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Abstract

Cholera toxin (Ctx) is an AB-type protein toxin that acts as an ADP-ribosyltransferase to disrupt 

intracellular signaling in the target cell. It moves by vesicle carriers from the cell surface to the 

endoplasmic reticulum (ER) of an intoxicated cell. The catalytic CtxA1 subunit then dissociates 

from the rest of the toxin, unfolds, and activates the ER-associated degradation system for export 

to the cytosol. Translocation occurs through an unusual ratchet mechanism in which the cytosolic 

chaperone Hsp90 couples CtxA1 refolding with CtxA1 extraction from the ER. Here, we report 

that Hsp90 recognizes two peptide sequences from CtxA1: an N-terminal RPPDEI sequence 

(residues 11–16) and an LDIAPA sequence in the C-terminal region (residues 153–158) of the 192 

amino acid protein. Peptides containing either sequence effectively blocked Hsp90 binding to full-

length CtxA1. Both sequences were necessary for the ER-to-cytosol export of CtxA1. Mutagenesis 

studies further demonstrated that the RPP residues in the RPPDEI motif are required for CtxA1 

translocation to the cytosol. The LDIAPA sequence is unique to CtxA1, but we identified an 

RPPDEI-like motif at the N- or C-termini of the A chains from four other ER- translocating toxins 

that act as ADP-ribosyltransferases: pertussis toxin, Escherichia coli heat- labile toxin, 

Pseudomonas aeruginosa exotoxin A, and Salmonella enterica serovar Typhimurium ADP-

ribosylating toxin. Hsp90 plays a functional role in the intoxication process for most, if not all, of 

these toxins. Our work has established a defined RPPDEI binding motif for Hsp90 that is required 

for the ER-to-cytosol export of CtxA1 and possibly other toxin A chains as well.

1. INTRODUCTION

AB protein toxins contain an enzymatic A moiety and a cell-binding B moiety (Zuverink 

and Barbieri, 2018). They are released into the external environment but attack targets within 

the cytosol of a host cell. To reach their cytosolic targets, AB toxins bind to the surface of a 

host cell and are internalized by receptor-mediated endocytosis. Some toxins respond to the 

acidified lumen of the endosomes with a conformational change in the B subunit that forms 

a protein-conducting channel in the endosome membrane. The A subunit then utilizes the 

toxin-generated pore to access the cytosol (Barth et al., 2004). Other AB toxins travel to the 
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endoplasmic reticulum (ER) before holotoxin disassembly and A chain passage into the 

cytosol through an endogenous translocon pore in the ER membrane (Teter, 2013).

Cholera toxin (Ctx) is a prototypical AB-type, ER-translocating toxin that consists of a 

catalytic A1 subunit, a helical A2 linker, and a ring-like B homopentamer (Heggelund et al., 
2015). CtxAl dissociates from the rest of the toxin in the ER and spontaneously unfolds at 

physiological temperature (Orlandi, 1997; Tsai et al., 2001; Pande et al., 2007). This 

activates the ER-associated degradation (ERAD) system for export to the cytosol (Teter and 

Holmes, 2002; Teter et al., 2003; Massey et al., 2009; Taylor et al., 2011). Toxin 

translocation occurs through an unusual ratchet mechanism in which the cytosolic 

chaperones Hsp90 and Hsc70 couple CtxA1 refolding with CtxA1 extraction from the ER 

(Burress et al., 2014)1. Continued association of Hsp90 with the cytosolic pool of CtxA1 

maintains the toxin in a folded, active conformation for the ADP-ribosylation of its G 

protein target (Banerjee et al., 2014; Burress et al., 2014). The stability of chaperone-

associated CtxA1, along with the paucity of CtxA1 lysine residues for ubiquitin conjugation, 

allows the toxin to evade the ubiquitin-dependent proteasomal degradation that usually 

accompanies ERAD-mediated export to the cytosol (Hazes and Read, 1997; Rodighiero et 
al., 2002; Pande et al., 2007).

Hsp90 is also active in the endosome-to-cytosol translocation of AB-type ADP-ribosylating 

toxins (ADPRTs), but it is not required for the endosomal translocation of most AB toxins 

with different catalytic activities (Haug et al., 2003; Ratts et al., 2003; Haug et al., 2004; 

Dmochewitz et al., 2011; Kaiser et al., 2011; Lang et al., 2014; Azarnia Tehran et al., 2017; 

Schuster et al., 2017; Steinemann et al., 2018). Likewise, Hsp90 is not needed to complete 

the intoxication process for three ER-translocating toxins that are not ADPRTs: Shiga toxin 

1 (Stx1), Shiga toxin 2 (Stx2), and ricin (Spooner et al., 2008; Taylor et al., 2015). It has 

accordingly been suggested that Hsp90 recognizes a conserved feature in the catalytic A 

chains of ADPRTs (Barth, 2011; Ernst et al., 2016).

Hsc70 recognizes a YYIYVI sequence in CtxA1 that spans residues 83–88 of the 192 amino 

acid protein1. Specific CtxA1 binding motifs for Hsp90 have not yet been identified. Here, 

we report that Hsp90 recognizes two distinct peptide sequences from CtxA1: an N-terminal 

RPPDEI sequence (residues 11–16) and an LDIAPA sequence in the C-terminal region 

(residues 153–158) of the protein. This is the first time Hsp90 has been shown to interact 

with defined amino acid sequences. The LDIAPA sequence is unique to CtxA1, but we 

identified an RPPDEI-like motif at the N- or C-termini of the A chains from several ER-

translocating ADPRTs. In contrast, the RPPDEI motif was absent from ER-translocating 

toxins that are not ADPRTs and all endosome-translocating toxins. This indicates Hsp90 

recognizes a conserved sequence in ER-translocating ADPRTs but interacts with a different 

feature of endosome- translocating ADPRTs. The location of the Hsp90 and Hsc70 binding 

sites in CtxA1 suggests a model of CtxA1 translocation that involves (i) extraction of CtxA1 

from the ER in an N-terminal to C-terminal direction; (ii) initial contact of Hsp90 with the 

1Helen Burress, Alisha Kellner, Jessica Guyette, Suren A. Tatulian, and Ken Teter. “HSC70 and HSP90 Chaperones Perform 
Complementary Roles in Translocation of the Cholera Toxin A1 Subunit from the Endoplasmic Reticulum to the Cytosol”. under 
revision.

Kellner et al. Page 2

Cell Microbiol. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



N-terminus of CtxA1 as the toxin emerges from the translocon pore; (iii) subsequent 

interaction between Hsc70 and an internal region of CtxA1; and (iv) further interaction 

between Hsp90 and a C-terminal region of CtxA1. Identification of the Hsp90 binding sites 

in CtxA1 has thus provided additional insight into Hsp90 chaperone biology as well as the 

mechanism of toxin translocation from the ER to the cytosol.

2. RESULTS

2.1 Hsp90 recognizes two distinct sites in CtxA1

To identify the CtxA1 binding site(s) for Hsp90, we generated a series of peptides that 

contained overlapping amino acid sequences from the entire length of the CtxA1 subunit. 

Peptides mimic the conformation of CtxA1 as it emerges from the cytosolic face of the ER 

translocon pore in an unfolded/linearized state. As summarized in Table 1, Hsp90 bound two 

pairs of consecutive peptides spanning CtxA1 amino acid residues 1–26 and 143–168. 

Hsp90 did not bind to any of these peptides in the absence of ATP (not shown), which was 

consistent with the ATP-dependent nature of Hsp90 chaperone function (Li et al., 2012) and 

confirmed the specificity of our observed interactions. The lack of chaperone interaction 

with the majority of screened peptides further suggested the binding of Hsp90 to select, 

consecutive peptides was a specific event.

Each pair of consecutive peptides identified as hits from the primary screen shared an 

overlapping sequence of six amino acids: RPPDEI or LDIAPA. In a secondary screen (Table 

2), we documented Hsp90 binding to an RPPDEI hexapeptide but not to the sequences 

flanking RPPDEI (residues 1–10 and 17–26). Hsp90 only bound to RPPDEI in the presence 

of ATP (not shown), which again demonstrated the specificity of the interaction. The second 

overlapping sequence for Hsp90 recognition (LDIAPA) could not be generated as a soluble 

hexapeptide, most likely due to its hydrophobic character. However, GYRDRYYSN and 

ADGYGLAGFP peptides that lacked the shared LDIAPA motif (residues 143–152 and 159–

168) could not bind to Hsp90 (Table 2). We therefore concluded that Hsp90 specifically 

recognizes the RPPDEI and LDIAPA sequences from CtxA1.

A competition assay further established the specificity of our identified interactions (Fig. 1). 

For this experiment, Hsp90 was perfused over an SPR sensor coated with CtxA1. Hsp90 

bound to CtxA1 in the absence of peptide and in the presence of a peptide that contains the 

YYIYVI binding motif for Hsc70. In contrast, pre-incubation with the RPPDEI hexapeptide 

or RGYRDRYYSNLDIAPA peptide prevented Hsp90 from binding to CtxA1. Our 

collective observations thus identified two specific amino acid sequences from CtxA1 that 

are recognized by Hsp90: residues 11–16 (RPPDEI) and 153–158 (LDIAPA).

2.2 Both Hsp90 binding sites in CtxA1 are required for toxin translocation to the cytosol

A plasmid-based expression system was used to determine whether one or both of the Hsp90 

binding sites in CtxA1 is necessary for the translocation event. With this system, an N-

terminal leader sequence directs CtxA1 for co-translational insertion into the ER lumen 

(Teter et al., 2002). The leader sequence is cleaved in the ER, and the mature CtxA1 

polypeptide is subsequently exported from the ER to the cytosol. Translocation is monitored 
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through the accumulation of CtxA1 in the cytosolic fraction from digitonin-permeabilized 

cells (Massey et al., 2009). As shown in Figure 2a, centrifugation of digitonin-permeabilized 

cells partitioned the cell extract into a cytosol-containing supernatant and a pellet containing 

intact ER membrane. Western blot analysis detected wild-type CtxA1 in both the membrane 

and cytosol fractions from transfected CHO cells (Fig. 2b). In contrast, CtxAl truncations 

lacking either the N-terminal (CtxA117–192) or C-terminal (CtxA11–133) Hsp90 binding site 

were not found in the cytosolic fraction. These deletion constructs were only found in the 

membrane fraction containing intact endomembrane organelles such as the ER. None of 

these constructs were detected in the extracellular medium of transfected cells (data not 

shown). A previous study reported the A13 subdomain of CtxAl, which encompasses amino 

acids 162–192, is not required for toxin translocation to the cytosol (Teter et al., 2006). We 

confirmed that observation here: transfected CtxA11–169 was detected in the cytosolic 

fraction, indicating ER-to-cytosol export had occurred. Neither Hsp90 binding site, nor the 

YYIYVI binding site for Hsc70, is located in the A13 subdomain. These collective results 

indicated both Hsp90 binding sites are required for the ER- to-cytosol export of CtxA1.

2.3 An Hsp90 binding motif in ER-translocating ADPRTs

Our collective data support a model of CtxA1 translocation in which Hsp90 binds to the N-

terminal RPPDEI motif as soon as the toxin emerges at the cytosolic face of the ER 

translocon pore. This allows Hsp90 to initiate the refolding process that extracts CtxA1 from 

the ER. Hsp90 is thought to recognize a conserved feature of ADPRTs (Barth, 2011; Ernst et 
al., 2016), so we looked for an N-terminal RPPDEI sequence in the A chains of other ER-

translocating toxins. As shown in Figure 3, sequence alignments identified this motif in 

three additional toxins: Escherichia coli heat-labile toxin (Ltx), pertussis toxin (Ptx), and 

Salmonella enterica serovar Typhimurium ADPRT (ArtAB). The A chains from 

Pseudomonas aeruginosa exotoxin A (EtxA), Stx1, Stx2, and ricin do not contain an N-

terminal RPPDEI-like motif. EtxA is an ADPRT, whereas Stx1, Stx2, and ricin have 

different catalytic mechanisms (Melton-Celsa, 2014; Michalska and Wolf, 2015; Spooner 

and Lord, 2015). An SPR-based assay documented the specific binding of Hsp90 to N-

terminal toxin sequences with the RPPDEI motif (Fig. 3). Thus, a shared N-terminal binding 

site for Hsp90 is found in a subset of ADPRTs that move from the ER to the cytosol.

We next examined each toxin A chain from Figure 3 for additional Hsp90 binding sites 

along the full-length protein. LtxA1, which is highly homologous to CtxA1 (Heggelund et 
al., 2015), contains an LNIAPA sequence spanning residues 153–158 of the 192 amino acid 

protein. No LDIAPA motif was identified for any other toxin. No internal RPPDEI motif 

was found in an N-to-C-terminal orientation for any toxin, but the C-terminus of EtxA 

contains an RPPDEI-like sequence in reverse order: PGKPPREDL (Fig. 4a). Using our 

SPR-based system, we confirmed the C-terminus of EtxA interacts with Hsp90/ATP. As seen 

with our SPR screens of other toxin-derived peptides, Hsp90 did not bind to EtxA in the 

absence of ATP (Fig. 4b). These observations suggest EtxA exits the ER in a C-terminal to 

N-terminal direction, which would expose its C-terminus to the cytosol in the LDERPPKGP 

orientation.
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Surprisingly, the A chains of endosome-translocating toxins do not contain an RPPDEI 

motif. This includes several ADPRTs known to interact with Hsp90 (Table 3). The LDIAPA 

binding motif for Hsp90 was likewise absent from endosome-translocating toxins. The 

recognition of endosome-translocating ADPRTs by Hsp90 thus appears to be distinct from 

the process involving ER-translocating ADPRTs.

2.4 A functional role for Hsp90 in Ptx intoxication

The shared RPPDEI motif in ER-translocating ADPRTs suggested a common role for Hsp90 

in the intoxication process for each of these toxins. The role of Hsp90 in CtxA1 

translocation is well-established (Taylor et al., 2010; Burress et al., 2014), and we have 

published preliminary data linking Hsp90 function to the cytotoxic activity of EtxA (Taylor 

et al., 2015). Additional experiments established an active role for Hsp90 in the Ptx 

intoxication process (Fig. 5). As expected, Hsp90 directly bound to disordered PtxSl in an 

ATP-dependent manner (Fig. 5a). To detect a cellular role for Hsp90 in Ptx intoxication, 

CHO cells were incubated with Ptx for 3 h in the absence or presence of the Hsp90 inhibitor 

geldanamycin (GA). Control cells were either unintoxicated or intoxicated in the presence of 

brefeldin A (BfA), a drug that blocks Ptx trafficking to the ER translocation site (Xu and 

Barbieri, 1995; el Baya et al., 1997; Plaut and Carbonetti, 2008; Banerjee et al., 2016). Cell 

extracts were collected and partitioned into separate organelle and cytosolic fractions. An 

SPR sensor coated with a PtxS1 antibody was then used to detect the cytosolic pool of toxin. 

GA-treated cells contained substantially less cytosolic PtxS1 than untreated cells, thus 

demonstrating the efficiency of PtxS1 delivery to the cytosol is linked to Hsp90 function 

(Fig. 5b).

The loss of Hsp90 function could affect Ptx trafficking to the ER as well as PtxS1 

translocation to the cytosol. The experiment of Figure 5b could not distinguish between 

these possibilities, so we ran an additional assay in which PtxS1 was expressed directly in 

the ER of transfected CHO cells. This approach has been used by other investigators to 

follow the ER-to-cytosol export of PtxS1 (Veithen et al., 2000; Castro et al., 2001), is similar 

to the strategy employed for ssCtxA1 (Fig. 2), and bypasses the upstream toxin trafficking 

events that complicate data interpretation. For this experiment, CHO cells transfected with 

ssPtxS1 expression plasmid were incubated in the absence or presence of GA. The 

membrane and cytosolic fractions from digitonin-permeabilized cells were then probed by 

Western blot to track the intracellular distribution of PtxS1. As shown in Figure 5c, PtxS1 

was found in the cytosol of untreated but not GA-treated cells. Hsp90 is therefore required 

for the ER-to-cytosol export of PtxSl.

2.5 Identification of key residues in the RPPDEI binding motif

The RPP residues in the RPPDEI motif are conserved in the subset of Hsp90-dependent 

ADPRTs that move from the ER to the cytosol (Fig. 3). To determine whether these residues 

play an essential role in toxin translocation, each individual residue was altered in a mutated 

ssCtxAl construct. We then used our transfection/translocation system to assess the impact 

of each mutation on toxin export to the cytosol. As shown in Figure 6, wild-type CtxAl 

could move from the ER to the cytosol and was accordingly detected in both membrane and 

cytosol fractions. In contrast, CtxAl constructs with RVPDEI or RPVDEI mutations were 
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detected in the membrane fraction but were absent from the cytosolic fraction. Point 

mutations that disrupt either of the core RPP proline residues therefore block CtxAl 

translocation to the cytosol. We were unable to express CtxAl with a VPPDEI mutation, but 

a TPPDEI variant of CtxAl was expressed and found exclusively in the membrane fraction. 

All three residues in the RPP sequence are thus required for CtxAl export to the cytosol. 

Interestingly, the catalytic pertussis-like toxin A subunit from typhoid toxin contains an N-

terminal TPPDVI sequence (residues l0 - l5 of the mature polypeptide) (Spano et al., 2008). 

Our results with the TPPDEI variant of CtxAl suggest the pertussis-like toxin A subunit will 

not use an Hsp90-dependent mechanism for its predicted ER-to-cytosol translocation 

pathway (Fowler et al., 2017).

3. DISCUSSION

3.1 Defined amino acid sequences as binding motifs for Hsp90

No specific binding motif for Hsp90 has been identified until now. An interaction with co-

chaperones is thought to dictate Hsp90 substrate specificity (Li et al., 2012; Karagoz and 

Rudiger, 2015; Schopf et al., 2017), but we have shown that Hsp90 can directly bind to the 

RPPDEI and LDIAPA sequences in the absence of co-chaperones. Furthermore, peptides 

containing the RPPDEI or LDIAPA sequences disrupted Hsp90 binding to full-length 

CtxA1. This competitive inhibition indicated the RPPDEI and LDIAPA sequences occupy 

the same general binding site within Hsp90 - otherwise, peptide occlusion of one binding 

site in Hsp90 would not prevent CtxA1 from interacting with Hsp90 at a second, distinct 

binding site within Hsp90.

3.2 A shared Hsp90 binding motif in ER-translocating ADPRTs

Hsp90 is functionally linked to the cellular activity of several ER-translocating ADPRTs 

(Taylor et al., 2015) (Fig. 5). These toxins have an N- or C-terminal RPPDEI-like motif that 

is recognized by Hsp90. In the case of CtxA1, we have shown the RPPDEI motif and Hsp90 

are required for toxin translocation to the cytosol (Taylor et al., 2010; Burress et al., 2014) 

(Fig. 6). Hsp90 is also required for PtxS1 translocation to the cytosol, and it directly binds to 

disordered PtxS1 (Fig. 5). An active role for Hsp90 in the intoxication process for EtxA has 

been established as well (Taylor et al., 2015). The A chains from Ptx and EtxA likely utilize 

their RPPDEI-like motif for Hsp90-driven toxin extraction from the ER, although this 

prediction has not yet been tested. Likewise, we predict the currently unknown ER-to-

cytosol export mechanism for ArtAB (Herdman et al., 2017) will require an interaction 

between Hsp90 and the N-terminal RPPDVI sequence in ArtA.

In addition to the core RPPDEI motif, four additional N-terminal residues are conserved in 

the A chains of Ctx, Ltx, Ptx, and ArtAB (Fig. 3). The YRxDS residues (6–10 in CtxA1) 

could represent an extended YRxDSRPPDEI recognition sequence for Hsp90, but some of 

these residues are also involved with the toxin-catalyzed ADP-ribosylation reaction. For 

example, the enzymatic functions of both CtxA1 and PtxS1 require the YRxDS arginine and 

aspartic acid residues (Barbieri and Cortina, 1988; Burnette et al., 1988; Burnette et al., 
1991; Domenighini et al., 1994; Vadheim et al., 1994). PtxS1 activity also requires the 

RPPDEI arginine residue (Barbieri and Cortina, 1988). Thus, the N-terminal sequences 
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could be conserved for enzymatic activity, Hsp90 binding, or both. Furthermore, the 

conserved N-terminal YR residues in a potential extended consensus sequence are absent 

from the C-terminal Hsp90 binding site in EtxA (Fig. 4a). These considerations do not 

negate the possibility of a larger consensus sequence for Hsp90 binding, but our work 

suggests the RPPDEI residues represent a core binding motif: an RPPDEI hexapeptide was 

recognized by Hsp90 and could act as a competitive inhibitor of Hsp90 binding to full-

length CtxA1, so additional YRxDS residues are not required for the interaction with Hsp90.

3.3 Dual functions for the C-terminal Hsp90 binding motif of EtxA

EtxA contains a C-terminal REDL sequence that enhances toxin transport to the ER by 

serving as an imperfect binding motif for the host KDEL receptor (Chaudhary et al., 1990). 

The arginine residue in the C-terminal REDL sequence is also a component of its Hsp90 

binding motif (Fig. 4a), and the aspartic acid could be part of an extended DERPPKGP 

recognition sequence for Hsp90. The need to maintain a high-affinity interaction between 

Hsp90 and EtxA may have therefore selected the REDL sequence over the related and more 

common KDEL sequence. Interestingly, the REDL sequence is required for EtxA activity 

against cultured cells (Chaudhary et al., 1990) even though EtxA can follow a retrograde 

transport route to the ER that does not involve the KDEL receptor (Smith et al., 2006). Ctx, 

in contrast, does not require the KDEL sequence at the C-terminus of its A2 subunit to elicit 

a cytopathic effect (Lencer et al., 1995). These collective observations suggest the REDL 

sequence is linked to both the intracellular trafficking and Hsp90-driven translocation of 

EtxA.

3.4 Distinct Hsp90-dependent export mechanisms for ER-translocating toxins and 
endosome-translocating toxins

The Barth lab has proposed all ADPRTs utilize Hsp90 for A chain translocation to the 

cytosol. It was further suggested that Hsp90 recognizes a common structural feature of 

ADPRTs (Barth, 2011; Ernst et al., 2016). This model was based upon extensive studies 

with endosome-translocating toxins, but our work has provided further support for the model 

and expanded its scope to include ER-translocating ADPRTs (Taylor et al., 2010; Burress et 
al., 2014; Taylor et al., 2015). In addition, we have identified a shared Hsp90 binding motif 

in the A chains of ER- translocating ADPRTs. This RPPDEI sequence is absent from ER-

translocating toxins that are not ADPRTs and do not utilize an Hsp90-dependent export 

mechanism. Surprisingly, the sequence is also absent from endosome-translocating 

ADPRTs. Hsp90 thus recognizes a common feature of ER-translocating ADPRTs, but it 

must interact with a different feature of endosome-translocating ADPRTs. The molecular 

details of Hsp90-driven toxin export therefore differ to some extent for endosome-

translocating ADPRTs and ER-translocating ADPRTs. Another example of this difference is 

the influence of peptidyl prolyl cis-trans isomerases on the intoxication process: these 

enzymes are required for the activity of endosome-translocating ADPRTs (Barth, 2011; 

Ernst et al., 2016) but are dispensable for the cellular activity of Ctx1. Interestingly, peptidyl 

prolyl cis-trans isomerases do appear to be involved with Ptx intoxication (Ernst et al., 
2018). These collective observations support a general role, with toxin-to-toxin differences, 

for Hsp90, Hsc70, and peptidyl prolyl cis-trans isomerases in A chain translocation for the 

family of ADPRTs.
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3.5 Potential for enhanced cytosolic delivery of exogenous cargo with an RPPDEI tag

Both endosome-translocating and ER-translocating AB toxins have been modified to act as 

vehicles for the delivery of therapeutic cargo to the cytosol of a target cell (Guillard et al., 
2015; Beilhartz et al., 2017). Other toxin variants have been designed as vaccine agents to 

deliver immunogenic proteins into the cytosol for MHC class I antigen presentation (Moron 

et al., 2004). These strategies replace the toxin A subunit with a recombinant protein that is 

shuttled to the intracellular translocation site through its association with the toxin B 

subunit. Yet delivery to the translocation site does not ensure cargo export to the cytosol, 

which is likely inefficient in comparison to toxin A chains that actively exploit host 

mechanisms for passage into the cytosol. Our work suggests the addition of an N- or C-

terminal RPPDEI motif to the recombinant protein in a chimeric toxin could, at least for the 

ER translocation site, facilitate an Hsp90-driven export mechanism and enhanced cargo 

delivery to the cytosol.

3.6 Identification of chaperone binding sites in CtxA1 defines the directionality of toxin 
translocation

ERAD substrates emerge at the cytosolic face of the translocon pore in an unfolded or 

partially unfolded conformation. The use of peptide sequences to screen for Hsp90 binding 

sites in CtxA1 therefore mimicked the probable linearized state of CtxA1 during its ER-to-

cytosol export. Our data strongly suggest Hsp90 is the first chaperone recruited to CtxA1 as 

the toxin exits the ER translocon pore. The refolding of CtxA1 by Hsp90 (Burress et al., 
2014) could then initiate a ratchet mechanism for toxin extraction from the ER: the folded 

N-terminal domain of CtxA1 would no longer fit into the translocon pore, thus preventing 

back-sliding of CtxA1 into the ER. This, in turn, would ensure the unidirectional movement 

of CtxA1 from the ER to the cytosol. Subsequent, sequential binding of Hsc70 to an internal 

segment of CtxA1 (residues 83–88) and Hsp90 binding to a C-terminal region of CtxA1 

(residues 153–158) would continue the refolding process for unidirectional ER-to-cytosol 

extraction from the translocon pore.

Our data support a model for toxin translocation involving an N-terminal to C-terminal 

direction for CtxA1 passage through the ER translocon pore. Consistent with this model, we 

have shown that the C-terminal region of CtxA1 (amino acid residues 169–192) is not 

required for toxin translocation to the cytosol (Teter et al., 2006) (Fig. 2). None of the Hsp90 

or Hsc70 binding sites were missing from this translocation-competent CtxA11–169 deletion 

construct. Further truncation of the C-terminal domain generated a CtxA11–132 construct 

that lacked the LDIAPA binding site for Hsp90 and could not move from the ER to the 

cytosol (Fig. 2). A CtxA117–192 construct that lacked the N-terminal RPPDEI binding motif 

for Hsp90 was also unable to exit the ER. These results demonstrated both Hsp90 binding 

sites in CtxA1 are required for toxin translocation to the cytosol.

Recombinant CtxA1 constructs with N-terminal extensions derived from the E. coli heat-

stable enterotoxin have slightly reduced in vitro activities (0–30 fold less than wild-type 

toxin) but greatly attenuated cellular activities (1,000–100,000 fold less than wild-type 

toxin) (Sanchez et al., 2002). The dramatic reduction of cellular activity was directly related 

to the length of the N-terminal extension: recombinant toxins with longer extensions were 
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less active than recombinant toxins with shorter extensions. Hsp90 must contact the N-

terminal RPPDEI sequence of CtxA1 to initiate the coupled refolding/translocation process, 

so N-terminal extensions to CtxA1 would inhibit toxin export to the cytosol and the resulting 

toxicity. As the length of the N-terminal extension increases, it would become increasingly 

unlikely that the Brownian back-and-forth motion of CtxA1 within the translocon pore 

would allow the RPPDEI sequence to appear at the cytosolic face of the ER membrane for 

recognition by Hsp90. It should be noted, however, that other recombinant CtxA1 constructs 

appended with unstructured peptides at the N-terminus were exported to the cytosol and 

rapidly degraded by the ubiquitin-proteasome system (Wernick et al., 2010). These 

unstructured N-terminal extensions may have diverted CtxA1 to a different, Hsp90-

independent translocation route just as they diverted CtxA1 to the ubiquitin-proteasome 

pathway. Our work has thus generated new insight into the CtxA1 translocation event and 

provided additional context to previous studies on toxin export to the cytosol.

4. EXPERIMENTAL PROCEDURES

4.1 CtxA1 expression and purification

Escherichia coli strain BL21(DE3)pLysS harboring expression plasmid CtxA1-Hisx6/

pET-22(b) was grown overnight at 37°C in Luria broth supplemented with 100 μg/mL of 

ampicillin. The culture was used to inoculate 1 L of Luria broth supplemented with 

ampicillin and was incubated at 37°C until an O.D.600 of 0.6–0.8 was achieved. A final 

concentration of 1 mM IPTG was used to induce protein expression for 18 h at 25°C. The 

culture was centrifuged (6,000 × g for 30 min at 4°C), and the resulting cell pellet was 

resuspended in lysis buffer (20 mM Tris-HCl pH 7.0, 300 mM NaCl, 8 M urea, 0.1% Triton-

X-100, 1% sodium deoxycholate, 100 μg/mL lysozyme). Lysis was allowed to proceed at 

37°C for 20–30 minutes before the lysate was sonicated for 3 minutes. The lysate was 

subjected to a second centrifugation step (16,000 × g for 30 min at 4°C), and the resulting 

supernatant was transferred to equilibrated TALON (Takara Bio, Mountain View, CA) resin. 

The resin and lysate were incubated together overnight at 4°C in the presence of EDTA-free 

protease inhibitor (Pierce Biotechnology, Rockford, IL). The TALON resin was then washed 

3 times with wash buffer (20 mM Tris-HCl pH 7.0, 600 mM NaCl, 8 M urea, 0.1% Triton-

X100) before it was loaded into a gravity column. After an additional wash with extraction 

buffer (20 mM Tris-HCl pH 7.0, 600 mM NaCl, 8 M urea) CtxA1 was eluted from the 

column using an imidazole gradient. Fractions were analyzed for purity by Coomassie 

staining. Fractions containing pure protein were pooled and refolded by step-wise dialysis 

against 20 mM sodium phosphate buffer pH 7.0 with 150 mM NaCl. Final protein 

concentration was assessed using a BCA kit (Pierce Biotechnology). CtxA1 samples were 

lyophilized and stored at −80°C until use.

4.2 SPR

All SPR experiments were performed using a Reichert (Depew, NY) SR7000 SPR 

refractometer at 37°C with a flow rate of 41 μL/min. Full-length CtxA1, full-length PtxS1 

(List Biologicals, Campbell, CA), or peptide (Peptide 2.0, Chantilly, VA) was amide-

coupled to an SPR sensor slide with a mixed-assembled monolayer as previously described 

(Massey et al., 2009). The slide was then washed with phosphate-buffered saline with 0.1% 
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Tween 20 (Medicago AB, Uppsala, Sweden) until a stable baseline signal was achieved. 

Hsp90 with 1 mM ATP was then added to the perfusion buffer for 100–180 sec. After the 

removal of Hsp90/ATP, the slide was washed with phosphate-buffered saline with 0.1% 

Tween 20. Hsp90 without ATP was used as a negative control for all experiments. For 

competition assays, Hsp90 was first incubated with the indicated peptide in the presence of 

ATP for 10 min at room temperature before addition to the perfusion buffer. SPR traces were 

processed using Reichert software, BioLogic (Campbell, Australia) Scrubber2 software, and 

WaveMetrics (Lake Oswego, OR) Igor Pro software.

4.3 Round-the-horn mutagenesis

The mammalian expression plasmid ssCtxAl/ pcDNA3.1, which encodes a CtxAl subunit 

that is co-translationally inserted into the ER via an N-terminal signal sequence (Teter et al., 
2004), was used to generate mutations according to the OpenWetWare (openwetware.org/

wiki/Main_Page) protocol. Briefly, primers containing the desired CtxAl mutation (Table 4) 

were phosphorylated with T4 polynucleotide kinase following the manufacturer protocol 

(Thermo Fisher Scientific, Waltham, MA) and were then used to PCR amplify the entire 

ssCtxA1/pcDNA3.1 plasmid. The resulting linear mutant ssCtxA1/pcDNA3.1 plasmids were 

ligated overnight using T4 DNA ligase. To remove the wild-type ssCtxA1/pcDNA3.1 

template, DpnI was added to the ligation reaction. Ligated plasmids were transformed into 

chemically-competent DH5a cells. Mutations were confirmed by DNA sequencing 

(Genewiz, South Plainfield, NJ).

4.4 Toxin transfection/translocation assay

CHO cells were seeded to 60–70% confluency in 6-well plates in Ham’s F-12 media 

supplemented with 10% fetal bovine serum and antibiotic-antimycotic. All cell culture 

reagents were from Gibco (Gaithersburg, MD), and all incubations were at 37°C with 5% 

CO2. Cells were first washed with PBS and then transfected with 1 μg of the indicated DNA 

using Lipofectamine as the transfection reagent. The ssPtxS1/pCMV/myc/ER expression 

vector (Castro et al., 2001) was generously provided by Dr. Nicholas Carbonetti 

(Department of Microbiology and Immunology, University of Maryland School of 

Medicine). After 3 h, the transfection mix was removed and replaced with Ham’s F-12 

media supplemented with 10% fetal bovine serum and incubated at 37°C. At 24 h post-

transfection, cells were lifted using PBS supplemented with 0.5 mM EDTA. The contents of 

3 wells for each condition were pooled together. Samples were then centrifuged at 5,200 × g 

for 2 min at 4°C, and the resulting pellets were chilled on ice for 10 min. The pellets were 

then resuspended in HCN buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM CaCl2, 10 

mM N-ethylmaleimide, protease inhibitor cocktail) containing 0.04% digitonin and 

incubated on ice for an additional 10 min. Cellular components were then separated by 

centrifugation (14,000 × g for 10 min at 4°C). Cytosolic fractions (i.e., supernatants) were 

collected and transferred to new tubes for lyophilization. Both pellet (i.e., intact membranes) 

and supernatant samples were resuspended in 2× sample buffer and separated by SDS-PAGE 

with 15% polyacrylamide gels, using 5-fold more supernatant sample than pellet sample. 

Gels were transferred to PVDF membranes and blocked with 4% milk in Tris-buffered 

saline with 0.5% Tween 20 (TBS-T). The membranes were incubated overnight at 4°C with 

either rabbit anti-CT antibody at 1:20,000 dilution (Sigma-Aldrich, St. Louis, MO) or rabbit 
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anti-Ptx antibody at 1:30,000 dilution (Abcam, Cambridge, United Kingdom). Membranes 

were then washed 3 times with TBS-T and incubated for 1 h at room temperature with a 

HRP-conjugated goat anti-rabbit IgG antibody at 1:20,000 dilution (Jackson 

ImmunoResearch, West Grove, PA). Following 3 additional washes with TBS-T, the blots 

were developed using ECL.

To demonstrate the fidelity of our cellular fractionation, the pellet and supernatant fractions 

were also probed with a rabbit antibody against cytosolic marker cyclophilin A (1:10,000 

dilution; Abcam) or a rabbit antibody against the ER lumenal maker GRP94 (1:1,000 

dilution; Stressgen, Victoria, British Columbia) as described above.

4.5 Ptx translocation assay

As previously described (Banerjee et al., 2016), CHO cells grown to 80% confluency in 6-

well plates were incubated with 1 μg of Ptx (List Biologicals) in serum-free Ham’s F-12 

medium for 30 min at 4°C. Unbound toxin was removed by washing, and the temperature 

was raised to 37°C in order to permit endocytosis and retrograde transport of the surface-

bound toxin. The Ham’s F-12 chase medium contained 1 μM GA (Enzo Life Sciences) or 5 

μg/mL of BfA as indicated. After 3 h at 37°C, separate membrane and cytosolic fractions 

were generated from digitonin-permeabilized cells as described above for the transfection/

translocation assay. The cytosolic fraction was brought to a final volume of 1 mL in HCN 

buffer and then perfused over an SPR sensor coated with an anti-PtxS1 antibody (Santa Cruz 

Biotechnology, Dallas, TX).
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FIGURE 1. 
Competitive inhibition of Hsp90 binding to CtxA1. Hsp90 was perfused over a CtxA1-

coated SPR sensor at 37°C in the absence of peptide or in the presence of RPPDEI, 

RGYRDRYYSNLDIAPA, or GQTILSGHSTYYIYVI peptides. Hsp90 was removed from 

the perfusion buffer after 100 sec.
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FIGURE 2. 
Both Hsp90 binding sites are required for CtxA1 translocation to the cytosol. CHO cells 

were mock transfected or transfected with plasmids encoding wild-type CtxA1, an N-

terminal deletion construct (CtxA117–192), or one of two C-terminal deletion construct 

(CtxA11.133, CtxA11–169). All constructs are co-translationally inserted into the ER by an N-

terminal signal sequence that is proteolytically removed after delivery to the ER. At 24 h 

post-transfection, cells were partitioned into separate membrane (pellet; P) and cytosolic 

(supernatant; S) fractions by centrifugation after selective permeabilization of the plasma 

membrane with digitonin. (a) Both fractions were probed by Western blot to follow the 

distributions of ER lumenal protein GRP94 and cytosolic protein cyclophilin A. (b) Both 

fractions were probed by Western blot with a rabbit anti-Ctx primary antibody and HRP-

conjugated goat anti-rabbit IgG secondary antibody. One of at least three representative 

results is shown for each construct.
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FIGURE 3. 
An RPPDEI-like motif is present at the N-termini of A chains from a subset of ER-

translocating toxins. N-terminal sequences from the A chains of ER-translocating toxins are 

shown. Black and grey columns denote amino acid identity and similarity, respectively, 

within the RPPDEI binding motif. Peptides corresponding to the listed sequences were 

screened by SPR for binding to Hsp90; plus signs represent a positive interaction. Hsp90 did 

not bind to any peptide in the absence of ATP.
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FIGURE 4. 
The C-terminus of the A chain from EtxA contains an Hsp90 binding motif. (a) Comparison 

of the N-terminal sequence from CtxAl with the C-terminal sequence of the A chain from 

EtxA, shown in both N-to-C-terminal (622–637) and C-to-N-terminal (637–622) 

orientations. Amino acid residues in the RPPDEI-like motif are highlighted in black, while 

the REDL tetrapeptide tag for EtxA transport to the ER is underlined. (b) Hsp90 in the 

absence or presence of ATP was perfused over an SPR sensor coated with the 

LPDYASQPGKPPREDL peptide from EtxA. Hsp90 was removed from the perfusion buffer 

after 180 sec.
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FIGURE 5. 
Hsp90 is required for PtxSl delivery to the cytosol. (a) Hsp90 was perfused over a PtxSl-

coated SPR sensor at 37°C in the absence or presence of ATP. (b) CHO cells pulse-loaded 

with 1 μg/mL of Ptx at 4°C were chased at 37°C for 3 h in toxin-free medium. The cytosolic 

extracts from digitonin-permeabilized cells were then perfused over an SPR sensor appended 

with an anti-PtxSl antibody. Cells were untreated (no treatment), treated with the Hsp90 

inhibitor geldanamycin (GA), or treated with a drug that blocks toxin transport to the ER 

(brefeldin A; BfA). A cell extract from unintoxicated CHO cells was also perfused over the 

sensor, as were 1 ng/mL and 10 ng/mL PtxSl standards. (c) CHO cells mock transfected or 

transfected with an ssPtxSl expression plasmid were chased for 24 h in the absence or 

presence of the Hsp90 inhibitor GA. Separate organelle (pellet; P) and cytosolic 

(supernatant; S) fractions generated from digitonin-permeabilized cells were then probed by 

Western blot with a rabbit anti-PtxS1 primary antibody and HRP-conjugated goat anti-rabbit 

IgG secondary antibody. One of two representative experiments is shown.
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FIGURE 6. 
The RPP residues of the RPPDEI motif are required for CtxA1 translocation to the cytosol. 

CHO cells were transfected with plasmids encoding ER-localized variants of wild-type 

CtxA1 or CtxA1 variants with point mutations in one of the RPP amino acids. At 24 h post-

transfection, digitonin-permeabilized cells were partitioned into separate organelle (pellet; P) 

and cytosolic (supernatant; S) fractions. Both fractions were probed by Western blot with a 

rabbit anti-Ctx primary antibody and HRP-conjugated goat anti-rabbit IgG secondary 

antibody. Asterisks denote a faint background band that was also detected in the mock 

supernatant from Figure 2. One of at least three representative results is shown for each 

construct.
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TABLE 1

Hsp90 recognizes two discrete regions in the CtxA1 polypeptide. Hsp90/ATP was perfused over SPR sensor 

slides coated with each of the listed CtxA1-derived peptides. Plus signs indicate Hsp90 binding to the peptide. 

Hsp90 did not bind to any peptide in the absence of ATP.

CtxA1 residues Peptide sequence Hsp90 binding

1–16 NDDKLYRADSRPPDEI +

11–26 RPPDEIKQ SGGLMPRG +

21–36 GLMPRGQ SEYFDRGTQ −

31–46 FDRGTQMNINLYDHAR −

41–56 LYDHARGTQTGFVRHD −

51–66 GFVRHDDGYVSTSISL −

63–78 SISLRSAHLVGQTILS -

73–88 GQTILSGHSTYYIYVI −

83–98 YYIYVIATAPNMFNVN −

93–108 NMFNVNDVLGAY SPHP −

103–118 AYSPHPDEQEVSALGG −

113–128 VSALGGIPYSQIYGWY −

123–138 QIYGWYRVHFGVLDEQ −

133–148 GVLDEQLHRNRGYRDR −

143–158 RGYRDRYYSNLDIAPA +

153–168 LDIAPAADGYGLAGFP +

163–177 GLAGFPPEHRAWREE −

173–188 AWREEPWIHHAPPGCG −

179–192 WIHHAPPGCGNAPR −
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TABLE 2

Specific CtxA1 sequences recognized by Hsp90. The indicated peptide sequences from CtxA1 were appended 

to SPR sensor slides. Hsp90/ATP was then perfused over each slide, with a positive interaction indicated by a 

plus sign. Hsp90 binding to the RPPDEI hexapeptide did not occur in the absence of ATP.

CtxA1 residues Peptide sequence Hsp90 binding

1–10 NDDKLYRADS −

11–16 RPPDEI +

17–26 KQSGGLMPRG −

143–152 RGYRDRYYSN −

159–168 ADGYGLAGFP −
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TABLE 3

Endosome-translocating toxins that lack the A chain RPPDEI binding motif for Hsp90.

Toxin ADPRT Hsp90-dependent References

Diphtheria toxin + + (Ratts et al., 2003; Dmochewitz et al., 2011; Schuster et al., 2017)

Clostridium perfringens iota toxin + + (Haug et al., 2004; Kaiser et al., 2011)

Clostridium difficile CDT toxin + + (Haug et al., 2004; Kaiser et al., 2011)

Photorhabdus luminescens PTC3 + + (Lang et al., 2014)

Clostridium botulinum C2 toxin + + (Haug et al., 2003)

Botulinum and tetanus neurotoxins − + (Azarnia Tehran et al., 2017)

C. difficile TcdA and TcdB toxins − − (Steinemann et al., 2018)

Bacillus antrhacis lethal factor − − (Dmochewitz et al., 2011)
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TABLE 4

Primers used for CtxA1 mutagenesis.

Construct Primer Sequence

TPPDEI Forward ACACCTCCTGATGAAATAAAGCAGTCAG

Reverse AGAATCTGCCCGATATAACTTATCATCATT

RVPDEI Forward GTCCCTGATGAAATAAAGCAGTCAGGTG

Reverse TCTAGAATCTGCCCGATATAACTTATCATCATT

RPVDEI Forward GTCGATGAAATAAAGCAGTCAGGTGG

Reverse AGGTCTAGAATCTGCCCGATATAACTTATCATC

CtxA117–192 Forward AAGCAGTCAGGTGGTCTTATGCC

Reverse TGCATATGAAAATGATGATAAGAAAATAAAAAACACAAATATTATCTTTAC

CtxA11–133 Forward TTAGCTGCAGGTCGACTCTAGAGG

Reverse CCAAAATGAACTCGATACC

CtxA11–169 Forward TAGCTGCAGGTCGACTCTAGAGG

Reverse ACCATCTGCTGCTGGAGCAATATC
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