labeled succinyl-Con A (Fl-sCon A) was 

obtained from Vector Labs (Burlingham, CA) and was prepared fresh for all experiments. The 

concentration of the Con A stock solutions were determined using %1
280A  = 13.7 (assuming Con 

A monomers with a molecular mass of 26,000 Da) (Liener, I. E., 1976). All samples were 

prepared in HBS buffer (HEPES 10 mM, NaCl 150 mM, and CaCl2 1 mM, pH = 7.4) at 5x the 

final concentration to allow dilution with media. Samples and controls in HBS (20 L) were 

then added to a fresh plate of cells in fresh low serum media (80 L) 24 h after plating. The 

samples were then incubated for 48 h at 37 C. After incubation, 10 L of a 5 mg/mL solution 

of MTT in low serum media was added to each well. After 4 h, 100 L of lysis buffer (50% 

dimethyl formamide / 20% sodium dodecyl sulfate, pH = 4.7) was added. Control samples for 

each experiment contained buffer, Con A in buffer, and the highest concentration of ligand in 

buffer without Con A. Background controls were prepared by lysis of cells prior to addition 

of MTT. The cells were incubated overnight, and the resulting absorbance was read on a 

Biostar plate reader at 570 nm. Percent cell viability was determined by the following 

equation:
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where G0 is the signal derived from lysed cell control, Gcon is the signal from control cells 

treated with Con A and buffer, and G1 is the signal from a sample in buffer.  

 Viability data were fit to a standard IC50 equation: 
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where x is the concentration of polymer, %V is the measured viability, a is the maximum of 

the curve, b is the slope of the curve, c is the IC50, and d is the minimum of the curve. Error in 

reported values is the standard error of the fit. 

Microscopy Procedure: 

Cells were grown until confluent, harvested, and counted as above. The cells were 

added to 6 well plates containing 1.5 ml of fresh media and flame-sterilized glass coverslips 

(25 x 103 cells per well). Coverslips for PC12 culture were first treated with collagen (50 

g/mL rat tail collagen I, in 0.02 M acetic acid) and washed. Cells were allowed to adhere for 

48 h. The media was removed and replaced with samples (0.2 mL sample in HBS, 0.8 mL low 

serum media). Samples contained Con A (1 x 107 M) or polymers 4.1(10 mannose equivalents 

for PC12 cells; 20 mannose equivalents for SW837 cells) or 4.2(10 mannose equivalents 

PC12; 20 mannose equivalents SW837) and Con A (1 x 10-7 M). The cells were then 

incubated for 48 h. The plate was removed to 4 C and washed 2X with HBS, and then fixed 

with 2% paraformaldehyde for 60 minutes (2% paraformaldehyde, HEPES 50 mM, NaCl 150 
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mM, CaCl2 5 mM, pH = 7.4). After fixing, the cells were washed with fresh HBS 2X, and the 

coverslips were mounted on glass slides with Vectashield preservative (Vector Labs, 

Burlingham CA). Images were acquired at 400x magnification on a Zeiss Axioscope. 

Fluorescent Microscopy: 

Cells were grown until confluent and harvested as above. The cells were added to 6 

well plates containing 1.5ml of fresh media and flame-sterilized glass coverslips (25e3 cells 

per well). Coverslips for PC12 cell culture were first treated with collagen as above. Cells 

were allowed to adhere for 48 h. The media was removed and replaced with samples in HBS 

(0.5 mL). Samples contained Fl-sCon A (1 x 10-6 M, determined using %1
280A  = 13.7), polymer 

samples contained either 4.1 or 4.2 (200 mannose eq.) and Fl-sCon A (1 x 10-6 M). The cells 

were then incubated for 2 h at 37 C, and removed to 4 C and washed 2X with HBS. The 

cells were then fixed with paraformaldehyde for 60 minutes (2% paraformaldehyde, HEPES 

50 mM, NaCl 150, CaCl2 5mM, pH = 7.4). After fixing, the cells were washed again with 

fresh HBS 2X, and the coverslips were mounted on glass slides with Vectashield preservative 

(Vector Labs, Burlingahame, CA). Images were acquired at 400x magnification on a Zeiss 

Axioscope with a FITC filter set. Images were false colored from black and white. 

Culture of T98G cells. 

All cells were grown in a humidified incubator at 37 C and 5% CO2. T98G cells (ATCC: 

CRL-1690) were grown in media containing 89% MEM (with Eagle’s salts), 10% heat 

inactivated fetal bovine serum, and 1% penicillin/streptomyicin (10,000 units/mL). Cells were 

harvested at confluence by treatment with trypsin (0.25% trypsin and 0.4 mM EDTA) 
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followed by quenching with fresh medium. Cells were centrifuged to a pellet (2100 rpm for 

10 minutes), aspirated, then re-suspended in fresh medium. The population was determined 

by haemocytometer, cells were then transferred to 96-well plates (tissue culture treated, 

CoStar, Corning NY) in media at 10,000 cells/well. Plates were then incubated for 24 h to 

allow cells to adhere.

Viabiltiy assays using T98G cells. 

Viability experiments for T98G cells were similar to above. All experiments were 

conducted using culture medium. Briefly, cells were harvested at confluence and plated at a 

density of 10,000 cells per well. Cells were allowed to adhere for 24 h. Samples were added 

as 20 L ea. into wells already containing 80 L of fresh media. Cells with samples were 

incubated for 48 h at 37 C in 5% CO2. Viability was then assessed using MTT reduction over 

4 h, followed by lysis and measurement of A570.

Isolation of Fab’ fragments. 

Antibody fragments were prepared according to standard methods (Hermanson, G. T., 

1996). Purified mouse (monoclonal) anti-human Apo-1/Fas/CD95 antibody (clone DX2, lot# 

0201, cat# AHS9544, Biosource Int., Camarillo, CA) was obtained in 0.5 ml PBS at 1 mg/mL 

antibody. The antibody was diluted to 0.1 mg/mL in sodium acetate buffer (20 mM NaOAc, 

pH 4.5) and added to a slurry of immobilized pepsin resing (0.25 mL, Pierce). The slurry was 

agitated at 37 C for 24 h to digest the IgG into F(ab’)2. The digestion was quenched by the  

addition of high pH buffer (3 mL, 10 mM Tris-HCl, pH 8.0). The gel was removed by 

centrifugation and washed with buffer. The digestion was purified over a column of 

immobilized protein A (equilibrated with 10 mM Tris-HCl, pH 8.0) to remove resulting Fc 
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fragments. The eluent was observed using A280 and BCA assay (Pierce), and the first major 

peak was isolated and concentrated to ~ 1 mg/mL. Remaining undigested IgG and Fc 

fragments were eluted from the column using low pH buffer (0.1 M glycine, pH 2.8). 

The F(ab’)2 fragment was dialyzed into PBS (0.1 M sodium phosphate, 0.15M NaCl, 

10 mM EDTA, pH 7.2) at 1 mg/mL. The fragment was reduced by the addition of 6 mg of 2-

mercaptoethylamine (2-aminoethanethiol hydrochloride, Aldrich) per 1 mL of protein 

solution. The solution was incubated for 90 min at 37 C in a sealed tube. To remove excess 

reductant, the solution was passed over a flow-through column containing Sephadex G-25 

resin equilibrated in PBS (0.1 M sodium phosphate, 0.15M NaCl, 10mM EDTA, pH=7.2). 

The column was monitored by A280 and BCA assay (Pierce). Fractions containing protein free 

of reductant were pooled and immediately reacted with maleimide containing polymer (4.4).

Products of each step were monitored by SDS-PAGE (samples were boiled, but free of 

DTT in order to observe whole IgG and Fab’). Observed bands were found at the following 

ranges: IgG1 ~ 150-160 kD, F(ab’)2 ~ 105 kD, Fab’ ~ 52 kD, conjugates ~213 kD. 

Concentrations of fragments were determined using extinction coefficients of: 280 IgG = 7.5 

x 104 M-1cm-1, 280 Fab’ = 22.1 x 104 M-1cm-1.

Synthesis of multivalent conjugates. 

Maleimide polymer 4.4 was dissolved in PBS at 100 g/mL and combined with a 

solution of freshly reduced Fab’ in PBS. The final molar ratio was 4:1 Fab’ to polymer. The 

solution was incubated at ambient temperature for 12 h. The sample was then concentrated 

and dialyzed into fresh PBS. Analysis by SDS PAGE showed appearance of a new band at ~ 



227

210 kD and disappearance of the Fab’ band at ~ 52 kD. Concentrations of the conjugates were 

calculated using the extinction coefficient of Fab’. 
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Appendix. Surface Immobilization of Multivalent 

Ligands and Receptors. 

Portions of this work are published in: 

“Selective Immobilization of Multivalent Ligands for Surface Plasmon Resonance and 
Fluorescence Microscopy.” Gestwicki, J. E., Cairo, C. W., Mann, D. A., Owen, D. E., 
and Kiessling, L. L., Analytical Biochemistry, 2002, 305, 149-155.

Contributions:

Compounds A.1 and A.2 were contributed by R.M. Owen. 

Compounds A.3 and A.4 were contributed by F.J. Boehm. 

Compound A.5 was contributed by L.E. Strong. 

GGBP was contributed by J.E. Gestwicki. 

P- and L-selectin were contributed by D.A. Mann. 
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A.1. Immobilization of end-labeled ROMP-derived polymers. 

A.1.1. Introduction. 

Several biological systems exploit multivalent presentation of ligands for the 

enhancement of specificity and affinity (Kiessling and Pohl, 1996; Mammen et al., 1998a). 

The precise mechanisms of these enhancements are difficult to study due to the lack of 

homogeneous multivalent substrates. Using methods for the preparation of end labeled 

multivalent saccharide polymers, we prepared substrates for surface plasmon resonance (SPR) 

studies. These materials present uniformly oriented multivalent ligands with low 

polydispersity and can therefore be used as model systems for studying these interactions. We 

examined the effect of changing the presentation of 3,6-disulfogalactose using these ligands 

immobilized on an SPR biosensor. Using a similar molar quantity of sites on two surfaces, 

one with 3,6-disulfogalactose presented on a polymer backbone and one presented with an 

even distribution on the surface, the measured affinity of proteins that recognize these 

substrates is altered. We find that presentation of the monosaccharide on a polymer backbone 

results in an apparent 5-6 fold increase in affinity. 

A.1.2. SPR studies of selectin binding. 

SPR biosensors provide an exceptionally sensitive means to study binding 

interactions. These experiments are extremely versatile and can be used for the derivation of 

kinetic and thermodynamic binding parameters. We reasoned that SPR could provide a useful 

means to study multivalent binding interactions, however we required a method for the 

selective and homogeneous immobilization of either a multivalent ligand or its receptor. Ring 

opening metathesis polymerization (ROMP) has been used to prepare multivalent 
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presentations of saccharides with low polydispersity for a number of different systems 

(Gestwicki and Kiessling, 2002; Kanai et al., 1997; Maynard et al., 2001; Sanders et al.,

1999). Recent work has developed selective end-capping strategies for this method that 

provide a single site on each polymer for reaction (Gordon et al., 2000; Owen et al., 2002). 

Using this strategy we employed end-capped polymers produced by ROMP to synthesize 

surfaces for studies of the binding of receptors to immobilized multivalent ligands (compound 

A.2, Figure A.1). 

We selected an end-capping strategy that was compatible with the standard amine-

coupling chemistry used for carboxymethyl dextran surfaces (CMD) in SPR studies. The 

carboxylate-substituted surface was first activated by treatment with EDC/NHS and then 

reacted with ethylene diamine according to standard protocols (O'Shannessy et al., 1992). The 

amine-bearing surface could then be reacted with the carboxylate-capped ROMP-derived 

ligand A.2 to provide a polymer derivatized surface (82 RU, ~0.2 fmol/mm2). Additionally, 

we used the amine-bearing monosaccharide A.1 to provide a control surface (175 RU, ~0.4 

fmol/mm2). Both surfaces were matched to have similar quantities of sites on each surface 

based on the change in response units on immobilization. Therefore, each surface should have 

a similar quantity of binding sites and should only differ in the presentation of those sites. The 

polymer surface was designed to mimic the presentation of multivalent proteins such as 

mucins that present multiple saccharide sites in close proximity. The monomer derivatized 

surface should present a control with randomly distributed sites that are relatively isolated. 

Comparison of the activity of these two surfaces should provide an indication of the influence 

of saccharide presentation on binding affinity. 
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The saccharide ligand used in these studies, 3,6-disulfogalactose, is expected to be a 

weak binding ligand for the P- and L-selectin. Multivalent presentation of 3,6-

disulfogalactose is known to provide tight binding inhibitors of selectin mediated rolling 

(Sanders et al., 1996; Sanders et al., 1999). Therefore, we predicted that P- and L-selectin 

could have different binding interactions with the two synthetic surfaces we prepared. 

Injections of P-selectin at 4, 3, 2, 1, 0.5, and 0.1 M protein are shown for both surfaces after 

reference subtraction in Figure A.2. Injections of L-selectin at 2 and 1 M are shown in 

Figure A.3. Each of these series of injections were analyzed using a 1:1 kinetic model 

(Morton and Myszka, 1998; Myszka, 2000; Schuck, 1997). The results of the fits are shown 

in red in both figures, and the parameters are given. 

These experiments found that the affinity of the monomer versus the polymer surfaces 

is significantly different for both P- and L-selectin. In the case of P-selectin we observe a 5-

fold increase in affinity for the polymer from the monomer surface. In the case of L-selectin 

we observe a 6-fold increase of affinity between these two surfaces. The effects of multivalent 

presentation appear to manifest predominately in the association rates, but the dissociation 

rates vary in each case as well. This is a significant result as it suggests a physical mechanism 

by which proteins could enhance their specificity for appropriate multivalent ligands.  
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Figure A.2. P-selectin binding to immobilized monomer and polymer surfaces.
SPR binding experiments were performed using P-selectin at a range of concentrations (4, 3, 2, 1, 

0.5, and 0.1 �M) on the monomer surface (A.1, top) and the polymer surface (A.2, bottom). These 
curves were fit using a 1:1 binding model (red). The parameters of the fit are shown for each set of 
traces.
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Figure A.3. L-selectin binding to immobilized monomer and polymer surfaces.
SPR binding experiments were performed using L-selectin at a range of concentrations (2 and 1 

�M) on the monomer surface (A.1, top) and the polymer surface (A.2, bottom). These curves were 
fit using a 1:1 binding model (red). The parameters of the fit are shown for each set of traces.
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A.1.3. SPR studies of cell binding. 

With a synthetic surface capable of binding P- and L-selectin, we hypothesized that 

we could also examine the binding of L-selectin-expressing cells to these surfaces. Therefore, 

we exposed Jurkat cells (human leukocyte) to the polymer surface and examined the SPR 

response (Figure A.5). Although the response is relatively small, we expect that the cells are 

unable to penetrate the matrix, and therefore only a small portion of the cells can contribute to 

changes in the signal. Additional experiments were also conducted using fluorescence 

microscopy to confirm that Jurkat cells bound specifically to the polymer derivatized lane 

(Gestwicki et al., 2002a). 

A.1.4. Conclusion. 

Using end-capped ROMP-derived ligands we were able to synthesize uniform surface 

presentations of multivalent saccharide polymers. These ligands have an enhanced apparent 

affinity due to their multivalent presentation when compared to randomly distributed 

monosaccharides. These enhancements were on the order of 5-6 fold for the binding of P- and 

L-selectin to these surfaces. These studies provide an indication of the mechanisms 

responsible for the enhanced affinity and specificity generally observed for multivalent 

ligands in biological systems. The methodology described here should be general and could 

provide useful materials for more detailed studies of a variety of receptors for multivalent 

ligands.
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Figure A.4. Jurkat cell binding to immobilized polymer A.2.
Jurkat cells (10,000 cells/mL) were injected over the polymer surface (A.2) and the SPR response 
was monitored.
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A.2. Density-dependent multivalent binding of Con A. 

A.2.1. Introduction. 

Multivalent binding interactions are complicated by the presence of multiple 

simultaneous binding modes, as discussed in Chapter 2. As a result, it is often difficult to 

determine the contributions of particular binding modes to activity. General methods to study 

these interactions in the presence or absence of contributing binding modes are needed to 

understand multivalent binding in solution. We recognized that certain binding modes, such 

as receptor clustering, are dependent on the proximity of the receptors involved. The surface 

immobilization of receptors could provide site isolation of the binding sites, and therefore 

prevent receptor clustering events. Comparison of these measurements to those with mobile 

receptors could provide an indication of the energetic contribution of receptor clustering. 

We immobilized high and low density surfaces of the multivalent lectin Concanavalin 

A (ConA). Due to the range of quantities immobilized, these surfaces should allow the 

measurement of multivalent binding events under conditions impossible to achieve in 

solution. Specifically, on a low density surface a small multivalent analyte may not be able to 

access an intermolecular binding mode due to site isolation; however, a high density surface 

with reduced spacing between receptors should have access to this additional binding mode 

(Figure A.5). Using appropriate variations in both the analyte valency and ligand density it 

should be possible to measure kinetic and thermodynamic parameters of interactions which 

lack particular features such as crosslinking (not present on a low density surface with small 

ligands), chelate effects (a low density surface with a sufficiently large ligand), and statistical 

effects (all surfaces with multivalent ligands). We describe here initial studies to determine 

the feasibility of this approach. We found that the surface density of receptors does influence 
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the apparent affinity of multivalent ligands. Additionally, we observe differences in the 

dissociation kinetics due to changes in surface density. 



1)

2)

3)

Figure A.5. Site isolation of multivalent receptors.
Immobilization of a multivalent receptor (Con A) at low density could allow the study of 
interactions that eliminate potential binding modes. In the case of a low density surface (2) 
multivalent ligands are able to interact with only one Con A complex at a time, therefore measured 
interactions lack contributions from crosslinked binding modes. At high density (3) multivalent 
ligands of sufficient length can span multiple Con A complexes. Measurements on these surfaces 
should be similar to those in solution.
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A.2.2. Preparation of SPR surfaces with Con A. 

We prepared two sets of surfaces using either C1 or CM5 chips (BIAcore). CM5 chips 

(also described in Chapter 1) contain a CMD matrix that provides a negatively charged 

surface. The C1 chip is a short monolayer with terminal carboxylates. This surface lacks a 

dextran matrix, however it does present a more hydrophobic surface of lower site capacity as 

a result. This chip has ~10% of the binding capacity of a typical CM5 dextran surface.

Con A was immobilized on these surfaces (pH=7.4 in HBS buffer using standard 

amide bond forming conditions, i.e. NHS/EDC protocols). The amount of Con A on each 

surface was varied to provide a range of Con A site density for study (Table A.1). 

Underivatized carboxylates on these surfaces were deactivated by treatment with 

ethanolamine. Running buffer was TBS at pH = 8.0 (Tris-HCl 10mM, NaCl 150 mM, CaCl2 2 

mM, TWEEN20 0.005% v/v and BSA 0.02 mg/mL). Flow rate was 10 L/min and no mass 

transport effects were observed in control experiments using higher flow rates. Control 

surfaces were either blank lanes blocked with ethanolamine or lanes coupled to BSA. 

Regeneration buffers for these experiments were running buffer containing 100 mM -

methyl-mannose. 

Table A.1. Variable density Con A surfaces. 

Lane Chip I – C1 Chip II – CM5 

Fc 1 Blank Ethanolamine blocked 
Fc 2 2-4 kRU Con A (inactive) 2.5 kRU Con A HD 
Fc 3 0.5 kRU Con A LD 1.4 kRU Con A LD 
Fc 4 1.5 kRU Con A HD 0.6 kRU Con A VLD 
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Ligands for these studies were mannose-substituted ROMP-derived polymers. We 

used two different length polymers, A.3 had a DP of 10 and A.4 had a DP of 25. All polymer 

concentrations were reported on a saccharide residue basis and solutions were prepared in 

running buffer. Equilibrium responses were determined by subtraction of the response in the 

underivatized lane from the response in the sample lane to correct for bulk refractive index.   

A.2.3. Kinetic studies of multivalent ligand binding to Con A. 

Seven concentrations of A.3 and A.4 were injected over the C1 surfaces described 

above (Chip I, 5000, 2500, 1250, 625, 312, 157, and 78 M)(Figure A.6). Mannose-

substituted monomer A.5 gave insufficient response levels, even at 5 mM concentration on all 

surfaces. Mannose-substituted 10mer A.3 gave usable responses (> 10 RU) in the low density 

(LD) and high density (HD) lanes of the C1 surface. Figure A.6.1 shows injections of seven 

concentrations of A.3 over the LD Con A surface. Under these conditions the association 

phase does not appear to reach equilibrium in the contact time given and the dissociation 

phase shows an extremely slow off-rate. These experiments were also performed on the HD 

surface (Figure A.6.2), both the association and dissociation kinetics appear more complex. 

Again the association phase does not reach equilibrium and here the dissociation appears to 

be second order. Fits of the linear portion of the dissociation phase of the curve give observed 

rates that vary by almost 600 fold (Table A.2). 
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Figure A.6. Injections of A.3 and A.4 over Con A immobilized surfaces.

1)  Injections of mannose polymer A.3 over a low density C1 surface are shown. Concentrations 

are 5000, 2500, 1250, 625, 312, 157, and 78 �M in running buffer.

2)  Injections of mannose polymer A.3 over a high density C1 surface are shown. Concentrations 

are 5000, 2500, 1250, 625, 312, 157, and 78 �M in running buffer.

1)

2)
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Table A.2. Linear fits for dissociation phase of compound A.3. 

Surface k obs (RU/sec) 

LD
A.3 5000 M

-1.57 x 10-4

HD
A.3 5000 M

-3.88 x 10-3

Although the proposed experiments rely on the spatial immobilization of receptors, an 

analysis on the flexible CM5 matrix was also attempted. The matrix of the CM5 chip is 

potentially flexible and therefore may allow for a system that can engage in intermolecular 

binding modes even at low density. This could be advantageous in assessing thermodynamic 

differences between the two surfaces. Mannose-substituted polymers A.3 and A.4 were run on 

this surface at seven concentrations each and their apparent affinities were determined. 

A.2.4. Saturable binding of ligands to Con A surface. 

To analyze the data thermodynamically the equilibrium RU values can be used to fit a 

multivalent Scatchard plot (Kalinin et al., 1995). This data can be fit to a standard binding 

curve to determine the apparent association constant. Representative raw binding data for 

compounds A.3 and A.4 are shown on both HD and LD CM5 surfaces in Figure A.7. We 

expect that variation of the number of Con A sites on the surface will result in changes in the 

apparent affinity at high enough levels of immobilization. Steric crowding could result in 

decreased apparent affinity. However, intermolecular interactions could result in increased 

apparent binding affinity. Using assumptions of the surface area of a typical CM5 surface and 

the volume of the cell, the average distance between Con A binding sites can be approximated 

(Howell et al., 1998). The results of these theoretical calculations are shown in Figure A.8. 
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From these calculations and the estimated length of the ligands (Kanai et al., 1997), we would 

predict to see changes in apparent affinity near 100 and 1000 RU for ligands A.3 and A.4.

Therefore, we obtained apparent affinity measurements of various Con A surface 

densities on C1 and CM5 surfaces (Figure A.9 and A.10). Data obtained for C1 surfaces using 

compound A.3 and a high affinity monovalent ligand for Con A, trimannoside A.6, are shown 

in Figure A.9. These experiments suggest that the apparent affinity of the monovalent ligand 

is invariant with density. However, the apparent affinity of ligand A.3 begins to increase 

above ~1100 RU. Unfortunately, the limited capacity of the C1 surface prevented the 

immobilization of more than ~1350 RU on this surface. 

To examine the effect of higher Con A densities on the apparent affinity of 

compounds A.3 and A.4, CM5 chips were used. Two chips were used to prepare six different 

densities of Con A immobilized under the same conditions as above. The apparent affinities 

of these surfaces for compounds A.3 and A.4 are plotted versus the density of Con A on each 

surface (Figure A.10). Both polymers show significant increases in their apparent affinity for 

Con A in these experiments. Interestingly, at high density polymer A.3 shows a 2-fold 

increase in apparent affinity and polymer A.4 shows a 4-fold increase. 
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Figure A.7. Apparent affinity measurements of A.3 and A.4 on CM5 surfaces.
Equilibrium responses for injections of A.3 and A.4 over HD and LD surfaces of Con A (CM5) are 
shown. This representative set shows that both polymer give an apparent increase in affinity as the 
amount of immobilized Con A is increased. Additionally, the two polymers have significantly 
different apparent affinities.
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Using the size of the flow cell and assumptions described by Howell et al., the average inter-site 
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immobilization.(Howell et al., 1998)

246



Density of ConA (RU)

400 600 800 1000 1200 1400

0

10000

20000

30000

40000

50000

60000

MeMan

Triman

A.3.

A.6.

-1

K
(M

)
a

Figure A.9. Variation of apparent affinity on C1 surfaces.
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for reference.(Williams et al., 1992)
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A.2.5. Conclusions.

Our experiments using variable surface densities of Con A provide an interesting 

example of surface avidity effects. We found that the apparent affinity of multivalent ligands 

in solution can be strongly influenced by the amount of immobilized receptor used to measure 

its affinity. Surface avidity effects are not entirely unknown, however they are not often 

quantitated (Bamdad, 1998; Shinohara et al., 1997). In this system, we propose that 

experiments such as these could provide useful indications of the relative contributions of 

avidity effects for solution binding events. For example, surface densities that are low enough 

to approximate site isolation could be used to measure the affinity of a ligand in the total 

absence of avidity effects. Therefore, low-density surfaces could provide a measure of 

interactions in the absence of clustering. Alternatively, high-density surfaces should approach 

solution-based experiments where all potential binding modes are accessible. These 

measurements are currently difficult to achieve in solution-based assays. These experiments 

provide an initial example of methods to quantitate these effects, however, full 

characterization of these interactions will require detailed thermodynamic and kinetic 

analysis. Additionally, direct comparison of these interactions between immobilized and 

solution assays such as isothermal titration calorimetry (ITC) will be necessary to quantitate 

the differences between these two configurations. 

A.3. Experimental methods. 

Sensor chips (CM5 and C1) were purchased from BIAcore (Uppsala, Sweden). SPR 

experiments were performed on a BIAcore 2000 instrument. Reagents for immobilization (N-

ethyl-N’-(diethylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), and 
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ethanolamine) were purchased from Aldrich (Milwaukee, WI). Running buffer for SPR was 

HEPES-buffered saline (HBS, 10 mM HEPES, 150 mM NaCl, pH 7.4) for selectin 

experiments and Tris-buffered saline (Tris-HCl 10 mM, NaCl 150 mM, 2 mM CaCl2,

TWEEN20 0.005% v/v and BSA 0.02 mg/mL, pH 8.0) for Con A experiments. Regeneration 

buffers were TBS (10 mM Tris, 1 mM EDTA, 150 mM NaCl pH 8.5) for selectin experiments 

and TBS with mannose (100 mM -methyl-mannose, 10 mM Tris, 150 mM NaCl, pH 8.0) for 

Con A experiments. Buffers were filtered (0.25 µm) prior to use. The control protein, 

glucose/galactose binding protein (GGBP), was produced by osmotic shock, as described 

previously (Gestwicki et al., 2000a). The carbohydrate recognition domain and first EGF-like 

domain of P- and L-selectin were produced in baculovirus (Mann, 2000). The molecular 

weight of GGBP is 35 kDa and those of P- and L-selectin are approximately 65 kDa. Protein 

concentrations were determined by UV-visible spectroscopy at 280 nm. Jurkat cells were 

maintained as described previously (Gordon et al., 2000). The trimannoside , compound A.6,

was obtained from Vector Labs, Reading UK, and used as provided. 

The surface was prepared for conjugation to polymer as follows. The carboxymethyl 

dextran (CMD) matrix of a CM5 chip was activated by injection of a solution of EDC and 

NHS (70 µL, 200 mM EDC, 50 mM NHS) at a flow rate of 5 µL/min (O'Shannessy et al.,

1992). The resulting surface was treated with a solution of ethylene diamine (50 µL, 1 M, pH 

8.5) to generate a surface bearing free amine groups. 

The synthesis of a multivalent ligand with a terminal protected acid was performed as 

described previously (Gordon et al., 2000). From the acid-bearing polymer A.2, an activated 

ester was generated by treatment with NHS/EDC (50 mM NHS, 200 mM EDC) for 15 

minutes at 23 °C in HBS. The resulting polymer bearing a single NHS-ester was purified by 
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G-50 size exclusion chromatography and immediately injected (0.04 µM in HBS) over the 

amine-bearing CMD surface described above. The SPR response obtained from polymer 

conjugation to the surface was used to monitor the reaction. The control lane was prepared by 

analogous treatment without addition of polymer. The monomer-derivatized lane was 

generated by injection of 30 µL of A.1 (2 mM in HBS pH 7.4) over an NHS-activated CMD 

surface. The coupling of the monomer was less efficient at pH 4.5 or 8.5. 

To measure protein binding by SPR, solutions of P- or L-selectin or GGBP in HBS 

were injected over the derivatized and control lanes of the modified CM5 surface at a flowrate 

of 5 µL/min. P-Selectin was injected at 4 µM, 3 µM, 2 µM, 1 µM, 0.5 µM, and 0.1 µM. L-

Selectin was injected at 2 µM and 1 µM. GGBP was injected at 4 µM. The theoretical Rmax

for selectin binding to a surface bearing 82 RU of polymer A.1 is approximately 140. Global 

fits to determine the dissociation constants were performed in BIAevaluation software using a 

1:1 binding model (Morton and Myszka, 1998). 

For cell binding experiments, Jurkat cells were washed 3x with ice-cold HBS and then 

injected at a concentration of 10,000 cells/mL. Three injections of 10 µL were performed. A 

representative sensorgram is shown (Fig. A.4).  
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