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Abstract: A new microtiter-plate-based method for the rapid
generation and evaluation of focused compound libraries was
developed and applied to screening ligand analogues for the
E. coli Shiga-like toxin Stx2a. The method is general, it
mitigates the masking of intrinsic affinity gains by multivalency
and enables the discovery of potential hits when starting from
ligands that exhibit extremely low affinity with proteins that
depend on multivalency for their function.

Enterohemorrhagic Escherichia coli (EHEC), predomi-
nantly serotypes O157:H7 and O104:H4, are pathogens that
have caused mass infections as a result of contamination of
food or water supplies.[1] Shiga toxins type 1 and type 2 (Stx1
and Stx2) are major virulence factors of EHEC, which is the
leading cause of acute pediatric kidney failure resulting from
life threatening hemolytic uremic syndrome (HUS).[2] Expres-
sion of Stx is inducible by antibiotics,[3] hence supportive care
is the only option available for the treatment of HUS.[4] New
means of controlling EHEC infections and treating HUS
remain a high priority. Targeting virulence factors rather than
the bacteria themselves offers a number of advantages. Since
the toxins enter the circulation and continue to inflict damage
even after the bacteria have been killed and cleared from the
host, detoxification would be beneficial in any therapy
scenario. Nonlethal antimicrobial agents circumvent the
problem of disruption of gut microbiota that typically
accompanies antibiotic treatment. Such agents are also
much less likely to induce drug resistance, one of the most
important challenges of the 21st century.[5]

Shiga toxins are AB5-type toxins. Five binding subunits
(B5) mediate toxin binding to cell-surface receptors and
subsequent endocytosis, thereby enabling the active holo-
toxin, which contains an enzymatic domain (A), to disrupt
cellular homeostasis.[6] To reach their intracellular target,
Shiga toxins must be translocated to the cytosol through
receptor-mediated retrograde endocytosis.[7] Given that in
this study, the toxin is the larger binding partner and
accommodates a smaller carbohydrate entity, the former
will be referred to as the receptor and the latter as the ligand.

The glycolipid Gb3, which contains the Pk-trisaccharide
[aGal(1-4)bGal(1-4)bGlc(1-O)], is the ligand for Stx in
humans that mediates toxin entry into the cell.[8] Despite
low intrinsic affinity (Kd� 1–2 mm) for its native ligand,[9]

Shiga toxins are successful in binding to the cell surface at
sub-nanomolar concentrations owing to a multivalent mode
of interaction, which amplifies their activity by several orders
of magnitude. The most successful Shiga toxin antagonists to
date have been multivalent molecules capable of simulta-
neously engaging several binding sites of the pentameric
receptor.[10,11]

Epidemiological studies suggest that Stx2a-producing
E. coli are associated with the development of HUS. In
mice, Stx2a has an LD50 400-fold lower than Stx1 and causes
extensive renal pathology.[12] In primates, Stx2a but not Stx1
causes HUS.[13] We have reported potent Stx1 inhibitors that
are effective in vivo[10] but inhibition of Stx2a remains elusive.
Stx2a binds with lower avidity to the Pk-trisaccharide than
Stx1 and it was recently discovered that it has affinity for
several E. coli lipopolysaccharide (LPS) serotypes.[14] The
structure of these LPSs resembles the galabiose portion of the
Pk-trisaccharide with the galactose moieties replaced by N-
acetyl-galactosamine. Synthetic analogues of the Pk-trisac-
charide and galabiose with an N-acetyl group at the 2’ and 2’’
positions were also found to bind Stx2a.[15]

The crystal structure of Stx2a bound to disaccharide
aGalNAc(1-4)bGalOMe[16] shows that the N-acetyl carbonyl
oxygen atom is involved in a hydrogen bond while the methyl
group points outward (Figure 1). This suggested an oppor-
tunity to enhance the interaction between Stx2a and the
ligand by replacement of this methyl group with a variable
fragment.

To identify affinity gains in the presence of the multivalent
interactions that are crucial for a toxin capture assay, we
developed an iterative approach that employs polyvalent
ligands with successively reduced ligand density. This idea was
put into practice by using the polymer copovidone to display
the ligands. Microtiter plates coated with a glycoconjugate
based on poly(N-vinyl-2-pyrrolidone-co-vinyl alcohol) (poly-
(NVP-co-VA); copovidone) remain fully active through the
multiple cycles of harsh treatments (1m H3PO4) and washing
steps required for conducting repeated solid-phase assay.[17]

Here, we take advantage of this finding and extend the scope
of synthetic manipulations that can be performed on an
immobilized ligand followed by evaluation of activity on the
same plate. Figure 2 outlines the principle scheme of the
experiment.[18] The first iteration was performed at ligand
density level 1 to give the L1 polymers (payload 4.8%), the
second at density level 2 to give the L2 polymers (payload
1.2%), and the third at density level 3 to give the L3 polymers
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(payload 0.4%). Three polymeric conjugates containing
different amounts of the precursor trisaccharide for the
compound library were obtained by Huisgen 1,3-dipolar
copper(I)-catalyzed cycloaddition reaction with an azide-
presenting polymer 3 followed by deprotection of the Boc-
protected amino group. The coating reagent with the highest
level of trisaccharide (L1, payload 4.8%) was prepared by
condensation of alkyne 2 and azide 3, while preparation of
those with lower levels (L2 and L3, payload 1.2% and 0.4%
respectively) required the addition of propargyl alcohol as
a diluent. Payload is expressed as percentage of modified
monomers with respect to the total number of monomers,
NVP and VA combined. It was calculated as previously
described using integration of resonances in the 1H NMR
spectra for ligand and modified monomers compared to those
of unmodified monomers.[17] Microtiter plates were coated by
overnight incubation with the conjugated polymers (L1, L2,
or L3, 10 mgmL�1 in phosphate-buffered saline).

The binding assay was conducted in a manner analogous
to that described for Stx1.[17] Briefly, Stx2a[19] was added to the
microtiter plate and incubated for 1 h, and then bound Stx2a
was revealed by using an antiStx2a monoclonal antibody.[18] A
binding assay conducted on plates coated with L1 with
unmodified amine (R = NH2 Figure 2) revealed no interac-
tion with Stx2a, while N-acetylation of the plate with acetic
anhydride in methanol prior to ELISA allowed us to obtain

Figure 1. Crystal structure of Stx2a in complex with disaccharide
1 suggests a possibility for additional interactions when a variable
fragment replaces the acetamido methyl group in the 2’’-N-acetyl Pk-
trisaccharide analogue (PkNAc). The variable fragment modifications
are illustrated as transparent additions.

Figure 2. Variation of oligosaccharide ligand density on copovidone polymer using propargyl alcohol as a capping agent, deposition of this coating
reagent onto ELISA plates, and in situ derivatization of the reactive amine group followed by ELISA evaluation of its binding affinity to Stx2a is
schematically represented. The refined density variant ELISA approach identifies higher avidity polymers and hence improved monovalent ligands
compared to the PkNAc and Pk trisaccharides. For polymer 3 and the resulting conjugates, representative sections of the polymers are shown.
Boc= tert-butoxycarbonyl, TFA = trifluoroacetic acid, ELISA =enzyme-linked immunosorbent assay.
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a binding curve with complete saturation (Figure 3), thus
confirming that 2’’-N-acetyl-Pk-trisaccharide is a functional
ligand for Stx2a. Stx2a showed identical binding to the plate
coated with L1Ac, which was acetylated with acetic anhydride
on the plate, and to an analogous polymer L1Ac*, in which
the ligand was converted to N-acetate prior to conjugation to
the polymer and coating. After both negative and positive
controls were established, we conducted a series of prelimi-
nary experiments to optimize the reaction conditions by using
a variety of acylating reagents. We found that although some
organic solvents (e.g., dichloromethane, dimethylformamide)
are incompatible with the polystyrene plates, the acylation of
the amino group can be achieved by activation of a carboxylic
acid through using most of the common coupling reagents,
such as EDC or HBTU–HOBt, and adding the mixture to the
well in aqueous or methanolic solutions depending on the
solubility of the reagent. Given that a large variety of
commercial acyl chlorides are available, they can be conven-
iently utilized in this screening protocol through prior
conversion into N-hydroxysuccinimide (NHS) esters.

Direct reaction of chloroformates and sulfonyl chlorides
with amines is a common method for the generation of
carbamates and sulfonamides, respectively. However, most of
these reagents were found to be incompatible with standard

polystyrene microtiter plates; they caused etching or discol-
oration of the wells, thereby rendering them unsuitable for
ELISA. We found that, in addition to showing superior
resistance to organic solvents, polypropylene microtiter plates
support stable coating with polymers L1–L3, which permitted
us to test a number of carbamate and sulfonamide derivatives.

The ligands modified with various acyl, carbamate, or
sulfonamide groups that were tried in the first round of
screening at high ligand density (L1 polymers) showed
a range of activities, mostly lower than the positive trisac-
charide control PkNAc. Comparison of the titration curves for
the active ligands obtained by serial dilution of Stx2a did not
permit clear discrimination of their activities. The lack of
differentiation can be explained by the multivalency effect.
Each of the five binding subunits in Stx1 has three distinct
binding sites for its cognate ligand, the Pk-trisaccharide.[20]

Two analogous binding sites, 1 and 2, were observed in the
crystal structure of the Stx2a–PkNAc complex. A small
increase in each individual interaction leads to a large
enhancement of avidity and quickly shifts the assay conditions
to the signal saturation region. Multivalent interaction thus
masks the activity differences of the active compounds. We
expected that reducing the ligand density on the plate would
reduce the number of ligands that could be simultaneously
engaged by the multivalent receptor Stx2a, thereby extending
the dynamic range of the assay.

The design of our experiment allows the ligand density to
be uniformly and reproducibly tuned down by decreasing the
payload of the pendant ligand on the polymer used for
coating. When L2 (1.2% loading versus 4.8% for L1) was
used as a coating reagent, only weak binding of Stx2a to the
plate was observed for acetate (Figures 3 and 4; black ^) but
now a number of ligands superior to acetate were discovered
(Table S1 in the Supporting Information). Differentiation of
the activities of most of the derivatives became possible at
level 2 [for example, in Figure 4, compare l-AlaNAc (5 ; red
^), with d-AlaNAc (6 ; red ^)].

Amino acid derivatives performed better than other
tested compounds at level 2, with only one derivative of
a simple acid, 4-(thiophen-2-yl)butanoic acid (4), matching
the activities of the amino acids. With the exception of l-
lysine residues with both a and e amino groups either free (7)
or acetylated (8), all derivatives of l-Lys showed good
activities at level 2.

However, the best ligand L2-9 showed only weak activity
when the ligand density was further reduced to that of level 3
(0.4% loading; compare Figures 3 and 4, blue &). At this
point, instead of continuing to screen more acylation reagents,
we decided to elaborate the identified l-Lys hit as a new
scaffold. To this end, we prepared an L3 polymer bearing the
trisaccharide N-acylated by l-Lys-NaBoc and treated the Lys
e-amino group with a large panel of acylating reagents
(Table S1). Original screening was performed in triplicate
with a high concentration of Stx2a, and Stx2a titration
experiments were completed for each hit.

Unexpectedly, this round of screening did not yield any
amino acids as good hits. Instead, some aromatic acids showed
superior activities (Figure 5). The remaining a-amines were
either protected with Boc, acetylated, or remained free. Of

Figure 3. Binding of Stx2a to polystyrene microtiter plates coated with:
L1Ac* (acetylated in bulk solution prior to coating; red &), L1Ac
(acetylated on the plate; blue ~), L2Ac (acetylated on the plate; black
^), L3Ac (acetylated on the plate; green *). Assays were conducted in
triplicate with error bars indicated.
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these three options, acetylation resulted in decreased activity
while protection with Boc marginally increased Stx2a binding.

The activities of compound 16 and its poly(N-vinyl-2-
pyrrolidone-co-vinyl alcohol) conjugate 17 as competitive
inhibitors of Stx2a are shown in Figure 6. Ligand 16 is the first
known monomeric inhibitor of Stx2a since the PkNAc
analogue failed as an inhibitor of Stx2a, even at millimolar
concentrations. When attached to copovidone, an approxi-
mately 90000-fold activity amplification per trisaccharide (ca.
17000-fold by weight) was achieved. Despite a lower average
number of pendant ligands per polymer chain, the polymeric
analogue 17 is at least 30-fold more active than the PkNAc-
based polymer L1Ac* (Table 1).

Our approach to the on-plate generation and screening of
a focused glycan library embodies several concepts separately
reported by others.[21] Crucially, plate-adsorbed copovidone
conjugates with variable ligand payloads address the issue of
density variation in fine tuning multivalent interactions
without masking ligand-affinity gains. Copovidone is an
attractive choice as the polymeric construct because it
nicely combines solubility properties with affinity for hydro-
phobic surfaces, which eliminates the need to introduce

additional reactive groups or hydrophobic moieties solely for
immobilization purposes. It is unlikely that the outcome of
this work was crucially influenced by using a narrow-molec-
ular-weight reversible addition–fragmentation chain-transfer
(RAFT) polymer. For plate coating applications, any pol-
y(NVP-co-VA), including commercial products such as
Kollidon SR, could be employed after appropriate modifica-
tion. Cost-efficient statistical carrier polymers suit this
application without addressing the separate issue of optimal
ligand presentation, which is better served by dendrimers[22]

or precision polymers.[23]

Once prepared, only minute quantities of coating con-
jugate per plate are needed and the reproducibility of array
manufacturing depends only on the quality of the commercial
microtiter plates. This eliminates reaction conditions and
quality of reagents as factors influencing the reproducibility
of chemical immobilization methods. The copovidone con-
jugates support multiple cycles of a variety of on-plate

Figure 4. Level 2 screening. Binding of Stx2a to polystyrene microtiter
plates coated with L2 and modified with compounds 4–11 to furnish:
L2Ac (black ^), L2-4 (black ~), L2-5 (red ^), L2-6 (red ^), L2-7 (violet
&), L2-8 (turquoise &), L2-9 (blue &), L2-10 (dark green *), L2-11
(light green &).

Figure 5. Level 3 screening. Binding of Stx2a to polystyrene microtiter
plates coated with L3Lys and modified with compounds 12–15 to
furnish: L3-9 (blue &), L3-12 (red ~), L3-13 (red ~), L3-14 (green ^),
L3-15 (green ^).

Table 1: Properties of glycoconjugates.

Conjugate Payload[a] Mn
[b] Degree of incorporation IC50 [nm][c]

L1 4.8 53000 17.9 NT[d]

L2 1.2 41000 4.4 NT
L3 0.4 38000 1.6 NT
L3Lys 0.4 38500 1.6 NT
L1Ac* 4.4 52000 16.5 8.1
17 2.6 49500 9.6 0.26

[a] Estimated by 1H NMR spectroscopy. [b] Calculated based on
Mn = 36700 Da for unmodified polymer. [c] Based on Mn. [d] Not tested.
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chemical modifications and activity measurements, a property
that permits the rapid in situ generation and evaluation of
analogue libraries in a simple 96-well ELISA that does not
require specialized equipment for activity readout. The best
hit discovered at each preceding level of ligand density
becomes a positive control reference for the next round of
screening at a lower level of multivalency (Table S1).

Starting from a univalent trisaccharide scaffold that
showed no measurable toxin activity, this approach generated
the first sub-millimolar ligand for Shiga toxin type 2a and the
most active monovalent ligand for any Shiga-like toxin. This
approach should be applicable not just to carbohydrate-ligand
discovery but to any system that employs multivalent
interactions to boost low intrinsic affinity in order to generate
a biological signal.
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