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Abstract

Tc toxins are modular toxin systems that are composed of a pentameric
membrane translocator (TcA) and a cocoon (TcB and TcC) encapsulating the
toxic enzyme. Binding of Tcs to target cells and a pH shift trigger the
conformational transition from the soluble prepore state to the membrane-
embedded pore. Subsequently, the toxic enzyme is translocated and released into
the cytoplasm. Here, we show in atomic detail an assembled Tc toxin complex from
P. luminescens in the membrane. We find that the five TcA protomers
conformationally adapt to fit around the cocoon during prepore-to-pore transition.
The architecture of the Tc toxin complex also allows TcB-TcC to bind to an
already membrane-embedded TcA pore to form a holotoxin. Mammalian lipids
with zwitterionic head groups are preferred over other lipids for Tc toxin
integration. The translocated toxic enzyme, which can be partially visualized,

transiently interacts with alternating negative charges and hydrophobic stretches.
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Introduction

Photorhabdus toxin complexes (Tc toxins) are large, heterotrimeric protein complexes
that are produced by many insect and human pathogenic bacteria (Waterfield et al.,
2001) (ffrench-Constant and Waterfield, 2005). Tcs were originally discovered in
Photorhabdus luminescens (Bowen et al., 1998). Later, gene loci of Tc toxins were also
found in Xenorhabdus nematophila (ftrench-Constant and Bowen, 2000; Sergeant et
al., 2003), and human pathogens, such as Photorhabdus asymbiotica (Gerrard et al.,
2004) and different species of Yersinia (Tennant et al., 2005; Waterfield et al., 2007).
While the entomopathogenic toxins are potential biopesticides and therefore the focus
of crop protection research, understanding the mechanism of action of Tc toxins of
human pathogens is medically relevant.

A Tc toxin is typically made up of three components, TcA, TcB and TcC. P.
luminescens have different TcA, TcB and TcC components (Duchaud et al., 2003;
ffrench-Constant et al., 2000), enabling them to form various holotoxins that result in
the translocation of different toxic payloads (Lang et al., 2010). The modularity of Tc
toxins in insect pathogens may provide an alternative to Bt toxins for green
biotechnology, overcoming the problem of rising resistance in insects (Tabashnik et al.,
2013).

TcA is a ~ 1.4 MDa pentameric protein that acts as membrane permeation and
protein translocation device. It is 18 nm wide and 24 nm long and is shaped like a bell.
The a-helical translocation channel at the center of TcA is hydrophobic at its tip and
shielded by a large shell (Gatsogiannis et al., 2013). Receptor-binding domains at the
periphery of the shell likely mediate the initial receptor-toxin interaction on target cells
(Meusch et al., 2014). A shift to higher or lower pH opens an electrostatic lock at the
bottom of the shell, triggering its structural rearrangement and the release of the
shielded translocation channel. Membrane permeation of the channel is driven by a
proline-rich linker that connects it with the shell. The linker condenses from a stretched
and unfolded conformation in the prepore to a partially helically folded, compacted
conformation in the pore, resulting in a shifting-out movement of the channel from the
shell (Gatsogiannis et al., 2016). Once inside the membrane, the channel opens and
releases the toxic enzyme into the cytosol (Gatsogiannis et al., 2016).

TcB and TcC form a ~ 250 kDa cocoon which is mainly composed of RHS
(rearrangement hotspot) repeats. The C-terminal end of the cocoon protrudes inwards

and forms an aspartyl autoprotease domain that cleaves off the C-terminal
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hypervariable region (HVR) of TcC (Meusch et al., 2014). This generates a toxic
enzyme of ~ 30 kDa that resides inside the cocoon. In contrast to the highly conserved
N-terminal region of TcC, the sequence of the C-terminus of TcC is not conserved and
therefore called HVR (Lang et al., 2010). The various HVRs are toxic enzymes that
have either different functions or targets. For example, while the toxic enzymes of
TceC3 and TecCS from P. luminescens act both as ADP-ribosyltransferases, they
modify different proteins; TccC3 ADP-ribosylates actin and TccCS5 ADP-ribosylates
Rho GTPases (Lang et al., 2010). The hydrophobic inside of the cocoon creates an
environment unfavorable for protein folding, most likely resulting in an unfolded
conformation of the toxic enzyme (Busby et al., 2013; Meusch et al., 2014).

The TcB-TcC cocoon binds through a distorted B-propeller that closes it at the
bottom to the funnel-shaped end of TcA, which results in the ABC holotoxin complex
(Meusch et al., 2014). During this process, parts of the B-propeller completely unfold
and refold into an alternative conformation, resulting in the opening of the cocoon and
release of the toxic enzyme into the channel with the C-terminus first (Gatsogiannis et
al., 2018).

Several structures of TcA in its prepore and pore state as well as structures of
the ABC holotoxin complex enabled us to understand the major steps in the mechanism
of Tc toxin action (Gatsogiannis et al., 2016; 2018; Meusch et al., 2014). However, a
structure of the ABC complex in its pore state is missing, hampering our understanding
of how the complete complex enters the membrane and translocates its toxic payload.

Here, we present a near-atomic cryo-EM structure of an ABC holotoxin from P.
luminescens embedded in lipid nanodiscs, which reveals that the shell domain of TcA
forms a basin, in which the TcB-TcC complex resides. The cocoon interacts directly
with the a-helical shell domains of two out of five TcA subunits, which have to adapt
their conformation slightly to fit around the TcB-TcC cocoon. In general, all upper TcA
domains are better resolved than in the TcA complex alone, indicating that they are
stabilized by the cocoon (Gatsogiannis et al., 2016). We show that the assembled ABC
complex can directly enter the membrane. Lipids with zwitterionic head groups and
mammalian lipids are preferred over lipids with negatively charged head groups and
bacterial lipids. Interestingly, the stable TcA-TcB interface is not affected by the
prepore-to-pore transition of TcA, and TcB-TcC can also bind to the already

membrane-embedded TcA pore to form a holotoxin. Furthermore, the structure reveals
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that the translocated toxic enzyme transiently interacts with alternating hydrophobic

and negatively charged regions in the translocation channel.

Results and Discussion

Structure of the ABC holotoxin complex in nanodiscs

In order to obtain an ABC complex where the toxic enzyme is still residing inside the
translocation channel, we assembled the ABC holotoxin from the individually purified
toxin components with proteolytically inactive TcC (TcdAl, TcdB2-TccC3(D651A)
from P. luminescens, referred to collectively as ABC(D651A)) (Gatsogiannis et al.,
2018; Meusch et al., 2014), which is, in contrast to the wild-type ABC holotoxin
(ABC(WT)), non-toxic to HEK 293T cells (Supplementary Figure la). We induced
pore formation and simultaneous reconstitution in lipid nanodiscs by dialyzing a
mixture of ABC(D651A) and nanodiscs against a buffer at pH 11 (Supplementary
Figure 1b-c). We then solved the structure of the complex by cryo-EM and single
particle analysis using SPHIRE (Moriya et al., 2017) at an average resolution of 3.4 A
(Figure la,b, Supplementary Figure 2, Supplementary Table 1, Supplementary Movie
1). To improve the local resolution of the TcB-TcC cocoon, we shifted the center
towards these components during image processing (Methods, Supplementary Figure
3).

The high quality of the map allowed us to build a model of 91% of the pore state
of ABC(D651A). The final model contains residues 89-2516 of TcA, residues 1 - 1471
of TcB and residues 1 — 683 of TcC with some loops missing. The only parts of the
complex that could not be resolved are the receptor-binding domain (RBD) C of TcA
(residues 1382-1491) and the ADP-ribosyltransferase of TcC (residues 684-960),
indicating that these regions are highly flexible (Figure le).

The structure of TcA in the 1.7 MDa ABC pore complex resembles very much
the structure of the isolated TcA subunit embedded in lipid nanodiscs (pdb ID 5LKI)
(Gatsogiannis et al., 2016) (Supplementary Figure 4a,b). The translocation channel is
open and extends all the way from the TcB-TcC cocoon to the transmembrane region
in the nanodisc (Figure 1c,d).

The interface between the B-propeller of TcB and the TcB-binding domain of
TcA is practically identical to that observed in the ABC prepore state (pdb ID 6H6F)

4


https://doi.org/10.1101/590430
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/590430; this version posted March 26, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(Supplementary Figure 4c,d) (Gatsogiannis et al., 2018). This and the rigidity of the
rest of the cocoon result in the same relative position of the TcB-TcC cocoon to TcA,
which sits at an angle of 32° on top of TcA (Supplementary Figure 4c). As a
consequence, one of the five a-helical domains of the shell that form a tight basin
around TcB-TcC is shifted outwards, which results in a break of the C5 symmetry of
TcA at this position (Figure 2a,d, Supplementary Movie 2). The shift of TcA-A relative
to the other TcA subunits is most pronounced at the uppermost part of the a-helical
shell (residues 645-797) (Figure 2b-d). The other domains of TcA-A, such as the RBDs,
the neuraminidase-like domain, and the o-helical pore-forming domain remain
unchanged (Figure 2¢), indicating that the conformational changes at the tip of the shell
are not transmitted to the rest of the protein.

The TcB-TceC cocoon directly interacts with the upper a-helical shell domain
of two TcA chains. L702 of the displaced TcA protomer (TcA-A) and the same residue
of the adjacent TcA-E interact with two hydrophobic patches at the surface of the
cocoon (Figure 2e). Although there are no close contacts between the cocoon and the
other three TcA protomers, the entire upper a-helical shell of the pentamer is stabilized
in the ABC pore, likely due to a decreased level of freedom of these domains in the
holotoxin. Thus, in contrast to the structure of the TcA pore in the absence of the cocoon
(Gatsogiannis et al., 2016), the complete upper part of the outer shell is resolved
(Supplementary Figure 2e, Supplementary Figure 4a,b).

Unexpectedly, the density corresponding to the ADP-ribosyltransferase does
not reach the lower end of the translocation channel or is translocated across the
membrane (Figure 3b, Supplementary Movie 3). Instead, it resides in the cocoon and
only in the very upper part of the TcA translocation channel (Figure 3b-e), comparable
to the ADP-ribosyltransferase in the prepore form of the cleavage-deficient
ABC(D651A) (Gatsogiannis et al., 2018). This suggests that either the covalently
linked toxic enzyme is locked in the cocoon and does not have the necessary flexibility
to be further translocated, or a missing driving force such as a pH gradient could be
responsible for the halted translocation.

To find out whether the latter is true, we solved the structure of the ABC(WT)
embedded in lipid nanodiscs at an average resolution of 3.4 A (Supplementary Figure 5).
If the translocation of the toxic enzyme is indeed dependent on an additional driving

force, the protein should as well reside inside the cocoon and the TcA channel,
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comparable to the ABC(D651A). However, while the rest of the cryo-EM map did not
differ from that of ABC(D651A) in its pore state, we did not find any density
corresponding to the ADP-ribosyltransferase (Figure 3a, Supplementary Movie 3). This
demonstrates that the ADP-ribosyltransferase is translocated and released from the
holotoxin. Since we reconstituted the protein in vitro in the absence of other proteins,
we conclude that no additional factors like molecular chaperones or driving forces, such
as a pH gradient are necessary to translocate the ADP-ribosyltransferase. In addition,
translocation of the ADP-ribosyltransferase requires the protein to be cleaved and to be
flexible enough to move inside the TcB-TcC cocoon. Otherwise its translocation can

only be initiated but not continued.

ADP-ribosyltransferase inside the cocoon
The entire cocoon is resolved better than 4 A in the ABC(D651A) pore complex,
including the aspartyl protease cleavage site of TcC. As in the prepore complex, the
density of the ADP-ribosyltransferase inside the cocoon and in the very upper part of
the TcA translocation channel appears only at lower thresholds and no secondary
structure elements are recognizable (Figure 3b). We estimated the 3D variance of the
reconstruction in SPHIRE (Moriya et al., 2017). Expectedly, the highest variance is
found inside the cocoon and also at the upper domains of TcA, indicating a high
flexibility and disorder in these protein regions (Supplementary Figure 6a-c). 3D
sorting focused on the inside of TcB-TcC did also not improve the quality of the density.
Nevertheless, due to the overall improved local resolution in the cocoon after
shifting the center of reconstruction (Supplementary Figure 3e), we could identify the
positions of the first five residues of TcC after the aspartyl protease cleavage site (M679
— A683). The residues form a loop that keeps the cleavage site between the catalytic
aspartates (Figure 4a, Supplementary Figure 6d,e, Supplementary Movie 4). G677 and
P680 are the only conserved residues around the autoproteolytic cleavage site (Figure
4a, b). To identify whether these residues are part of the recognition sequence defining
the specificity of the protease, we mutated both residues to alanines. Surprisingly,
P680A does not affect autoproteolysis and the mutation of G677 to alanine results in
only ~ 40% of the protein being uncleaved (Figure 4c). Thus, although these residues
are conserved in RHS repeat proteins that function as toxins (not in teneurins (Jackson
et al., 2018; Li et al., 2018)), neither of them is absolutely necessary for the activity of

the aspartyl protease, indicating that there is no specific recognition sequence required.
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Similarly, aspartyl proteases of the digestive system, such as pepsin, that cleave in a
rather unspecific manner adjacent to large hydrophobic and aromatic residues, act
independently of the residues two positions upstream and downstream of the cleavage
site (Athaudaa and Takahashia, 2002).

Since we could not determine the structure of the ADP-ribosyltransferase inside
the TcB-TcC cocoon, we performed cross-linking mass spectrometry (XL-MS) using
the 12 A long cross-linker disuccinimidyl dibutyric urea (DSBU) to obtain information
on the orientation of the protein inside the TcB-TcC(WT) cocoon (Supplementary
Table 2). We selectively screened for crosslinks between the TcB-TcC cocoon and the
ADP-ribosyltransferase and identified several of them at different positions of the
molecules (Figure 5a). For example, K107 of the ADP-ribosyltransferase was
crosslinked to S139, Y919, Y921 and K2104 of the cocoon (Figure 5a,b). The same
crosslinks were found for TecB-TcC(D651A) with non-cleaved ADP-ribosyltransferase
(Supplementary Figure 6f,g). These three positions are distributed over the entire inner
surface of the TcB-TcC cocoon. In TcB-TcC(D651A) we found another prominent set
of crosslinks between three lysines in the central part of the ADP-ribosyltransferase
(K175, K178 and K185) and the residues S139, Y921, K1521 and K1761 of the cocoon.
Again they are distributed over the entire lumen of the cocoon, indicating that the toxic
enzyme does not have a fixed position inside the cocoon (Supplementary Figure 6f,h).

However, since K12, which is positioned close to the N-terminus of the ADP-
ribosyltransferase, crosslinks to two prominent lysines close to the aspartyl protease
site of the cocoon (K1795 and K2104), the N-terminus of the ADP-ribosyltransferase
in TecB-TcC(WT) seems not to change its position after cleavage (Figure 5a,c).

Taken together, the XL-MS of TcB-TcC(WT) and TcB-TcC(D651A) indicate
that the N-terminus of the ADP-ribosyltransferase resides close to its cleavage site
whereas the rest of the protein takes random orientations inside the cocoon suggesting

that the enzyme is in an unfolded or semi-unfolded state.

The C-terminus of the ADP-ribosyltransferase inside the translocation channel

Before entering the TcA translocation channel, the toxic enzyme has to pass a narrow
passage at the lower part of the cocoon (Gatsogiannis et al., 2018) (Figure 1d,
Supplementary Figure 8a-c). Although the density corresponding to the ADP-
ribosyltransferase in this region was better resolved in the pore structure of

ABC(D651A) than in our previous prepore structure (Gatsogiannis et al., 2018), it was
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still difficult to build an atomic model of the protein. Since it is obvious that the protein
enters the translocation channel with the C-terminus first, we tested the optimal fit of
three different C-terminal fragments of TcC (1932 — S945, N940 — K953, and 1.947 —
R960) and found that the peptide N940-K953 fitted the best into the density (Figure 5d,
Supplementary Figure 7a,b, Supplementary Movie 5). Although secondary structure
predictions suggest the presence of a short -strand at the center of the peptide
(Supplementary Figure 7a), it fits only in the density in its stretched, unfolded
conformation, indicating that the protein passes the constriction site in its unfolded state
similar to translocated substrates in HSP104 (Gates et al., 2017) or AAA+ proteases
(Puchades et al., 2017).

The structure of the C-terminus of the ADP-ribosyltransferase inside the narrow
passage of TcB reveals that along its translocation pathway, the enzyme passes first
through a conserved negatively charged constriction site formed by D34, N60, D73 and
E102 (Gatsogiannis et al., 2018), and then through a conserved hydrophobic stretch
(F741,1743, W771 and F778). Afterwards, it passes through a negatively charged ring
and finally a hydrophobic ring inside the B—propeller (Figure 6a-c, Supplementary
Figure 8d,g). Interestingly, the protein does not locate at the axis of the channel but
adheres to the channel wall (Figure 6d,e). As expected, the interactions are weak but
polar and hydrophobic residues of the ADP-ribosyltransferase are stabilized by
interacting with hydrophilic and hydrophobic stretches of the channel, respectively
(Figure 6¢-e).

The negatively charged ring inside the B—propeller is formed by seven
conserved aspartate residues (D400, D455, D505, D561, D614, D616 and D666)
(Figure 6a,d, Supplementary Figure 8e,h). We therefore call it the D-ring. It interacts
with the polar residues T948 and T949 of the ADP-ribosyltransferase (Figure 6d).

The hydrophobic ring, which forms the central section of the B—propeller is
made up of many small and large hydrophobic residues facing the channel lumen
(Figure 6b,e). They are either strictly conserved or replaced by nearly equally sized
hydrophobic side chains (Supplementary Figure 8f,h). The ring interacts transiently
with three hydrophobic residues of the ADP-ribosyltransferase (1950, P951, L952).

To demonstrate the role of these striking features in TcB-TcC, we mutated
several key residues to change their property from hydrophobic to hydrophilic or
negatively charged to either neutral or positively charged and probed the toxicity of the
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variants on HEK 293T cells (Supplementary Figure 9). Surprisingly, the insertion of
charged residues into the hydrophobic stretch has no or only minor impairing effects
(Figure 6f, Supplementary Figure 9). Similarly, mutations of L453 and L454 to
aspartate in the hydrophobic ring have no effect on toxicity and mutations of L398 and
L399 to alanine cause insoluble expression of TcB-TcC (Figure 6f). The same is true
for the constriction site and the D-ring, where mutations of the highly conserved D34
and D505 residues to alanine or arginine do not cause a decrease in toxicity (Figure 6f,
Supplementary Figure 9). These results indicate that single point mutations of
conserved residues in the narrow passage of TcB-TcC are not sufficient to change the
property of the respective region such that the translocation of the ADP-
ribosyltransferase is negatively influenced. A combination of mutations is probably
necessary to reach this. Unfortunately, insertion of several mutations at the same time
seem to have a strong effect on the overall fold of the protein since it results in almost
all cases in insoluble expression of TcB-TcC.

In summary, the structure of the C-terminal region of the ADP-
ribosyltransferase in the narrow passage of TcB provides a snapshot of the translocation
process, in which a temporary stabilization of the protein is achieved by transient

interactions with residues of the channel wall.

Pore formation of TcA in different lipid environments

The previously obtained cryo-EM structure and MD simulations of TcA in lipid
nanodiscs showed that lipid headgroups intercalate between the TcA protomers
(Gatsogiannis et al., 2016). The natural flexibility of this region resulted in a lower
resolution not only in the structure of the TcA pore (Gatsogiannis et al., 2016), but also
in the pore structures of ABC(D651A) and ABC(WT) (Supplementary Figure 2e,
Supplementary Figure Se).

To find out if membrane insertion of TcA is specific to certain lipids, we
induced pore formation and checked how well the protein reconstituted into liposomes
using different lipids. TcA integrated readily into I-palmitoyl-2-oleoyl-
phosphatidylcholine (POPC), di-oleoyl-phosphatidylcholine (DOPC), POPC with 20%
cholesterol and brain polar lipids (BPL). In all cases, more than 70% of TcA is
reconstituted in liposomes. The reconstitution efficiency in liposomes composed of
POPC with 20% phosphatidylinositol (PI) or POPC with 20% sulfatidated lipids was
slightly worse and when POPC with 20% 1-palmitoyl-2-oleoyl-phosphatidylglycerol
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(POPG) or a E. coli polar lipid extract (ECL) was used, considerably less
proteoliposomes were formed (only 35-50% of the protein, Figure 7a,b). This
demonstrates that although TcA has no pronounced affinity for certain lipids, it
preferably integrates into membranes that do not contain negatively charged head
groups. Furthermore, mammalian lipid mixtures seem to be preferred over bacterial
lipids.

To understand whether TcA forms indeed a pore in the different types of lipids
used, we reconstituted TcA into black lipid bilayers composed of different lipids and
measured the conductance of the channel. TcA readily integrated in all lipid bilayers,
however, in contrast to the previously measured conductance of 500 — 600 pS for the
open pore in diphytanoyl-phosphatidylcholine (Gatsogiannis et al., 2013), the mean
conductance values were between 397 and 462 pS in all conditions tested, even with
bilayers formed exclusively by lipids with negatively charged headgroups
(diphytanoyl-phosphatidylglycerol) (Figure 7c, Supplementary Figure 10). In addition,
in bilayers consisting of phosphatidylcholine only or BPL, there is a considerable
fraction of larger pores with a conductance of up to 600 pS (Supplementary Figure
10b,c,h). While this indicates that TcA can indeed form pores in different lipid
environments, it demonstrates that the lipids have an influence on the diameter of the

TcA pore.

An alternative order of holotoxin assembly

Since we have learned from the holotoxin pore structure that the TcB-TcC cocoon can
easily be accommodated inside the basin formed by the shell domains of TcA, we asked
ourselves whether TcB-TcC can also bind to TcA after it is already inserted into the
membrane. To confirm this possibility, we first formed TcA pores in nanodiscs and
then added TcB-TcC. We indeed obtained holotoxin pores, clearly demonstrating that
the complex can also be assembled in this order (Figure 8a).

Where and when Tc holotoxins assemble is still a matter of debate. The sub-
nanomolar affinity of TcA and TcB-TcC (Gatsogiannis et al., 2018) suggests that the
components are likely secreted as a fully assembled holotoxin. This is also supported
by the finding that TcC is needed for the proper secretion of TcA and TcB from P.
luminescens (Yang and Waterfield, 2013). However, what stands against the secretion

as a fully assembled complex is the relatively large size of the holotoxin (1.7 MDa).
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Our results demonstrate that alternative routes of holotoxin complex formation are

possible and happen likely in vivo (Figure 8b).

Conclusion

The pore structure of the Tc holotoxin complex from P. /uminescens at near-
atomic resolution presented in this study allowed us to clarify mechanistic details of the
prepore-to-pore transition of the assembled complex and toxin translocation. During
pore formation of ABC, the TcB-TcC cocoon is pulled into a basin formed by the outer
shell of the TcA protomers, which slightly adapt to fit the cocoon. This adjustment
causes a break in the symmetry of TcA, but no structural change at the interface between
TcB and TcA (Supplementary Movie 6). The structural flexibility of the upper part of
the outer shell of TcA allows the ABC holotoxin to be assembled after TcA has already
entered the membrane (Figure 8).

In cleavage-deficient ABC(D651A), the ADP-ribosyltransferase is still present
inside the holotoxin, indicating that its full release from the cocoon requires
autoproteolytic cleavage. Its major part remains unstructured in the TcB-TcC cocoon
as in our previous structures of the holotoxin in its prepore state (Gatsogiannis et al.,
2018; Meusch et al., 2014). However, the improved resolution of the present structure
allowed us to model two regions of the ADP-ribosyltransferase for the first time. The
first region is the N-terminus, which follows the aspartyl autoprotease site. It forms a
loop that keeps the cleavage site between the catalytic aspartates. The second part is a
13 residue-long stretch close to the C-terminus that resides in the narrow passage of
TcB below the constriction site. The C-terminal stretch is in an unfolded conformation
and interacts with alternating charged and hydrophobic regions of the channel. A
similar pattern has been described for chaperones (Moran Luengo et al., 2018) and the
translocation pore of anthrax protective antigen (PA) (Jiang et al.,, 2015)
(Supplementary Figure 11). There, the so-called ¢-clamp forms a narrow (~6 A)
hydrophobic constriction site (Jiang et al., 2015). How the substrates interact with the
¢-clamp during translocation is not known in detail. It has been proposed that it seals
the translocation pore around the translocated polypeptide and helps to protect
hydrophobic patches in the translocated protein (Jiang et al., 2015; Krantz et al., 2005).
The same is probably true for the Tc complex, however, a seal is not needed in this case

since in contrast to PA, the Tc translocation channel is closed by the TcB-TcC cocoon
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on one side. Our results demonstrate that translocation happens spontaneously in vitro.
It does not require driving forces such as pH gradients or chaperones, although folding
of the toxin inside the host cell cytoplasm in vivo is likely supported by the chaperones
of the host cell (Lang et al., 2014) (Ernst et al., 2017), and translocation might be
accelerated by a pH gradient. Based on our previous results (Gatsogiannis et al., 2016),
we have speculated that the direct entanglement with lipid head groups at the conserved
tip of the TcA channel inside the membrane is partly responsible for the host specificity
of Tc toxins. However, the results presented here demonstrate that this is likely not the
case. While the type of lipid has an influence on the diameter of the TcA pore, it does

not interfere with pore formation in general.
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Figure 1: Structure of the Tc¢ holotoxin in a lipid nanodisc.

a,b: Cryo-EM map of ABC(D651A) in side view (a) and top view (b). The individual
protomers of TcA (A-E), TcB and TcC are shown in different colors. The lipid nanodisc
is shown in transparent gray. ¢: Longitudinal section through the nanodisc region. The
density of the nanodisc is shown in gray, and the molecular model of the TcA
transmembrane domains is colored by protomer. d: Longitudinal section through the
cryo-EM structure displaying the central channel. The densities corresponding to the
TcA outer shell, the TcA channel, TcB, TcC and the nanodisc are shown in red, yellow,
blue, violet and gray, respectively. The lumen of the translocation channel was
determined in ChExVis (Masood et al., 2015) and is shown in green. Diameters inside
the cocoon and at the constriction site are indicated. e: Molecular models of one TcA
protomer, TcB and TcC in the context of the holotoxin. TcA is colored by domains.
Receptor-binding domain C (dashed circle) is not resolved in the cryo-EM structure.

TcB is colored blue, and TcC is colored violet.
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Figure 2: Interaction of the TcB-TcC cocoon with the TcA shell.

a: Top view of the density map corresponding to TcA in the context of ABC(D651A).

A circle around the center of the TcA channel and arcs around the outer shell of

individual TcA protomers indicate the disruption of C5 symmetry by TcA-A (dashed

arc). b: Overlay of the upper parts (residues 290 — 980) of TcA protomers A (red) and

D (green). Front view (top) and side view (bottom) show a gradual increase of

displacement with further distance to the center of TcA. ¢: RMSD of C, atoms of the

individual TcA protomers, plotted on TcA-A. RMSD values (in A?) increase from blue

to red. d: Backbone RMSDs between the individual TcA chains, calculated in Chimera.

e: Interaction of the cocoon (TcB, blue) with two out of five TcA protomers. Left panel:
Interaction of L702 of TcA-A (red) with V1021 and P1022 of TcB. Right panel:
Interaction of L702 of TcA-E (ochre) with N997, N998 and T999 of TcB.
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Figure 3: ADP-ribosyltransferase in the ABC(D651A) pore.

a,b: Reconstruction of ABC(WT) (a) and ABC(D651A) (b) with transparent surface.
Density, in which no atomic model was fitted, and the nanodisc was filtered to 10 A
and is shown at a lower threshold. ¢,d,e: cross-sections through ABC(D651A) at the
cocoon, the TcB translocation channel and the transmembrane region, as indicated in
panel b. Continuous density of the ADP-ribosyltransferase is apparent in the cocoon (¢)
and in the narrow passage of TcB below the constriction site (d), but not in the

transmembrane region embedded in the nanodisc (e).
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Figure 4: Structure and conservation of the aspartyl autoprotease domain of TcC.

a: Stereo view of the aspartyl protease domain (residues 618 — 678) with the N-terminus
of the ADP-ribosyltransferase in the TcB-TcC cocoon. The toxin is cleaved between
L678 and M679. The residues forming the aspartyl protease cleavage site (D674 and
A651, which is D651 in WT) and the conserved G677 and P680 are indicated.
Representations that include the cryo-EM map are shown in Supplementary Figure 6d,e.
b: Sequence alignment of the C-terminal part of the aspartyl autoprotease site and the
N-terminal region of the toxic enzyme, colored from minimum (cyan) to maximum
(magenta) conservation. The cleavage site is indicated (bracket). D651 and D674 of the
aspartyl protease domain are marked with red dots, and the conserved G677 and P680
flanking the cleavage site are marked with black dots. ¢: Cleavage of the toxin by
different mutations in the TcC cleavage site, analyzed by SDS-PAGE. TcC variant
D651A does not cleave the toxin, and variant G677A shows impaired cleavage, as well
as the double mutant G677A-P680A. Mutation P680A does not impair toxin cleavage
significantly.
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Figure 5: XL-MS of the toxic enzyme inside the TcB-TcC WT cocoon and atomic
model of the ADP-ribosyltransferase in the narrow passage of TcB.

a: Visualization of crosslinks (dark blue curves) between the TcB-TcC cocoon (gray,
B-propeller in sand) and the toxic enzyme (green). Two individual positions (K107 and
K12) and their crosslinks to the TcB-TcC cocoon are indicated with red and blue arrows
and circles, respectively. All crosslinks with a score of 50 and higher are shown. The
plot was created using xVis (Grimm et al., 2015). A complete list of all crosslinks is
shown in Supplementary Table 2. b,c: The TcB-TcC cocoon (pdb ID 409X) with all
amino acids that undergo crosslinks with K107 indicated and highlighted with red
circles (b) and crosslinks with K12 indicated and highlighted with blue circles (¢). The
cocoon is colored gray, the B-propeller (residues 376-691) is colored sand. Residues are
numbered according to pbd ID 6H6E. d: Atomic model of the ADP-ribosyltransferase
(N940 — K953 of TcC) in the narrow passage of TcB. The density map corresponding

to the ADP-ribosyltransferase is shown as blue mesh. TcA is shown transparent.
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Figure 6: Alternating hydrophobic and negatively charged stretches in the narrow
passage of TcB in ABC(D651A).

a: Surface representation of the narrow passage of TcB, colored according to the
Coulomb potential (kcal mol! e!) at pH 7.0. The negatively charged constriction site
at the channel entrance and a negatively charged ring (D-ring) in the center of the
channel are highlighted in dashed boxes. Translocation direction is from top to bottom.
b: The same view as in panel a, colored according to hydrophobicity as described in
Hessa et al., 2005 (Hessa et al., 2005). Hydrophobic regions are colored ochre, non-
hydrophobic regions are colored white. A hydrophobic stretch at the upper part of the
channel and a hydrophobic ring close to the TcB-TcA interface are highlighted. c:
Section of the narrow passage of TcB showing the hydrophobic stretch made up of
L739, F741, 1743, W771 and F778. D34, N60, D73 and E102 form the negatively
charged constriction site at the entrance of the TcB channel. The translocating ADP-
ribosyltransferase (A942 — 1947 of TcC) is shown in green. d: The D-ring of TcB is
formed by D400, D455, D505, D561, D614, D616 and D666. T948 and T949 of TcC
interact with the D-ring. e: The hydrophobic ring is formed by L398, V399, L401, L410,
L453, V454, 1456, L462, 1503, A504, L514, V557, A558, F559, L612, A613, M664
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and A665. 1950-L.952 of TcC are at the height of the hydrophobic ring. f: Toxicity of
TcB-TcC variants against HEK293-T cells in the context of the holotoxin. n.s.: non-

soluble expression of the respective variant.
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Figure 7: Lipid interaction and pore formation of TcA.

a: Integration of TcA in liposomes of various compositions. SDS-PAGE of the
proteoliposome flotation of TcA incubated with various lipids (POPC, POPC + 20%
liver PI, POPC + 20% POPG, POPC + 20% cholesterol, POPC + 20% sulfatidated
lipids, DOPC, brain polar lipid extract, E. coli polar lipid extract) at pH 11 for 48 h. L:
liposome fraction, P: pellet fraction. b: Percentage of TcA in the liposome fraction in
two independent liposome flotation experiments determined by densitometry of SDS-
gel bands (blue and orange bars, respectively). The error bars represent standard
deviations of three samples. ¢: Averages and standard deviations of single channel
conductance values of TcA in different lipids in black lipid bilayer experiments (see

Supplementary Figure 10).
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Figure 8: Model of two pathways of formation of the holotoxin pore.

a: Negative stain electron micrograph of Tc holotoxin in nanodiscs formed by mixing
TcA after the prepore-to-pore transition at pH 11 with TcB-TcC (80 and 500 nM,
respectively), followed by size exclusion chromatography. Holotoxin prepores and
pores are indicated with black and white arrowheads, respectively. Scale bar, 100 nm.
b: Cartoon representation of Tc holotoxin assembly, target cell interaction and pore
formation. The first pathway shows holotoxin formation with sub-nanomolar affinity
from pentameric TcA and the TcB-TcC fusion protein (Gatsogiannis et al., 2018),
followed by membrane association and pH-induced prepore-to-pore transition. The
second pathway shows membrane association and prepore-to-pore transition of TcA,
followed by holotoxin formation of the TcA pore and TcB-TcC. Subsequently, the toxic

enzyme is translocated to the target cells with its C-terminus first.
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Supplementary Figure 1: Preparation of ABC(D651A) in nanodiscs.

a: Intoxication of HEK 293T cells with ABC(WT) and ABC(D651A). 2x10* cells in
DMEM/F12 medium were incubated with PBS or 0.5 nM of ABC for 16 h at 37 °C
before imaging. Experiments were performed in triplicates with qualitatively identical
results. Scale bars, 100 pm. b: Size exclusion chromatography of ABC(D651A) after
integration in MSP5AHS5-POPC nanodiscs. The main peak fraction indicated in green
was used for cryo-EM. ¢: Negative-stain electron micrograph of the peak fraction

indicated in a, showing predominantly holotoxin pores. Scale bar, 100 nm.
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Supplementary Figure 2: Cryo-EM of ABC(D651A) in a nanodisc.

a: Representative electron micrograph of vitrified ABC(D651A) at 2.1 pm defocus and
100 e/A2 total dose acquired with a Falcon 3 direct electron detector. Scale bar, 100 nm.
b: Representative 2D class averages. Top views (left two images) and side views (right
two images) are shown. Scale bar, 20 nm. c: Fourier shell correlation (FSC) of the
obtained cryo-EM map (black curve) and map-to-model FSCs of two independently
refined half maps (red and blue curves, respectively). The dashed line shows the 0.143
FSC cutoff criterion. d: Angular distribution plots of the final round of refinement in
side view and top view. Each stick represents a projection view. The size and color of
sticks (blue-to-green) is proportional to the number of particles. e: Local resolution
estimation of the cryo-EM density map, side view (left) and section (right), colored
according to local resolution. f: Superimpositions of representative areas of the cryo-
EM density maps and the models, shown for an a-helical part in TcA (left) and a -
strand in TcB (right).
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Supplementary Figure 3: Shift of the particle box center from the center of
ABC(D651A) to the center of TcB-TcC.

a: Scheme of shift of box center from the center of the ABC(D651A) holotoxin (black
dot) to the center of TcB-TcC (red dot) by 70 pixels (corresponds to 78 A). The box
was re-scaled from 384 pixels to 200 pixels. The model of the holotoxin is shown in
the box for comparison, with TcA in gray and TcB-TcC in red. b,e: Cryo-EM maps of
the final refinement of the shifted reconstruction (b, red) and the original reconstruction
of the full ABC(D651A) holotoxin (¢, gray). The particle boxes of the maps are also
depicted. d: FSC of the cryo-EM map (black curve) and map-to-model FSCs of the
model of TcB-TcC with two independently refined half maps (red and blue curves,
respectively). The dashed line shows the 0.143 FSC cutoff criterion. e: Local resolution
estimation of the cryo-EM map, side view (left) and section (right), colored according

to local resolution.
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Supplementary Figure 4: Comparison of cryo-EM maps of ABC(D651A) and TcA.
a: Side view of the density maps of ABC(D651A) and TcA (EMDB 4068) embedded
in lipid nanodiscs. b: Top views of the maps in panel a. The individual subunits and the
nanodiscs are colored like in Figure 1a. ¢: Overlay of models of the TcB-TcC and TcA
(residues 2327-2516) of the prepore of ABC(D651A) (pdb ID 6H6F, light colors) with
the respective model of the pore of ABC(D651A) (dark colors). The TcB-binding
domains of TcA were aligned on each other. d: Backbone RMSDs of the individual
TcA chains, all TcA chains combined, the B-propeller domain of TcB, TcB and TcC
between the prepore and pore form of ABC(D651A). RMSD values were calculated in

Chimera.
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Supplementary Figure 5: Cryo-EM of ABC(WT) in a nanodisc.

a: Representative electron micrograph of vitrified ABC(WT) at 2.0 um defocus and
63 e/A? total dose acquired with a K2 direct electron detector. Scale bar, 100 nm. b:
Representative 2D class averages. Top and tilted views (left two images) and side views
(right two images) are shown. Scale bar, 20 nm. ¢: Fourier shell correlation (FSC) of
the obtained cryo-EM map (black curve) and map-to-model FSCs of two independently
refined half maps (red and blue curves, respectively). The dashed line shows the 0.143
FSC cutoff criterion. d: Angular distribution plots of the final round of refinement in
side view and top view. Each stick represents a projection view. The size and color of
sticks (blue-to-green) is proportional to the number of particles. e: Local resolution
estimation of the cryo-EM map, side view (left) and section (right), colored according
to local resolution. f: Superimpositions of representative areas of the cryo-EM density

maps and the models, shown for an a-helical part in TcA (left) and a B-strand in TcB
(right).
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Supplementary Figure 6: Variability analysis of the TcB-TcC cocoon,
visualization of the aspartyl protease domain of TcC and XL-MS analysis of
ABC(D651A) with encapsulated, non-cleaved toxic enzyme.

a-c: 3D variability analysis of the ABC(D651A) structure. The 3D average and variance
map were created in SPHIRE (Moriya et al., 2017) with the input images filtered to
25 A. The 3D variance map is shown in gold. a,b: Overlay of the cryo-EM density map
of ABC(D651A) (colored in pale red, orange, light gray and dark gray according to
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TcA, TcB B-propeller, TcB cocoon and TcC, respectively) and 3D variance map in side
view (a) and section (b). ¢: Model of TcB-TcC with the 3D variance map (gold). Note
the highest variance in the center of the cocoon and at the upper domains of TcA. d:
Position of the aspartyl autoprotease domain (residues 618 — 678 of TcC) with the
attached N-terminus of the toxic enzyme (residues 679 — 683 of TcC) in the TcB-TcC
cocoon. The model is overlaid with the cryo-EM map obtained by shifting the center of
reconstruction (Supplementary Figure 3). The cleavage site is indicated (red bracket).
e: Detailed view of panel d. The protein is cleaved between L678 and M679. The
residues forming the aspartyl autoprotease cleavage site (D674 and A651, which is
D651 in WT) and the conserved P680 are indicated. f: Visualization of crosslinks (dark
blue curves) in TcB-TcC-D651A between the TcB-TcC cocoon (gray, B-propeller in
sand) and the ADP-ribosyltransferase (green). Two individual positions (K107 and
K175, K178, K185) and their crosslinks to the TcB-TcC cocoon are indicated with red
and blue arrows and circles, respectively. All crosslinks with a score of 50 and higher
are shown. The plot was created using xVis (Grimm et al., 2015). A complete list of all
crosslinks is shown in Supplementary Table 3. g,h: The TcB-TcC cocoon with all
amino acids that crosslink with K107 indicated and highlighted with red circles (g) and
crosslinks with K175, K178, K185 indicated and highlighted with blue circles (h).
Residue numbering according to pbd ID 6H6F.
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Supplementary Figure 7: Comparison of different models close to the C-terminus
of the toxic enzyme in the density in the narrow passage of TcB.

a: Secondary structure prediction of the ADP-ribosyltransferase of TccC3, obtained by
PSIPRED (Buchan et al., 2013). Predicted a-helices are shown as purple cylinders,
[-strands are shown as yellow arrows. The positions of modeled peptides in b are
shown as green, purple and orange bars. Residue numbering starts with the first residue
after the cleavage site of TcC (M679). Conf: confidence, Pred: prediction, AA: residue.
b: Stereo views of three atomic models of possible peptides close to the C-terminus of
the ADP-ribosyltransferase in the cryo-EM density (shown as mesh representation) in
the narrow passage of TcB. N940 — K953 (green) fits best, with the bulky density in the
center occupied by F946.
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Supplementary Figure 8: Analysis of translocation channel of TcB and
conservation plot of residues.

a: The central translocation channel of TcB, spanning from the cocoon (gray) through
the TcB B-propeller (sand) to TcA (red). The channel lumen obtained by ChExVis
(Masood et al., 2015) is shown in blue. b: Section of panel a, showing constrictions in
the TcB B-propeller and cocoon. D34 in the constriction site and residues of the
hydrophobic stretch, the D-ring and the hydrophobic ring (see Figure 6) are shown. ¢:
Plot of inner radius of the TcB channel. Residues and motifs forming constrictions are
indicated. d-f: The constriction site and the hydrophobic stretch (d), the negatively
charged ring (e) and the hydrophobic ring (f) with mapped sequence conservation

ranging from minimum (cyan) to maximum (magenta). The translocating ADP-
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ribosyltransferase is depicted in green. Views and highlighted residues are the same
like in Figure 6¢c-e. g: Sequence alignment of the hydrophobic stretch of TcB. Residues
shown in panel d are indicated (*). h: Sequence alignment of selected regions of the D-
ring and the hydrophobic ring. Residues shown in panels e and f are indicated by red

and black asterisks, respectively.
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Supplementary Figure 9: Comparison of toxicity of TcB variants.

Intoxication of HEK 293T cells with holotoxins formed by TcA(WT) and the indicated

TcB-TcC variants. Intoxicated cells round up and detach from the surface. 2x10* cells
in DMEM/F12 medium were incubated with 0.5 nM or 5.0 nM of ABC for 16 hat37 °C
before imaging. Experiments were performed in duplicates with qualitatively identical

results. Scale bars, 100 pm.
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Supplementary Figure 10: Single channel conductance of TcA in different lipids.
All histograms were constructed from the data of 60 pore insertional events for each
condition. For each experiment, an exemplary recording of the single-channel current
versus time is shown next to the histogram. a: TcA and E. coli polar lipid extract (ECL).
b: TcA and brain polar lipid extract (BPL). ¢: TcA and POPC. d: TcA and POPC with
20% cholesterol. e: TcA and POPC with 20% sulfatidated lipids. f: TcA and POPC with
20% liver phosphatidylinositol (PI). g: TcA and POPC with 20% phosphatidylglycerol
(PG). h: TcA and di-oleoyl-phosphatidylcholine (DOPC). i: TcA and di-oleoyl-
phosphatidylethanolamine (DOPE). j: TcA and di-phytanoyl-phosphatidylglycerol.
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Supplementary Figure 11: Comparison of the Coulomb potentials and surface

hydrophobicities of the translocation channels of anthrax protective antigen (PA)
with the narrow passage of TcB.

a: Surface representation of anthrax PA (left) and TcB (right), colored according to the
Coulomb potential (kcal mol! e') at pH 7.0. The interacting parts of TcA at the bottom
are shown as transparent ribbon representation. The negatively charged regions of both
structures close to the channel constrictions are highlighted in boxes. Translocation
direction is from top to bottom. b: The same view as in panel a, colored according to
hydrophobicity. Hydrophobic regions are colored ochre, non-hydrophobic regions are

colored white. Hydrophobic regions inside the channels are highlighted in boxes.
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Movie legends
Supplementary Movie 1:
Cryo-EM density map of the ABC(D651A) pore with the fitted atomic model.

Representative areas of the cryo-EM density in TcA and TcB-TcC are shown.

Supplementary Movie 2:
Morph between TcA-A (red) and the other four TcA chains, visualizing the structural

changes in the upper part of the a-helical shell in comparison to the rest of the molecule.

Supplementary Movie 3:

Comparison between the ABC and ABC(D651A) pore by moving through vertical
slices along the central axis of the molecules. TcA, TcB and TcC are shown as ribbon
representations. The nanodisc is shown in transparent gray. Additional density not

corresponding to the atomic models is filtered to 10 A and shown in dark gray.

Supplementary Movie 4:

Cryo-EM density map of the ABC(D651A) pore after shifting the center of
reconstruction. The atomic model of TcB-TcC (blue and purple, respectively) is fitted
into the map. In the second part, the movie zooms in and focuses on the aspartyl

protease domain of TcC.

Supplementary Movie 5:

Cryo-EM density map inside the narrow passage of TcB with the different C-terminal
polypeptides of the ADP-ribosyltransferase fitted into the density (Supplementary
Figure 7b).

Supplementary Movie 6:

Morph of the cryo-EM density of the ABC(D651A) prepore (EMDB 0150) to the
density of the ABC(D651A) pore in a nanodisc. The morph between the densities is
followed by a morph between the states using the atomic models of the proteins,
showing the prepore-to-pore transition on the level of the holotoxin and the opening of

the translocation channel in the membrane. The outer shell, the linker and the
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transmembrane channel of TcA are shown in red, black and yellow, respectively. TcB

is shown in blue, and TcC is shown in purple.
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Methods

Protein production

P. luminescens TcdA1 (TcA) was expressed in E. coli BL21-CodonPlus (DE3)-RIPL
in LB medium and purified as described previously (Gatsogiannis et al., 2013). Fusion
proteins P. luminescens TcdB2-TccC3 (TcB-TcC(WT)) and cleavage-deficient TcdB2-
TceC3 variant D651A (TeB-TcC(D651A)) were also expressed in E. coli BL21-
CodonPlus (DE3)-RIPL in LB medium and purified as described previously
(Gatsogiannis et al., 2016), as well as all TcB-TcC mutants. The nanodisc scaffold
protein MSP1D1 was expressed and purified using pMSP1D1 (Addgene #20061) as
described previously (Denisov et al., 2004).

Holotoxin formation and nanodisc integration

TcdAl and TcdB2-TccC3(WT) or TedB2-TecC3(D651A) were mixed with a 1.5-fold
excess of TcB-TcC over TcA pentamer and subsequently the excess of TcB-TcC was
separated from the holotoxin by size exclusion chromatography (SEC) on a Superose 6
5/150 column (GE Life Science). For ABC(D651A), the holotoxin was concentrated to
I mg/ml and mixed with a 12-fold molar excess of pre-formed MSP5AHS-POPC
nanodiscs (Cube Biotech) in 20 mM Tris-HCI pH 8.0, 250 mM NaCl, followed by 1 h
of incubation on ice. For ABC(WT), nanodiscs were pre-formed using MSP1D1 and
POPC in a 1:55 molar ratio. The holotoxin was concentrated to 1.2 mg/ml and mixed
with a 10-fold molar excess of nanodiscs in 20 mM Tris-HCI pH 8.0, 250 mM NacCl,
followed by 1 h of incubation on ice. Subsequently, the holotoxin/nanodisc mixtures
were dialyzed against 20 mM CAPS-NaOH pH 11.2, 250 mM NacCl for 2 days at 4 °C.
After dialysis, the holotoxin/nanodisc mixtures were subjected to SEC on a Superose 6
5/150 column equilibrated in 20 mM Tris-HCI pH 8.0, 250 mM NaCl, and the main
peak containing ABC in nanodiscs was used for subsequent cryo-EM (Supplementary

Figure 1b,c).

Liposome overlay assay

TcA (1 mg/ml) was mixed with different lipid mixes dissolved in 5% [-D-
octylglucoside (Anatrace) with a total lipid concentration of 5 mg/ml. We tested POPC,
POPC + 20% liver PI, POPC + 20% POPG, POPC + 20% cholesterol, POPC + 20%
sulfatidated lipids (porcine brain sulfatides), DOPC, BPL and ECL. All lipids were
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purchased from Avanti Polar Lipids (Alabaster, AL 35007). After 1 h of incubation of
TcA and lipids dissolved in OG at 4 °C and pH 8, the mixtures were dialyzed against
20 mM CAPS-NaOH pH 11.2, 150 mM NaCl for 2 days at 4 °C. Subsequently, the
dialyzed proteoliposomes were mixed 1:1 with 60% glucose in dialysis buffer to 100
ul total volume, overlaid with 125 pl 25% glucose and 30 ul dialysis buffer and
centrifuged at 175,000xg for 4 h at 4°C in a Beckman TLA 120.1 rotor. After
centrifugation, the top and bottom fractions of the sucrose gradient were analyzed via

SDS-PAGE and the respective TcA amounts were quantified via band densitometry.

Single channel conductance measurements

We measured the single channel conductance of TcA with different lipid compositions
with black lipid membrane experiments. All lipids were obtained from Avanti Polar
Lipids. The instrumentational setup consisted of a Teflon chamber with two
compartments of 5 ml each which are connected by a small hole with a surface area of
0.4 mm?. The membrane current was measured with a pair of Ag/AgCl electrodes with
salt bridges. The electrodes were switched in series with a voltage source and
homemade current amplifier on the basis of Burr Brown operational amplifier as
described previously (Gatsogiannis et al., 2013). Solutions of different lipids and lipid
mixes (Supplementary Figure 10) at 10 mg/ml total lipid concentration were prepared
in 80% n-decane/20% butanol. The lipid solutions were “painted” across the hole,
resulting in membrane formation. After the membrane turned black, 20 pM of TcA
were added to the cis side (the black side) of the chamber. All measurements were
performed with a membrane potential of 20 mV in 20 mM CAPS-NaOH pH 11, 1 M
KCL

Sample vitrification and cryo-EM data acquisition

For ABC(D651A), 2.4 ul of 0.12 mg/ml of the protein preparation were applied to
glow-discharged holey carbon grids (Quantifoil, QF 2/1, 300 mesh) covered with a
2 nm carbon layer. 1.2 ul of 0.1% Tween-20 was added to the sample on the grid and
blotting was performed immediately afterwards using a Cryoplunge3 (Cp3, Gatan) with
2.2 s blotting time at 20 °C and 90% humidity. For ABC(WT), 2.8 ul of 0.10 mg/ml of

the protein preparation were applied to glow-discharged holey carbon grids (Quantifoil,
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QF 2/1, 300 mesh) covered with a 2 nm carbon layer. Blotting was performed using a
Vitrobot Mark IV (Thermo Fisher) with 2.5 s blotting time at 5 °C and 100% humidity.

For ABC(D651A), two data sets were collected at a Cs-corrected Titan Krios
EM (Thermo Fisher) equipped with an XFEG and a Falcon III direct electron detector.
Images were recorded using the automated acquisition program EPU (FEI) at a
magnification of 59,000, corresponding to a pixel size of 1.11 A/pixel on the specimen
level. 12,040 movie-mode images were acquired in total in a defocus range of 1.2 to
2.6 um. Each movie comprised 40 frames acquired over 1.5 s with a total cumulative

dose of ~ 100 e/A2. The data sets were merged for image processing.

For ABC(WT), one data set was collected at a Cs-corrected Titan Krios EM
(Thermo Fisher) equipped with an XFEG and a K2 direct electron detector (Gatan).
Images were recorded using the automated acquisition program EPU (FEI) at a
magnification of 130,000, corresponding to a pixel size of 1.05 A/pixel on the specimen
level. 2,660 movie-mode images were acquired in a defocus range of 1.4 to 2.6 um.

Each movie comprised 40 frames acquired over 15 s with a total cumulative dose of

~61 /A2

Image processing
After initial screening, 8,903 integrated images were selected for further processing for
ABC(D651A), and 2,053 integrated images were selected for further processing for
ABC(WT). Movie frames were aligned, dose-corrected and averaged using
MotionCor2 (Zheng et al., 2017). CTF parameters were estimated using CTER
(Penczek et al., 2014), implemented in the SPHIRE software package (Moriya et al.,
2017). Outlier images were removed using the graphical CTF assessment tool in
SPHIRE (Moriya et al.,2017). For ABC(D651A), 2,400 particles were manually picked
initially and 2D class averages used as an autopicking template were generated using
ISAC (Yang et al., 2012) in SPHIRE. 619,594 particles were auto-picked from the
images using Gautomatch (Zhang et al., 2011) and extracted with a box size of 384
pixels. For ABC(WT), 390,353 particles were auto-picked using crYOLO (Wagner et
al., 2018) using a box size of 300 pixels. 269,142 particles were subsequently extracted
using a box size of 420 pixels.

Reference-free 2D classification and cleaning of the dataset was performed with

the iterative stable alignment and clustering approach ISAC in SPHIRE. ISAC was
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performed with a pixel size of 5.61 A/pixel for ABC(D651A) and 5.80 A/pixel for
ABC(WT) on the particle level. The ‘Beautifier’ tool of SPHIRE was then applied to
obtain refined and sharpened 2D class averages at the original pixel size, showing high-
resolution features (Supplementary Figure 2b, 5b). Only particles in ISAC classes
showing a full holotoxin in the pore form were kept for 3D refinement, resulting in
337,823 particles for ABC(D651A) and 64,806 particles for ABC(WT), respectively.

We used the cryo-EM density map of the TcdAl pore (EMD-4068
(Gatsogiannis et al., 2016)), manually docked with a molecular map of TcB-TcC (pdb
ID 409X) and filtered to 25 A, as initial reference for 3D refinement. 3D refinement
without imposing symmetry was performed in SPHIRE using MERIDIEN (Moriya et
al., 2017), using 7.5° initial angular sampling. 3D classification using SORT3D in
SPHIRE, based on the final projection parameters of MERIDIEN, resulted in classes
with different orientations of the asymmetric TcB-TcC cocoon in TcA. Therefore, one
3D class with well-defined density of TcB-TcC was locally refined, filtered to 5 A and
used as initial template in a new 3D refinement with 1.875° initial angular sampling.
The resulting map provided a clearly defined density and only one distinct orientation
of TcB-TcC for both ABC(D651A) and ABC(WT).

Post-processing of the final density maps obtained by 3D refinement was
performed with the PostRefiner tool of SPHIRE using a soft Gaussian mask, resulting
in final average resolutions of 3.9/3.4 A for ABC(D651A) and 3.9/3.4 A for ABC(WT),
respectively, according to FSC 0.5/0.143 (Supplementary Figures 2c, 5c). B-factors
were -78.09 A? for ABC(D651A) and -61.28 A% for ABC(WT), respectively. Local
FSC calculations were performed using the Local Resolution tool in SPHIRE.
(Supplementary Figures 2e, 5e). The density maps were filtered according to its local
resolutions using the 3D Local Filter tool in SPHIRE.

To achieve a better local resolution in the TcB-TcC part of the map of
ABC(D651A), we re-boxed particles after shifting the center of the map by 70 pixels
to the center of the TcB-TcC cocoon using the final projection parameters of
MERIDIEN (Supplementary Figure 3a-c), and we ran MERIDIEN with the re-boxed
particles. Post-processing, local FSC calculation and local filtering was performed as
described previously for the full map. The overall resolution of the obtained map is
4.2/3.7 A according to FSC 0.5/0.143 (Supplementary Figure 3d). 3D variability
estimation was performed with sx3dvariability in SPHIRE. The input images were low-

pass filtered to 25 A and 20 images were used per projection.
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Atomic model building and refinement

The cryo-EM density map of ABC(D651A) was used for atomic model building and
refinement. Initially, models of TcdA1 in the pore form (pdb ID SLKH and 5LKI) and
TcB-TceC (pdb ID, 6H6F) were rigid-body fitted into the density map of the holotoxin.
The chains of TcA, and the TcB-TcC fusion protein were individually fitted into the
density map using Imodfit (Lopéz-Blanco and Chacén, 2013) to improve the initial fit
of the model. Subsequently, we modeled the atomic structure of the holotoxin using an
iterative combination of manual model building in Coot (Emsley et al., 2010), Rosetta
relaxation and Phenix real-space refinement (Afonine et al., 2018) without imposing
symmetry. Residues 1,382-1,491 of all TcA chains were removed, as the map showed
insufficient density and resolution in that regions.

After initial modeling in the full holotoxin map, the model of TcB-TcC was
further improved using the shifted map (Supplementary Figure 6d,e), which allowed
model building of the first residues of the ADP-ribosyltransferase of TccC3 after the
mutated aspartyl protease cleavage site.

We created a fragment library of the ADP-ribosyltransferase (residues 679 —
960 of TcC) using the Robetta webserver (Kim et al., 2004) and attempted de novo
building of the fragments into the density in the TcB channel using Rosetta. However,
Rosetta de novo model building failed to create a reproducible model. We therefore
manually built an unfolded Poly-Ala peptide in C-N translocation direction into the
most well-defined density in the TcB channel. Afterwards, we added side chains at
regions with sufficient density of possible peptide stretches close to the C-terminus of
the ADP-ribosyltransferase and chose the best fitting model (Supplementary Figure 7b).
The final models were validated by Rosetta relaxation against two independent half-
maps (DiMaio et al., 2015) (Supplementary Figure 2c, 5c¢), EMringer (Barad et al.,
2015) and MolProbity (Chen et al., 2010) (Supplementary Table 1).

Cross-linking mass spectrometry

We incubated a 3 uM solution of TcB-TcC (WT or D651A) in 20 mM HEPES-NaOH
pH 7.5, 150 mM NaCl with 3 mM disuccinimidyl dibutyric urea (DSBU, Thermo
Fisher) for 30 min at 25 °C. The cross-linking reaction was stopped by adding 100 mM

Tris, followed by acetone precipitation. The precipitate was dissolved in 8 M urea,
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I mM DTT and alkylated with 5.5 mM iodacetamide for 30 min at 25 °C. Afterwards,
we diluted the solution 2-fold with 20 mM NH4HCO; and digested with 1/50 molar
ratio of endopeptidase LysC (Serva, MS grade) for 3 h at 25 °C. Afterwards, we diluted
again 2-fold with 20 mM NH4HCOs3, added 1/100 molar amount of Trypsin (Sigma,
MS grade) and continued proteolysis for 12 h at 25 °C. Proteolysis was stopped by 0.1%
trifluoracetic acid and the peptides were separated on a Superdex 30 increase 3.2-30
column (GE Life Science) equilibrated in 30% acetonitrile as described previously
(Efremov et al., 2015). Peptides eluting between retention volumes of 1.2 and 2.0 ml
were collected in 100 pl fractions, evaporated in a speedvac and subsequently analyzed
via LC-MS by the mass spectrometry facility of the Max Planck Institute of Molecular
Physiology. Crosslinks were evaluated using MeroX (Goetze et al., 2015) and

visualized in xVis (Grimm et al., 2015).

Bioinformatics tools.

Analysis of the TcB channel diameter and constrictions was performed with ChExVis
(Masood et al., 2015) and visualized in UCSF Chimera (Pettersen et al., 2004). For
visualization of the Coulomb potential, TcB was protonated using H++
(Anandakrishnan et al., 2012) at pH 7.0 and an ionic strength of 150 mM. Homologs of
TcdB2 were identified using Protein BLAST (Altschul et al., 1990) and sequences of
TcdB2 and 6 homologs were aligned in Clustal Omega (Sievers et al., 2011). Sequence
conservation of the hydrophobic and negatively charged patches in TcB and of the
aspartyl protease cleavage site were analyzed with ConSurf (Ashkenazy et al., 2016)

and visualized in UCSF Chimera.
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