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Tc toxins are modular toxin systems of insect and human patho-
genic bacteria. They are composed of a 1.4-MDa pentameric
membrane translocator (TcA) and a 250-kDa cocoon (TcB and TcC)
encapsulating the 30-kDa toxic enzyme (C terminus of TcC). Binding
of Tc toxins 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. A high-resolution structure of a holo-
toxin embedded in membranes is missing, leaving open the
question of whether TcB-TcC has an influence on the conformational
transition of TcA. Here we show in atomic detail a fully assembled
1.7-MDa Tc holotoxin complex from Photorhabdus luminescens in
the membrane. We find that the 5 TcA protomers conformationally
adapt to fit around the cocoon during the prepore-to-pore transi-
tion. The architecture of the Tc toxin complex allows TcB-TcC to bind
to an already membrane-embedded TcA pore to form a holotoxin.
Importantly, assembly of the holotoxin at the membrane results in
spontaneous translocation of the toxic enzyme, indicating that this
process is not driven by a proton gradient or other energy source.
Mammalian lipids with zwitterionic head groups are preferred over
other lipids for the integration of Tc toxins. In a nontoxic Tc toxin
variant, we can visualize part of the translocating toxic enzyme,
which transiently interacts with alternating negative charges and
hydrophobic stretches of the translocation channel, providing in-
sights into the mechanism of action of Tc toxins.
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hotorhabdus toxin complexes (Tc toxins) are large, hetero-

trimeric protein complexes produced by numerous insect and
human pathogenic bacteria (1, 2). Tcs were originally discovered
in Photorhabdus luminescens (3). Later, gene loci of Tc toxins were
also found in Xenorhabdus nematophila (4, 5) and human patho-
gens, such as Photorhabdus asymbiotica (6) and different species of
Yersinia (7, 8). 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 Tec toxin is typically made up of 3 components: the ~1.4-MDa
TcA homopentamer, the ~170-kDa TcB, and the ~100-kDa TcC
subunit. P. luminescens has different TcA, TcB, and TcC compo-
nents (9, 10), enabling it to form various holotoxins that result in
the translocation of different toxic payloads (11). 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 (12).

TcA, a 18-nm wide and 24-nm long bell-shaped molecule, acts
as a membrane permeation and protein translocation device. It is
composed of a large outer shell, a central channel, and a linker
that connects these 2 parts. The a-helical translocation channel
at the center of TcA is hydrophobic at its tip and shielded by the
shell (13). Receptor-binding domains at the periphery of the shell
likely mediate the initial receptor-toxin interaction on target cells
(14, 15). A shift to higher or lower pH results in the opening of the
bottom of the shell, triggering its structural rearrangement and the
release of the shielded translocation channel. Membrane perme-
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ation of the channel is driven by the proline-rich linker. 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 (14). Once inside the membrane, the channel opens and
releases the toxic enzyme into the cytosol (14).

TcB and TcC together form an ~250-kDa cocoon composed
mainly of rearrangement hotspot (RHS) repeats. The C-terminal
end of the cocoon protrudes inward and forms an aspartyl
autoprotease domain that cleaves off the C-terminal part of TcC
(15). This generates a polypeptide 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 thus is termed the hypervariable region (HVR) (11). The
various HVRs are toxic enzymes that have different functions or
targets. For example, while the toxic enzymes of TccC3 and TecCS
from P. luminescens both act as ADP-ribosyltransferases, they
modify different proteins; TccC3 ADP-ribosylates actin and TccC5
ADP-ribosylates Rho GTPases (11). The hydrophobic inside of the
cocoon creates an environment that stabilizes unfolded proteins,
most likely resulting in an unfolded conformation of the toxic
enzyme (15, 16).

The TcB-TcC cocoon binds through a distorted B-propeller
that closes it at the bottom to the funnel-shaped end of TcA,
resulting in the ABC holotoxin complex (15). During this
process, parts of the f-propeller completely unfold and refold into
an alternative conformation, resulting in the opening of the
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cocoon and release of the toxic enzyme into the channel with the
C terminus first (17).

Several structures of TcA in its prepore and pore states, as
well as structures of the ABC holotoxin complex, enabled us to
understand the major steps in the mechanism of Tc toxin action
(14-17). However, a structure of ABC 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 the high-resolution cryo-EM structure of an
ABC holotoxin from P. luminescens embedded in lipid nano-
discs. The structure reveals that the shell domain of TcA forms a
basin in which the TcB-TcC complex resides. The cocoon in-
teracts directly with the a-helical shell domains of 2 out of 5 TcA
subunits, which have to slightly adapt their conformation to fit
around the TcB-TcC cocoon. All upper TcA domains are better
resolved than in the previously obtained TcA complex alone,
indicating that they are stabilized by the cocoon (14). Interest-
ingly, 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.
During this process, the toxic enzyme is released from the holotoxin,
indicating that the translocation of the toxic enzyme is not driven by
a proton gradient, another energy source, or chaperones. Fur-
thermore, we show that the assembled ABC complex can enter the
membrane in the absence of receptors. Lipids with zwitterionic
head groups and mammalian lipids are preferred over lipids with
negatively charged head groups and bacterial lipids. By using a
nontoxic variant, we can visualize a part of the translocating toxic
enzyme in the upper part of translocation channel, revealing that
the toxic enzyme transiently interacts with alternating hydrophobic
and negatively charged regions of the translocation channel.

Results and Discussion

Structure of the ABC Holotoxin Complex in Nanodiscs. To obtain an
ABC complex in which 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-TecC3(D651A) from P. luminescens,

 Nanodisc

Fig. 1.

referred to collectively as ABC(D651A)] (15, 17), which is, in
contrast to the wild-type ABC holotoxin [ABC(WT)], nontoxic to
HEK 293T cells (SI Appendix, Fig. S14). We induced pore for-
mation and simultaneous reconstitution in lipid nanodiscs by di-
alyzing a mixture of ABC(D651A) and nanodiscs against a buffer
at pH 11 (SI Appendix, Fig. S1 B and C). We then solved the
structure of the complex by cryo-EM and single-particle analysis
using SPHIRE (18) at an average resolution of 3.4 A (Fig. 1 4 and B,
SI Appendix, Fig. S2 and Table S1 and Movie S1) (19). To improve
the local resolution of the TcB-TcC cocoon, we shifted the center
toward these components during image processing (Materials and
Methods and SI Appendix, Fig. S3).

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 to 2,516 of TcA, residues 1 to 1,471 of TcB, and
residues 1 to 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 1,382 to 1,491) and the
ADP-ribosyltransferase of TcC (residues 684 to 960), indicating
that these regions are highly flexible (Fig. 1E).

The structure of TcA in the 1.7-MDa ABC pore complex closely
resembles the structure of the isolated TcA subunit embedded in
lipid nanodiscs (Protein Data Bank [PDB] ID code SLKI) (14) (S
Appendix, Fig. S4 A and B). The translocation channel is open and
extends all of the way from the TcB-TcC cocoon to the trans-
membrane region in the nanodisc (Fig. 1 C and D).

The interface between the p-propeller of TcB and the TcB-
binding domain of TcA is practically identical to that observed in
the ABC prepore state (PDB ID code 6H6F) (SI Appendix, Fig.
S4 E and F) (17). 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 (SI Appendix,
Fig. S4E). As a consequence, 1 of the 5 a-helical domains of the
shell that form a tight basin around TcB-TcC is shifted outward,
which results in a break of the C5 symmetry of TcA at this po-
sition (Fig. 2 A and B, SI Appendix, Fig. S4 C and D, and Movie
S2). The shift of TcA-A relative to the other TcA subunits is most
pronounced at the uppermost part of the a-helical shell (residues
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Structure of the Tc holotoxin in a lipid nanodisc. (A and B) Cryo-EM map of ABC(D651A) in side view (A) and top view (B). The individual protomers of

TcA, TcB, and TcC are shown in different colors. The lipid nanodisc is shown in transparent gray. (C) 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 (49) and is shown in green.
Diameters inside the cocoon and at the constriction site are indicated. (E) Molecular models of a 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 in blue, and TcC is in violet.
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645 to 797) (Fig. 2B and SI Appendix, Fig. S4C). The other domains
of TcA-A, such as the RBDs, the neuraminidase-like domain, and
the a-helical pore-forming domain, remain unchanged (Fig. 2B),
indicating that the conformational changes at the tip of the shell
are not transmitted to the rest of the protein.

The TcB-TcC cocoon directly interacts with the upper a-helical
shell domain of 2 TcA chains. L702 of the displaced TcA proto-
mer (TcA-A) and the same residue of the adjacent TcA-E interact
with 2 hydrophobic patches at the surface of the cocoon (Fig. 2C).
Although there are no close contacts between the cocoon and the
other 3 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 (14), the complete upper part of the outer shell is resolved
(81 Appendix, Figs. S2E and S4 A and B).

The density corresponding to the ADP-ribosyltransferase does
not reach the lower end of the translocation channel (Fig. 3B and
Movie S3). Although the toxic enzyme is covalently bound to the
cocoon at the N terminus, one would expect that the C-terminal
part of the protein that enters the translocation channel first (17)
would proceed through the entire channel and also leave it at the
bottom. Instead, it resides in the cocoon and only in the very
upper part of the TcA translocation channel (Fig. 3 B-E), com-
parable to the ADP-ribosyltransferase in the prepore form of the
cleavage-deficient ABC(D651A) (17). 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

Fig. 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) RMSD of C, atoms of the individual TcA protomers, plotted
on TcA-A. RMSD values (in A?) increase from blue to red. (C) Interaction of
the cocoon (TcB, blue) with 2 of 5 TcA protomers. (Left) Interaction of L702
of TcA-A (red) with V1021 and P1022 of TcB. (Right) Interaction of L702 of
TcA-E (ochre) with N997, N998, and T999 of TcB.
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ABC(DB51A) C

Fig. 3. ADP-ribosyltransferase in the ABC(D651A) pore. (A and B) Re-
construction of ABC(WT) (A) and ABC(D651A) (B) with transparent surface.
Density in which no atomic model was fitted, and the nanodisc were filtered
to 10 A and are shown at a lower binarization threshold. The small density
blobs inside the cocoon in A and inside the TcA channel in B correspond to
noise. Increasing the binarization threshold of the disordered density results
in disappearance of the blobs before the density inside the cocoon disap-
pears. See also Movie S3. (C-E) Cross-sections through ABC(D651A) at the
cocoon, the TcB translocation channel, and the transmembrane region, as
indicated in B. Continuous density of the ADP-ribosyltransferase is apparent
in the cocoon (C) and in the narrow passage of TcB below the constriction
site (D), but not in the transmembrane region embedded in the nanodisc (E).

missing driving force, such as a proton gradient between the co-
coon and exit of the channel, is responsible for the halted
translocation.

Spontaneous Translocation of the ADP-Ribosyltransferase. 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 (SI Appendix, Fig. S5) (20). If the translocation of the
toxic enzyme is indeed dependent on an additional driving force,
then the protein should also reside inside the cocoon and the
TcA channel, 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 cor-
responding to the ADP-ribosyltransferase (Fig. 34 and Movie S3).
This demonstrates that the ADP-ribosyltransferase is translocated
and released from the holotoxin. Since we reconstituted the pro-
tein in vitro in the absence of other proteins, we conclude that no
additional factors, such as molecular chaperones, or driving forces,
such as a proton gradient, are necessary to ultimately translocate
the ADP-ribosyltransferase. In addition, translocation of the
ADP-ribosyltransferase requires that the protein is cleaved and
flexible enough to move inside the TcB-TcC cocoon. Otherwise,
its translocation can only be initiated, but not continued throughout
the entire translocation channel.

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 in-
side 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 (Fig. 3B). We estimated the
3D variance of the reconstruction in SPHIRE (18). Expectedly,
the highest variance is found inside the cocoon and also at the
upper domains of TcA, indicating high flexibility and disorder in
these protein regions (SI Appendix, Fig. S6 A-C). 3D sorting
focused on the inside of TcB-TcC did not improve the quality
of the density.
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Nevertheless, due to the overall improved local resolution in
the cocoon after shifting the center of reconstruction (SI Appendix,
Fig. S3E), we could identify the positions of the first 5 residues of
TcC after the aspartyl protease cleavage site (M679 to A683). The
residues form a loop that keeps the cleavage site between the
catalytic aspartates (Fig. 44, SI Appendix, Fig. S6 D and E, and
Movie S4). G677 and P680 are the only conserved residues around
the autoproteolytic cleavage site (Fig. 4 A and B). To identify
whether these residues are part of the recognition sequence de-
fining the specificity of the protease, we mutated both residues to
alanines. Surprisingly, P6S0A does not affect autoproteolysis, and
the mutation of G677 to alanine results in only ~40% of the
protein being uncleaved (Fig. 4C). Thus, although these residues
are conserved in RHS repeat proteins that function as toxins [not
in teneurins (21, 22)], neither of them is absolutely necessary for
the activity of the aspartyl protease, indicating that there is no
specific recognition sequence required. Similarly, aspartyl prote-
ases 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 2 positions upstream
and downstream of the cleavage site (23).

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 to obtain information on
the orientation of the protein inside the TcB-TcC(WT) cocoon
(SI Appendix, Table S2). We selectively screened for cross-links
between the TcB-TcC cocoon and the ADP-ribosyltransferase and
identified several of them at different positions of the molecules
(Fig. 54). For example, K785 of TcC (residue 107 of the ADP-

C
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Fig. 4. Structure and conservation of the aspartyl autoprotease domain of
TcC. (A) Stereoview of the aspartyl protease domain (residues 618 to 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 S/ Appendix, Fig. S6 D and 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).
D674 of the aspartyl protease domain is marked with a red dot, and the
conserved G677 and P680 flanking the cleavage site are marked with black
dots. (C) 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 does the double mutant
G677A-P680A. Mutation P680A does not impair toxin cleavage significantly.
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Fig. 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) Visu-
alization of cross-links (dark-blue curves) between the TcB-TcC cocoon (gray
and violet; B-propeller in sand) and the toxic enzyme (green). Two individual
positions (K785 and K690 of TcC) and their cross-links to the TcB-TcC cocoon
are indicated with red and blue arrows and circles, respectively. All cross-links
with a score of >50 are shown. The plot was created using xVis (48). A
complete list of all cross-links is shown in SI Appendix, Table S2. (B and C) The
TcB-TcC cocoon (PDB ID code 409X) with all amino acids that undergo cross-
links with K785 indicated and highlighted with red circles (B) and cross-links
with K690 indicated and highlighted with blue circles (C). The cocoon is col-
ored gray and violet, and the p-propeller (residues 376 to 691 of TcB) is in
sand. (D) Atomic model of the ADP-ribosyltransferase (N940 to K953 of TcC) in
the narrow passage of TcB. The density map corresponding to the ADP-
ribosyltransferase is shown as a blue mesh. TcA is shown transparent.

ribosyltransferase) was cross-linked to S139, Y919, and Y921 of
TcB and K625 of TcC (Fig. 5 A and B). The same cross-links were
found for TcB-TcC(D651A) with noncleaved ADP-ribosyltransferase
(SI Appendix, Fig. S6 F and G). These 3 positions are distributed over
the entire inner surface of the TcB-TcC cocoon. In TeB-TcC(D651A),
we found another prominent set of cross-links between 3 lysines in
the central part of the ADP-ribosyltransferase (K853, K856, and
K863 of TcC) and the residues S139 and Y921 of TcB and K11 and
K282 of TcC. 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 (SI Appendix, Fig. S6 F and H).

However, since K690 of TcC, which is positioned close to
the N terminus of the ADP-ribosyltransferase, cross-links to 2
prominent lysines close to the aspartyl protease site of the cocoon
(K282 and K625 of TcC), the N terminus of the ADP-ribosyl-
transferase in TcB-TcC(WT) seems to not change its position
after cleavage (Fig. 5 4 and C).

Taken together, the XL-MS of TcB-TcC(WT) and TcB-
TcC(D651A) indicate that the N terminus of the ADP-ribosyl-
transferase resides close to its cleavage site, whereas the rest of
the protein takes random orientations inside the cocoon, sug-
gesting that the enzyme is in an unfolded or semiunfolded state.

The C Terminus of the ADP-Ribosyltransferase Inside the Translocation

Channel. Before entering the TcA translocation channel, the toxic
enzyme must pass a narrow passage at the lower part of the cocoon

Roderer et al.
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(17) (Fig. 1D and SI Appendix, Fig. S8 A-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 (17), it was 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 3 different C-terminal fragments of TcC
(1932 to S945, N940 to K953, and 1947 to R960) and found that
the peptide N940-K953 fitted best into the density (Fig. 5D, SI
Appendix, Fig. ST A and B, and Movie S5). Although secondary
structure predictions suggest the presence of a short f-strand at
the center of the peptide (SI Appendix, Fig. STA), it fits in the
density only in its stretched, unfolded conformation, indicating that
the protein passes the constriction site in its unfolded state, similar
to translocated substrates in HSP104 (24) or AAA+ proteases (25).

The structure of the C terminus of the ADP-ribosyltransferase
inside the narrow passage of TcB reveals that along its trans-
location pathway, the enzyme passes first through a conserved
negatively charged constriction site formed by D34, N60, D73,
and E102 (17) and then through a conserved hydrophobic stretch
(F741, 1743, W771, and F778). Afterward, it passes through a
negatively charged ring and finally a hydrophobic ring inside the
B-propeller (Fig. 6 A-C and SI Appendix, Fig. S8 D and G). In-
terestingly, the protein does not locate at the axis of the channel
but adheres to the channel wall (Fig. 6 D and E). As expected,
the interactions are weak, but polar and hydrophobic residues
of the ADP-ribosyltransferase are stabilized by interacting with
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hydrophilic and hydrophobic stretches of the channel, respec-
tively (Fig. 6 C-E).

The negatively charged ring inside the B-propeller is formed by
7 conserved aspartate residues: D400, D455, D505, D561, D614,
D616, and D666 (Fig. 6 A and D and SI Appendix, Fig. S8 E and
H). Therefore, we call it the D-ring. This ring interacts with the
polar residues T948 and T949 of the ADP-ribosyltransferase
(Fig. 6D).

The hydrophobic ring, which forms the central section of the
B-propeller, is composed of many small and large hydrophobic
residues facing the channel lumen (Fig. 6 B and E). They are
either strictly conserved or replaced by nearly equal-sized hy-
drophobic side chains (SI Appendix, Fig. S8 F and H). The ring
interacts transiently with 3 hydrophobic residues of the ADP-
ribosyltransferase: 1950, P951, and 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 neu-
tral or positively charged and probed the toxicity of the variants
on HEK 293T cells (SI Appendix, Fig. S9). Surprisingly, the in-
sertion of charged residues into the hydrophobic stretch has no
or only minor impairing effects (Fig. 6F and SI Appendix, Fig.
S9). Similarly, mutations of 1453 and 1454 to aspartate in the
hydrophobic ring have no effect on the toxicity and mutations of
L398 and L399 to alanine cause insoluble expression of TcB-TcC
(Fig. 6F). The same is true for the constriction site and the D-ring,
where mutations of the highly conserved D34 and D505 residues

TcB or TeC variant  Toxicity

Fig. 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 A, colored according to hydrophobicity as described by Hessa et al. (50). Hydrophobic regions are colored ochre, and nonhydrophobic regions are in
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 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 to L947 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, L503, A504, L514, V557, A558, F559, L612, A613, M664, and A665. 1950 to L952 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., nonsoluble expression of the respective variant.
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to alanine or arginine do not cause a decrease in toxicity (Fig. 6F
and SI Appendix, Fig. S9). 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 achieve this. Unfortunately, insertion of several mu-
tations at the same time seem to have a strong effect on the overall
fold of the protein, since it results in insoluble expression of TcB-
TcC in almost all cases.

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 pre-
viously obtained cryo-EM structure and MD simulations of TcA
in lipid nanodiscs showed that lipid headgroups intercalate be-
tween the TcA protomers (14). The natural flexibility of this re-
gion resulted in a lower resolution not only in the structure of the
TcA pore (14), but also in the pore structures of ABC(D651A)
and ABC(WT) (SI Appendix, Figs. S2E and S5E).

To find out whether 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 1-palmitoyl-2-oleoyl-phosphatidylcholine
(POPC), di-oleoyl-phosphatidylcholine (DOPC), POPC with 20%
cholesterol, and brain polar lipids (BPLs). In all cases, more than
70% of TcA is reconstituted in liposomes. The reconstitution ef-
ficiency in liposomes composed of POPC with 20% phosphati-
dylinositol (PI) or POPC with 20% sulfatide was slightly worse,
and when POPC with 20% 1-palmitoyl-2-oleoyl-phosphatidylglycerol
(POPG) or an Escherichia coli polar lipid extract (ECL) was used,
considerably less proteoliposomes were formed (only 35% to 50%
of the protein; Fig. 7 4 and 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, which is expected since the natural
targets of various bacterial Tcs are insects or mammals, not bac-
teria (2). Despite having different ratios of PE and PC and a
different cholesterol content, the overall membrane fluidity is very
similar in insect and mammalian cells (26). This and the lack of
specificity for certain lipids makes it likely that Tc toxins integrate
well into all eukaryotic cell membranes.

To understand whether TcA indeed forms a pore in the dif-
ferent types of lipids used, we reconstituted TcA into black lipid
bilayers composed of different lipids and measured the conduc-
tance of the channel. TcA readily integrated in all lipid bilayers;
however, in contrast to the previously measured conductance of
500 to 600 pS for the open pore in diphytanoyl-phosphatidylcholine
(13), the mean conductance values were between 397 and
462 pS in all conditions tested, even with bilayers formed exclu-
sively by lipids with negatively charged headgroups (diphytanoyl-
phosphatidylglycerol) (Fig. 7C and SI Appendix, Fig. S10). In ad-
dition, in bilayers consisting of phosphatidylcholine only or BPL,
there is a considerable fraction of larger pores with a conductance
of up to 600 pS (SI Appendix, Fig. S10 B, C, and H). While this
indicates that TcA can indeed form pores in different lipid envi-
ronments, it also demonstrates that the lipids have an influence
on the TcA pore diameter. This is in line with our previous MD
simulations that showed a strong interaction of lipids with the
transmembrane region of TcA. Lipid head groups were even
intercalating between TcA protomers, stabilizing the open con-
formation of the channel (14). Hence, different lipids likely have a
direct influence on this part of the proteins and thus on the pore
diameter.
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Fig. 7. Lipid interaction and pore formation of TcA. (A) Integration of TcA
in liposomes of various compositions. SDS/PAGE of the proteoliposome flo-
tation of TcA incubated with various lipids (POPC, POPC + 20% liver Pl, POPC +
20% POPG, POPC + 20% cholesterol, POPC + 20% sulfatide, DOPC, BPL
extract, and 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 2 inde-
pendent liposome flotation experiments determined by densitometry of SDS-
gel bands (blue and orange bars, respectively). The error bars represent SDs of
3 samples. (C) Averages and SDs of single channel conductance values of TcA in
different lipids in black lipid bilayer experiments (S/ Appendix, Fig. S10).

An Alternative Sequence 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 mem-
brane. To explore 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 (Fig. 84).

Where and when Tc holotoxins assemble remains a matter of
debate. The subnanomolar affinity of TcA and TcB-TcC (17)
suggests that the components are likely secreted as a fully as-
sembled holotoxin. This is also supported by the finding that TcC
is needed for the proper secretion of TcA and TcB from
P. luminescens (27). However, arguing against this secretion as a
fully assembled complex is the relatively large size of the holotoxin
(1.7 MDa). Our results demonstrate that alternative routes of
holotoxin complex formation are possible and thus holotoxins
could still be formed after TcA has penetrated the target cell
membrane (Fig. 8B).

Conclusion

The pore structure of the Tc holotoxin complex from P. lumi-
nescens at 3.4-A resolution presented in this study allowed us
to clarify mechanistic details of the prepore-to-pore transition of
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Fig. 8. Model of 2 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 arrow-
heads, respectively. (Inset) 2D class average of an ABC pore. (Scale bar:
100 nm.) (B) Cartoon representation of Tc holotoxin assembly, target cell
interaction, and pore formation. The first pathway shows holotoxin forma-
tion with subnanomolar affinity from pentameric TcA and the TcB-TcC fu-
sion protein (17), followed by membrane association and pH-induced
prepore-to-pore transition. The second pathway shows membrane associa-
tion 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.

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 adapt
slightly to fit the cocoon. This adjustment causes a break in the
symmetry of TcA, but no structural change at the interface be-
tween TcB and TcA (Movie S6). The structural flexibility of the
upper part of the outer shell of TcA allows assembly of the ABC
holotoxin after TcA has already entered the membrane (Fig. 8).

In cleavage-deficient ABC(D651A), the ADP-ribosyltransfer-
ase 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 (15,
17). However, the improved resolution of the present structure
allowed us to model 2 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.

Roderer et al.

A similar pattern has been described for chaperones (28) and the
translocation pore of anthrax protective antigen (PA) (29) (S1
Appendix, Fig. S11). There, the so-called ¢-clamp forms a narrow
(~6 A) hydrophobic constriction site (29). The details of how the
substrates interact with the ¢-clamp during translocation are not
known. It has been proposed that the ¢-clamp seals the trans-
location pore around the translocated polypeptide and helps to
protect hydrophobic patches in the translocated protein (29, 30).
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 trans-
location channel is closed by the TcB-TcC cocoon on one side.

Our results also show that translocation occurs spontaneously
in vitro. It does not necessarily 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 (31, 32), and translocation might be accelerated
by a pH gradient. In anthrax toxin, the pH gradient over the
endosomal membrane drives and accelerates the translocation of
proteins with net negative charges (33); however, the trans-
located toxic enzymes of Tc toxins are positively charged, making
a comparable enhancement of translocation speed unlikely.
Based on our previous results (14), 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.

Materials and Methods
More details are provided in S/ Appendix, Materials and Methods.

Protein Production and Nanodisc Integration. P. luminescens TcdA1 (TcA),
TcdB2-TccC3 (TeB-TcC), and the nanodisc scaffold protein MSP1D1 were
expressed and purified as described previously (13, 14, 34). After holotoxin
formation of TcdA1 and TcdB2-TccC3(WT) or TcdB2-TccC3(D651A), the
complexes were integrated into MSP5AH5-POPC nanodiscs [ABD(D651A)]
or into MSP1D1-POPC nanodiscs [ABC(WT)] in 20 mM CAPS-NaOH pH 11.2
and 250 mM Nadl for 2 d at 4 °C. Subsequently, ABC in nanodiscs was pu-
rified via SEC on a Superose 6 5/150 column equilibrated in 20 mM Tris-HCI
pH 8.0 and 250 mM NacCl (S/ Appendix, Fig. S1 B and C) and directly used
for cryo-EM.

Single-Channel Conductance Measurements. Single-channel conductance of
TcA was measured with different lipid compositions as described previously
(13). Solutions of different lipids and lipid mixes (S/ Appendix, Fig. S10) at a
total lipid concentration of 10 mg/mL were prepared in 80% n-decane/20%
butanol. All measurements were performed with 20 pM TcA and a membrane
potential of 20 mV in 20 mM CAPS-NaOH pH 11 and 1 M KCl.

Sample Vitrification and Cryo-EM Data Acquisition. ABC(D651A) and ABC(WT)
were applied to glow-discharged holey carbon grids (Quantifoil; QF 2/1,
300 mesh) covered with a 2-nm carbon layer at 0.12 mg/mL and 0.10 mg/mL,
respectively, and vitrified in liquid ethane using a CP3 [ABC(D651A)] or a
Vitrobot [ABC(WT)]. Datasets were collected with a Cs-corrected Titan Krios
EM using a Falcon Il direct electron detector operated in linear mode at a
pixel size of 1.11 »&/pixel [ABC(D651A)] or a K2 direct electron detector at a
pixel size of 1.05 A/pixel [ABC (WT)].

Image Processing. Images were inspected and drift-corrected using Motion-
Cor2 (35). CTF parameters were estimated using CTER (36), implemented in
SPHIRE (18). Particles were autopicked using Gautomatch for ABC(D651A)
(37) or crYOLO (38) for ABC(WT). 2D classification was performed with ISAC
(39) in SPHIRE, and particles showing a holotoxin pore were kept for 3D
refinement. 3D refinement without symmetry was performed with MERIDIEN
in SPHIRE (18), using the density of the TcdA1 pore (Electron Microscopy
Data Bank ID code EMD-4068) docked with TcB-TcC (PDB ID code 409X) as
the initial model. Subsequently, 3D classification using SORT3D in SPHIRE
resulted in classes with different orientations of the asymmetric TcB-TcC
cocoon. One 3D class with well-defined density of TcB-TcC was filtered
to 5 A and used as the initial template in a new 3D refinement with 1.875°
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initial angular sampling, resulting in a clearly defined density and a distinct
orientation of TcB-TcC. The final density maps were postprocessed using a
soft Gaussian mask and filtered according to its local resolutions. To achieve
a better local resolution in the TcB-TcC part of the map of ABC(D651A), we
shifted the center of the map to the TcB-TcC cocoon and re-extracted the
particles (S/ Appendix, Fig. S3 A-C), and we ran 3D refinement in MERIDIEN
with the reboxed particles. 3D variability estimation was performed with
sx3dvariability in SPHIRE with 25-A low-pass—filtered images.

Atomic Model Building and Refinement. Models of the TcdA1 pore (PDB ID
codes 5LKH and 5LKI) and TcB-TcC (PDB ID code 6H6F) were fitted into the
density map of ABC(651A) using Imodfit (40). Subsequently, we modeled the
atomic structure using a combination of manual model building in Coot (41),
Rosetta relaxation, and Phenix real-space refinement (42). Residues 1,382 to
1,491 of all TcA chains were removed, as the map showed insufficient
density and resolution in that region. The model of TcB-TcC was further
improved using the shifted map (S/ Appendix, Fig. S6 D and E). We manually
built a Poly-Ala peptide in C-N translocation direction into the density in the
TcB channel, added side chains at regions with sufficient density of possible
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