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Certain glycosphingolipids play important roles as cellular receptor for bacterial toxins with high speci-
ficity and strong affinity. In particular AB5 toxins exhibit typical modes of cell attachment with B5 and
invasion and biological effects in cells with A subunit. Subtilase cytotoxin (SubAB) is the prototype of a
recently discovered AB5 cytotoxin family produced by certain strains of Shiga toxigenic Escherichia coli,
and shows highly specific serine protease activity toward endoplasmic reticulum chaperone Bip. Since
this toxin bound to a mimic of ganglioside GM2, GM2 has been considered to be possible receptor for
SubAB. Using six kinds of glycosylation-defective knockout mice lacking certain group of glyco-
sphingolipids, sensitivity to SubAB in vivo was analyzed. Consequently, all mutant mice died at around
70 h after intraperitoneal injection of 10 lg (or 7.5 lg) of SubAB as well as wild type mice. These results
indicated none of glycolipids are not pivotal receptor for SubAB in the body.

� 2008 Elsevier Inc. All rights reserved.
Glycosphingolipids have been known as specific receptors for
various bacterial toxins as well as receptors for various microor-
ganisms [1]. For example, ganglioside GM1 is well known as a spe-
cific receptor for toxins from Vibrio cholerae, and gangliosides
GD1a, GD1b or GT1b have been considered to be receptors for
some groups of Clostridium toxins such as tetanus and botulinum
[2]. One of neutral glycosphingolipids, globotriaosylceramide
(Gb3/CD77) is also specific receptor for Shiga-toxins from Esche-
richia coli [3]. Majority of these receptor for bacterial toxins have
been determined based on the inhibitory effects of glycolipids on
the toxicity of individual toxins to some proper target cells [4,5],
or on the direct biding assay in vitro [6]. Actually, it was clearly
confirmed that Gb3/CD77 is a specific receptor for Shiga-toxins
in vivo using knockout mice of Gb3/CD77 synthase gene [7]. The
knockout mice were completely resistant to more than hundred
times doses of Shiga-toxins that were lethal for wild type mice.
On the other hand, there was sometimes discrepancy between
the determined ganglioside structures based on the inhibition as-
say and results of sensitivity analysis with ganglioside defective
ll rights reserved.
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mutant mice [8]. Therefore, we need to observe sensitivity to indi-
vidual toxins using experimental animals that genetically lack can-
didate structure(s) in order to finally conclude what is true
receptor in vivo.

AB5 toxins are pivotal virulence factors of a range of bacteria
such as Shiga toxigenic E. coli (STEC), Shigella dysenteriae, V. chol-
erae, enterotoxigenic E. coli, and Bordetella pertussis [9]. STEC are
a divers group of E. coli strains defined by their ability to produce
AB5 toxins belonging to the Shiga toxin (Stx) family [9]. They fre-
quently cause gastrointestinal diseases and sometimes cause se-
vere complications such as hemolytic uremic syndrome (HUS).
Subtilase cytotoxin (SubAB) was discovered in a highly virulent
O113:H21 STEC strain, that was responsible for an outbreak of
HUS in South Australia in 1998 [9]. SubAB is more toxic for Vero
cells than Stx, and is lethal for mice, resulting in extensive
microvascular thrombosis and necrosis in several organs [10].
Recently, it was reported that the extreme cytotoxicity of this
toxin for eukaryotic cells is due to a specific cleavage of the
essential endoplasmic reticulum chaperone Bip/GRP78 [11]. The
B subunit of SubAB binds to a mimic of the ganglioside GM2
[9], so that it was strongly suggested that GM2 is a receptor
for SubAB.
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Fig. 1. Synthetic pathway of glycosphingolipids and enzymes (genes) genetically disrupted in the knockout mice. Defective structures in the individual knockout lines are
encircled with boxes.

Table 1
Lethality and surviving time after injection of toxins in glycosylation-defective mutant mice.

PBS VT-2 SubAB SubAA272B Time to death (h)

WT WT KO KO

Wild type (C57BL/6) 0/2a 2/2 2/2 0/2 69, 75 —
A4galt �/� 0/2 0/2 2/2 2/2 72, 75 65, 78
B4galnt1 �/� 2/2 78, 86 60, 72
St3gal5 �/� 2/2 54, 69 60, 70
Gal3st1 �/� 2/2 72–84 72–84
Cmah �/� 2/2 57, 87 66, 132

2/2b 84, 87 66, 66
B3gnt5 �/� 2/2 68

a Number of lethal mouse/total mouse number. Results of 10 lg intraperitoneal injection.
b Reduced dose (7.5 lg) was injected.
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In this study, we tried to inject SubAB and its mutant toxin lack-
ing toxicity into various knockout mice of glycosyltransferase
genes responsible for the synthesis or modification of some group
of glycosphingolipids (Fig. 1) to clarify its receptor in vivo.

Materials and methods

Mouse. C57BL/6 (B6) mice were purchased from Charles River
Japan (Yokohama, Japan). Knockout mice of globotriaosylceramide
(Gb3)/CD77 synthase (alpha-1,4-galactosyltransferase) (A4galt)
[7], GM2/GD2 synthase (beta-1,4-N-acetyl-galactosaminyltransfer-
ase-1) (B4galnt1) [12] and GM3 synthase (beta-galactoside alpha-
2,3-sialyltransferase-5) (St3gal5) [13]-deficient mice were estab-
lished in our laboratory. Amino-CTH (ceramide trihexoside) syn-
thase (UDP-GlcNAc: betaGal beta-1,3-N-acetylglucosaminy-
ltransferase-5) (B3gnt5) [14]-deficient mice were established by
Togayachi et al. Sulfatide synthase (galactose-3-O-sulfotransfer-
ase-1) (Gal3st1)-deficient mice were established by Honke et al.
as previously reported [15]. CMP-N-acetyl-neuraminic acid
hydroxylase (Cmah)-deficient mice [16] were established by Tak-
ematsu et al. All mutant and normal mice were maintained in a fil-
tered-air laminar-flow enclosure and were given free access to
standard laboratory food and water. All experiments were per-
formed following the guideline of the Nagoya University Commit-
tee on Animal Research. When these guidelines were constructed,
the ‘‘Principles of laboratory animal care” (NIH Publication No. 86-
23, revised 1985) were followed as well as the guideline from the
Ministry of Education, Culture, Sports and Technology of Japan
(MEXT).
Injection scheme of bacterial toxins. Ten lg of vero-toxin-2 (VT-2)
or 7.5 to 10 lg of SubAB or 10 lg SubAA272B were dissolved in
100 ll of phosphate-buffered saline (PBS) and intraperitoneally in-
jected into 10–13-week-old mice (20–24 g). They were followed
up over a week until they died.

Preparation of the toxins. VT-2 was prepared as previously re-
ported [17]. Briefly, a clinically isolated E. coli O157 H7 strain
was used for production of VTs as reported. The Luria broth culture
supernatant was precipitated with 60% saturated ammonium sul-
fate at 4 �C. The precipitate was dissolved in PBS and used after
dialysis against PBS. SubAB and SubAA272B were prepared as previ-
ously reported [11]. To purify the SubAB holotoxin, the complete
subAB coding region was amplified by high fidelity PCR using
98NK2 DNA template and the primer pair pETsubAF/pETsubBR.
The resultant PCR product was digested with BamHI and XhoI, li-
gated with similarly digested pET-23(+), and transformed into
E. coli TunerTM (DE3) (Novagen Inc.). This resulted in IPTG-depen-
dent production of both the SubA and SubB proteins (including
their respective signal peptides), but with a His6 tag fused to the
COOH terminus of SubB. Correct insertion of the genes into the vec-
tor was confirmed by sequence analysis. Cells were grown in 1 L of
LB supplemented with 50 lg/ml ampicillin. When the culture
reached an A600 of 0.5, the culture was induced with 5 mM IPTG
and incubated for additional 3 h. Cells were harvested by centrifu-
gation, resuspended in a loading buffer (50 mM sodium phosphate,
300 mM NaCl, pH 8.0), and lysed in a French pressure cell (Aminco
French Press). Cell debris was removed by centrifugation at
100,000g for 1 h at 4 �C. The supernatant was loaded onto a 2-ml
column of Ni–NTA resin (Qiagen) that had been pre-equilibrated
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with 20 ml of loading buffer. The column was washed with 40 ml
of wash buffer (50 mM sodium phosphate, 300 mM NaCl, 10% glyc-
erol, pH 6.0). Bound proteins were eluted with a 30-ml gradient of
0–500 mM imidazole in wash buffer, and 3-ml fractions were col-
lected and analyzed by SDS–polyacrylamide gel electrophoresis.

Results

As previously reported, B6 mice suddenly died at about 72 h
after the injection of SubAB. On the other hand, they showed no re-
sponse to SubAA272B, a catalytic mutant toxin as previously re-
ported [9–11]. To evaluate the sensitivity to the SubAB in several
genetically engineered mice. First, we injected SubAB into
A4galt-deficient mice lacking globo-series glycoshingolipids (GSLs)
[7]. They showed no response to vero-toxin-2 (VT-2) as reported
[7]. These mice suddenly died at around 70 h after injection of Sub-
AB with equivalent survival time to normal B6 mice. Next, we in-
jected SubAB into B4galnt1-deficient mice and St3gal5-deficient
mice, which lacked all asialo-series GSLs and complex gangliosides
[12] or all ganglio-series gangliosides [13], respectively. These mice
also suddenly died with similar intervals to death after the toxin
injection in B6 mice. Next, we injected SubAB into Gal3st1-defi-
cient mice [15], which lacked sulfatides. These mice also suddenly
died at around 3 days after the injection as B6 mice did. Next, we
injected SubAB into Cmah-deficient mice lacking N-glycolyl neu-
raminic acid-containing glycolipids and glycoproteins [16]. These
mice also suddenly died at the similar intervals after the toxin
injection as B6 mice. Finally, we injected SubAB into B3gnt5 mice
lacking lacto/neo-lacto series GSLs [14]. The results were essen-
tially same as the other mutant mouse lines and their normal
counterparts (Table 1).
Discussion

As typically shown in the case of cholera toxin or Shiga toxin,
SubAB exhibited very similar modes of attachment to and invasion
into host cells, i.e., recognition of a carbohydrate portion of glyco-
lipids with B pentamer subunit, and subsequent introduction of
toxic A subunit into cells, leading to various toxic actions [11]. It
seemed most likely that SubAB also recognize carbohydrate moiety
of gangliosides according to the results of binding assay with a
GM2 mimic structure. However, all results demonstrated in this
paper strongly suggest that glycosphingolipids are not real recep-
tors for SubAB, at least in vivo. This is because deleted glycolipids
in the five mutant mice are covering all major lineages. Therefore,
all kinds of glycolipids should be deleted in, at least, one of the mu-
tants, and some mutant mice lacking true receptor for SubAB,
when combined. Consequently, SubAB might recognize not glyco-
lipids, but carbohydrate portions of glycoproteins or some other
compounds.

The fact that SubAB bound ganglioside GM2 mimic suggests
that SubAB should recognize sialylated carbohydrate structure,
but could not fully bind to relatively short size of sugar chain con-
sisting of 3–4 monosaccharides. There should be more space be-
tween carbohydrate and cell membrane that may sterically
hinder the access of SubAB. Recent report by Yahiro et al. [18] that
SubAB binds to integrins may support this idea.

In order to fully understand these issues, identification of true
receptor molecules and carbohydrate motif, and structural analysis
with crystallized toxins seem essential.
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