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AB; Preassembly Is Not Required for Shiga Toxin Activity
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ABSTRACT

Shiga toxin (Stx)-producing Escherichia coli (STEC) is a major cause of foodborne illness, including the life-threatening compli-
cation hemolytic-uremic syndrome. The German outbreak in 2011 resulted in nearly 4,000 cases of infection, with 54 deaths.
Two forms of Stx, Stx1 and Stx2, differ in potency, and subtype Stx2a is most commonly associated with fatal human disease. Stx
is considered to be an AB, toxin. The single A (enzymatically active) subunit inhibits protein synthesis by cleaving a catalytic
adenine from the eukaryotic rRNA. The B (binding) subunit forms a homopentamer and mediates cellular association and toxin
internalization by binding to the glycolipid globotriaosylceramide (Gb3). Both subunits are essential for toxicity. Here we report
that unlike other AB, toxin family members, Stx is produced by STEC as unassembled A and B subunits. A preformed AB, com-
plex is not required for cellular toxicity or in vivo toxicity to mice, and toxin assembly likely occurs at the cell membrane. We
demonstrate that disruption of A- and B-subunit association by use of A-subunit peptides that lack enzymatic activity can pro-
tect mice from lethal doses of toxin. Currently, no treatments have been proven to be effective for hemolytic-uremic syndrome.
Our studies demonstrate that agents that interfere with A- and B-subunit assembly may have therapeutic potential. Shiga toxin

(Stx) produced by pathogenic Escherichia coli is considered to be an AB, heterohexamer; however, no known mechanisms en-
sure AB; assembly. Stx released by E. coli is not in the AB, conformation and assembles at the receptor interface. Thus, unas-
sembled Stx can impart toxicity. This finding shows that preventing AB; assembly is a potential treatment for Stx-associated ill-

nesses.

IMPORTANCE

Complications due to Shiga toxin are frequently fatal, and at present, supportive care is the only treatment option. Furthermore,
antibiotic treatment is contraindicated due to the ability of antibiotics to amplify bacterial expression of Shiga toxin. We report,
contrary to prevailing assumptions, that Shiga toxin produced by STEC circulates as unassembled A and B subunits at concen-
trations that are lethal to mice. Similar to the case for anthrax toxin, assembly occurs on receptors expressed on the surfaces of
mammalian target cells. Disruption of Shiga toxin assembly by use of A-subunit peptides that lack enzymatic activity protects
mice from lethal challenge with Shiga toxin, suggesting a new approach for development of therapeutics.

higa toxin (Stx)-producing Escherichia coli (STEC) is respon-

sible for an estimated 265,000 cases of foodborne illness annu-
ally (1). The pathogen is acquired through contaminated food or
water, typically undercooked ground beef, contaminated pro-
duce, untreated well water, or unpasteurized juices and milk (2).
After ingestion, bacteria colonize the intestinal mucosa and pro-
duce the primary virulence factor responsible for disease progres-
sion, i.e., Stx (3). Symptoms include watery, often bloody diarrhea
and usually resolve over the course of a few days. However, about
10% of cases result in serious complications, including neurolog-
ical dysfunction and hemolytic-uremic syndrome (HUS). HUS is
characterized by hemolytic anemia, acute renal failure, and
thrombocytopenia and can be fatal (4-6). Long-term sequelae
may result in chronic renal failure.

Considered to be members of the AB; toxin family, both Stx1
and Stx2a contain an enzymatically active A subunit, which inhib-
its protein synthesis by cleaving adenine 4324 in the 28S portion of
the ribosomal 60S subunit (7). The A monomer associates with a
homopentamer of B subunits by noncovalent interactions. The B
pentamer binds to its glycolipid receptor, globotriaosylceramide
(Gb3), and mediates internalization of the A subunit into target
cells (8-10).

Other AB; toxins, such as cholera toxin and pertussis toxin,
have dedicated secretion systems that recognize and secrete only
the assembled holotoxin past the bacterial outer membrane (11,
12). Stx does not possess a specific secretion system and uses a
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unique mechanism to ensure passage past the outer membrane.
The genes for the Stx A and B subunits are carried in the late gene
region of lysogenic bacteriophages (13, 14). The late gene func-
tions are responsible for viral replication, assembly, and host cell
lysis, as well as Stx expression (Fig. 1A). Stx is transcriptionally
silent until viral lytic replication of the bacteriophage is triggered
by the bacterial SOS stress response (15). Unlike that of other AB
toxins, egress of Stx from the bacterial cell relies solely on bacterial
cell lysis. As a result, there is no proofreading step to ensure holo-
toxin release, and both phage and toxin are released when bacteria
lyse.

Despite its sharing of overall structure with other AB; toxins,
several studies suggest that Stx is less likely to form an AB; com-
plex. Multiple oligomeric forms of Stx1 and Stx2a were observed
at concentrations of =50 uM (16-18), and Stx2a was found to
possess a conserved amino acid that destabilized pentamer forma-
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FIG 1 Characterization of Stx released by phage lysis. (A) Summary of regu-
lation of Stx expression in E. coli. The A and B subunits of Stx are encoded on
lysogenic bacteriophages. Stx is not expressed by lysogenic bacteria. DNA
damage or stalled replication (e.g., via ciprofloxacin treatment) can activate
the bacterial SOS response, resulting in cleavage of the phage repressor. Loss of
repression leads to induction of the lytic cycle, during which new phage parti-
cles and Stx are released following phage-mediated lysis. (B) Western blot of
purified Stx1 standards and three independent supernatants (s/n) from C600::
H19B. (C) Western blot of purified Stx2a standards and three independent
supernatants from C600::933W. (D) Amounts of toxin (means * standard
deviations; n = 3) in culture supernatants were determined from standard
curve dilution series of purified Stx subunits. An A:B subunit ratio of 1:3 was
obtained for Stx1, and a ratio of 1:8 was obtained for Stx2a.

tion (16). In addition, AB; toxins, including cholera toxin and
subtilase cytotoxin, display hydrophobic residues in the upper
portion of the central pore of the B pentamer which play a critical
role in the assembly of the A subunit with the B pentamer (19). In
the case of Stx, especially Stx2a, this hydrophobic patch is much
smaller and contains hydrophilic residues near the central pore of
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the B subunits, further suggesting a decreased tendency of Stx to
maintain an intact AB; conformation.

With the lack of a proofreading step for toxin assembly and the
presence of structural motifs that negatively affect AB assembly,
we explored the hypothesis that Stx released by phage expression
may not preassemble as an AB; holotoxin and that toxin assembly
occurs at the cell surface.

MATERIALS AND METHODS

Purified holotoxin and subunits. Purified Stx1, Stx2a, and Stx1 A subunit
were obtained from BEI Resources, and cholera toxin was obtained from
List Biological. Molarity was calculated using the mass predicted from the
mature protein sequence (e.g., accounting for proteolytic processing and
removal of the signal peptide).

The Stx1 A subunit was also prepared by transforming expression
plasmids encoding the Stx1 A subunit into E. coli DH5a (20), followed by
purification using AffiGel Blue chromatography, Q Sepharose Fast Flow
ion-exchange chromatography (GE Healthcare, Uppsala, Sweden), and
Superdex 75 HiLoad 26/60 size exclusion chromatography (GE Health-
care). The purity of the Stx1 A subunit was verified by the presence of a
single band at 32 kDa on Coomassie-stained SDS-PAGE gels. Prepara-
tions of Stx1 and Stx2 B subunits were described previously (16, 21, 22).

Preparation of Stx supernatants. Stx expression in E. coli C600 strains
lysogenized with the Stx-producing phages H19B (Stx1) and 933W
(Stx2a), originally obtained from A. O’Brien (13), was induced with cip-
rofloxacin (20 ng ml™!) as previously described (20, 21). Bacterial cells
were removed by centrifugation and filter sterilized using Millipore Steri-
cup 0.22-pm filters with a 250-ml capacity.

Western blots. Antibodies used included rabbit polyclonal anti-Stx1
(Thermo Scientific, Rockford, IL), mouse anti-Stx2a A subunit (11E10;
BEI Resources), rabbit anti-Stx2 B subunit (BEI Resources), and mouse
anti-Stx1 B subunit (BEI Resources). For denaturing gels, electrophoresis
and blotting were performed as previously described (21). Briefly, puri-
fied Stx1 A-subunit, Stx1 B-subunit, Stx2a A-subunit, Stx2a B-subunit,
and supernatant samples were boiled in nonreducing SDS sample loading
buffer for 5 min and resolved in 4 to 15% polyacrylamide-Tris-glycine gels
(Bio-Rad). Proteins were transferred to polyvinylidene difluoride (PVDF)
membranes via wet electroblotting. Blots were blocked and then incu-
bated overnight at 4°C with primary antibody. The signal was developed
with an appropriate secondary antibody, either horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (MP Biomedicals) or HRP-con-
jugated goat anti-mouse IgG (MP Biomedicals), using an Amersham ECL
Prime Western blotting detection reagent kit (GE Healthcare). Protein
band densities were analyzed using the spot density analysis software Im-
ageJ. For native gels, blots were blocked in Odyssey blocking buffer (Li-
Cor) for an hour at room temperature before being probed with antibody
overnight at 4°C. The signal was developed with an appropriate secondary
antibody, either goat anti-rabbit IgG (Li-Cor) or goat anti-mouse IgG
(Li-Cor), with IRDye 800CW, at a 1:5,000 dilution. The protein band
pattern was analyzed using an Odyssey CLx infrared imaging system (Au-
toscan s800; Li-Cor Biosciences).

Size exclusion chromatography. A Superdex HiLoad 26/60 75 prep-
aration-grade size exclusion column (Akta pure FPLC) was calibrated
using proteins with known sizes and elution profiles, including thyroglob-
ulin (670 kDa), y-globulin (158 kDa), albumin (66 kDa), ovalbumin (44
kDa), carbonic anhydrase (29 kDa), RNase A (13.7 kDa), and vitamin B,
(1.4 kDa). The Stx2a supernatant was concentrated 25-fold and fraction-
ated by size exclusion chromatography. Holotoxin activity in the chroma-
tography fractions was assessed by determining the dilution causing 50%
inhibition of protein synthesis (typically about 18 ng ml™" for purified
Stx2a), using Luc2P Vero cells expressing destabilized luciferase as previ-
ously described (20). Recovery of Stx2a A and B subunits was quantified
by Western blotting.

Stx partitioning assay. Culture supernatants of Stx1 and Stx2a, puri-
fied Stx1 (5 wg ml~ ") (BEI Resources) containing an A:B subunit ratio of
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1:5 (as demonstrated by staining with Sypro Orange protein dye), and
purified cholera toxin (5 wg ml™') (List Biological) were partitioned via
centrifugal filtration (Amicon Ultracel 50-kDa cutoff; Millipore) into two
fractions: >50 kDa (corresponding to holotoxin) and <50 kDa (corre-
sponding to unassembled A and B subunits). Cellular toxicities of the Stx1
supernatant, the Stx2 supernatant, and purified Stx1 (1 ng wul™') were
assayed by incubating Luc2P Vero cells with serial dilutions of the unfil-
tered and filtered fractions. Antigenic recovery of the Stx A and B subunits
and of cholera toxin was determined by Western blotting. A rabbit poly-
clonal antibody (C3062; Sigma-Aldrich, St. Louis, MO) was used for de-
tection of cholera toxin.

Native gel IEF. Stx1 holotoxin and purified Stx1 A and B subunits
loaded in the indicated amounts were resolved using a pH 3 to 10 isoelec-
tric focusing (IEF) gel (Life Technologies). A Serva liquid mix IEF marker
3-10 was used as the pH standard.

In vivo toxicity of Stx. Briefly, male CD-1 mice of 13 to 15 g, obtained
from Charles River Laboratories (Wilmington, MA), were housed in fil-
ter-top cages with access to food and water ad libitum and challenged by
intraperitoneal injection 3 days after arrival, as previously described (23).
For partitioning studies, Stx2a was adjusted to deliver twice the mouse
lethal dose (15 ng per mouse) in 0.5 ml phosphate-buffered saline (PBS)
and then fractionated as described above. To assess toxicity in the pres-
ence of A, peptides, Stx2a (7 ng) and A, peptides (1 g) were incubated
alone or together at 37°C for an hour before injection into mice as de-
scribed above.

All animal studies were approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Cincinnati and were con-
ducted in strict accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals (24). Mice appearing moribund or
losing more than 20% of initial body weight were sacrificed in compliance
with JACUC regulations. Kaplan-Meier survival curves were plotted using
GraphPad Prism 5.0. Statistical analysis (unpaired Student’s ¢ test) was
performed with GraphPad Prism 5.0.

Glycolipids and lipids. Gb3, phosphatidylcholine (PC), and choles-
terol (Ch) were purchased from Matreya Inc. (Pleasant Gap, PA).

A, subunit peptides. Peptides corresponding to the A, subunits of
wild-type Stx2a (A,-WT), a stop mutant (A,-Stop), and a W277R mutant
(A,-W277R) were purchased from Peptide 2.0 (Chantilly, VA). Stock so-
lutions were prepared by suspending the peptides in distilled water. Ka-
plan-Meier survival curves were plotted using GraphPad Prism 5.0.

Binding of B subunits to A, peptides. Peptides were biotinylated on
the cysteine residue (C261) by use of maleimide-PEG2-biotin (Pierce)
and then immobilized on streptavidin biosensors (ForteBio). Tips were
incubated with unconjugated maleimide-PEG2-biotin (0.6 ug ml~ ') to
block unbound sites and prepare negative-control tips. Binding to the
Stx2a B subunit was assessed at 37°C in PBS. In association studies, bio-
sensors were immersed in 10 wM Stx2a B subunits and shaken at 100 rpm.
In dissociation studies, biosensors were transferred to PBS and shaken at
500 rpm. In all studies, final binding curves were calculated using ForteBio
Data Analysis 7.0 software after subtracting the response units for the
negative control.

Glycolipid binding of A,-peptide and B-subunit mixtures. Gb3 (fi-
nal concentration, 4 wg ml "), phosphatidylcholine, and cholesterol were
mixed at a molar ratio of 1:3:3 in methanol and immobilized on hydro-
phobic amino propylsilane biosensors (ForteBio) by using a Sidekick ap-
paratus (ForteBio) at room temperature. Unbound glycolipids were
removed by washing in PBS. Association and dissociation studies mon-
itored binding of unbiotinylated A, peptides, B subunits, 1:1 mixtures of
A, peptides and B monomers, and a toxoided form of Stx2a holotoxin.
Binding was assessed at 37°C in PBS containing 100 uM dithiothreitol to
avoid nonspecific inter-A,-peptide interactions. Since saturation was not
always achieved, K}, (equilibrium dissociation constant) values were ap-
proximated by plotting the response units (RU) corresponding to the
maximum amount of binding during association against protein concen-
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trations, and pseudo-Kj, values were obtained using the 1:1 binding
model in GraphPad Prism 5.0.

Association and dissociation binding of B subunits to glycolipids.
Association was assessed by incubating half-log dilutions of Stx B subunits
with glycolipid-immobilized biosensors (prepared as described above)
without shaking until binding approached saturation. For dissociation,
the biosensors were transferred to PBS and shaken at 1,000 rpm. K, values
were determined as described above. For multivalency analysis, associa-
tion and dissociation binding results were plotted using the methods de-
scribed by Winzor et al. (25).

RESULTS

Stx is not released as an assembled toxin. The unusual depen-
dence on phage-mediated lysis for toxin release prompted us to
investigate Stx assembly. Cultures of E. coli C600 lysogenized with
the Stx2a phage 933W or the Stx1 phage H19B were induced to
enter the lytic cycle by use of the antibiotic ciprofloxacin. The
amounts of A and B subunits in the bacterial lysates were deter-
mined by quantitative Western blotting (Fig. 1B to D). The
amount of the Stx1 A subunit (32,053 kDa) was determined to be
1.9 = 1.2 pgml ™' (59 nM), and that of the Stx1 B subunit (7,690
kDa) was 1.3 = 1.6 pgml~" (170 nM), for an A/B subunit ratio of
about 1 to 3. The amount of the Stx2a A subunit (33,194 kDa) was
determined to be 4.6 = 1.4 pg ml~' (140 nM), and that of the
Stx2a B subunit (7,817 kDa) was 9.1 = 0.82 pg ml™" (1,160 nM),
for an A/B subunit ratio of about 1 to 8.

The assembly state of Stx2a was examined by size exclusion
chromatography (Fig. 2). A supernatant with the Stx2a A subunit
at 5 wg ml™' and the Stx2a B subunit at 9 wg ml~" was concen-
trated 25-fold to allow for detection by Western blotting, and 1 ml
was loaded on a Superdex 75 size exclusion column. Only about
1% of the toxin activity eluted in fractions corresponding to the
72-kDa AB; holotoxin (124 to 140 ml). About 54% of the toxin
activity was recovered in the fractions from 150 to 180 ml, corre-
sponding to AB heterodimers (41 kDa), B pentamers (39 kDa),
and A monomers (33 kDa), and about 62% of A-subunit antige-
nicity and about 78% of B-subunit antigenicity were recovered in
these fractions. Another 20% of the B-subunit antigenicity eluted
in the fractions from 206 to 230 ml, corresponding to B monomers
(7.8 kDa). Similar results were seen for independent repeats.
These results demonstrate that the A and B subunits are not re-
leased at a 1:5 ratio and that most of the material released by phage
lysis is not assembled into holotoxin. Furthermore, the observa-
tion that toxin activity also partitioned at a molecular mass lower
than that of the 72-kDa holotoxin was unanticipated and suggests
that preformed AB; toxin is not necessary for toxicity.

Preassembled AB; holotoxin is not required for toxicity. The
assembly state of the purified toxin was examined (Fig. 3A). Puri-
fied Stx holotoxin, containing A and B subunits at a ratio of 1:5,
was centrifuged using spin filters with a 50-kDa exclusion cutoff,
until about 90% of the volume was in the lower chamber. The
fractions were adjusted to the original volume, and antigenic re-
covery was assessed by Western blotting. Stx was not lost during
filtration, and about equal amounts of antigenic Stxl1 A and B
subunits were recovered from the top (>50 kDa) and bottom
(<50 kDa) fractions (Fig. 3B). In contrast, both subunits of the
AB; toxin cholera toxin (molecular mass, 85 kDa) were retained in
the top (>50 kDa) fraction (Fig. 3C). Toxin activities of both Stx1
and Stx2a were also recovered in both the top (>50 kDa) and
bottom (<50 kDa) fractions (Fig. 3D and E). The top fraction of
Stx2a was centrifuged a second time, and toxin activity again par-
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FIG 2 Stx2a is not released as a fully assembled AB; toxin. A C600::933W supernatant concentrated 25-fold was fractionated by size exclusion chromatography
on a Superdex 75 column. Calculated elution volumes for Stx2a subunits (arrows) were based on size standards (light gray shading). Toxicity (solid line), plotted
as percent activity loaded on the column by use of a logarithmic scale, was assessed by determining the dilution causing 50% inhibition of protein synthesis.

Recovery of Stx2a A (circles) and B (squares) subunits was quantified by Western blotting, and the results are expressed as percentages of protein loaded.

titioned in both the top and bottom chambers. To determine
whether unassembled toxin is active in vivo, Stx2a was adjusted to
twice the lethal dose (15 ng), filtered, and injected into mice. Mice
injected with unfiltered or filtered Stx2a displayed significant
weight loss compared to those injected with PBS (Fig. 3F). All of
the mice injected with the unfiltered toxin (11 of 11 mice) or the
bottom (<50 kDa) fraction (12 of 12 mice) died, and 6 of 12 mice
injected with the top (>50 kDa) fraction died (Fig. 3G), demon-
strating that toxin activity was distributed in both fractions. These
results suggest that Stx in the top fraction was not assembled as
stable AB; and likely existed in an equilibrium between assembled
and unassembled states.

To further validate the assembly state, purified holotoxin and
the Stx1 A and B subunits were separated by native gel isoelectric
focusing and detected by Western blotting with polyclonal and
monoclonal antibodies. The Stx1 subunits were clearly resolved
by isoelectric focusing (Fig. 3H). The basic Stx1 A subunit (pre-
dicted pI = 9.4) migrated at pH 8.8, and the acidic Stx1 B subunit
(predicted pI = 5.6) migrated at pH 5.7. Holotoxin migration was
concentration dependent. Stx1 loaded at 100 ng (140 nM) mi-
grated as a single band at about pH 7.6. In contrast, at 10 ng (14
nM), aband was detected which comigrated with the acidic Stx1 B
subunit. The other antibodies were unable to detect Stx1 at this
concentration. Previous studies using analytical ultracentrifuga-
tion determined the half-maximal effective concentration (ECs,)
for Stx1 B-pentamer formation in solution to be 43 nM (16), a
value consistent with the observed fully assembled holotoxin at
140 nM and fully disassembled toxin at 14 nM.

Purified A and B subunits can associate and promote toxicity
in vivo. To test the toxicity of unassembled A and B subunits
introduced at the same time, purified A subunits were injected
into one side of the peritoneum and purified B subunits were
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injected into the other side by use of separate syringes. Injection of
1 ml of purified Stx1 A subunits and Stx1 B subunits at 2 to 10 g
each (corresponding to 56 to 280 nM if assembled as an AB5 ho-
lotoxin) resulted in statistically significant weight loss (Fig. 4A)
and death (Fig. 4B), regardless of the source of A subunits. These
results demonstrate that the Stx A and B subunits do not need to
be preassembled into AB; holotoxin to mediate toxicity in vivo.
Role for receptor binding in pentamer assembly. Since sub-
unit assembly in solution is not favored at concentrations that
would be lethal in vivo, we examined the hypothesis that binding
to receptors arrayed on a solid surface can template toxin assem-
bly. Analytical ultracentrifugation (16) studies revealed that B-
pentamer formation is much more efficient for Stxl than for
Stx2a. Furthermore, the polar amino acid glutamine at position 40
in the hydrophobic interface of the Stx2a B pentamer destabilizes
pentamer assembly, since mutation to leucine (the corresponding
amino acid in the stable Stx1 B pentamer) resulted in greatly im-
proved pentamer assembly for the Stx2a B-Q40L mutant. Since
Stx2a binds best to Gb3 mixed with the membrane components
cholesterol (Ch) and phosphatidylcholine (PC) (23, 26), we ex-
amined the binding of three variants of Stx B subunits to sensor
tips coated with Gb3-PC-Ch in real time by using biolayer inter-
ferometry (BLI). Association was assessed in the presence of the B
subunit, and protein dissociation was assessed after transfer to
buffer without B subunits (Fig. 5). The affinity of Stx B subunits
for a single Gb3 glycan is extremely weak, at around 4 mM (27),
and stable binding is achieved by engaging multiple binding sites.
Stx1 has three glycan binding sites per B subunit (15 per penta-
mer) (28), and Stx2a has two glycan binding sites per B subunit
(10 per pentamer) (26). Traditional kinetic binding equations
cannot accurately model the multiple affinity states and partial
engagement typical of AB; toxins (29), and as expected, the bind-
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FIG 4 Purified A and B subunits delivered separately are toxic. Mice were
injected at the indicated concentrations with the Stx1 A subunit, the Stx1 B
subunit, or PBS, alone or in combination. (A) Mouse weights 48 h after injec-
tion. Data are means * standard deviations. (B) Kaplan-Meier survival curves.

ing curves did not display good fits to kinetic k,,/k.¢ equations
(data not shown). Instead, K, values were calculated by plotting
the B, values (Fig. 5D; Table 1) at different B-subunit concen-
trations. A Hill slope value of 1.0 describes monomeric binding to
one site with no cooperativity, and as expected for a complex
system, Hill values of <1.0 were obtained, reflecting the sum of
multiple binding states with different affinities for the ligand (Ta-
ble 1). The K}, for glycolipid binding (Fig. 5) was similar to the
ECs, for pentamer formation for Stx1 B-WT and the Stx2a
B-Q40L mutant (Table 1), suggesting that pentamer formation is
required for binding. However, the K, and ECs, values differed
dramatically for Stx2a B-WT, as the K, for glycolipid binding was
14-fold lower than the ECs, for pentamer formation.

Time and concentration dependence of receptor binding. To
analyze these data further, we used a mathematical approach de-
veloped by Winzor and colleagues to distinguish simple monova-
lent interactions from complex, multivalent interactions (25). As-
sociation data are plotted as In(1 — R,/R,) versus time, where R, is
the amount bound at time ¢ and R, is the value at equilibrium.
Dissociation data are plotted as In(R,/R,) versus time, where R, is
the value at the beginning of the dissociation phase. By using log-
transformed values, simple 1:1 binding interactions display first-
order kinetics, yielding a straight line as a function of time. How-
ever, more complex interactions change as a function of time, as
weak initial interactions involving engagement of a few ligands are
converted to stronger associations by engagement of additional
binding sites. Furthermore, multimeric proteins, such as Stx, may
display concentration dependence if monomer-to-pentamer con-
version is necessary for binding.

The Winzor dissociation plots were not linear with time (Fig. 6B,
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FIG 5 Binding of Stx B subunits in real time as determined by BLI. Gb3-
PC-Ch was immobilized on a hydrophobic sensor tip. Association was assessed
in wells containing various concentrations of B subunits of Stx1 (A), Stx2a WT
(B), and Stx2a Q40L (C) for 900 s, and then the tips were transferred to wells
containing only buffer and dissociation was monitored. Means for three
independent repeats were plotted. (D) Equilibrium binding at 900 s of
association.

D, and F), with initial dissociation occurring more rapidly than that at
later times. These results are consistent with heterogeneous binding
interactions, where molecules bound by a few sites dissociate more
rapidly than molecules with all binding sites engaged. Similar to pre-
viously made observations (29), the association binding (Fig. 6A, C,
and D) appeared to be somewhat less time dependent than dissocia-
tion, likely because BLI cannot distinguish weak binding mediated by
engagement of a few binding sites from strong binding mediated by
engagement of many binding sites.

The association curves at different concentrations were super-
imposable for Stx1 (Fig. 6A) and Stx2a B-Q40L (Fig. 6E), suggest-
ing that binding was not concentration dependent. Binding was
assessed at concentrations ranging from 10 down to 0.1 pM, i.e.,
concentrations at which pentamer formation is favored for these
proteins (Stx1 EC5, = 0.043 pM; Stx2a B-Q40L EC5, = 0.11 uM).
In contrast, binding of the Stx2a B subunit was concentration
dependent (Fig. 6C). The EC5, for the Stx2a B subunit is 2.3 uM,
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TABLE 1 Properties of subunit associations with glycolipid receptors

K, (M) for
Stx B subunit (EC5, [nM] for binding of Hill
pentamer formation®) Gb3-PC-Ch coefficient Biax
Stx1 B-WT (0.043) 0.089 0.46 0.69
Stx2a B-Q40L (0.11) 0.045 0.33 0.47
Stx2a B-WT (2.3) 0.16 0.75 0.33
Stx2a B subunits with A,
peptide

Stx2a B-WT + A, peptide 0.038 0.98 0.89

Stx2a B-WT + A,-Stop 0.11 1.2 0.69

Stx2a B-WT + A,-W227R 0.14 0.41 1.4

“ Determined by the area under the concentration-time curve.

and rapid association was seen at high concentrations (10 to 1
wM), where pentamer formation is more favored, while slow as-
sociation was seen at 0.32 and 0.1 wM, where pentamer formation
is not favored. Concentration dependence was not observed for
dissociation, suggesting disengagement of a single species, i.e.,
bound pentamers.

A,-subunit domains are critical for holotoxin assembly and
receptor binding. Both A and B subunits are necessary for toxic-
ity, and we examined the structural basis for A- and B-subunit
association. The Stx A subunit is proteolytically processed, form-
ing two domains joined by a disulfide bond (30). The N-terminal
A, domain possesses the catalytic activity, while the C-terminal A,
domain mediates association with the B pentamer. The crystal
structure of Stx2a (Fig. 7A) reveals that A, associates with the B
pentamer via a 19-amino-acid tail that extends through a pore in
the B pentamer and via tryptophan 277, which binds a hydropho-
bic pocket on a single B subunit. We obtained peptides (Fig. 7B)
corresponding to the wild-type A, subunit (A,-WT), a truncated
version lacking the C-terminal tail (A,-Stop), and a version with
the hydrophobic tryptophan replaced by a bulky, hydrophilic ar-
ginine residue (A,-W277R).

Binding of purified B subunits to immobilized A, peptides was
assessed using BLI (Fig. 7C). The A,-WT peptide mediated rapid
association and slow dissociation and displayed the highest bind-
ing level compared to the truncated A,-Stop peptide and the A,-
W277R peptide. These results suggest that both regions of the A,
peptide are important for optimal B-subunit association.

Binding of the B subunit to Gb3-PC-Ch in the presence of the
A, peptides was also assessed (Fig. 7D). The presence of the A,
peptides resulted in enhanced binding of the B subunit. K, values
were calculated (Table 1): the presence of the A,-WT peptide pro-
moted 4-fold more avid binding, as evidenced by a K}, of 40 nM in
the presence of the A,-WT subunit, compared to the K, of 160 nM
for the B subunit alone. A,-Stop and A,-W277R promoted less
avid binding. These studies suggest that A- and B-subunit assem-
bly plays a very important role in glycolipid binding of Stx and that
both the C-terminal tail and W277 are needed for optimal associ-
ation.

The A, peptide rescues mice from lethal doses of Stx2a. We
wanted to determine if the A, peptides, which lack enzymatic ac-
tivity, could compete with full-length A subunits and protect mice
from a lethal challenge with Stx2a. A lethal dose of purified Stx2a
holotoxin (7 ng) was incubated at 37°C for 1 h without or with
peptide (1 pg per mouse) prior to injection (about a 2,000-fold
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molar excess compared to holotoxin). Peptides were not toxic to
Vero cells when tested at 100 pg/ml, and no deaths were seen in
control groups injected with PBS or peptide alone (Fig. 8). In
contrast, only 4 of 22 mice injected with purified Stx2a survived.
The A,-WT peptide conferred significant protection (P < 0.03)
from Stx2a-mediated mortality, with 15 of 22 mice surviving the
challenge. Protection by the A,-Stop and A,-W277R peptides did
not reach statistical significance.
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FIG 6 Multivalency analysis of B-subunit binding to Gb3-PC-Ch. The com-
pliance of association and dissociation kinetics of the Stx B subunits from BLI
experiments with pseudo-first-order kinetics of the association phase was de-
termined by plottingIn(1 — R,/R,) versus time, whereas the dissociation phase
was analyzed by plotting In(R,/R,) versus time. R, is the BLI response at time f,
R, is the BLI response at equilibrium during the association phase, and R, is the
BLI response at the commencement of the dissociation phase. (A) Association
data for Stx1; (B) dissociation data for Stx1; (C) association data for Stx2a wild
type; (D) dissociation data for Stx2a wild type; (E) association data for Stx2a
Q40L mutant; (F) dissociation data for Stx2a Q40L mutant. (G) (Left) Model
of pentamer binding at concentrations greater than the K, for pentamer for-
mation, for example, with Stx1 and Stx2a Q40L. (Right) For binding at con-
centrations below the K, for pentamer formation, for example, with the Stx2a
wild type, weak binding of B monomers to Gb3 can lead to an increase in the
local concentration of B monomers near the surface of the tip, driving penta-
mer formation, which in turn results in more avid binding.
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DISCUSSION

Previous studies using electrospray ionization mass spectrometry
(17, 18) and analytical ultracentrifugation (16) reported an insta-
bility of Stx assembly. Using biochemical techniques, including
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FIG 8 The A, peptide rescues mice from lethal doses of Stx. Stx2a (7 ng) and
peptides (1 wg) were incubated alone or together at 37°C for an hour before
injection into mice. Kaplan-Meier survival curves were plotted, with the num-
ber of mice per group indicated in parentheses. Statistical analysis was per-
formed using unpaired Student’s ¢ test in GraphPad Prism 5.0.
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size exclusion chromatography, centrifugal filtration, and native
gel isoelectric focusing, we confirmed that the Stx holotoxin is
unstable. We report for the first time that preassembly is not re-
quired for toxicity, as unequivocally demonstrated by the death of
mice injected separately with purified A and B subunits.

Unlike other AB; toxins, Stx is phage encoded in E. coli. The
toxin is not secreted; rather, it is released by phage-mediated lysis. It is
well established that the Stx A subunit needs the B pentamer for cel-
lular entry, and the ability of the individual A and B subunits to retain
function compensates for the lack of a presecretion mechanism to
ensure holotoxin assembly of subunits released by phage lysis. While
holotoxin assembly must occur in vivo, isoelectric focusing studies
demonstrate that holotoxin is not the favored assembly state in solu-
tion at lethal concentrations. Real-time binding studies using BLI
demonstrated that the presence of the A subunit enhances B-subunit
binding to Gb3 (Fig. 7D), suggesting that glycolipid receptors arrayed
on a surface can template holotoxin assembly.

It is important that Stx2a is one of the most potent bacterial
toxins, causing death in mice at picomolar concentrations (20),
and its unusual structural properties are likely to play a role in

June 2016 Volume 198 Number 11


http://www.rcsb.org/pdb/explore/explore.do?structureId=1R4P
http://jb.asm.org

enhancing potency. Stx crystal structures demonstrate that recep-
tor recognition is mediated primarily by the two terminal sugars
on Gb3, Gala1-4Gal (28). This motif is widely expressed on gly-
coproteins as well as glycolipids, and off-target binding can reduce
toxicity. Stx2a is about 100 times more toxic to mice than Stx1. It
has been hypothesized that enhanced receptor discrimination of
Stx2a limits its association with inappropriate target tissues. In
mice injected with radiolabeled toxin (31), Stx2a accumulated pri-
marily in susceptible tissues (the kidneys and the brain), while
high levels of Stx1 were detected in the lungs, which are tissues not
affected by the toxin. However, in vitro studies comparing levels of
binding to receptor mimics typically report stronger binding for
the less potent Stx1 than for Stx2a (22), and the weak binding of
the more potent Stx2a toxin is likely because we have not yet
elucidated the actual structure that mediates high-affinity cellular
binding of Stx2a in vivo.

Two unusual features of Stx2 may limit off-target recognition
and ensure that binding occurs only to densely arrayed glycans,
such as Gb3 in lipid rafts. Sequences of hundreds of Stx2 variants
deposited in GenBank reveal that the pentamer-destabilizing
amino acid Q40 is highly conserved, suggesting that the destabi-
lized pentamer phenotype confers a strong selective advantage. In
addition, the crystal structure of Stx2a (26) reveals that the B sub-
unit has two glycan binding sites. While one site is contained
within a single B subunit, the other is formed by amino acids from
adjacent subunits, and this glycan binding site would be present
only in the pentamer. In our studies, for wild-type Stx2a, the K,
for glycolipid binding was 14-fold lower than the EC;, for penta-
mer formation (Table 1). While this may suggest that pentamers
are not required for Stx2a binding, it seems unlikely given that the
affinity of the Stx2a B subunit for Gb3 monomers in solution is
very low, in the millimolar range (27). It is more likely that recep-
tors displayed on a solid surface enhance pentamer assembly. At
concentrations below the ECs, for pentamer assembly, Stx2a
binding to Gb3 is time dependent (Fig. 6C) and can be modeled as
a multistep process (Fig. 6G), as follows. First, a monomer asso-
ciates with the receptor. While the weak affinity for glycan is not
sufficient to promote stable binding, the weak on-off associations
can increase B-subunit accumulation near the surface of the re-
ceptor, resulting in an increase in the local concentration of sub-
unit, which can ultimately drive pentamer formation. Once
formed, the pentamer creates the second, intersubunit binding
site, which can engage ligand and lock the pentamer to the recep-
tor. A similar process likely occurs for Stx1, but our methods are
not sensitive enough to detect binding at values below the ECj,
(0.043 pM) for pentamer formation of StxI.

At present, treatment of STEC infection is primarily limited to
supportive therapy. Antibiotics are not recommended due to their
ability to activate the bacteriophage SOS response, which greatly
increases toxin expression (32). The ability of the A, peptide to
protect mice from lethal doses of Stx suggests that agents that
interrupt Stx assembly hold promise as therapeutics for treating
Stx-related diseases.
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