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Summary
Pasteurella multocida toxin (PMT) is an AB toxin that causes pleiotropic effects in targeted host
cells. The N-terminus of PMT (PMT-N) is believed to harbor the membrane receptor binding and
translocation domains responsible for mediating cellular entry and delivery of the C-terminal
catalytic domain into the host cytosol. Previous studies have implicated gangliosides as the host
receptors for PMT binding. To gain further insight into the binding interactions involved in PMT
binding to cell membranes, we explored the role of various membrane components in PMT
binding, utilizing four different approaches: TLC-overlay binding experiments with 125I-labeled
PMT, PMT-N or PMT-C; pull-down experiments using reconstituted membrane liposomes with
full-length PMT, surface plasmon resonance (SPR) analysis of PMT-N binding to reconstituted
membrane liposomes, and SPR analysis of PMT-N binding to HEK-293T cell membranes without
or with sphingomyelinase, phospholipase D, or trypsin treatment. Results revealed that, in our
experimental system, full-length PMT and PMT-N did not bind to gangliosides, including GM1,
GM2 or GM3, but instead bound to membrane phospholipids, primarily the abundant
sphingophospholipid sphingomyelin (SM) or phosphatidylcholine (PC) with other lipid
components. Collectively, these studies demonstrate the importance of SM for PMT binding to
membranes and suggest the involvement of a protein co-receptor.
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Introduction
Pasteurella multocida toxin (PMT) is a 1,285-amino acid AB toxin that is both a potent
virulence factor associated with atrophic rhinitis and pasteurellosis [1–3] and a tool for
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understanding G-protein signaling [4, 5]. PMT is one of the most potent known mitogens
and triggers mitosis in fibroblastic and osteoblastic cells [6–8] by activating heterotrimeric
G proteins of the Gq, G13, and Gi families through deamidation of a critical active site
glutamine residue [9–13]. As a consequence, PMT interferes with numerous cellular
processes in targeted host cells.

The crystal structure of the PMT carboxyl-terminus (C-terminus; residues 575–1285) has
been elucidated [14]. The C-terminus of PMT (PMT-C) consists of three domains, C1–C3,
where C1 is the intracellular membrane-targeting domain [15], C2 is a domain of unknown
function, and C3 is the minimal functional catalytic domain containing the active site
C1165-H1205-D1220 catalytic triad responsible for deamidation of the target G proteins
[16]. The amino-terminus (N-terminus) of PMT (PMT-N) is believed to be the binding
domain and contains a putative membrane insertion motif (residues 370–470) believed to be
involved in membrane translocation into the cytosol [17, 18].

PMT-N shares significant sequence similarity with the N-terminal regions of the cytotoxic
necrotizing factors of E. coli (CNF1-3) [19–21] and Yersinia pseudotuberculosis (CNFY)
[22]. These shared regions are believed to be important for toxin binding and translocation
[17, 18, 23–26]. There is evidence for the involvement of the p37 laminin receptor precursor
(LRP) in CNF1 binding [23–25] and heparin sulfate proteoglycan (HSPG) in both CNF1 and
CNFY binding [23]. It has been suggested that gangliosides play an important role in PMT
binding [27, 28], and there is no current experimental evidence for the necessity of a protein
receptor for PMT.

AB toxins are known to employ various forms of receptors to gain entrance into cells,
including gangliosides alone as for cholera toxin (CT) [29], proteins alone as for diphtheria
toxin (DT) [30], or both proteins and gangliosides as for the tetanus neurotoxin (TeNT) and
botulinum neurotoxins (BoNTs) [31, 32]. This raises the question as to whether binding
gangliosides alone is sufficient for cellular entry of PMT, or gangliosides in conjunction
with other cellular protein components might also be required for productive docking and
endocytosis.

We used thin layer chromatography (TLC) overlay, liposome binding, and surface plasmon
resonance (SPR) methods to further characterize the nature of the membrane receptors for
PMT and to study the interaction properties of PMT on reconstituted membranes or
membrane ghosts generated from lysed HEK-293T cells. We found that contrary to previous
reports PMT did not bind sialogangliosides on TLC plates. Instead, our results implicate
interplay among SM and PC membrane lipid components, as well as unidentified proteins in
the binding of PMT to cells.

Results
Binding of PMT to lipid extract components from mammalian cells

TLC in combination with overlaying labeled proteins is a valid method for determining
protein-ligand interactions and has been used extensively for confirming protein toxin
utilization of gangliosides and/or phospholipids as receptors for gaining entry into target
cells, including cholera toxin [33], shiga-like toxins [34], Bacillus thuringiensis crystal toxin
[35], TeNT [36] and BoNTs [37]. To test whether PMT can directly bind to membrane lipid
components, we employed an overlay technique in which purified lipids or crude lipid
extracts from PMT-susceptible Vero, HEK-293T and NG108-15 cells were resolved on TLC
plates using appropriate solvent systems. After blocking with BSA, plates were overlayed
for 1–2 h with 125I-rPMT in PBS, pH 7.4, at 37°C. After washing away unbound toxin, 125I-
rPMT bound to lipids was detected using a phosphorimager. We found that 125I-rPMT was
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able to bind to a number of lipid components, with the three major binding components
present in all three cell lines assigned as A, B, and C (Figure 1A, 1B and Supplementary
Figure S1). However, there was an absence of 125I-rPMT binding to certain other lipid
components, such as A1 and D, on the same TLC plate.

PMT does not bind GM1, GM2, GM3 or mixtures of porcine gangliosides (PGM) on TLC
plates

Although previous reports suggested a role of gangliosides, namely GM1, GM2, and GM3,
in cellular uptake of PMT [27, 28], 125I-rPMT did not bind these three mono-
sialogangliosides or other di- or tri-sialogangliosides deposited on TLC plates at 37°C
(Figure 1C and Supplementary Figure S2). Although prolonged exposure of 125I-rPMT at
low temperature (16 hr, 4°C) showed 125I-rPMT binding to GM3, the asialoganglioside,
lactosylceramide (LacCer), bound 125I-rPMT much more efficiently, even at 37°C
(Supplementary Figure S2).

PMT binds positively charged phospholipid and sphingophospholipid headgroups
Among the four major phospholipids found in cell membranes, phosphatidylethanolamine
(PE), phosphatidylcholine (PC), phosphatidylserine (PS), and phosphatidylinositol (PI), and
the abundant sphingophospholipid sphingomyelin (SM), the most efficient binding of 125I-
rPMT was observed for PC and SM, while PE and PI showed only weak binding and PS
showed no detectable binding (Figure 2). Studies using 125I-PMT-N and 125I-PMT-C
revealed that the N terminus contributed to the strong binding observed for full-length 125I-
rPMT to PC and SM and the weaker binding to PE, while the C terminus contributed only
partially to the binding of PC and SM and was primarily responsible for the weak binding to
PI (Figure 2). Semi-quantitative analysis of 125I-rPMT binding to the three positively
charged phospholipid head groups clearly showed a binding preference of SM > PC ≫ PE
(Figure 3). The asialoganglioside LacCer was also found to bind 125I-rPMT in a manner
comparable to that of PC but less than SM (Figure 3).

PMT-C uniquely binds highly polar gangliosides
Although full-length 125I-rPMT and 125I-PMT-N showed no affinity for
sialogangliosides, 125I-PMT-C surprisingly showed affinity for GM1 and more polar di- and
trisialogangliosides in mixtures of porcine brain gangliosides (Figure 4). This suggests that
the binding characteristics of 125I-PMT-C are different than those of the full-length toxin.

Other lipid components showed affinity for PMT on TLC
It was noted that full-length 125I-rPMT bound the more polar components in cellular lipid
extracts (Supplementary Figure S1). Further TLC overlay analysis showed that 125I-rPMT
also bound to cholesterol, stearic acid, and mono- and di-glycerides (Supplementary Figure
S3). In addition to LacCer, 125I-rPMT also bound other asialogangliosides, including
GalCer, GlcCer, CerI, and CerII (Supplementary Figure S4). However, with these less polar
lipid compounds, specific binding to the N terminus or C terminus of PMT was not
apparent.

Binding of PMT to liposomes
The importance of SM in PMT binding to membranes was further studied by PMT pull-
down assay using liposomes containing a mixture of cholesterol with various purified
phospholipids (Figure 5). The amount of rPMT found in the pellet of liposomes containing
only PS, only PE or a mixture of PC and PE was similar to that of controls. PC-containing
liposomes pulled down 2–3-fold more rPMT than control (p < 0.001), while SM-containing
liposomes were the most effective at pulling down rPMT (4–5-fold versus control, p <
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0.001). Although PS-containing liposomes were poor at pulling down rPMT, addition of PS
to PC-containing liposomes enhanced the pull-down of rPMT over PC alone (p = 0.03).
Likewise, addition of ganglioside mixtures (GM) to PC-containing liposomes also enhanced
binding of rPMT to liposomes (p = 0.08). However, addition of GM to PC/SM or PC/PS
liposomes did not enhance the binding of rPMT (p = 0.87 and 0.20, respectively).

Analysis of PMT-N interaction with reconstituted phospholipid membranes by surface
plasmon resonance (SPR)

SPR is a well-established method for studying the kinetic and thermodynamic interactions of
toxins with their respective ganglioside [38, 39] and/or protein receptors [40], including
shiga-like toxins [38], E. coli heat-labile toxin [41], CT [39, 41], anthrax toxin [40], TeNT
[41] and BoNTs [42]. Kinetic analysis of SPR data has been established using a Langmuir
binding-dissociation model, as described by O’Shannessy et al. [43]. In practice, most
binding sensorgrams appear to show a biphasic behavior. The portion of the sensorgram
showing rapid change is often attributed to a “bulk shift” or other nonspecific phenomenon
and is generally ignored for calculations. However, our methodology does not ignore this
phase. There have been attempts to analyze the dissociation curve as two distinct phases [39]
or to treat it as a transitional behavior during binding [42]. For simplification, we treated the
biphasic behavior as a sum of two separate events, a rapid binding component and a slow
tight binding component. We found our approach fitted well across a wide range of analyte
concentrations in both the association phase and the dissociation phase. Our model does not
exclude the possibility that the rapid binding event will transition into the slower tight
binding event, i.e., a conformational transition model.

SPR sensorgrams of PMT-N binding to the three reconstituted membranes (PC only, PC/PS,
or PC/SM) on an L1 Biacore chip clearly showed a rapid and a slow component to both the
binding and dissociation events (Figure 6A). PC/SM showed the highest RU at high PMT-N
concentrations and appeared to be far from saturation even at 7.5 μM PMT-N, suggesting a
greater loading capacity for PC/SM membranes (compare Figure 6B, 6C and 6D). PC/PS
appeared to be near saturation at 7.5 μM PMT-N, suggesting that PC/PS membranes
contained the fewest number of binding sites among the three membranes (Figure 6C).

The sensorgrams were further analyzed using a bi-phasic exponential binding model
(Equations 1–3) coupled with a bi-phasic exponential dissociation model (Equation 4), as
defined in the experimental section. The best-fit kinetic parameters, using a least-squares
method according to this model, were used to construct a theoretical resonance signal for the
total resonance signals, consisting of the rapid and slow component resonance signals of
PMT-N binding (Supplementary Figure S5). There was a general agreement between the
calculated curves and the corresponding experimental sensorgrams. The calculated
parameters showed highest binding capacity (Bmax) in PC/SM membranes for both rapid and
slow components (Table 1). Although the dissociation rates (koff) were similar among the
three types of membranes, PC/SM appeared to have a lower association rate (kon) for the
slow components. Both the slower association rate (kon) and the higher Bmax calculated for
PC/SM membraneswere consistent with the observed sensorgrams. For all three
reconstituted membranes, rapid binding was detected at concentrations as low as 7.5 nM, but
slow binding became more evident at concentrations of 750 nM or higher.

Analysis of interaction between PMT-N and HEK-293T cell membranes by SPR
Liposomes prepared from membrane ghosts of HEK-293T cells were loaded onto an L-1
Biacore chip. SPR sensorgrams of PMT-N bound to these natural membrane liposomes
showed concentration-dependent binding, with prominent binding observed at
concentrations higher than 750 nM (Figure 7A), which was three times higher than that
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observed with reconstituted phospholipid membranes (Table 1). After fitting the
sensorgrams to a two-component model, the calculated rapid binding component contributed
less to the overall SPR signal for natural membranes than that for phospholipid membranes
(20% versus 50%, respectively) (compare Figure 7A to Supplementary Figure S5). Even so,
the sensorgrams for PMT-N binding to natural membranes did not fit well using a single
step binding-dissociation model (Supplementary Figure S6).

Effect of sphingomyelinase treatment on PMT-N binding to HEK-293T cell membranes
SMase cleaves the phosphocholine head group from SM and forms ceramide-rich domains
in membranes [44]. To explore the importance of the head group in PMT-N interactions
with membranes, HEK-293T cell membranes were treated with SMase on an L-1 Biacore
chip. The results showed a noticeable decrease in the slow and tight binding component;
however, the Bmax of the rapid and loose binding component increased by 10-fold (compare
Figure 7C vs. 7A, Table 1). The KD for the rapid and slow binding components both
increased by 3- and 2-fold, respectively. The changes in kinetic parameters upon SMase
treatment were consistent with decreased PMT-N binding to membranes due to removal of
the phosphocholine head group by SMase.

Effect of phospholipase D treatment on PMT-N binding to HEK-293T cell membranes
PLD cleaves the head group of phospholipids and forms phosphatidic acid. PLD from
Streptomyces chromofuscus (PLDSc) has a substrate specificity for PC>PE≫PS, but it also
has a weak contaminating SMase activity [45]. Cabbage phospholipase D (PLDCab) has a
substrate preference for PC≈PE≈PG≫PI>PS [46]. Comparison between the effects of
SMase vs. PLD could distinguish whether the choline head group alone or the unique
structural features of sphingophospholipids contribute to the binding of PMT-N. PLDCab
caused a 50% decrease in the slow binding Bmax, but only a 20% decrease in the rapid
binding Bmax (Figure 7E vs. 7A, Table 1), whereas PLDSc decreased both the rapid and
slow binding Bmax by 40% (Figure 7G vs. 7A, Table 1). The drastic changes seen with
SMase were not detected with either PLD (Figure 7E vs. 7C and 7G vs. 7C), suggesting that
the contribution of SM to PMT-N binding was due to the entire sphingophospholipid
structure and not just the choline head group alone.

Effect of trypsin treatment on PMT-N binding to HEK-293T cell membranes
Trypsin treatment would remove some cell surface protein components; particularly those
not present in microdomains or membrane lipid rafts. Trypsin treatment of native
membranes deceased the slow binding Bmax, but showed little effect on kon or koff (Figure
7B vs. 7A, Table 1). The most prominent effects of trypsin were on the rapid binding
component, where the Bmax decreased by more than half and became quickly saturable with
a KD of less than one third of that for the untreated membranes. Trypsin treatment of the
membranes that had already been exposed to SMase or PLDCab showed a small increase in
Bmax for the slow binding component, but did not have an effect on other kinetic parameters
of the rapid or slow binding components (Figure 7D vs. 7C, 7F vs. 7E, Table 1). These
results implicate a protein component in natural membranes for both the rapid and slow
binding components. However, removal of protein had minimal effect on membranes
already depleted of choline or phosphocholine head groups, indicating that protein is only
important for PMT binding when PMT is also interacting with PC and/or SM in the
membrane.

Discussion
Two previous reports indicated that gangliosides, namely GM1, GM2 and GM3, were
receptors for PMT [27, 28]. Our results using the TLC-overlay method, summarized in
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Table 2, indicate that gangliosides, including GM1, GM2 or GM3, were not the preferred
binding targets for PMT in this experimental system. Instead, PMT bound well to
asialogangliosides, such as LacCer, and in particular positively charged phospholipids (PC
and PE) and sphingophospholipids (SM). We also found that addition of GM1, GM2 or GM3
to PC/SM- or PC/PS-containing liposomes did not enhance the binding of PMT in pull-
down assays (Figure 5). It was noted that the ganglioside concentrations used in previous
studies [27, 28] was above the critical micelle concentration, which might have interfered
with the availability of PMT to gain access to the cell surface for optimal binding. In
addition, the readout of the assays in one of the studies [27] relied on determination of the
downstream mitogenic effect of the toxin on cells, which could have been skewed by
indirect inhibitory effects on mitogenesis caused by the ganglioside mixtures [47–49].

Although we did not observe binding of full-length PMT or PMT-N to gangliosides, we did
observe binding of PMT-C to gangliosides, specifically GM1 and other more polar di- and
trisialogangliosides (Figure 4). This suggests that removal of the N-terminus of PMT
unmasks a ganglioside-binding site of the protein, which could potentially occur during the
uptake, endosomal trafficking and/or the translocation process where the toxin presumably
unfolds. It has been shown that the C1 domain itself can associate with the cell membrane
[15]. Considering that the C1 domain alone (residues 575–719) has a calculated pI of 8.9, it
is possible for PMT-C to have affinity for negatively charged gangliosides.

The finding that PMT and PMT-N bound to positively charged phospholipid or
sphingophospholipid headgroups on TLC plates was not surprising considering that both
have a pI of 5.1. Indeed, PE, PC and SM corresponded to the three major binding
components A, B and C, respectively, present in cell membrane extracts (Figure 1 and
Supplementary Figure S1). However, our finding that PMT-N bound specifically to the
choline-containing PC and SM, but not as well to PE and not at all to PS, suggests that the
recognition was not due solely to the positive charge of the head group. Additional binding
studies using liposome pull-down assays with full-length PMT also supported these
findings. Liposomes containing PS or PE alone did not bind PMT (Figure 5), but liposomes
containing PC alone or especially SM alone were effective in pulling down PMT. Addition
of certain lipid components to PC-containing liposomes enhanced binding, including SM,
PS or a GM mixture (Figure 5), as well as LacCer and GM1 alone (data not shown), but PE
did not. This suggests that the environment of the choline head group, such as that uniquely
present in SM only liposomes, also contributes to recognition by PMT. It is possible that
disruption of the uniform surface of PC-only liposomes could present a similarly favorable
environment for binding.

Analysis of SPR sensorgrams with SM plus PC vesicles likewise showed a higher capacity
for binding (Bmax for slow component) to PMT-N than PC-only vesicles. Natural
membranes treated with SMase showed the most drastic changes in PMT-N binding, with
10-fold increase in the rapid binding Bmax and 2–3-fold increase in both the rapid and slow
KD. The increase in KD for the tight, slow-binding component resulted primarily from a
decrease in kon, while the increase in the KD for the rapid-binding component resulted
primarily from an increase in koff. This change reflects that SM contributes to both rapid and
tight binding of PMT-N to membranes. Although it is puzzling that loss of binding affinity
is accompanied by a dramatic increase in binding capacity in the rapid phase, it is possible
that the loss of the phosphocholine head group from SM might result in a reorganization of
the membrane to expose more surface area and thereby expose more low-affinity sites for
binding or it could distribute low-affinity binding sites to make them more available. Our
TLC-overlay experiments also showed that PMT bound to both CerI and CerII. Removal of
the phosphocholine head group is known to induce the resulting ceramide moieties to
laterally segregate into microdomains [50]. This reorganized ceramide microdomains may
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be responsible for the observed enhanced binding. In contrast, there was a decrease in the
slow component Bmax, indicating a loss in the number of tight-binding components available
and further implicating the importance of SM for binding. On the other hand, treatment with
either PLD did not show any drastic enhancement of rapid binding nor did it change the
kinetic characteristics; however, a small decrease in Bmax for both the rapid and slow
binding phases was observed.

SM has recently been implicated in the cellular binding and uptake of the vacuolating toxin
VacA from Helicobacter pylori [51, 52]. In these studies, the presence of SM appears to be
required for VacA entry, since SMase treatment abolished VacA activity while adding SM
back to cells restored VacA activity. This is in contrast to our findings, which suggest that
removing the phosphocholine head group of SM only altered the binding affinity (KD) of
PMT by a factor of 3. Indeed, no single treatment of the membranes, by SMase, PLD or
trypsin, resulted in complete abolishment of PMT binding, with each of the treatments
resulting in a reduction of about a third of the slow-binding component. This points to the
possibility of multiple co-receptors for PMT binding. However, it is not clear whether the
observed reduction in binding, as evidenced by increase in KD, upon SMase treatment could
lead to nonproductive, albeit tight binding that might impair the normal endocytic process.

We found that the kon observed for the slow component of PMT-N binding with the natural
membranes was about 1,000-fold lower than that reported for CT binding to GM1 receptors
(103 versus 106 M−1s−1), whereas koff was 100-fold higher, such that the overall KD is about
100,000-fold higher (10−7 M for PMT-N binding versus 10−12 M for CT-GM1 binding) [39,
41]. On the other hand, PMT-N binding to membranes is on the same order of that found for
BoNT/A binding to GT1b [42]. BoNT/A is an example of a toxin known to bind to cells
through multiple interactions with two different types of co-receptors, ganglioside and
protein [31] (see Supplementary Table S3).

Considering that PMT-N shares significant sequence similarity with the N-terminal regions
of the CNFs [3] and CNF1 and CNFY have been found to bind to protein (LRP) and heavily
glycosylated protein (HSPG) receptors [23–25], it is not unreasonable to propose that PMT-
N likewise might have multiple binding components that it interacts with during the
internalization process. Such a cellular entry model for PMT might involve an initial
nonspecific binding to lower affinity but more abundant components such as PC that would
bring the protein to the cell surface. A more specific binding to SM would follow this, along
with possible binding to a putative protein co-receptor that would then trigger endocytosis.
In addition to PC, other membrane lipids might contribute to the initial binding, particularly
since we observed that PMT bound to a number of other glycosphingolipids and
phospholipids (see Table 2).

Although trypsin treatment did not completely abolish PMT binding interactions with
membranes and did not affect the binding kinetics, this does not necessarily rule out the
possibility of a protein co-receptor for PMT. It is possible that there may be a limitation of
the number of critical receptors or events involved in toxin uptake, which might be mediated
through a protein co-receptor. In summary, our data point to an important role of SM in
PMT binding to membranes, as evidenced through four different methods, TLC-overlay,
liposome pull-down, SPR of liposomes, and SPR of natural membranes. Based on our
findings, we propose a model for PMT interaction with host cells that involves initial low-
affinity nonspecific binding to cells, followed by a more specific, tight-binding interaction
with SM and possibly other membrane components including a putative protein co-receptor.
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Materials and Methods
Materials

African green monkey kidney (Vero) cells, HEK-293T cells, NG108-15 cells, and Swiss
3T3 cells were obtained from the ATCC. Dulbecco’s modified Eagle’s medium (DMEM,
GIBCO), heat-inactivated bovine growth serum (BGS, HyClone), and tissue-culture-grade
penicillin G and streptomycin were obtained from Fisher. Opti-prep® density gradient
solution (60%) was obtained from VWR. Mouse anti-EEA1 (G-4, sc-137130) and goat anti-
mouse IgG-HRP (sc-2005) antibodies from Santa Cruz. [125I] NaI was purchased from MP
Biomedicals. Protease inhibitor cocktail (1X PI, P8849), L-α-phosphatidylcholine (PC), L-α-
phosphatidylethanolamine (PE), L-α-phosphatidyl-L-serine (PS), sphingomyelin (SM),
stearic acid (SA), 1-stearoyl glycerol (MG), 1,2-distearoyl glycerol (DG), Bacillus cereus
sphingomyelinase (SMase), cabbage phospholipase D (PLDCab), Streptomyces
chromofuscus phospholipase D (PLDSc), trypsin-EDTA (1X solution), and His-select®
nickel affinity gel were obtained from Sigma. Cerebroside (GalCer), glucocerebroside
(GlcCer), lactosyl ceramide (LacCer), monoasialogangliosides GM1, GM2 and GM3, a
mixture of monoasialogangliosides (GM1, GM2 and GM3), Gb3, Gb4, GA1, GA2, GD1a,
GD1b, GT1b, and porcine or bovine brain gangliosides (PGM or BGM, respectively) were
obtained from Matreya Inc. Ceramide I (CerI) and Ceramide II (CerII) were obtained from
Alexis Biochemicals. Trypsin (mass spec grade) was obtained from Promega. The
aluminum-backed silica TLC plates were purchased from Whatman. Iodogen reagent and
BCA protein assay kit were obtained from Pierce. HiTrap-ANX, PD-10, and L1 chip were
purchased from GE Healthcare Sciences. All other reagents were obtained from Fisher or
RPI, unless otherwise noted.

Preparation of recombinant PMT (rPMT)
rPMT (residues 1–1285) and PMT-C (residues 577–1285), each with an N-terminal His6-
tag, respectively cloned into pTrcHis and pET33b vector, and PMT-N (residues 1–568) with
a C-terminal His6-tag cloned into pET21 vector, were expressed and purified using
previously published methods [8]. Briefly, proteins were expressed in E. coli under IPTG
induction. Cells were harvested and lysed using sonication, and proteins were purified using
a nickel affinity (His-Select) and anion exchange chromatography (ANX), and then desalted
using a PD-10 column. Concentrations were measured via BCA assay and verified via
densitometry on a 10% SDS-PAGE gel with BSA as reference.

Labeling of rPMT, PMT-N and PMT-C with [125I] sodium iodide
A PD-10 column was equilibrated by washing with 20 mL of PBS, blocked with BSA (a
solution of 10 mg in 1 mL PBS), then washed again with 20 mL PBS. [125I]Sodium iodide
(100 μCi) was added to a 2-mL screwed-capped centrifuge tube precoated with 50 μg of
Iodogen, and the protein to be labeled (50 μg) was added, followed by PBS for a total
volume of 100 μL. The tube was incubated at room temperature for 3 minutes, with
occasional swirling. The contents of the tube were applied to the PD-10 column, and 10 μL
of NaI (1 g/mL) was added quickly to the column to dilute any remaining free label. The
labeled protein was eluted from the column in 12 × 0.5 mL fractions of PBS. Fractions
containing the labeled protein (#6–9) were combined and mixed with BSA (10 mg in 1 mL
of PBS) in a screw-capped 15-mL polypropylene tube. The labeled protein was stored at 4°C
until use. Functional viability of 125I-rPMT to bind to and enter cells and traffic to
endosomes was confirmed by subcellular fractionation (Supplementary Figure S7).
Functional viability of 125I-PMT-N to bind membrane lipids on TLC plates was confirmed
by competition with unlabeled PMT-N (Supplementary Figure S8).
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Cell culture
Vero, HEK-293T, NG108-15 or Swiss 3T3 cells were cultured and maintained at 37°C and
5% CO2 in DMEM, pH 7.4, supplemented with 10% heat-inactivated BGS, 100 U/mL
penicillin G, and 100 μg/mL streptomycin.

Subcellular fractionation
Swiss 3T3 cells, maintained as above, were plated onto 6-well plates at a density of 0.3 ×
106 cells/well and incubated for two days prior to toxin treatment. For toxin treatment,
medium was replaced with fresh, cold DMEM medium containing 125I-rPMT (50 μg/mL)
and incubated on ice for 30 min, then at 37°C for 4 hrs. Cells were washed thrice with cold
PBS, harvested by centrifugation at 4°C and 3,000 × g, followed by suspension in 0.5 mL
cold sucrose buffer (250 mM sucrose, containing 0.5 mM EDTA and 1X PI) and
homogenized by passing 30 times through a 26-gauge needle. The homogenate was
centrifuged for 10 min at 800 × g and 4°C to separate nuclear pellet (P) and supernatant (S)
fractions. The S fraction was then further fractionated by gradient centrifugation, starting
with a mixture of the S fraction in 50% Opti-prep solution at the bottom and step-wise
addition of 40%, 30%, 20% and 10% Opti-prep solutions (total volume of 12 mL), followed
by centrifugation at 88,000 × g for 18 hrs at 4°C using a SW-40Ti rotor (Beckman).
Fractions (1 mL) were collected and separated by SDS-PAGE and subjected to either
Western blot analysis using anti-EEA1 as primary antibody or phosphorimager (Fuji
FLA-3000) analysis using Fujifilm Image Gauge software to detect radiolabeled PMT.

Ames test for phosphate contents in lipid extracts
The phosphate content in phospholipids and lipid extracts was determined by using the
Ames phosphate assay [53]. Briefly, 0.01–0.1 mL of sample was mixed with 0.03 mL of
10% Mg(NO3)2 solution in absolute ethanol in a 10-mL glass tube. The mixture was dried
and ashed behind a safety shield in a fume hood by shaking the tube over a flame until
brown fumes disappeared. After cooling the tubes to room temperature, 0.3 ml of 0.5 N HCl
was added to each tube and incubated for 15 min at 95°C. The tubes were allowed to cool
down to room temperature and 0.7 ml of reaction mixture (6:4:1 ratio of 0.42% ammonium
molybdate:water:20% ascorbic acid) was added to each tube. The tubes were then incubated
at 45°C for 20 min, and the absorbance was read at 820 nm. The concentrations of
phosphate in the samples were determined using a standard curve generated from serial
dilutions of a known phosphate standard.

Preparation of total cellular lipids for TLC analysis
Confluent monolayers of Vero, HEK-293T or NG108-15 cells, maintained as above, were
collected, washed and resuspended in PBS (3 mL per 150 mm culture dish used). To 1 mL
of resuspended cells, 1 ml of a 1:1 chloroform:methanol mixture was added, and the lipids
were extracted from the cells by a combination of sonication, vortexing, and pipetting,
followed by incubation at room temperature overnight. The mixture was centrifuged at
16,000 × g for 5 minutes, and the supernatant was transferred to a new tube, dried by
SpeedVac, and stored at −20°C until use.

Thin layer chromatography for phospholipids and overlay with radio-labeled rPMT, PMT-N
or PMT-C

Aluminum-backed silica-gel TLC plates (6.5 cm × 10 cm) were loaded with lipid samples
(50 nmoles phosphate equivalent) and dried for 1 hr under vacuum in a desiccator. The
plates were then developed in a TLC chamber with a solvent system of 80:20:2,
70:30:3,70:25:4, or 25:20:3 (v/v/v, chloroform/methanol/0.05% CaCl2 in distilled water).
Plates were then dried and either stained with 10% cupric sulfate solution (in 8% phosphoric
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acid) or used for overlay experiments. For overlay experiments, the dried plates were
blocked in 1% BSA in PBS (10 mM Na2HPO4, 1.8 mM KH2PO4, 136 mM NaCl, 2.6 mM
KCl). The BSA-blocked TLC plates were transferred into an overlay solution (125I-labeled
rPMT, PMT-N, or PMT-C in 15 ml PBS) and incubated for 2 hr at 37°C with a gentle
rocking. Plates were then washed four times with ice-cold PBS and dried for 1 hr by heating
gently under a 40-Watt light bulb. The plates were then stored in phosphorimager cassettes
overnight, and the image was visualized using phosphorimager analysis. After the radio
image was acquired, all the lipid spots on the TLC plate were visualized by CuSO4 staining.
The corresponding CuSO4-stained images were recorded with a desktop scanner and
compared to the phosphorimager-generated images.

Purification of lipid components in cell membrane
Large-scale lipid purification was performed using silica-gel chromatography. Fresh bovine
trachea (~300 g) were diced and placed in a blender with 700 mL distilled water. After
blending the tissues, the mixture was centrifuged for 5 min at 2,500 × g. The supernatant
was discarded. Four samples of 20 g each were resuspended in 100 ml of a 1:1 mixture of
chloroform:methanol (v/v). After overnight extraction on a rocker at room temperature, the
insoluble fractions were removed by centrifugation for 5 min at 2,500 × g. The extracts were
then combined and evaporated under vacuum. The dried lipids were resuspended in 50 mL
of a mixture of 1:1 chloroform:methanol (v/v) and loaded onto a column containing 40 ml of
silica gel. Phospholipid components A, B, C and D were eluted from the column with a 10%
stepwise chloroform/methanol gradient from 100:0 to 0:100 (v/v), and 10 ml fractions were
pooled, according to TLC analysis, and allowed to evaporate in a fume hood. Some of the
pooled fractions were further purified with appropriate chloroform/methanol mixtures to
resolve into additional components.

Preparation of liposomes for solution binding
Liposomes were prepared by first mixing 0.1 mg of cholesterol and 0.9 mg of phospholipid,
either PC, SM, PE, PS, PC/SM (3:1), PC/PE (3:1) or PC/SM (3:1) in the form of freshly
prepared solutions in 50:50 chloroform/methanol (v/v) into a 2-mL microfuge tube. Some
mixtures contained additional 0.1 mg of a mixture of GM1, GM2 and GM3. The mixture was
dried under vacuum for 1 hr using a SpeedVac. The film of dried lipids was then rehydrated
with 1 mL of ice-cold PBS for 1 hr and resuspended by vortexing (2 × 30 sec) and short
pulses of ultrasonication in a bath (Branson). The opaque, large multi-lamellar vesicles
(MLV) were stored at −80°C. Immediately before use, frozen liposomes were sonicated
using a bath sonicator (Branson 1200) for 10 min to produce small uni-lamellar vesicles
(SUV). The SUV suspension (100 μL) so prepared was then incubated with 10 μg of
purified rPMT for 1 hr at 4°C and then centrifuged for 10 min at 30,000 × g. For
quantitation, the pellets were resolubilized with 100 μL of SDS-PAGE sample buffer, and
20 μl of each was removed and analyzed by 10% SDS-PAGE, using 1% of the total
supernatant from a mock treatment as a reference on the same gel. Images of the Coomassie
Blue-stained gels were analyzed by using both Adobe ImageMeter and ImageJ software,
where the correlation between the two methods was 0.86. The mean value of the two
methods was used for analysis shown in Figure 5b.

Preparation of liposomes for surface plasmon resonance
Lipids, PC only, PC/PS (1:1) or PC/SM (1:1), in powder form were weighed and re-
suspended in 10 mM Tris-HCl buffer, pH 7.4, to a final concentration of 20 mM of lipid.
The flask was purged with nitrogen and sealed before sonication for 1 hr using a bath
sonicator. The resulting vesicles were extruded 19 times through a 100-micron pore using
the extruder kit from Avanti Polar Lipids. SUVs were aliquoted, flash frozen and stored at
−20°C before use.
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Isolation of membranes from HEK-293T cells
Membranes were purified using a modified protocol utilizing density centrifugation to
isolate membrane fractions from whole cell lysates [54]. Briefly, HEK-293T cells grown to
confluence in DMEM with 10% BGS under 5% CO2 at 37°C were harvested and
centrifuged at 2,500 × g. A volume of 2 mL of cell pellets was resuspended in 20 mL of
Tris-Mg2+ buffer (TM, 100 mM Tris-HCl, 10 mM MgSO4, pH 7.4) and homogenized using
10 strokes of a Dounce homogenizer, and converted into an 8.5% sucrose solution by
addition of 4.5 mL of 60% sucrose. The membranes and whole cells were pelleted for 15
min at 2,000 × g and washed 3x with 40 mL of TM with 8.5% sucrose. Sucrose was added
to the pellet to make a 45% sucrose solution. An equal volume of 40%, 35% and 8.5%
sucrose solutions were overlayed on top in sequence. The solution was centrifuged for 10
min at 70,000 × g at 4°C using an SW-40Ti rotor. The band at the 35–40% interface was
collected and diluted with two volumes of TM buffer, pH 8.6, and centrifuged at 2,500 × g
for 20 min. The ghosts were resuspended in 6 mL of TM-sucrose solution. The membranes
were sonicated briefly (10 sec at power level 5.5 using Sonifier Cell Disrupter, Model 185D,
Heat Systems, Ultrasonics Inc.) to form vesicles. Residual amount of heavy organelles was
pelleted by centrifugation at 2,000 × g for 15 minutes. The supernatant was collected, and
the protein content was measured via BCA assay. Vesicles were flash frozen and stored at
−20°C until use.

Surface plasmon resonance analysis using Biacore 3000
All four flow cells in the L1 chip were primed with 20 mM CHAPS, pH 7.4, between trials.
All trials were run at 25°C. Membrane extracts were loaded by lowering the pH to ~4.5
using sodium acetate buffer and injecting at 2 μL/min in Biacore buffer (autoclaved, sterile
filtered and degassed 50 mM Tris-HCl, 150 mM NaCl, pH 7.4). Reconstituted membrane
vesicles were loaded at a concentration of 500 μM in Biacore buffer at 5 μL/min. The
loading was continued until less than 1 RU/sec baseline increase was observed (~30–45
min). The surface of the membrane was then conditioned using 1 M NaCl (at a flow rate of
20 μL/min for 2 min). Non-specific binding sites were blocked with BSA (0.5 mg/mL, at a
flow rate of 5 μL/min for 5 min). After re-equilibration of the L1 chip with buffer,
increasing concentrations of PMT-N were added to the L1 chip. Concentrations of PMT-N
injected onto the L1 chip surface were 7.5 nM, 75 nM, 750 nM, 3.75 μM, or 7.5 μM, and in
some cases, where necessary, 15 μM at a flow rate of 5 μL/min for 4 min for all
reconstituted vesicles and for 5 min for all cell membrane isolates (see Figure 6A).
Dissociation for at least 2 min by washing with Biacore buffer without PMT occurred before
injection of the next highest concentration of PMT. Chips were washed between
experiments thrice with 20 mM CHAPS, pH 7.4, followed by 1X Trypsin-EDTA solution.

Treatment of membranes on L1 chip with enzymes
Membranes on the L1 chip were treated with 0.1 U/μL of SMase, PLDCab, or PLDSc or
with 0.20 μg/μL of MS-grade trypsin in Biacore buffer by applying to the surface at a flow
rate of 1 μL/min for 30 min. Enzymes were removed by washing with 1 M NaCl, followed
by Biacore buffer. These enzyme-treated membranes were used for SPR experiments. In
some instances, after sequential PMT-binding/dissociation events using SMase or PLDCab-
treated membranes, the membrane were then treated with trypsin (0.2 μg/μL) at a flow rate
of 1 μL/min in Biacore buffer for 30 min to remove residual PMT-N and cleavable protein
components of the membrane, followed by washing with Biacore buffer. The resulting
lipase/trypsin-treated membranes were then used for further SPR experiments for PMT-N
binding.
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Analysis of SPR sensorgrams
The sensorgram of each association (binding) phase was analyzed according to a two-
component exponential curve model, where the resonance signal R(t) at time point t is

(Eq. 1)

One of these two components represents a rapid on-off binding process and the other a slow
on-off binding. Each of these two components can be further resolved, according to the
kinetic analysis of O’Shannessy et al. [43], where the resonance signal R(t) at time t is

(Eq. 2)

and where C is the concentration of ligand, Rmax is the maximum resonance signal
corresponding to the maximal binding Bmax, and kon and koff are the association and
dissociation rates, respectively. We added a ligand concentration-dependent correction term,
ΔRc, for Rmax. For the slow on-off phase, bound ligand was not completely dissociated
before a higher concentration of ligand was applied in sequence. To correct for this, a
baseline adjustment was made. This correction was equal to the residual resonance R′min
after treatment of ligand at the previous concentration C′, which was subtracted from the
Rmax and added back into the total signal. For the rapid on-off component, an equilibrium
was quickly reached, so R′min = 0. The detailed curve fitting equation was described as

(Eq. 3)

For the dissociation phase, the sensorgram was treated as a sum of two dissociation
components and described as

(Eq. 4)

The segments from a sensorgram of 4 or 5 continuous association events were
simultaneously fitted to equations 1, 3 and 4 with constant Rmax(A), kon(A), koff(A) and
Rmax(B); kon(B), koff(B) and 5 concentration-dependent ΔRC values for Rmax(A) and for
Rmax(B). The curve fitting was solved using a nonlinear least squares method calculated in
Solver in Excel through minimization of the sum of the squares. For the rapid on-off
component, the ligand concentration-dependent apparent maximum for each concentration
at equilibrium, Rmax(C) = Rmax + ΔRC, was fitted to a thermodynamic equilibrium model,
according to the Langmuir isotherm,

(Eq. 5)

where KD was the dissociation constant at thermodynamic equilibrium.
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Abbreviations

rPMT recombinant Pasteurella multocida toxin

PMT-N N-terminal fragment of PMT (residues 1–568)

PMT-C C-terminal fragment of PMT (residues 577–1285)

PC phosphatidylcholine

PE phosphatidylethanolamine

PS phosphatidylserine

PI phosphatidylinositol

PG phosphatidylglycerol

SM sphingomyelin

SMase Bacillus cereus sphingomyelinase

PLD phospholipase D

PLDSc PLD from Streptomyces chromofuscus

PLDCab PLD from cabbage

GM monosialoganglioside

PGM porcine ganglioside mixture

LacCer lactosyl ceramide

GalCer galactosyl ceramide

GlcCer glucosyl ceramide

CerI ceramide I

CerII ceramide II

CHL cholesterol

MG monoglyceride

DG diglyceride

SPR surface plasmon resonance

RU SPR resonance units

TLC thin-layer chromatography

T trypsin

DMEM Dulbecco’s modified eagle medium

BGS bovine growth serum
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MLV multilamellar vesicles

SUV small unilamellar vesicles
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Figure 1. Binding of PMT to cellular membrane components
(A) Total cell membrane extracts (50 nmol phosphate equivalent) developed in a solvent
system of 75:25:4 (see experimental section). (B) Purified cell membrane components (10
nmol phosphate equivalent) developed in a solvent system of 75:25:4. (C) Purified
gangliosides and porcine ganglioside mixture (PGM, 20 μg) developed in a solvent system
of 25:20:3. Right panels are images of overlays with the indicated radiolabeled proteins
recorded by phosphorimager. Left panels are images of the corresponding LC plates
subsequently stained with CuSO4.
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Figure 2. Binding of PMT and PMT fragments to phospholipids
Images of TLC plates loaded with cell membrane lipids (50 nmol phosphate equivalent) and
purified phospholipids (10 nmol phosphate equivalent each), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) and
sphingomyelin (SM) and developed in a solvent system of 75:25:4 (see experimental
section). Right panels are images of overlays with the indicated radiolabeled proteins
recorded by phosphorimager. Left panels are images of the corresponding LC plates
subsequently stained with CuSO4.
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Figure 3. Relative affinity of PMT binding to phospholipids and lactosylceramide
Images of TLC plates loaded with incremental amounts of lactosylceramide (LacCer) and
developed in a solvent system of 85:15:1 (see experimental section) or with
phosphatidylethanolamine (PE), phosphatidylcholine (PC) and sphingomyelin (SM) and
developed in a solvent system of 75:25:4. Right panels are images of overlays with the
indicated radiolabeled proteins recorded by phosphorimager. Left panels are images of the
corresponding LC plates subsequently stained with CuSO4.

Brothers et al. Page 20

FEBS J. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Binding of PMT and PMT fragments to gangliosides
Shown are representative images of TLC plates: (lanes 1–3) cell membrane lipid extracts as
indicated (50 nmol phosphate equivalent); (lane 4) a ganglioside mixture (20 μg) containing
mostly GM1, GD1a, GD1b, GT1b and lesser amounts of GM2 and GM3; (lane 5) purified
GM1 (10μg); and (lane 6) purified GM3 (10μg). The labeled band in the three lanes for
cellular membrane lipids corresponds to the lipid component B (PC). Only PMT-C bound
GM1 and other more polar gangliosides. All TLC plates were developed in a solvent system
of 25:20:3 (see experimental section). Right panels are images of overlays with the indicated
radiolabeled proteins recorded by phosphorimager. Left panels are images of the
corresponding TLC plates subsequently stained with CuSO4.
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Figure 5. Binding of rPMT to liposomes
(A) Shown are representative images from more than 3 independent repeats of Coomassie
Blue-stained 10% SDS-PAGE analyses of pellets from pull-down experiments using the
indicated liposomes, as described under Methods. The control (CTL) was from the pellets of
a mock treatment of PMT solution without liposomes. (B) Quantitative analysis of the
amount of rPMT bound to the indicated liposome preparations from 3 independent repeats
of pull-down experiments similar that in (A), as described under Methods.
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Figure 6. SPR traces of PMT binding to liposomes
Example of traces generated using SPR from reconstituted lipids. Membrane vesicles were
generated and loaded onto a L1 chip, as described in the experimental section. (A) Shown is
an SPR trace for PC vesicles with initial injection of 3.75 μM BSA (labeled as B) followed
by dissociation (indicated by downward arrows) and injections of PMT (labeled as 1–5) at
concentrations of 7.5 nM, 75 nM, 750 nM, 3.75 μM, and 7.5 μM punctuated with
dissociation events. Also shown are example traces from all four channels of the L1 chip
preloaded with (B) PC, (C) PC/PS or (D) PC/SM vesicles, followed by 5 serial PMT-N
injection-dissociation events, similar to the sequence shown in (A).
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Figure 7. SPR traces of PMT binding to cell membranes and enzyme-treated cell membranes
Shown are representative sets of traces recorded from all four channels of the L1 chip,
preloaded with (A) native membranes, or membranes treated with (B) trypsin, (C) SMase,
(D) SMase and trypsin, (E) PLDCab, (F) PLDCab and trypsin, or (G) PLDSc. Four graphs
shown in each row are the recorded traces (Exp.), the calculated curves (Calc. Total), the
calculated curve for the rapid components (Calc. Rapid), and the calculated curves for the
slow components (Calculated Slow), generated as described in the experimental section. For
the native membranes, PMT-N at concentrations of 75 nM, 750 nM, 3.75 μM, or 7.5 μM
were used (four binding-dissociation events). For all other membranes, an additional 15 μM
concentration was used (5 binding-association events).
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Table 2

Potential receptors for PMT screened by TLC-overlay method.

Binding at 37°C Binding at 4°C Note

Glycosphingolipids

GM1 − +/− +/−, PMT-C only

GM2 − +/−

GM3 − +

GA1 +/− + Asialo-form of GM1

GA2 − + Asialo-form of GM2

GA3 (LacCer) ++ ++ Asialo-form of GM3

GD1a − − +/−, PMT-C only

GD1b − − +/−, PMT-C only

GT1b − − +/−, PMT-C only

Trihexoside (Gb3) − +

Globoside (Gb4) − −

Ceramide I (Cer I) +

Ceramide II (Cer II) +

GalCer +

GlcCer +

Phospholipids

PC ++ +/−, PMT-C only

PE + +, rPMT, PMT-N only

PI +/− +/−, rPMT, PMT-C only

PS −

SM +++ +/−, PMT-C only

Others

Cholesterol +

Stearic acid +

Monoglyceride +

Diglyceride +

A qualitative score was given for lipids that always bound well (+, ++, or +++), that bound weakly or not always bound (+/−), or that never bound
(−).
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