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Shiga toxin–binding site for host cell receptor 
GPP130 reveals unexpected divergence in toxin-
trafficking mechanisms
Somshuvra Mukhopadhyay*, Brendan Redler, and Adam D. Linstedt
Department of Biological Sciences, Carnegie Mellon University, Pittsburgh, PA 15213

ABSTRACT Shiga toxicosis is caused by retrograde trafficking of one of three types of Shiga 
toxin (STx), STx, STx1, or STx2. Trafficking depends on the toxin B subunits, which for STx and 
STx1 are identical and bind GPP130, a manganese (Mn)-sensitive intracellular trafficking re-
ceptor. Elevated Mn down-regulates GPP130, rendering STx/STx1 harmless. Its effectiveness 
against STx2, however, which is a serious concern in the developed world, is not known. Here 
we show that Mn-induced GPP130 down-regulation fails to block STx2 trafficking. To shed 
light on this result, we tested the purified B subunit of STx2 for binding to GPP130 and found 
that it failed to interact. We then mapped residues at the interface of the GPP130-STx/STx1 
complex. In GPP130, binding mapped to a seven-residue stretch in its lumenal stem domain 
next to the transmembrane domain. This stretch was required for STx/STx1 transport. In STx/
STx1, binding mapped to a histidine–asparagine pair on a surface-exposed loop of the toxin 
B subunit. Significantly, these residues are not conserved in STx2, explaining the lack of ef-
fectiveness of Mn against STx2. Together our results imply that STx2 uses an evolutionarily 
distinct trafficking mechanism and that Mn as a potential therapy should be focused on STx/
STx1 outbreaks, which account for the vast majority of cases worldwide.

INTRODUCTION
Shiga toxin–producing bacteria of the Shigella genus and Escherichia 
coli strains are a major cause of food- and water-borne disease in 
the world (O’Brien and Holmes, 1987; Kotloff et al., 1999; Reller and 
Griffin, 2004). The toxin produced by Shigella is called Shiga toxin 
(STx). STx production is most commonly associated with Shigella 
dysenteriae, but STx production at lower levels occurs in other 
Shigella species, and severity of Shigella-induced disease has been 
correlated to the production of STx (Keusch and Jacewicz, 1977; 

O’Brien et al., 1977; Fontaine et al., 1988). Annually, Shigella infect 
>164 million people and cause >1 million deaths, with >99% of 
these infections occurring in developing countries (Kotloff et al., 
1999). Two related toxins, STx1 and STx2, are produced by specific 
E. coli strains (called Shiga toxin–producing E. coli [STEC]; Strockbine 
et al., 1988). In contrast to Shigella, STEC infections primarily occur 
in developed countries and affect far fewer individuals (annual inci-
dence of ∼70,000 in the United States; Nataro and Pickering, 2006; 
Mohawk and O’Brien, 2011). STx1 is nearly identical to STx, with 
100% identity in the B subunit and a single conservative amino acid 
change in the A subunit (Strockbine et al., 1988). In contrast, STx2 
shares only ∼55% sequence identity with STx (Strockbine et al., 
1988), and the production of STx2 correlates with severe disease 
phenotypes (Tesh et al., 1993; Boerlin et al., 1999; Tam et al., 2008). 
All three toxins use a common mechanism in inducing cell death by 
blocking protein synthesis (O’Brien and Holmes, 1987), and, despite 
the sequence divergence, STx2 undergoes retrograde transport 
similar to STx and STx1 (Tam et al., 2008).

Retrograde trafficking in host cells begins with the association of 
the toxin B subunit with the lipid Gb3 on the cell surface, followed 
by internalization to early endosomes (Mallard et al., 1998; Johannes 
and Popoff, 2008; Beddoe et al., 2010). In early endosomes STx/
STx1 binds the membrane protein GPP130, which directs it to the 
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doses of Mn are completely resistant to le-
thal STx1 challenges. These findings strongly 
suggest that Mn represents an unexpected, 
low-cost therapeutic agent for STx/STx1 
treatment.

Whether STx2 is also susceptible to Mn 
treatment is unknown. This is an important 
question because of the severity and preva-
lence of STx2 in outbreaks within developed 
nations, which are significant, albeit minor in 
comparison to the number of individuals af-
fected by STx. Here we address this ques-
tion and report that unlike STx/STx1, STx2 is 
insensitive to Mn. Further experiments eluci-
date the mechanism. STx2 neither binds 
GPP130 nor depends on GPP130 for its traf-
ficking. Mapping of the B subunit and 
GPP130 residues mediating binding identi-
fied a histidine/asparagine pair critical for 
STx/STx1 binding to GPP130 but lacking in 
STx2. In sum, STx2 evolved an evolutionarily 
distinct trafficking mechanism such that Mn 
sensitivity is specific to STx and STx1 toxin 
types.

RESULTS
Manganese sensitivity of STx2 
trafficking
To test the manganese sensitivity of STx2 
trafficking, we carried out a previously 
established trafficking assay in HeLa cells 
using fluorescently labeled holotoxin 
(Mukhopadhyay and Linstedt, 2012). As 
expected, STx2 efficiently trafficked to the 
Golgi in control cells (Figure 1A). To our sur-
prise, when the same experiment was car-
ried out in cells treated for 4 h with 500 μM 
MnCl2, a condition that potently blocks STx/
STx1 B-subunit trafficking (Mukhopadhyay 
and Linstedt, 2012; see later discussion of 
Figure 3), STx2 trafficked to the Golgi com-
plex in a manner indistinguishable from the 
control cells (Figure 1A). Because GPP130 is 
the relevant target of Mn (Mukhopadhyay 

and Linstedt, 2012), we confirmed that GPP130 was down-regulated 
in these experiments by staining the same cells to detect GPP130. 
As expected, GPP130 was clearly evident in untreated controls and 
potently depleted in Mn-treated cells (Figure 1A). The quantified 
levels of STx2 fluorescence in the Golgi confirmed the lack of sensi-
tivity of STx2 to the Mn treatment (Figure 1B).

Comparison of GPP130 binding to STx/STx1  
and STx2 B subunits
To test the possibility that the Mn insensitivity of STx2 was due to 
a lack of interaction with GPP130, we purified the B subunits of STx 
and STx2 and compared their binding to a purified, glutathione 
S-transferase (GST)–tagged GPP130 construct. In previous work 
this construct bound STxB, yielding a Kd of 150 nM (Mukhopadhyay 
and Linstedt, 2012). Consistent with this, nearly 10% of the added 
STxB bound GPP130 (Figure 1, C and D). In contrast, there was no 
detectable recovery of STx2B (Figure 1, C and D). Thus, unlike 
STx/STx1, the B subunit of STx2 did not appear to interact with 

Golgi apparatus (Mukhopadhyay and Linstedt, 2012). Direct traffick-
ing from early endosomes to the Golgi, bypassing late endosomes 
and lysosomes, is a crucial step, as it allows STx/STx1 to avoid expo-
sure to the degradative action of hydrolases that are active in these 
organelles. GPP130 is an integral membrane protein that constitu-
tively traffics between the Golgi apparatus and early endosomes 
(Linstedt et al., 1997; Bachert et al., 2001). Appearance of STx/STx1 
in Golgi-directed membrane tubules that extend from early endo-
somes depends on its direct interaction with the GPP130 lumenal 
domain (Mukhopadhyay and Linstedt, 2012). Although the normal 
function of GPP130 is unclear, elevated manganese (Mn) diverts 
GPP130 to lysosomes, causing its degradation (Mukhopadhyay 
et al., 2010). Because STx/STx1 trafficking depends on GPP130, 
Mn-induced GPP130 down-regulation renders STx/STx1 harmless 
by rerouting it to lysosomes, where it is degraded along with other 
toxic agents that invade cells (Mukhopadhyay and Linstedt, 2012). 
In tissue culture cells, treatment with Mn yields a 3800-fold protec-
tion against STx1-induced cell death. Mice injected with nontoxic 

FIGURE 1: Retrograde transport of STx2 is GPP130 independent. (A) HeLa cells were 
transfected with untagged Gb3 synthase and after 2 d were exposed to 500 μM Mn for 4 h or 
left untreated. The STx2 transport assay was then performed as described in Materials and 
Methods. Immunofluorescence was used to detect STx2 (red) and GPP130 (green). Scale bar, 
5 μm. (B) Percentage of total cellular STx2 in the Golgi was quantified for cells fixed 30 min after 
initiation of STx2 transport. See Materials and Methods for details. Mean ± SE; n = 51 cells per 
group; p > 0.05. (C, D) Coomassie-stained gels and quantified recovery of the binding of 
His-tagged full-length STxB and full-length STx2B to GST-GPP13036-247 or GST-only control. 
Binding assays were performed using 5 μM GST proteins and 0.4 μM STxB or STx2B (n = 3, 
p < 0.01).
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ability of these constructs to interact with 
purified, histidine (His)-tagged, full-length 
STxB. As expected, GST-GPP13036-247 and 
GST-GPP13036-87 bound STxB (Figure 2B). 
We then observed that GST-GPP13036-55 
bound STxB at a level comparable to that of 
the entire stem domain, indicating that the 
toxin-binding domain lay in the first 20 resi-
dues of the stem domain (Figure 2, C and 
D). Further analyses revealed that a 
10–amino acid fragment extending between 
residues 46 and 55 of GPP130 was sufficient 
to interact with STxB, whereas residues 36–
49 and 50–62 failed to interact (Figure 2, C 
and D). Deletion of residues 46–55 from the 
GPP130 stem domain (GST-GPP130Δ46-55) 
abolished the GPP130-STxB interaction, in-
dicating that residues 46–55 were also re-
quired (Figure 2, C and D). Thus the se-
quence VALKYQQHQE corresponding to 
residues 46–55 was necessary and sufficient 
for STxB binding. As a further test, we sub-
stituted residues in two parts of this se-
quence within the GPP130 stem domain 
construct (Figure 2A). Alanine substitutions 
of the HQE stretch (GST53-55-AAA) did not af-
fect STxB binding, but substitution of the 
KYQQ stretch with ALAA (GST49-52-ALAA) 
significantly reduced binding (Figure 2, C 
and D). We conclude that the binding site 
maps to the sequence VALKYQQ situated in 
the lumenal stem domain ∼11 residues dis-
tant from the membrane. In common with 
the entire stem domain, this sequence 
stretch is highly conserved across at least 20 
mammalian species.

The STxB/STx1B-binding domain of 
GPP130 is required for retrograde 
toxin transport
To test the functional significance of 
the mapped binding site in GPP130, we 
used a complementation approach. We 

previously showed that the Mn-induced block in STxB transport is 
reversed by expression of an Mn-insensitive GPP130 construct 
(Mukhopadhyay and Linstedt, 2012). This construct, GPP1301-175–
green fluorescent protein (GFP), was created by truncation of 
GPP130 after residue 175 to remove a determinant required for 
the Mn response but leaving targeting, cycling, and STxB-binding 
functions intact (Mukhopadhyay et al., 2010; Mukhopadhyay and 
Linstedt, 2012). Therefore our goal was to assay STxB transport in 
Mn-treated cells expressing the Mn-insensitive version of GPP130 
containing a further specific deletion of the mapped STxB-binding 
site (Figure 3A). First, we verified that the Mn-induced loss of 
GPP130 blocked STxB transport in the assays. In control cells, 
STxB efficiently trafficked to the Golgi from the cell surface (Figure 
3, B and D). Exposure of cells to 500 μM Mn induced degradation 
of GPP130, and STxB remained trapped in endosomal punctae 
rather than trafficking to the Golgi (Figure 3, B and D). Next we 
confirmed that the wild type, Mn-insensitive construct GPP1301-

175-GFP restored STxB transport to the Golgi in Mn-treated cells. 
In agreement with previous work (Mukhopadhyay and Linstedt, 

GPP130, providing a plausible explanation for its Mn-insensitive 
trafficking.

The juxtamembrane sequence VALKYQQ in the GPP130 
stem domain mediates binding to the B subunit of STx/STx1
To learn why STx2 failed to interact with GPP130, we sought to elu-
cidate the basis of STx/STx1 binding to GPP130. First, we mapped 
the STx/STx1-binding site in GPP130. GPP130 has a short cytoplas-
mic domain, a single transmembrane domain, and a two-part lume-
nal domain in which the first 210 residues form a coiled-coil stem 
and the final 451 residues are enriched in acidic amino acids 
(Figure 2A). The stem of GPP130 can be further subdivided into 
three subdomains: residues 36–87 and 176–245, which confer Golgi 
localization, and residues 88–175, which mediate endosome-to-
Golgi cycling (Bachert et al., 2001). Prior work (Mukhopadhyay and 
Linstedt, 2012) showed that STxB binds the GPP130 stem domain 
(36–245) and that binding occurs in the membrane-proximal subdo-
main (residues 36–87). Therefore we generated and purified a set of 
GST-tagged GPP130 deletion constructs (Figure 2A) and tested the 

FIGURE 2: Residues 46–55 of GPP130 are necessary and sufficient to interact with STxB. 
(A) Schematic of GST-tagged GPP130 constructs used in the binding assays. (B–D) Coomassie-
stained gels and quantitation for His-STxB recovery after incubation with the indicated GST-
tagged GPP130 constructs or GST-only control (mean ± SE; n = 3 experiments; p values are for 
the comparison for each individual GST-GPP130 deletion construct with GST-GPP13036-247 that 
contains the entire stem domain of GPP130). The data set for GST-GPP13036-247 plotted here is 
also shown in Figure 1D.



2314 | S. Mukhopadhyay et al. Molecular Biology of the Cell

when we introduced three substitutions 
(K73E, H78A, N79A) into a surface-exposed 
loop of the toxin, we observed a strong loss 
of the interaction (Figure 4, A–D). Of inter-
est, this loop of STxB is a prominent feature 
almost certainly accessible to the mapped 
binding site of GPP130, given the latter’s 
proximity to the membrane. Because the 
histidine–asparagine pair (positions 78 and 
79) could potentially hydrogen bond with 
the tandem glutamines in GPP130, we next 
generated a double mutant (H78A, N79A). 
Binding of the H78A-N79A double mutant 
was also markedly blocked and did not sig-
nificantly differ from that of the triple mutant 
(Figure 4, C and D). Thus the GPP130-bind-
ing interface of STxB mapped to the histi-
dine–asparagine pair on a surface-exposed 
loop of the toxin.

To test the functional significance of the 
mapped binding site, we compared retro-
grade transport of STxB wild type to the 
double mutant STxBH78A-N79A. Whereas 
STxB wild type trafficked to the Golgi, 
STxBH78A-N79A accumulated in peripheral 
punctae, indicating that it underwent endo-
cytosis but not Golgi trafficking (Figure 4E). 
Quantification confirmed a profound block 
in trafficking to the Golgi (Figure 4F). Thus 
the binding-site residues are functionally re-
quired, and their discovery led to novel 
point mutations in the toxin that block its 
ability to invade cells.

Significantly, the histidine–asparagine 
pair present in STxB/STx1B is not conserved 
in the B subunit of STx2 (STx2B) or any of its 
known subtypes (Figure 5). In fact, instead 
of the histidine at this position, STx2B has a 

glutamic acid, implying a significant change in charge characteristics 
(Figure 5). Thus our experiments document the Mn insensitivity of 
STx2 trafficking and reveal the underlying cause to be an unex-
pected lack of conservation in key residues that in STx and STx1 
mediate their interaction with the intracellular trafficking receptor 
GPP130.

DISCUSSION
Direct transport from early endosomes to the Golgi apparatus pro-
tects Shiga toxins from degradation and is essential for productive 
infections. Targeting this transport step is therapeutically appealing, 
but the underlying cellular machinery is only now being revealed. 
Sorting of these toxins in early endosomes into Golgi-directed tu-
bules requires communication between the lumenal toxin and the 
cytosolic trafficking machinery. For STx/STx1, this is achieved, at 
least in part, by the direct binding of its B subunit to the lumenal 
domain of GPP130. This binding allows the toxin to exploit the traf-
ficking itinerary of a host protein that cycles between early endo-
somes and the Golgi. Significantly, blocking this interaction diverts 
the toxin to lysosomes, where it is degraded (Mukhopadhyay and 
Linstedt, 2012). Here we identify key residues at the STxB-GPP130 
interface. Although the binding site in GPP130 is highly conserved, 
the H78N79 motif of STx/STx1 is not conserved in STx2. Indeed, 
STx2 neither bound GPP130 nor depended on GPP130 for its 

2012), STxB Golgi transport was restored to the level observed for 
untreated cells (Figure 3, C and D). Finally, we deleted residues 
46–55 from GPP1301-175-GFP and repeated the assay. Significantly, 
GPP130Δ46-55-GFP failed to restore STxB transport, and, in these 
cells, STxB remained trapped in punctate structures (Figure 3, C 
and D). The GFP-tagged proteins expressed by these constructs 
were well localized to the Golgi and not degraded upon Mn treat-
ment, whereas endogenous GPP130 was degraded in the same 
cells, as confirmed using an antibody against the acidic domain of 
GPP130 that is not present in the GFP-tagged proteins (Figure 
3C). Thus the STxB-binding domain of GPP130 encompassed by 
residues 46–55 is required to support the endosome-to-Golgi 
transport of STxB. Overall the data suggest that direct interaction 
of STxB with this site in GPP130 is essential for endosomal sorting 
and Golgi transport of STxB.

Nonconserved residues H78N79 of STxB/STx1B mediate 
binding to GPP130
To map the GPP130-binding site on STxB, we used the known crys-
tal structure of STxB (Ling et al., 1998) and considered the likely 
orientation of STxB on the membrane when bound to its lipid recep-
tor Gb3. We then targeted regions on the resulting exposed side-
wall of STxB using amino acid substitutions in an attempt to block 
binding to GPP130. Most of those tested had little or no effect, but 

FIGURE 3: The STxB-binding domain of GPP130 is required for endosome-to-Golgi transport of 
STxB. (A) Schematic of GFP-tagged constructs used in the transport assays. (B) HeLa cells 
expressing untagged Gb3 synthase for 2 d were treated with or without 500 μM Mn for 4 h. The 
STxB transport assay was then performed using Alexa Fluor 555–labeled STxB for 30 min as 
described in Materials and Methods. Cultures were processed for immunofluorescence to 
detect STxB (red) and GPP130 (green). Scale bar, 5 μm (C) HeLa cells cotransfected with 
untagged Gb3 synthase and the indicated GFP-tagged GPP130 constructs were untreated or 
treated with 500 μM Mn for 4 h before STxB transport for 30 min (as in B) and imaged to detect 
GFP (green), STxB (red), and anti–endogenous GPP130 staining (blue). Note that the anti-
GPP130 antibody binds the acidic domain that is missing in the transfected constructs. Scale 
bar, 5 μm. (D) Percentage cellular STxB in the Golgi from B and C (mean ± SE; n = 38 cells per 
group; p values are for the comparison for each group with the no-Mn control group of B).
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trafficking to the Golgi complex. These re-
sults reveal a significant functional diver-
gence in Shiga toxin evolution.

The GPP130 independence of STx2 traf-
ficking implies the presence of a distinct 
mechanism mediating its sorting in early en-
dosomes. This finding is consistent with an 
earlier study comparing retrograde trans-
port of STx1 and STx2 in which the toxins 
only partially colocalized with one another in 
endosomes and STx2 was more susceptible 
to detergent extraction (Tam et al., 2008). It 
might also explain, at least in part, the en-
hanced in vivo toxicity of STx2 relative to 
STx1 (Tesh et al., 1993; Boerlin et al., 1999; 
Tam et al., 2008). That is, it is conceivable 
that by using a different intracellular traffick-
ing receptor the efficiency of STx2 sorting 
and/or endosome-to-Golgi transport may 
be superior, thereby producing a greater 
toxic load. Numerous transport factors have 
been identified that mediate endosomal 
sorting and Golgi transport of STx/STx1 
(Johannes and Popoff, 2008; Johannes and 
Wunder, 2011). It is now important to deter-
mine which of these, if any, also mediate 
STx2 transit.

GPP130 is the only endosomal receptor 
identified for AB5 toxins, the category of 
toxins, including the Shiga toxins, that have 
a single A subunit associated with five B 
subunits. Because these toxins share broad 
thematic similarities in their retrograde 
transport, an important implication of our 
work is that other AB5 toxins, including 
STx2, may similarly coopt different host pro-
teins that traffic from endosomes to the 
Golgi. Characteristics of GPP130 and its 
STx/STx1 binding interface may lead to dis-
covery of related receptors and the ability to 
counter disease caused by STx2, cholera, 
and other toxins.

Lipid-based sorting is also believed to 
contribute to retrograde transport of AB5 
toxins (Falguieres et al., 2001; Chinnapen 
et al., 2012). For example, STx/STx1 is de-
tected in detergent-resistant membranes, 
and cholesterol depletion blocks the retro-
grade transport of STx (Falguieres et al., 
2001). GPP130 has a longer transmem-
brane domain than typical Golgi proteins, 
which may promote its inclusion in choles-
terol-enriched membrane microdomains 
(Bretscher and Munro, 1993). Thus binding 
to GPP130 may concentrate STx/STx1 in 
these domains. The STx/STx1 glycosphin-
golipid receptor Gb3 also associates with 
cholesterol-enriched domains (Falguieres 
et al., 2001). Because the H78N79 motif 
that mediates the STx/STx1-GPP130 inter-
action is separate from the binding site for 
Gb3 (Ling et al., 1998), STx/STx1 could 

FIGURE 4: Surface-exposed STxB residues H-78 and N-79 are required for GPP130 binding 
and retrograde transport to the Golgi. (A, B) Crystal structure of STxB (PDB ID 1BOS; Ling 
et al., 1998) in cartoon format with surface-exposed residues H-78 and N-79 in stick format. 
(B) Highlighted residues are on the sidewall, and the membrane-binding surface is on top. 
(C, D). Coomassie-stained gels and quantified recovery of various His-STxB proteins after 
incubation with GST-GPP13036-87, which contains the STxB-binding domain, or GST only. 
Binding was carried out as described in Materials and Methods using 5 μM GST proteins 
and 0.4 μM STxB (mean ± SE; n = 3 experiments; one-way ANOVA with Tukey–Kramer post 
hoc test revealed that there was statistically significant difference between STxB wild type 
[WT] and STxBK73E-H78A-N79A, and STxB-WT and STxBH78A-N79A [p < 0.01 for both 
comparisons] but not between STxBK73E-H78A-N79A and STxBH78A-N79A [p > 0.05]). 
(E) HeLa cells expressing GFP-tagged Gb3 synthase for 2 d were incubated with Alexa 
Fluor 555–tagged STxB wild type (WT) and the H78A-N79A double mutant and analyzed for 
transport after 30, 60, or 90 min as described in Materials and Methods. Shown are STxB 
proteins (red) and Gb3 synthase, to demarcate the Golgi (green). Scale bar, 5 μm. F. The 
percentage of cells with Golgi-localized STxB wild type (WT) or STxB H78A-N79A was 
quantified at each time point by counting (n = 3, >30 cells each construct per time point 
per experiment, p < 0.001).
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Cell culture, transfections, Mn treatment, 
and immunofluorescence microscopy
These were done essentially as described (Mukhopadhyay et al., 
2010; Mukhopadhyay and Linstedt, 2011, 2012). Mn treatment was 
by adding freshly prepared MnCl2 to the culture medium at 500 μM 
for 4 h unless otherwise specified. Images were captured with a 
spinning-disk confocal scan head microscope equipped with three-
line laser and independent excitation and emission filter wheels 
(PerkinElmer Life and Analytical Sciences, Boston, MA) and a 12-bit 
Orca ER digital camera (Hamamatsu Photonics, Bridgewater, NJ) 
mounted on an Axiovert 200 microscope with a 100×, 1.4 numerical 
aperture oil immersion objective (Carl Zeiss, Thornwood, NY) as de-
scribed previously (Mukhopadhyay et al., 2010; Mukhopadhyay and 
Linstedt, 2011, 2012). Corresponding images in each experiment 
were acquired under identical parameters.

Purification and fluorescence tagging of STxB
Untagged STxB was purified essentially as described (Mukhopad-
hyay and Linstedt, 2012). Briefly, the washed cell pellet from a 1-l 
culture was resuspended in 30 ml of ice-cold water with 10 μg/ml 
leupeptin, 10 μg/ml pepstatin, and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF) and, after 10 min on ice, a supernatant was collected by 
centrifugation at 14,000 rpm in a SA600 rotor for 30 min. The super-
natant was adjusted to 20 mM Tris-Cl, pH 8.0, snap frozen, and 
stored at −80ºC. STxB was purified from the supernatant using 
mono Q with elution by increasing concentrations of NaCl. The pro-
tein was concentrated using Spin-X UF concentrators (Corning, 
Corning, NY). Purified STxB was tagged with Alexa Fluor 555 
(Invitrogen, Carlsbad, CA) using manufacturer’s protocols.

STxB binding assays
GST-tagged GPP130 constructs, GST-only control, and His-tagged 
STxB constructs were bacterially purified using standard methods 
(Mukhopadhyay and Linstedt, 2012). GST-proteins were dialyzed 
into phosphate-buffered saline (PBS), pH 7.3. His-tagged STxB 
was eluted in 50 mM NaH2PO4, 300 mM NaCl, 250 mM imida-
zole, and 0.1% β-mercaptoethanol. The pH of the eluted His-STxB 
was adjusted to 7.3 using 1.7 μl of concentrated HCl per 100 μl of 
elute. Binding assays were performed in 100-μl reactions in PBS 
with 0.1% Triton X-100. We used 5 μM GST proteins and 0.4 μM 
STxB. GST-proteins and STxB were mixed and incubated at 4ºC 
for 1 h with constant rotation, followed by addition of 5 μl of glu-
tathione–agarose beads for another hour. Beads were then recov-
ered by pulse spin, rapidly washed two times with PBS plus 0.1% 
Triton X-100 and once with PBS only, resuspended in reducing 
sample buffer, and analyzed by SDS–PAGE and Coomassie 
staining.

STx2B binding assays
Untagged STx2B was purified using a protocol similar to that used 
for the purification of untagged STxB (Mukhopadhyay and Linstedt, 
2012). Briefly, a washed cell pellet from a 1-l culture was resus-
pended in 30 ml of ice-cold water with 10 μg/ml leupeptin, 10 μg/ml 
pepstatin, and 1 mM PMSF and, after 10 min on ice, a supernatant 
was collected by centrifugation at 14,000 rpm in a SA600 rotor for 
30 min. The supernatant was adjusted to 20 mM Tris-Cl, pH 8.0, 
snap frozen, and stored at −80ºC. STx2B was purified from the su-
pernatant using a Q-column. Two milliliters of Q-Sepharose Fast 
Flow beads (GE Health Care Life Sciences, Pittsburgh, PA) was 
washed two times with 10 mM Tris-Cl, pH 8.0, and poured into a 
column. The supernatant was then added to the column and al-
lowed to flow through with gravity. The column was washed with 

simultaneously interact with GPP130 and Gb3, strengthening its 
association with specialized microdomains. A critical question is 
how the STx-GPP130 complex engages cytosolic trafficking ma-
chinery. In principle, any component of a putative STx-GPP130–
containing microdomain might be responsible. Nevertheless, it 
will be important to test for direct interaction of GPP130’s cyto-
plasmic domain with transport factors implicated in endosome-to-
Golgi transport and then extend our knowledge to endosomal 
sorting of other AB5 toxins.

Shigella bacteria that produce STx, and not STx1 or 2, cause the 
vast majority of Shiga toxicosis cases worldwide. An implication of 
our work is that agents that target GPP130 are likely to be therapeu-
tically useful for the management of these infections. Indeed, treat-
ment with Mn to reduce GPP130 provides >3800-fold protection 
against toxin-induced cell death in culture and complete protection 
in mice (Mukhopadhyay and Linstedt, 2012). Although chronic expo-
sure to elevated Mn is neurotoxic (Aschner et al., 2009), the protec-
tion against STx1 in cells and mice requires only brief Mn exposures 
that elicit no detectable toxicity (Mukhopadhyay and Linstedt, 2012). 
Thus the possibility of using Mn for treatment of STx infections is 
promising. Further, our mapping of the interface involved in the 
GPP130-STxB interaction provides important information for the de-
sign of additional inhibitors to protect against STx-induced disease.

MATERIALS AND METHODS
Constructs, antibodies, and chemicals
Generation of a GST-tagged GPP130 construct that contains the en-
tire lumenal domain of GPP130 has been described (Mukhopadhyay 
and Linstedt, 2012). A GFP-tagged GPP130 construct containing resi-
dues 1–175 of GPP130 has also been described (Mukhopadhyay and 
Linstedt, 2012). His-tagged STxB used for the binding assays was a 
gift of Mark Stamnes (University of Iowa, Iowa City, IA) and was previ-
ously described (Mukhopadhyay and Linstedt, 2012). Deletion and 
point mutations were introduced into the foregoing constructs using 
the QuikChange mutagenesis kit (Agilent Technologies, Santa Clara, 
CA). Plasmid for STx2B was from Alison Weiss (University of Cincinnati, 
Cincinnati, OH). STx2 holotoxin and rabbit polyclonal antibody 
against STx2 were from Clifford Lingwood (Hospital for Sick Children, 
Toronto, Canada). Unless otherwise noted, all antibodies and chemi-
cals used in this study were previously described (Mukhopadhyay 
et al., 2010; Mukhopadhyay and Linstedt, 2011, 2012).

FIGURE 5: Lack of conservation of STxB residues H-78 and N-79. 
Sequence alignment of the surface-exposed loop of STxB/STx1B that 
constitutes the GPP130-binding site. Residues H78 and N79 in STxB 
are highlighted in blue. Comparison includes STx (Strockbine et al., 
1988); STx1, STx1c, and STx1d (Burk et al., 2003); STx2 and STx2c 
(Schmitt et al., 1991); STx2d (Zhang et al., 2005); STx2e (Weinstein 
et al., 1988); and STx2f (Gannon et al., 1990).
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contrast, and threshold values for the GPP130 channel were 
enhanced to enable detection of the low level of residual Golgi-
localized GPP130.

Gel analysis
Coomassie-stained gels were analyzed using Image Gauge software 
(Fujifilm, Valhalla, NY). For each assay, binding of STxB or STx2B to 
GST only was considered background and subtracted from the 
binding to GST-GPP130. This specific binding was then expressed 
as percentage of total extrapolated from the value of the fraction of 
STxB or STx2 serving as a loading control.

Statistical analyses
All findings presented were replicated in three or more independent 
experiments. Statistical analyses were performed using Prism 6 soft-
ware (GraphPad Software, La Jolla, CA). Comparisons between two 
groups were performed using two-tailed Student’s t test assuming 
equal variances. Multiple group comparison at the same time was 
done using single-factor analysis of variance (ANOVA) with the 
Tukey–Kramer post hoc test. In general, p < 0.05 was considered 
significant, and the determined p values are provided in the figure 
legends. Asterisks in graphs, wherever present, denote statistically 
significant differences.

25 ml of 10 mM Tris-Cl, pH 8.0. Bound proteins were sequentially 
eluted with buffer containing 10 mM Tris-Cl, pH 8.0, and increasing 
concentrations of NaCl (50, 100, 200, and 300 mM). STx2B eluted at 
100 mM NaCl. The protein was concentrated using Spin-X UF con-
centrators (Corning). Binding assays were then performed using 
5 μM GST proteins and 0.4 μM ST2xB exactly as described for the 
STxB proteins.

Transport assays
Transport of STxB was assayed essentially as described (Mukhopad-
hyay and Linstedt, 2012). HeLa cells were first transfected with un-
tagged or GFP-tagged Gb3 synthase plasmid to reduce cell-to-cell 
variation in surface Gb3 levels (Shin et al., 2009). The synthase was 
well localized to the Golgi and did not affect Golgi morphology or 
the kinetics of retrograde transport. After 2 d, the cultures were 
treated with or without 500 μM Mn for 4 h. After Mn treatment, 
cultures were washed three times in ice-cold PBS, incubated with 
4 μg/ml STxB that had been fluorescently labeled with Alexa Fluor 
555 in MEM at 4ºC for 30 min, washed three more times in cold PBS, 
and transferred to regular medium at 37ºC with or without 500 μM 
Mn for 30 min unless indicated otherwise. Cultures were then fixed 
using paraformaldehyde (3%) and processed for microscopy. To de-
termine whether expression of GPP130 constructs could rescue 
STxB trafficking, cells were cotransfected with untagged Gb3 syn-
thase and the indicated GPP130-GFP plasmids 2 d before the trans-
port assay and treated with 500 μM Mn for 4 h, and the transport 
assay was then performed exactly as described. STx2B transport 
assays were performed exactly like those described for STxB, ex-
cept that 3 μg/ml STx2 holotoxin was used. Assays comparing the 
transport of Alexa Fluor 555–labeled, untagged, wild type and 
H78A-N79A STxB were performed as described with two differences: 
cells were transfected with GFP-tagged Gb3 synthase, and there 
was no Mn treatment.

STxB structure
Depictions of the crystal structure of STxB were derived using the 
algorithms of the ModBase server (http://modbase.compbio.ucsf 
.edu/modbase-cgi/index.cgi; Pieper et al., 2006).

Image analysis
Immunofluorescence images were analyzed using ImageJ (Na-
tional Institutes of Health, Bethesda, MD) essentially as described 
(Mukhopadhyay et al., 2010; Mukhopadhyay and Linstedt, 2011, 
2012). For fluorescence measurements in cells, average value pro-
jections were created from individual Z-stacks. Background for 
each image was then calculated for a region outside the cells us-
ing the Analyze-Measure functions of ImageJ and subtracted us-
ing Process-Math-Subtract. Total STxB or STx2 fluorescence per 
cell was then measured by outlining the cell using the freehand 
tool of ImageJ and Analyze-Measure. Temporary image adjust-
ments were used to ensure accuracy of the outlining, but all mea-
surements were made after reverting to original values. To mea-
sure Golgi fluorescence of STxB and STx2 in control cells, we 
demarcated the Golgi area using the staining of endogenous 
GPP130 and measured toxin fluorescence in this area. In 
Mn-treated cells one of two procedures were followed. In experi-
ments in which GFP-tagged, Mn-insensitive GPP130 constructs 
were expressed, the GFP staining was used to demarcate the 
Golgi. The GFP-tagged GPP130 constructs contain a Golgi local-
ization determinant and are well targeted to the Golgi 
(Mukhopadhyay et al., 2010; Mukhopadhyay and Linstedt, 2012). 
In Mn-treated cells that did not express GFP-GPP130, brightness, 
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