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Abstract

Shiga toxins (Stx) released by Escherichia coli O157:H7 and Shigella dysentriae, cause life-
threatening conditions that include hemolytic-uremic syndrome (HUS), kidney failure and
neurological complications. Cellular entry is mediated by the B subunit of the AB5 toxin, which
recognizes cell surface glycolipids present in lipid raft like structures. We developed gold
glyconanoparticles that present a multivalent display similar to the cell surface glycolipids to
compete for these toxins. These highly soluble glyconanoparticles were nontoxic to the Vero
monkey kidney cell line and protected Vero cells from Stx-mediated toxicity in a dose dependent
manner. The inhibition is highly dependent on the structure and density of the glycans; selective
inhibition of Stx1 and the more clinically relevant Stx2 was achieved. Interestingly, natural
variants of Stx2, Stx2c and Stx2d, possessing minimal amino acid variation in the receptor binding
site of the B subunit or changes in the A subunit were not neutralized by either the Stx1- or Stx2-
specific gold glyconanoparticles. Our results suggest that tailored glyconanoparticles that mimic
the natural display of glycans in lipid rafts could serve as potential therapeutics for Stx1 and Stx2.
However, a few amino acid changes in emerging Stx2 variants can change receptor specificity,
and further research is needed to develop receptor mimics for the emerging variants of Stx2.

INTRODUCTION

Shiga toxin (Stx) is the major pathogenic determinant of several Gram negative bacteria
including Escherichia coli O157:H7 and Shigella dysentriae. Of the estimated 70,000 E. coli
0157:H7 cases of disease per year in the United States, 10-15% develop hemolytic uremic
syndrome (HUS); 3-5% succumb during the acute phase of the disease; and an equivalent
number suffer brain damage and renal failure.(1) Treatment of this disease is mostly
supportive as postdiarrheal antibiotic treatment enhances toxin production and progression
towards HUS.(2) Therefore, there is a great need to develop competitive inhibitors as
prophylactics or therapeutics for this untreatable disease.

Stx is a member of the ABg family of toxins. There are two major antigenic forms, Stx1 and
Stx2, of which Stx2 is more potent than Stx1.(3) The A subunit exhibits RNA N-glycosidase
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catalytic activity and cleaves a single adenine base from the host cell 28S ribosomal RNA,
rendering the ribosome incapable of protein synthesis, leading to cell death. The B, or
binding, subunit is a homopentamer with pentaradial symmetry that binds to
globotriaosylceramide (Gb3, Figure 1A) in lipid rafts on the cell surface and ultimately
delivers the A subunit to its cytoplasmic target.(4) Several designer ligands bearing multiple
copies of carbohydrate portion (Pk trisaccharide) of Gb3 to neutralize the action of Stx have
been synthesized. Some of these constructs have been demonstrated to possess
subnanomolar binding affinities and inhibit the toxins in animal models.(5-9) Unfortunately,
phase | human clinical trials using some of these novel compounds were not very promising.
(10) A possible reason could be that Stx1, the less potent toxin, and not the more potent
clinically significant variant Stx2, was neutralized by these tailored glycoconjugates.
Epidemiological studies indicate that E.coli O157:H7 infections that lead to the life
threatening HUS are mainly associated with strains that produce Stx2 and not Stx1.(11)
Primate and murine models of disease indicate that Stx2 is more potent than Stx1.(3,12) In
addition, the two forms of toxin display very different tissue localization preferences one
hour and 24 hours post injection in mice.(3,13) These results suggest that while both Stx1
and Stx2 display a gross affinity for Gb3, they also recognize fine differences in glycan
display associated with different organ systems, and these differences in receptor
recognition likely influence toxin potency. Despite the differences in potency between the
two toxins, development of therapeutics for both variants is ideal because strains of bacteria
can produce both toxins. Additionally, since genes for the toxins can be readily exchanged,
commensal bacteria can also produce the variants.(14) Indeed, the CDC recommends testing
for the toxin variants and not just E.coli O157:H7. (15)

Using an ELISA platform, we recently identified novel ligands that bind specifically to Stx2
with high affinity and not to Stx1.(16) The major difference between these ligands and Pk
trisaccharide is the presence of N-acetyl groups at the 2 position of the galactose moiety.
(Figure 1B).(17) Based on these discoveries, we developed nanoparticles as potential
therapies to inhibit both variants.

We used noble metal nanoparticles to obtain a multivalent display as these nanoparticles are
increasingly being used for a variety of applications that include cancer imaging,(18,19) self
assembled nano/microstructures,(20,21) targeted delivery (22,23) and anti-adhesives.(24)
Glycan encapsulated gold nanoparticles (GNP) are excellent biomaterials as they offer a
multivalent display of glycans similar to the glycocalyx structures covering the surface of
cells. Additionally, these materials offer several advantages that include water solubility,
ease of preparation, stability, cost and absence of toxicity.(25-27) GNPs have been used for
the detection of lectins(28) and toxins,(29,30) capture of E.coli,(30) pre-symptomatic
imaging of brain disease (31) and the inhibition of melanoma cells to the endothelium.(32)
GNPs have also been used to examine weak glycan-glycan interactions.(33-35) While
examples of small molecule encapsulated nanoparticle as anti-adhesives to competitively
inhibit HIV, (36,37) monkey pox (38) and hepatitis B viruses(39) have been reported, GNPs
for the inhibition of toxins and pathogens are limited despite the significant advantages
offered by these biomaterials.

In this study, we developed different analogues of Pk trisaccharide, the glycan that exhibits
preferential binding to Stx (Figure 1A), and coated them onto gold nanoparticles. Next, we
assessed the ability of GNPs coated with Pk trisaccharide analogues to neutralize Stx in a
protein-synthesis inhibition assay. We found that these GNPs are excellent inhibitors of two
variants of Stx. We also found that inhibition is highly dependent on the structure and
density of the glycan and additionally, the structure of the toxin.
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EXPERIMENTAL PROCEDURES

Materials

All chemical reagents were of analytical grade, used as supplied without further purification
unless indicated. Acetic anhydride and acetyl chloride were distilled under an inert
atmosphere and stored under argon. 4A Molecular sieves were stored in an oven (>130 °C)
and cooled in vacuo. The acidic ion-exchange resin used was Dowex-50 and Amberlite (H+
form). Analytical thin layer chromatography (TLC) was conducted on silica gel 60-F254
(Merck). Plates were visualized under UV light, and/or by treatment with acidic cerium
ammonium molybdate followed by heating. Column chromatography was conducted using
silica gel (230-400 mesh) from Qualigens. 1H and 13C NMR spectra were recorded on
Bruker AMX 400MHz spectrometer. Chemical shifts are reported in & (ppm) units using
13C and residual 1H signals from deuterated solvents as references. Spectra were analyzed
with Mest-Re-C Lite (Mestrelab Research) and/or XWinPlot (Bruker Biospin). Electrospray
ionization mass spectra were recorded on a Micromass Q Tof 2 (Waters) and data were
analyzed with MassLynx 4.0 (Waters) software.

Synthesis of GNPs

The synthesis and complete characterization of the glycans and intermediates are given in
the supporting information. Using these glycans, GNPs were synthesized using the in situ
procedure.(40, 41) A representative example is described. Briefly, 0.25 ml of a 1% HAuCl,
solution was added to 50 ml of deionized H,O. Next, LG1 (2.35 mg, 0.0018 mmol) or LG2
(2.5 mg, 0.0018 mmol) was added. To this solution, previously cooled NaBH, solution (0.16
ml, 0.5 mg/ml) was added dropwise with rapid stirring at 0°C. The color of the solution
changed from light yellow to brown. The resulting brownish solution was stirred for an
additional 2h. The solvent was evaporated in vacuo and the resulting brownish residue was
suspended in 100 ml of CH30H and sonicated for 10 min. The resulting slurry was
centrifuged at 5000 g for 1h to precipitate the GNPs. The supernatant was removed and this
procedure was repeated three times to remove the excess glycan. The GNPs were dissolved
in 1 ml deionized H,O and lyophilized to yield 1 mg of pure GNPs.

TEM measurements

The TEM analysis were obtained on a Philips CM20 machine. Briefly, 1 ul of a suspension
of the nanoparticle (10 pug dissolved in 1 ml of deionized water) was placed on a copper grid
(200 mesh carbon coated) and the sample was evaporated overnight. A minimum of 50
GNPs were measured to obtain the mean particle diameter and standard deviation.
(Supporting Information)

Determination of number of carbohdyrates per nanoparticle

The number of carbohydrates was determined by anthrone-sulfuric acid assay. (41) Briefly,
carbohydrates (1 to 15 ug) were dissolved in 0.5 ml of deionized water. Next, 1 ml of a
freshly prepared solution of 0.5% anthrone (w/w) in 95% sulfuric acid was added to 0.5 ml
of ice cold sugar solution. The resulting solution was gently mixed and heated to 100°C for
10 min and the allowed to cool to RT. The absorbance was recorded at 620 nm and the plot
of absorbance versus concentration of carbohydrate resulted in a standard curve. Next,
different concentrations of the GNPs (100-500 pg) were subjected to the same method.
From this concentration, the concentration of sugars in 1mg of NPs was obtained and the
number of carbohydrates per nanoparticle was calculated. (Supporting Information)
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Protein inhibition assay

Vero cells expressing destabilized luciferase (luc2P Vero cells) were obtained as follows.
The gene for destabilized luciferase, luc2P, was excised from pGL4.11[luc2p] (Promega,
Madison, WI) with HindlIl and Xbal, blunted using Klenow, and cloned into the Hpal site
of MigR1.(42) HEK GP2-293 retrovirus packaging strain (Clontech, Mountain View, CA)
was incubated with 3 pug Luc2p-MigR1 DNA and 1 ug pVSV-G envelope as previously
described.(43) Transfected Vero cells were sorted by flow cytometry, GFP positive cells
were propagated, and sorted a second time to obtain cells expressing high levels of GFP.(44)
These cells have been deposited with the Biodefense and Emerging Infections Research
Resources Repository http://www.beiresources.org/. Crude or purified toxins were diluted in
phosphate buffered saline (PBS), followed by half-log serial dilutions; 25ul of each dilution
was added to white tissue culture-treated, Falcon 96-well microtiter plates (Becton
Dickinson, Franklin Lakes, NJ). 100 pl containing 10* luciferase-expressing Vero cells was
added to the wells and the plates were incubated for 4 hours at 37°C with 5% CO,. The cells
were washed three times with PBS, 25ul Superlite Luciferase Substrate (Bioassay Systems,
Hayward, CA) was added, and light was measured using the Luminoskan Ascent (Thermo
Labsystems, Helsinki, Finland). luc2P Vero cells incubated without toxin were used as the
negative control to determine maximum light production (maximum protein synthesis). The
Effective Dose (EDsg; amount of toxin required to achieve a 50% reduction in protein
synthesis) was calculated using the two points above and below the mid-point.

Determination of surface density of glycans on nanoparticle surface

The distance between glycans were calculated as described previously with slight
modifications.(45) Briefly, the following assumptions were made. (i) The nanoparticles were
considered as spheres of 4 nm diameter. (ii) Glycans were assumed to be equally distributed
on the nanoparticle surface. (iii) Glycans were assumed to be situated perpendicular to the
surface and parallel to each other.

Average surface area of the nanoparticle was determined by using formula 4zr2, where r is
radius of nanoparticle, 2 nm. Since we know the average number of glycans on the
nanoparticle surface, we can calculate the average surface density by taking ratio of number
of glycans over surface density. So, average surface density is 1.3 glycans per nm2. In order
to calculate the distance between two glycans, we assumed that there are average 1.3
glycans in a square of 1nm side. Average distance between two glycans can be
approximated by using formula (VA/n), where A is area of the square which is 1 nm2 and n
is number of glycans.

RESULTS AND DISCUSSION

Synthesis of gold glyconanoparticles (GNP)

Using our previously published synthetic strategy, we synthesized Pk trisaccharide
analogues (Scheme 1 and 2, Supporting Information) with linkers terminated with thiol
groups (Figure 1B, LG1 and LG2). Thiolated ligands were used as they can readily be
attached to gold nanoparticles. A thiolated B galactoside derivative was synthesized as a
negative control (Figure 1B, LG3). Next, GNPs were synthesized by previously published
method (40, 41) to yield uniform spherical nanoparticles of narrow size distribution (~ 4
nm). These GNPs were characterized using NMR, UV, IR and TEM spectroscopies
(Supporting Information). The number of glycans conjugated on the nanoparticle surface
was determined by using the anthrone method.(41) (Table 1, Supporting Information) We
also synthesized GNP's with different surface densities of glycans by premixing the glycans
with a spectator thiolated oligoethylene glycol ligand (OEG, Figure 1) to study the effect of
surface density on binding.
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Neutralization of Stx variants using a protein inhibition assay

Stx inhibits protein synthesis by cleaving the 28S ribosomal RNA. We developed a protein
inhibition assay (44) to quantify the influence of Stx on protein synthesis in the presence and
absence of GNPs (Figure 3A). Vero cells were transfected with the MigR1 lentivirus (42)
containing the cloned luc2P gene (destabilized luciferase, from pGL4, Promega, Madison,
WI1), encoding the gene for luciferase fused to the PEST motif (proline-glutamic acid-serine-
threonine), which targets the protein for degradation by the proteosome. This construct
allows us to directly measure the rate of protein synthesis by measuring bioluminescence
generated by luciferase-mediated oxidation of luciferin. We used this assay as opposed to
the MTT assay, because the latter suffers from the problem that it only measures metabolic
activity (e.g. due to cell death), not protein synthesis inhibition, and thus only indirectly
reflects Shiga toxin activity. The luciferase assay directly indicates toxin-mediated inhibition
of protein synthesis. Furthermore, the MTT assay requires 3 days compared to 4 hours for
the luciferase assay. We evaluated the cytotoxicity of GNPs towards luc2P Vero cells by
comparing the cells incubated with GNPs to the PBS buffer control. As shown in Figure 2,
protein synthesis was unaltered in presence of GNPs, indicating that the GNPs are not
cytotoxic to luc2P Vero cells.

Next, we studied the ability of the GNPs to neutralize Stx (Figure 3A). Briefly, serial
dilutions of Stx ranging from 0.01 to 64 ng were added to the wells of 96-well microtiter
plates. GNPs were added at 10ug/well to the wells and allowed to incubate for 15 minutes,
followed by the addition of 10 cells/well. (Please see Experimental procedures section)
Plates were incubated at 37°C in 5% CO» for 4 hours. The cells were washed with PBS,
followed by addition of 100 pl/well of SuperLight™ Luciferase substrate solution
(BioAssay Systems; Hayward, CA) containing luciferin, and luminescence was measured
using a luminometer (Thermo Labsystems Luminoskan Ascent; Helsinki, Finland ) and
reported as percentage of maximum signal (% no toxin control). Results for Stx1 are shown
in Figure 3B. The blue line indicates the amount of protein synthesis in the presence of
different concentrations of Stx1. When we incubated Stx1 with GNP1 (which has Pk
saccharide on the nanoparticle surface) prior to addition of cells, we observed significant
protection of Vero cells (red line). In contrast, GNP3, B-galactoside coated nanoparticles
(violet line) failed to protect the Vero cells from Stx1 while GNP2, which has the N-
acetylated version of Pk saccharide on the surface of the nanoparticles (green line) afforded
minimal protection, indicating selective inhibition by the GNPs.

Selective neutralization of Stx2 was also observed (Figure 3C). GNP2, the nanoparticle
coated with LG2, afforded significant protection of Vero cells from Stx2, (green line)
whereas GNP1 exhibited minimal protection of cells from this variant. As in the case of
Stx1, B-galactoside coated nanoparticles did not protect cells from Stx2. Preliminary studies
using culture supernatant supported previous studies demonstrating that NHAc-Pk GNP2
was not effective at neutralizing Stx1 and Pk GNP1 was not effective at neutralizing Stx2
(Table 1). These studies emphasize the importance of using the appropriate ligand to inhibit
the specific variant as small changes in the structure of the glycan can impact the inhibitory
activity significantly.

The EDsgq (Effective Dose that produces 50% response) values for purifed Stx1 and Stx2
with the different GNPs (100 pg/mL) are given in Table 1. The EDsgq of purified Stx1 was
0.07 ng/ml with Vero cells without any inhibitor. When Stx1 was preincubated with GNP1,
the EDs5g value increased to 25.6 ng/ml, demonstrating 366 times more toxin is needed to
inhibit 50% protein synthesis in presence of GNP1 compared to toxin alone. In the case of
Stx2, the EDgq of Stx2 was 0.6 ng/ml with Vero cells without any inhibitor. When Stx2 was
preincubated with GNP2, an EDsq value of 92 ng/ml was obtained, or 153 times more toxin
was needed to inhibit 50% protein synthesis in presence of GNP2 than toxin alone. In vitro,
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neutralization with the GNPs occurred at a ratio of about 80 GNPs per Stx2 molecule, or
about 5,000 glycans per toxin molecule. While we have not investigated neutralization in
vivo, in vivo studies using Starfish and Daisy inhibitors observed neutralization at ratios of
1,000 to 10,000 inhibitor molecules per toxin molecule.(5,9)

Next, we investigated the ability of the GNP's to inhibit emerging variants of Stx2, Stx2c
and Stx2d. The amino acid sequence for these variants is shown in Figure 4A. The B-subunit
of Stx2c differs from Stx2 by two amino acids (D16N, D24A), of which position 16 is
present in the predicted receptor binding site. These differences lead to a significant drop in
the EDs5g of Stx2c (61ng/ml) compared to Stx2 (0.6ng/ml) with cells alone. Since there are
five B subunits in each variant, which binds to a minimum of five glycolipids in a
multivalent manner, a single mutation in the receptor binding site would have a fivefold
effect on the EDgg. (Figure 4A and B) When Stx2c is preincubated with either of the GNPs
and exposed to Vero cells, minimal 2-fold protection was observed, which was not
statistically significant. (Table 1) The lack of neutralization could be due to the inherently
decreased toxicity of Stx2c. Alternatively, the amino acid changes could alter the
requirements for presentation of the ligand or its density on the nanoparticle, as orientation
effects have been demonstrated to influence binding.(46, 47)

The EDsgq of Stx2d (0.5 ng/ml) is very similar to that of Stx2 (0.6 ng/ml). However, we
observed minimal protection with either GNP. The B-subunit of Stx2d differs from Stx2 by
only one amino acid, which is not thought to be in a receptor binding site (151V, Figure 4A
and C). However, the terminal amino acid of the Stx2d A subunit is different from Stx2 in
that the basic amino acid, lysine, has been changed to the acidic amino acid, glutamic acid.
The amino acids surrounding the central region of the B-pentamer that forms the pore for the
A-subunit serves as a glycan binding site in Stx1. It is unclear if this region also serves as a
glycan binding site for Stx2, since the C-terminus of Stx2 extends past the B-pentamer pore,
which could occlude a binding site, alternatively the A subunit could participate in binding.
The different neutralization patterns between Stx2 and Stx2d could be due to the changes in
the A terminus. The importance of the C-terminal tail in influencing potency has been
established by studies that have shown that a proteolytically processed form of Stx2d
(Stx2d*) with last two amino acids removed, is more potent than Stx2d. The activation of
Sx2d to the Stx2d* form has been shown to be mediated in vivo by elastase present in mucus
secretions.(48) Overall, these results demonstrate that minor changes in the structure of the
toxin can dramatically affect both potency and neutralization by receptor mimics.

Effect of ligand density on the neutralization of Stxs

We were interested in evaluating the effect of differential glycan density on the surface of
the GNPs, as several reports indicate that density is an important factor in determining
binding affinities.(49,50) We premixed the ligand with short oligoethylene glycol spacer
terminated in a thiol group (OEG, Figure 1) at different ratios (Glycan: OEG; 100:0 25:75)
and coated the GNPs similarly. Mean inhibition activity for Stx1 was decreased by 10 fold
and for Stx2 was decreased by 3.5 fold for nanoparticles coated at a ratio of 75:25 and 50:50
as compared to the nanoparticles coated at a ratio of 100:0. (Figure 5A and B) However, no
inhibition was observed at a ratio of 25:75. (Figure 5A and B) We attribute this decrease to a
failure of the toxin to engage multiple glycans. Briefly, for Stx1 there are three proposed
binding sites per B subunit, of which site 2 has been shown to be the most important site.
(5,51) Stx2 has been proposed to use sites mapping to the corresponding positions. The
average distance between the three possible binding sites per B subunit of Stx2 is ~1.2 nm.
The distance between sitel-site2 is ~ 1.3 nm, sitel-site3 is ~ 1.6 nm and site2-site3 is ~ 0.8
nm. The average distance between binding site 2 of 1 B subunit and adjacent B subunit is
~1.8 nm. (Supplementary information) The average distances between adjacent glycans on
the nanoparticle surface for 100%, 75% and 50% coverage was calculated to be ~0.9, ~1.2
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and ~1.8 nm, respectively.(45) (Figure 5C) Thus, there are multiple glycans to engage the
binding sites on the B subunit for these surface densities. When the surface density was
decreased to 25%, the average distance is ~3.6 nm, which is greater than the distance
between the binding sites on the toxin. This presumably leads to loss of cooperativity and
loss in inhibitory activity.

In summary, we have developed an efficient strategy towards the development of gold
glyconanoparticles for the selective inhibition of Stx 1 and 2. These nanoparticles are not
toxic to Vero cells and can effectively inhibit Stx variants 1 and 2 from inhibiting protein
synthesis in Vero cells. We demonstrate that the inhibition is highly dependent on the
structure and density of the glycans and the structure of the toxin. A single amino acid
variation in the receptor binding site of the B subunit or changes in the A subunit of the
toxin fails to inhibit infection. Our results suggest that tailored glyconanoparticles can serve
as potential therapeutics for Stx1 and 2, however, further research is needed to develop
strain specific or broad spectrum therapeutics for emerging variants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Relevant glycans. (A) Structure of native Gb3. (B) Representation of the gold
glyconanoparticle and the structures of the three glycans with linkers terminated in thiol.
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Figure 2.
The effect of GNPs in protein synthesis of luc2P Vero cells was evaluated by incubating the

cells with 10ug of GNPs or PBS alone. Protein synthesis was unaltered in presence of GNPs
indicating that the GNPs do not perturb protein synthesis in luc2P Vero cells.
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Figure 3.

(A) Cartoon presentation of the Vero cell toxin inhibition assay. GNPs were added to wells
containing serial dilutions of toxin, followed by addition of 10% Vero cells expressing a
destabilized form of luciferase, luc2P. Plates were incubated at 37°C for 4h. Luciferase
substrate was added and luminescence was measured on a luminometer. (B) Inhibition of
Stx1 using GNPs. (C) Inhibition of Stx2 using GNPs.
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Figure 4. Comparison of the Stx variants

(A) The amino acid sequences of the Stx variants. The numbers correspond to the amino
acid coordinates of Stx2B; add 1 to obtain the coordinates for Stx1B. Amino acids involved
in the receptor binding sites of Stx1 are indicated; similar receptor binding information is
not available for Stx2. The C-terminal amino acids of the A-subunit are indicated in the box.
B and C. Model structures of the Stx2 variants oriented to display the receptor binding sites,
generated in PyMol using the published crystal structure of Stx2.(52) The enzymatically
active, A subunit is shown in red. The binding or B-subunit, a pentamer of five identical
subunits, is shown in blue. (B) Stx2c with the amino acid change corresponding to position
16 of the B subunit (D16N) depicted in pink, and the amino acid change D24A could not be
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seen in top view since it is located on the opposite side (C) Stx2d with the amino acid
change corresponding to position 51 of the B subunit (I51V) is not visible since it is buried
inside, and the amino acid changes of A subunit corresponding to position 313 (313S) is
depicted in green and to position 319 (319E) is depicted in orange.
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Figure 5.

Effect of varying glycan surface density on inhibition activity (A) Stx 1 in presence of GNPs
of different glycan surface densities. (B) Stx 2 in presence of GNPs of different glycan
surface densities. The data are the average + standard deviation of three experiments. *:
P<0.02; **: P<0.002. ns: not significant (C) Representation of the gold NP surface with
varying density of ligands. Ratio is given as Glycan:OEG.
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Amount of toxin needed to overcome the protective effects of 100 ug/mL of GNPs

TABLE 1

Stx1 Stx2 Stx2c Stx2d
EDsg 0.07ng/ml 0.6ng/ml 61ng/ml 0.5ng/ml
EDsg+ GNP1 (fold increase) | o5 6+17.38 (366) (5)b 118+12 (1.9) 1.3+0.5 (2.6)
EDso+ GNP2 (fold increase) (3)b 92 +82 (153) 111473 (1.8) | 19.3+13.9 (39)

a, . .. N
Statistically significant compared to control.

b . . .
Assessed using culture supernatant instead of pure toxin.
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