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The Influence of Ligand Valency on Aggregation
Mechanisms for Inhibiting Bacterial Toxins
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Divalent and tetravalent analogues of ganglioside GM1 are
potent inhibitors of cholera toxin and Escherichia coli heat-labile
toxin. However, they show little increase in inherent affinity when
compared to the corresponding monovalent carbohydrate
ligand. Analytical ultracentrifugation and dynamic light scatter-
ing have been used to demonstrate that the multivalent inhibi-
tors induce protein aggregation and the formation of space-fill-
ing networks. This aggregation process appears to arise when
using ligands that do not match the valency of the protein recep-

Introduction

Cholera and travellers’ diarrhoea are still life-threatening dis-
eases in many parts of the world.""? These diarrhoeal diseases
are caused by two protein toxins that share over 80% se-
quence identity: cholera toxin and Escherichia coli heat-labile
toxin.®) Their AB; hetero-oligomeric structures comprise a
single toxic A-subunit and a pentameric ring of B-subunits that
interact with the cell surface glycolipid ganglioside GM1.” Fol-
lowing adhesion at the cell surface and endocytosis of the pro-
tein toxin, the A-subunit covalently modifies the regulatory
protein Gsa, which ultimately leads to a large efflux of cellular
liquid into the gut. The resulting diarrhoea has been reported
to contain concentrations of cholera toxin as high as
10 ugmL~"* this corresponds to a B-subunit concentration of
approximately 1 pm. Inhibitors of the B-subunit-GM1 interac-
tion could provide a prophylactic treatment for these debilitat-
ing diseases.” It has been shown that compounds bearing
multiple copies of a ligand provide an effective strategy for
inhibiting multimeric receptors.””® For example, multivalent
derivatives of GM1,”' or related oligosaccharides,"'™ are
potent inhibitors of B-pentamer adhesion to GM1-coated surfa-
ces; an octavalent GM1-dendrimer has been shown to be
47500 times more efficient as an inhibitor than an equivalent
concentration of monovalent GM1."” Multivalent lectins with
binding sites arranged on opposing faces of the protein, for
example, galectins,"®' concanavalin A" or soybean aggluti-
nin,"? generally form cross-linked aggregates with both their
natural ligands and synthetic multivalent inhibitors. In contrast,
theoretical models describing multivalent interactions of chol-
era toxin usually assume that the protein does not aggregate
as the binding sites are all on the same face of the multimeric

protein;?*?" however, ligand-induced dimerization of pen-
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tor. While it is generally accepted that multivalency is an effective
strategy for increasing the activity of inhibitors, here we show
that the valency of the inhibitor also has a dramatic effect on
the kinetics of aggregation and the stability of intermediate pro-
tein complexes. Structural studies employing atomic force micro-
scopy have revealed that a divalent inhibitor induces head-to-
head dimerization of the protein toxin en route to higher aggre-
gates.

tameric receptors has been observed in crystal structures.®?%2*

Here we demonstrate that multivalent GM1-inhibitors with
mismatched valencies can operate through protein aggrega-
tion. Furthermore, we show that the valency of the inhibitor
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has a dramatic effect on the mechanism of aggregation, influ-
encing both the kinetics of aggregation and the stability of
intermediate protein complexes.

Results and Discussion

The divalent and tetravalent GM1 analogues GM1-2 and GM1-
4 (Figure 1) have been shown to inhibit cholera toxin B-pen-
tamer (CTB) binding in an ELISA experiment (Table 1).% ICq,
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values were found to be four to five orders of magnitude
lower than those for monovalent GM1 derivative GM1-1.2% In
the present study we found that these compounds are also
active against the B-pentamer of E. coli heat-labile toxin (LTBh)
which has identical GM1 binding sites to CTB.”® Although
there are subtle differences in the binding affinities of CTB and
LTB isoforms for a range of ligands,”® CTB and LTB are often
used interchangeably when testing inhibitors. While our previ-
ous experiments involved direct detection of a CTB-horseradish
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Figure 1. Structures of the ganglioside GM1 mimics bearing one, two and four oligosaccharide ligand groups.

Table 1. Comparison of CTB and LTBh inhibition in ELISA assays.”

Ligand ICso [Nm]®! Hill coefficient B-subunit concentration [nm]*® GM1-groups per B-subunit at 1Cs,"
CTBY LTBh CTB LTBh CTB LTBh CTB LTBh

GM1-1 19000+ 6000 >200000 0.5 0.5 2.1 19 9047 > 10500

GM1-2 20+1.0 21+7 1.0 0.7 2.1 19 1.9 2.1

GM1-4 0.23+0.07 31+3 3.0 3.0 2.1 19 0.4 6.3

[a] All experiments employed microtitre plates coated with 0.2 ng GM1 per well and blocked with BSA. [b] Concentration of the multivalent ligand for 50 %
inhibition of toxin binding (not normalized for ligand valency). [c] CTB data is taken from reference [10] [d] This value was chosen for the curve fitting

based on the CTB result. [e] Concentration of binding sites (i.e. 5 X the B-pentamer concentration). [f] Ligand valency x ICsy/[B-subunit].
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peroxidase conjugate,"” here the LTBh pentamer was detected
using a traditional indirect ELISA assay. The lower sensitivity of
the LTBh ELISA assay made it necessary to use a ten-fold
higher B-pentamer concentration than that employed previ-
ously. Therefore the ICs, values for LTBh are higher than those
measured for CTB (Figure 2; Table 1). Inhibitors GM1-2 and
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Figure 2. ELISA assay showing inhibition of LTBh (3.8 nm pentamer concen-
tration) binding to a GM1-coated microtitre plate.

GM1-4 were found to have ICs, values of 20-30 nm, while the
monovalent GM1 derivative GM1-1 showed only 25% inhibi-
tion at 100 pm. Although the absolute values differ from the
CTB experiments, the relative inhibitory potencies of the multi-
valent and monovalent ligands are similar for the two proteins;
inhibition of LTBh binding to GM1 displayed at a surface is
greatly enhanced through multivalency.

Isothermal titration calorimetry (ITC) was used to measure
the affinity of the ligands for LTBh. In all experiments the
ligand was added to a solution of the protein and binding stoi-
chiometries were calculated in terms of the number of oligo-
saccharide groups per binding site (see the Supporting Infor-
mation for example titration curves and discussion of curve fit-
ting at high c values). ITC experiments (Table 2) revealed that
monovalent GM1-1 bound to LTBh has a Kj slightly lower than
that reported previously for the CTB-GM1 oligosaccharide in-
teraction (43 nm).””’ However, GM1-2 and GM1-4 showed less
than a five-fold increase in affinity and only a small change in
the enthalpies of interaction compared to equivalent concen-
trations of the monovalent ligand GM1-1. The expected 1:1
binding stoichiometry (i.e., one GM1 oligosaccharide binding

per LTBh subunit) was observed in all cases; this demonstrates
that all protein binding sites are accessible to the ligands.”

The presence of the multivalent scaffold appears neither to
enhance nor perturb the individual interactions between the
protein and oligosaccharide. This result demonstrates that the
increased potency observed for the multivalent inhibitors in
the ELISA assay"” can not be attributed to a change in the in-
trinsic affinity of the oligosaccharide for the protein. Since it
was noted that the solutions became hazy during the titra-
tions, the question arose whether the activity of the multiva-
lent ligands could result from protein aggregation. Such a
mechanism can not be deduced from the ITC data, because
ITC only describes the extent of receptor saturation as a func-
tion of ligand concentration—it does not reveal to what extent
the multivalent ligands crosslink subunits within a pentameric
receptor rather than crosslink subunits in different pentamers.

Sedimentation velocity analytical ultracentrifugation (SV-
AUQ)™®3 was used to detect the extent of protein oligomeri-
sation in the presence of various concentrations of the inhibi-
tors. Figure 3A shows that the pure LTBh solution contained a
single species with a sedimentation coefficient of 44+0.1S;
this corresponds to the expected mass of 58 kDa for the LTBh
pentamer. Addition of divalent inhibitor GM1-2 to give total
GM1 concentrations of 0.1 and 0.2 equivalents per LTBh bind-
ing site led to a new species at 7.84+0.2 S with a predicted
mass of approximately 125 kDa; i.e., a dimeric complex of the
LTBh pentamer. A dramatic reduction in signal was observed
upon increasing the concentration of inhibitor GM1-2 to 0.5
equivalents of GM1 groups per LTBh binding site. At or below
this concentration, the majority of the protein formed rapidly
sedimenting aggregates of high mass that were beyond the
limits of the optical detection system and could not be ob-
served under the conditions of the SV-AUC experiment. Further
addition of inhibitor GM1-2 up to one equivalent of GM1
groups resulted in almost complete dimerization of the frac-
tion of LTBh protein that remained visible to the AUC optics. In
contrast, the same concentration of monovalent GM1-1 did
not significantly change the sedimentation coefficient of the
protein (Figure 3A).

The tetravalent inhibitor GM1-4 showed a more gradual re-
duction in signal intensity above 0.2 equivalents of GM1
groups per LTBh binding site (Figure 3B), and there was no evi-
dence for LTBh dimerization.

Dynamic light scattering experiments were performed on
LTBh in the presence and absence of GM1-2 and GM1-4 to fur-
ther characterize the formation of the aggregates. The field au-

Table 2. Thermodynamics of GM1 derivatives binding to LTBh."?

Ligand Ky [nm] AG° [kcalmol™'] AH° [kcalmol™] TAS® [kcalmol™"] n

GM1-1 9.040.9% —10.97 +£0.06 —20.30+0.19 —9.3340.11 0.99+0.01
GM1-2 3.6+0.2 —11.504+0.03 —21.32+043 —9.82+0.20 1.00+0.04
GM1-4 6.9+2.0 —11.15£0.15 —20.95+0.31 —9.80+0.22 1.00£0.01

tions (see the Experimental Section).

[a] The GM1 derivative was titrated into a solution of LTBh (4-10 pum subunit concentration) at 298 K to give a final GM1:LTBh subunit ratio of approximate-
ly 2:1. [b] Errors in Ky, AH® and n are the standard deviation of multiple experiments. Errors in AG® and TAS® were determined using Monte Carlo simula-
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Figure 3. Sedimentation coefficient distributions [c(S)] for mixtures of LTBh (2 um pentamer concentration, 10 um
GM1 binding sites) with varying concentrations of A) GM1-1 and GM1-2, and B) GM1-4; the number of equiva-
lents of ligand is expressed as the number of GM1 oligosaccharide groups per LTBh binding site. Dynamic light
scattering field autocorrelation functions [g,(t)] for LTBh alone (1.4 um pentamer concentration) and in the pres-
ence of either C) GM1-2 or D) GM1-4 (0.1 equiv GM1 groups per LTBh binding site) are shown at various times
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times. Small amounts of large
aggregates dominate the DLS
signal, and the DLS data do not
contradict that a majority
(>95%) of LTBh still exists as
pentamers or dimers of pentam-
ers as indicated by AUC. Never-
theless, it is remarkable that
such a network already forms
when only one binding site in
ten is occupied by ligand. Con-
trol experiments with analogous
non-binding multivalent ligands
demonstrated that protein ag-
gregation was dependent on
specific GM1-LTBh interactions
and was not a result of nonspe-
cific interactions with the den-
dritic scaffolds or “salting-out”
mechanisms associated with the
phosphate buffer (see the Sup-
porting Information).

After about 10 h the scatter-
ing intensity of the LTBh/GM1-2
mixture started to decrease and
ultimately reached a level only a
few times higher than that for
LTBh alone. A similar observation
was made for an LTBh/GM1-4
mixture  comprising 0.5 GM1
groups per binding site. The
most plausible reason is that the
fragile network was slowly sedi-
menting under the force of grav-

after mixing. The scattering intensity, (/) for each ligand normalized by the scattering of LTBh protein alone (/) is
shown as a function of time after mixing in the inset graphs in parts C) and D).

tocorrelation function for LTBh corresponded to a dominant
species with a hydrodynamic radius of 4.0+£0.1 nm (Figure 3C
and D). On addition of GM1-2 to give 0.1 equivalents of GM1
groups per LTBh binding site, the scattered intensity increased
dramatically (Figure 3C inset), reaching a maximum scattering
intensity approximately one hour after mixing. The analogous
concentration of GM1-4 led to a more modest increase in the
light scattering (Figure 3D inset). The field autocorrelation
functions for the aggregates also developed over time, and
again the changes in the GM1-2 curves were much more rapid
than those for GM1-4 (Figure 3C and D). For GM1-2, the aver-
age hydrodynamic radius of the aggregates was 1.1+0.2 um
during the first five hours of the aggregation process, whereas
in the case of GM1-4 the initial aggregates with radii of ap-
proximately 50 nm grew to a few hundred nm over two days.
In both cases, the aggregation process led to field autocorrela-
tion functions that no longer decayed to zero. This is indicative
of the formation of a space-filling network in which the posi-
tions of some of the particles are effectively fixed such that
there are residual positional correlations, even at very long
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ity. This result is in accord with
the observation that the solu-
tions became hazy during the
ITC experiments, but did not precipitate. Precipitation would
have led to a discontinuity in the baseline resulting from a
change in the capacity of the system; as no such discontinuity
was observed, the aggregates remained in solution. In con-
trast, the high centrifugal forces used in the AUC experiments
would cause the aggregates to sediment as soon as they were
formed. Therefore, the extent of LTBh precipitation during the
AUC experiments may reflect the rate of aggregation rather
than the stability of the aggregates as such.

Our results are in stark contrast to those reported by Merritt
etal.,"? and Pickens et al™ who also used DLS experiments
to study pentavalent inhibitors for LTB and divalent inhibitors
for CTB, respectively. In each case the authors observed no evi-
dence for protein aggregation, even when working at CTB or
LTB concentrations five- to ten-times higher than those em-
ployed in the present study. Dimerization of CTB has only been
observed using a decavalent ligand, and no higher aggregates
were formed.”??

As the divalent GM1-2 and tetravalent GM1-4 gave essen-
tially identical ITC binding parameters and differ only marginal-
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ly in the distance between the oligosaccharide head groups,
their contrasting solution behavior must be attributed to their
different valencies. The ligands were designed such that the
long flexible linkers would be able to bridge adjacent binding
sites within an LTBh pentamer. However, GM1-2 gives rise to a
significant amount of dimerization of LTBh pentamers through-
out the titration (Figure 3A). Upon cross-linking two independ-
ent particles in solution, a significant entropic penalty must be
paid for loss of independent translational and rotational de-
grees of freedom.”’*" Therefore, intrapentamer binding would
be expected to predominate. However, the entropic advantage
of chelation must be balanced against the loss of conforma-
tional entropy that occurs when a flexible ligand binds two
binding sites within an LTBh pentamer.®" At low ligand con-
centrations, most dimers of LTBh pentamers are connected by
a single GM1-2 molecule. It is likely that the long flexible linker
in GM1-2 allows substantial independent motion of the LTBh
pentamers within the ternary complex, which should reduce
the entropic penalty expected for protein dimerization (Fig-
ure 4A). For the dimeric ligand GM1-2, the maximisation of
conformational entropy within the complex appears to be
more favourable than maximising the number of independent
particles in the system.

The tetravalent inhibitor GM1-4 could also form complexes
in which it bridges two LTBh pentamers (Figure 4B); however,
none are observed in the AUC experiment (Figure 1B). Any ter-
nary complex in which all GM1 groups are bound would in-
volve crosslinking of the GM1-4 ligand with adjacent LTBh sub-
units and concomitant rigidification of the dendritic linker (Fig-
ure 4B). None of these configurations would have the same
level of residual conformational entropy that would be ob-
served for the ternary complex in Figure 4 A. One might there-
fore assume that the 1:1 GM1-4/LTBh pentamer complex
would predominate until 80% of the LTBh binding sites were
filled. However, the DLS experiments show that aggregation al-
ready occurs when only 10% of the binding sites are filled.
Therefore, the 1:1 complex is not the only species present in
solution, and unlike GM1-2, crosslinking occurs without signifi-
cant accumulation of dimers of LTBh pentamers. Indeed, as
intra-pentamer binding is disfavoured for the GM1-2 ligand, a
ternary complex in which two LTBh pentamers are linked by
only two ligand groups of GM1-4 (Figure 4C) would be preor-
ganised to aggregate with the pentamers in a face-to-face ori-
entation. A similar aggregate could form with the divalent
GM1-2 ligand once two to three binding sites per LTBh pen-
tamer are occupied (Figure 4D). This observation would ac-
count for the dramatic increase in aggregation that was ob-
served in the AUC experiment (Figure 3A) for 0.5 equivalents
of GM1 groups per LTBh binding site.

In the case of GM1-2 it is notable that dimers of LTBh pen-
tamers continue to exist at equimolar concentrations of GM1
ligand groups and LTBh binding sites (Figure 3A). The ITC ex-
periments indicate that essentially all ligand is bound to the
protein around the equivalence point of the titration. There
are three possible configurations for a 2:5 LTBh pentamer:
GM1-2 complex (Figure 4E) in which the valencies of the
ligand and receptors are matched such that the complexes are

ChemBioChem 2009, 10, 329-337
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Figure 4. Schematic representation of LTBh dimerization at A) low concen-
trations of divalent GM1-2 and B) low concentrations of tetravalent GM1-4.
Examples of face-to-face aggregates that could form at sub-stoichiometric
concentrations of C) GM1-4, and D) GM1-2. E) Three possible configurations
for a 2:5 LTBh pentamer:GM1-2 complex in which all binding sites are occu-
pied. F) An example of a 2:3 LTBh pentamer:GM1-4 complex illustrating the
mismatched valencies between the ligands and receptors.

unable to make further interactions with either GM1-2 or LTBh.
A similar complex that is saturated with tetravalent GM1-4 li-
gands would require a stoichiometry of 2:3 LTBh pentamer:
GM1-4. There are many possible configurations for such a
complex (one example is shown in Figure 4F), but in all cases
the valencies of ligands and receptors are mismatched. If all
GM?1 ligand groups are to become bound to LTBh, then aggre-
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gation must occur. In contrast, the pentavalent ligands report-
ed by Fan, Hol and co-workers have valencies that match the
LTB/CTB proteins precisely and only 1:1 complexes are ob-
served,'”? even at protein concentrations five to ten times
higher than those used in the present study.

We thus presume that the matched valencies (2:5 LTBh pen-
tamer:GM1-2) allow the dimer of LTBh pentamers to persist
toward the end of the titration. Whitesides and co-workers re-
cently described the formation of bicyclic trimers of divalent
antibodies and trivalent dinitrophenyl ligands.®? High molecu-
lar weight aggregates form initially on mixing the components,
but rearrange to form only discrete complexes at equilibrium,
of which the 3:2 IgG:ligand complex predominates at the ap-
propriate stoichiometric ratio. In our AUC experiments, the for-
mation of large aggregates is probably also under kinetic con-
trol, but the persistence of the dimers of LTBh pentamers sug-
gests that they are thermodynamically stable under the condi-
tions of the experiment. Indeed, a novel strategy for inhibiting
bacterial toxins through the formation of defined seven-com-
ponent aggregates has been reported independently by both
Fan® and Bundle’¥ A pentavalent pentraxin protein and
either CTB®® or shiga toxin B-pentamer®¥ are brought togeth-
er to form stable heterodimers that are crosslinked by five
copies of a heterobifunctional ligand. In both cases the overall
stability of the complex was substantially greater than the indi-
vidual monovalent interactions.

The aggregation mechanisms proposed here for ligands
GM1-2 and GM1-4 both assume that aggregation would in-
volve crosslinking the LTBh pentamers in which the binding
face of one pentamer is brought into close proximity with the
binding face of additional pentamers (Figure4C and D).
Atomic force microscopy (AFM) has been used previously to
study CTB adhered to mica and lipid bilayers under aqueous
conditions.’>* Figure 5A shows the LTBh pentamers as round
particles distributed across a mica surface. At higher resolution
(Figure 5B) it is possible to resolve individual subunits and a
depression at the centre of the particles that corresponds to
the central pore. The 6.5 nm width and 3.5 nm height of these
particles (Figure 5E) is in good agreement with the dimensions
of the pentamer determined from the crystal structure of the
porcine variant of the protein LTBp (Figure 5F).5” In the pres-
ence of two equivalents of the divalent GM1-2 ligand, the pro-
tein appears as aggregates of irregular diameter, but a remark-
ably consistent height of 6.5 nm. The increased height of the
aggregates is consistent with a head-to-head dimerization that
either prevents the LTBh pentamer from sitting flat on the sur-
face, or gives rise to a protein bilayer. Surprisingly, LTBh bound
to monovalent ligand GM1-1 also forms aggregates (Fig-
ure 5D), although individual particles can also still be seen (in-
dicated by white arrows, Figure 5D). In this case the aggre-
gates have an average height of 3.5 nm which excludes the
possibility that LTBh dimers form in the presence of the mono-
valent ligand GM1-1.

The function of many multivalent lectins depend on aggre-
gating their carbohydrate ligands."®*#3% The aggregation pro-
cesses observed in this study occur at physiologically relevant
concentrations of the protein toxin. Turnbull et al.,”’ have de-
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Figure 5. Atomic force microscopy images of pure LTBh (ca. 67 nm pentamer
concentration) show A) uniform round particles adhered to the mica surface.
B) Individual subunits can be seen at higher resolution. C) In the presence of
divalent inhibitor GM1-2 the protein forms aggregates. D) The monovalent
inhibitor GM1-1 also aggregates the protein but individual pentamers are
still visible (inset). E) The average heights and widths of LTBh pentamers and
their aggregates are in accord with F) the dimensions of the protein deter-
mined crystallographically.

tected 10 pgmL™" cholera toxin in human rice-water stool sam-
ples (conditions under which aggregates were observed by
AFM). Moreover, these authors note that the concentration of
the toxin in vivo is a balance of the rates of its production and
excretion in diarrhoeal fluid. Inhibitors such as GM1-2 and
GM1-4 are designed to prevent the toxin from entering endo-
thelial cells and thus avoid the downstream biochemical
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events that would lead to diarrheoa. However, these inhibitors
are not expected to reduce the rate of toxin production. There-
fore, during a course of anti-adhesion therapy, the concentra-
tion of the toxins would likely increase further.

At these micromolar concentrations, the enhanced activity
of the compounds arises principally from aggregation of the
protein receptors to form space-filling networks, even at sub-
stoichiometric ligand:receptor ratios. While it is generally ac-
cepted that multivalency is an effective strategy for increasing
the activity of inhibitors, we have demonstrated that the valen-
cy of the inhibitor can also have a substantial effect on both
the kinetics and mechanism of aggregation. Ligand valency de-
termines if discrete multicomponent complexes can form;
stable dimers of the LTBh pentamers arise only if the valencies
of the ligand and receptor can be matched. No aggregation
was observed in previous studies of pentavalent inhibitors
when using higher B-pentamer concentrations than those em-
ployed here"'™¥ Thus, it would appear that discrete com-
plexes will arise when the valencies of ligand and receptor are
matched, but aggregates will form when the valencies are mis-
matched. This observation is central to the design of well de-
fined multi-component biomolecular assemblies.*” When one
considers that tetravalent galactosyl dendrimers'® have been
shown to be more potent inhibitors than pentavalent galacto-
syl ligands of similar size*” it is also tempting to conclude
that mismatched valencies may provide a more effective gen-
eral strategy for the development of multivalent therapeutics
against bacterial toxins. Of course, these tetravalent and penta-
valent compounds differ in the exact structure of their flexible
arms, and so it would be necessary to make pentavalent
ligands analogous to GM1-4 for an accurate comparison of in-
hibitory activities. Although aggregation occurs at physiologi-
cally relevant low pM concentrations, it is not clear if the li-
gands operate by the same aggregative mechanism at nano-
molar concentrations at which these compounds were found
to be effective inhibitors in ELISA assays."” New, more sensitive
biophysical methods will be required to study these aggrega-
tion phenomena at nanomolar concentrations and below. A
deeper understanding of the mechanisms of multivalent inter-
actions will lead to more effective inhibitors against multimeric
proteins and further enable the rational design of supramolec-
ular assemblies for bionanoscience.?>4'~#

Experimental Section

Sample preparation: Compounds GM1-1, GM1-2 and GM1-4 were
prepared as reported previously.'"®* Buffers and other reagents
were bought from Sigma or Fisher unless stated otherwise.

A Vibrio sp.60 clone harbouring the pMMB68 plasmid encoding
LTBh originally reported by Amin and Hirst*¥ was kindly provided
by B. L. Precious, University of St Andrews. Bacterial cultures were
grown at 37°C in Luria-Bertani NaCl enriched medium (1% tryp-
tone, 0.5% yeast extract and 2% NaCl) in the presence of carbeni-
cillin (100 ugmL™"). Upon reaching OD4,, = 0.40, protein production
was induced by addition of isopropyl-p-thiogalactoside (1 mm final
concentration), and the cultures were grown for a further 24 h at
37°C. Cells were pelleted by centrifugation and the LTBh protein
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was precipitated from the supernatant by addition of either ammo-
nium sulfate (60% saturation), or sodium hexametaphosphate
(2.5 gL™) and adjusting the pH to 4.5. The precipitate was collect-
ed by centrifugation and re-suspended in sodium phosphate
buffer (50 mL, 0.1 M, pH 8.0), before dialysis against sodium phos-
phate (10 mm, pH 7.4). After removing insoluble material by centri-
fugation, the protein preparation was passed over a Ni?*-NTA
column that had been pre-equilibrated with 10 bed volumes of
dialysis buffer. The column was washed (10 bed volumes, 50 mm
Tris:HCl, 500 mm NaCl, 10 mm imidazole, pH 7.4), and eluted with
elution buffer (20 mL, 50 mm Tris-HCI, 500 mm NacCl, 250 mm imida-
zole, pH 7.4). The collected fractions were dialysed against sodium
phosphate buffer (20 mm phosphate, 100 mm NaCl, pH 7.4) for
storage at 4°C. The protein purity was determined by SDS-PAGE
analysis and its concentration was evaluated by UV absorption
at 280 nm using a theoretical molar extinction coefficient of
11585m 'em™.

Enzyme-linked immunosorbent assay: LTBh inhibition assays
were carried out using the following solutions and buffers: phos-
phate-buffered saline (PBS) buffer, blocking buffer (1% bovine
serum albumin (BSA) in PBS), washing buffer (0.1% BSA, 0.05%
Tween-20 in PBS), primary antibody VD12 (mouse-anti LTB)*? and
secondary antibody (sheep-anti-mouse alkaline phosphatase la-
belled). The alkaline phosphatase substrate solution comprised of
4-nitophenyl phosphate disodium hexahydrate (7.5 mg) dissolved
in Tris buffer (10 mL, 0.1 m Tris, 5 mm MgCl,, pH 9.6).

A 96-well plate was coated with a solution of GM1 (100 pL,
2 ug.mL™") in PBS buffer. Unattached ganglioside was removed by
washing with PBS and the remaining binding sites of the surface
were blocked with BSA (1%) in PBS, and finally washed with PBS.
Samples of LTBh (3.8 nm pentamer concentration) and inhibitor
(0.1-100000 nm) in washing buffer were incubated at RT for 2 h
before adding to the GM1-coated plate. After 1 h of incubation at
room temperature the solution was removed and the wells were
washed with washing buffer. Primary antibody VD12 (100 uL in
blocking buffer) was added to the wells. After 1 h of incubation at
room temperature, the solution was removed and the wells
washed with washing buffer. The secondary antibody solution
(100 pL) was added to the wells and incubated for 45 min at room
temperature. Excess antibody solution was then removed and the
wells were washed with washing buffer. To identify antibody la-
belled-toxin binding to surface-bound GM1 the wells were treated
with alkaline phosphatase substrate solution (150 uL). The absorb-
ance of each well was recorded at 415 nm every 15 min for a total
incubation interval of 45 min.

Isothermal titration calorimetry: ITC experiments were performed
using a VP-ITC calorimeter (Microcal Inc. Northampton, MA, USA),
with a cell volume of 1.409 mL. All titrations were conducted at
25°C in sodium phosphate (20 mm, pH7.4) containing NaCl
(100 mm). The LTBh protein was dialysed against this buffer three
times before diluting the protein to a final LTB-subunit concentra-
tion of 4-10 um. GM1-derivatives were dissolved in the buffer from
the final dialysis step. Protein and ligand concentrations were de-
termined by UV absorption. The GM1 derivatives were added to
the LTBh solution in titrations typically comprising 24 injections
(8 uL) at 4 min intervals. Separate titrations of ligands into the
same buffer were used to subtract the heat of dilution from the
integrated data prior to curve fitting using the built-in one site
model. Errors were propagated using Monte Carlo simulations in
Microsoft Excel or Origin.*® Typically 1000-5000 AH° and K, values
were simulated by adding random error to the mean values of
these parameters determined from multiple ITC experiments. The
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added error had a Gaussian distribution with a mean of zero and a
standard deviation equal to the standard deviation for each experi-
mentally derived parameter (K, and AH"). The simulated AH° and
K, values were used to calculate 1000-5000 values for AG® and
TAS®, the mean and standard deviations of which are reported in
Table 2.

Analytical ultracentrifugation: The partial molar volume of LTBh,
buffer densities and viscosities were calculated using SEDNTERP
(http://www.jphilo.mailway.com/download.htm). The partial molar
volumes for the GM1-2 and GM1-4 were predicted using the pro-
tocol outlined in ref. [47]. However, control experiments conducted
in the absence of protein failed to give an adequate UV absorb-
ance at 280 nm to allow accurate curve fitting, even at the highest
concentration used (20 um oligosaccharide concentration). Protein
and ligand samples were prepared as in the ITC experiments. Mix-
tures of toxin with various amounts of ligands were prepared im-
mediately before analysis. The samples (0.42 mL) were centrifuged
in 1.2 cm pathlength 2-sector aluminium centrepiece cells (sample
in RH sector, reference buffer in LH sector) with sapphire windows
in an 8-place An-50 Ti analytical rotor running in an Optima XL-I
analytical ultracentrifuge (Beckman Instruments Inc., Fullerton, CA,
USA) at 35000 rpm and at a temperature of 20.0°C. Changes in
solute concentration were detected by Rayleigh interference and
280 nm radial absorbance. 102 scans of each type were collected
from each cell during 16 h. Results were analysed by whole-boun-
dary profile analysis using the program Sedfit v 11.3 (P. Schuck,
NlH).MS]

Dynamic Light scattering: DLS was performed using a Malvern
NanoS, operating at a scattering angle of 173°, using a HeNe laser
with a wavelength A=633 nm. All measurements were performed
at a temperature of 25°C. Effective hydrodynamic radii reported
are based on either a monomodal or a bimodal distribution fit of
the field autocorrelation function g,(t) , as reported by the Malvern
DTS software, version 5.00 (Malvern, UK). Absolute scattering inten-
sities were determined by using toluene as a reference, with an ab-
solute value for the toluene scattering of Riguene=0.0013522 m"".
The LTBh, GM1-2 and GM1-4 stock solutions and buffer were fil-
tered using 100 kDa cut-off Amicon centrifuge filters (Billerica, MA,
USA). A 10% reduction of the concentration of the LTBh stock solu-
tion due to filtration was taken into account in determining final
protein concentrations. Samples for scattering were prepared by
mixing the filtered components in a carefully cleaned quartz cuv-
ette in a laminar flow hood.

Atomic force microscopy: It has been shown previously that CTB
will spontaneously adhere to a mica surface under aqueous condi-
tions.>3% However, LTBh proved to interact very weakly with mica
at neutral pH, presumably because the protein is close to its iso-
electric point at that pH. Therefore, all AFM experiments were con-
ducted in a citrate-phosphate buffer at pH 6. A solution of LTBh
(0.2 um  pentamer concentration), in citrate-phosphate buffer
(2 mm sodium phosphate, 2 mm sodium citrate, 10 mm NaCl,
pH 6.0) was incubated on a freshly cleaved mica disk for 10 mins
before diluting three-fold with the same buffer. AFM height
images were recorded under buffer using a Nanoscope lIlla Multi-
mode AFM (Digital Instruments, Veeco Metrology Group, Inc.,
Santa Barbara, CA, USA) and silicon nitride cantilevers (NP-S, Veeco
Metrology Group). The cantilevers had a spring constant of approx-
imately 0.32 Nm™". The height images reported here are raw, unfil-
tered data, line levelled using a simple polynomial fit, and obtained
by tapping (dynamic) mode at a frequency in the range of 25-
27 kHz with a 95% set-point. Accurate width measurements of
subunits were obtained by measuring the periodicity within close-
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packed clumps, thereby negating the effect of tip-magnification of
small objects due to tip-sample convolution.
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