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Complete structures of the YenTc holotoxin
prepore and pore reveal the evolutionary
basis for chitinase incorporation into

ABC toxins
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ABC toxins are toxin-translocating, pore-forming proteins found in a wide
range of insecticidal bacteria and some mammalian pathogens. The Yersinia
entomopahaga toxin complex (YenTc) belongs to a distinct subclass of ABC
toxins, defined by a divergent molecular architecture. Structural details that
define their mechanism of action remain to be elucidated. Here we determine
structures of the YenTc holotoxin assembly in both prepore and pore-forming
configurations using cryo-EM in conjunction with Alphafold2-assisted struc-
tural modelling of flexible domains. We define the structural mechanism via
which enzymatically-active chitinase subunits are incorporated, and show
using phylogenetic analyses that this subclass-defining feature has evolved
relatively recently. Our structures point to the existence of distinct con-
formational states in YenTc, which may distinguish it from other structurally-
characterised ABC toxins, or represent states on a shared mechanistic trajec-
tory. Thus, our findings enhance our understanding of the structural diversity
that defines distinct ABC toxin subclasses.

Yersinia entomophaga is an entomopathogenic bacterium that causes
disease in susceptible insect hosts via targeted effects on midgut epi-
thelial cells'. The major virulence factor associated with its patho-
genicity is YenTc, a 2.4 MDa macromolecular assembly belonging to
the ABC family of bacterial pore-forming toxins (also referred to as Tc
toxins)'. ABC toxins are most commonly found in the genomes of

insecticidal bacteria that are, for the most part, vectored by a nema-
tode host* . Some mammalian pathogens also contain gene clusters
that are either predicted or proven to encode for ABC toxins’®. Y.
entomophaga is unusual in that it is an insect pathogen that is able to
both replicate and exert its toxic effects completely independently of
any known nematode symbiont’.
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YenTc and other ABC toxins share some functional similarities
with the wider family of binary toxins, the latter being two-component
toxins comprising an active component and a binding component™.
The “active” component of YenTc (TcBC) is a heterodimeric complex
of two proteins (YenB and YenC) which cooperatively fold to form a
protective cocoon that harbours a cytotoxic enzyme'. The patho-
genicity island encoding for YenTc includes two paralogs of YenC
(YenCl1, YenC2) which encode different predicted cytotoxic enzymes
at their C-terminus; either of these can fold together with YenB to form
the active component’. A third YenC paralog (YenC3) at a distant
genomic location is also able to recombine with YenB to form a
functional, active component.

The “binding” component of YenTc (TcA) accounts for almost
90% of the complex by molecular mass. YenTc is a representative
example of a distinct subtype of ABC toxins”™ characterised by a TcA
component that is comprised of four, separately encoded, unique
polypeptide chains. Each polypeptide chain is present in five copies,
yielding a 2.1 MDa complex™'®. Two of the four separately encoded
polypeptides are functional chitinases”, while the remaining two
polypeptides (YenAl and YenA2) together form a predominantly a-
helical structure that includes a pre-formed a-helical translocation
channel, surrounded in its soluble state by an outer a-helical shell.
Activation of YenTc occurs via an as yet undefined physiological trig-
ger and leads to a large conformational change in the TcA subunit
whereby the membrane-penetrating tip of the translocation channel
becomes exposed”. Membrane engagement in vivo is likely to involve
interaction with host-specific cell surface receptors that position the
complex so that the tip is driven through an adjacent membrane
bilayer, In vitro studies suggest that YenTc engages with glycan
motifs on the cell surface via the chitinase subunits®. The cell surface
glycoprotein Vgrl has been identified as a receptor for ABC toxins
produced by Photorhabdus luminescens, but is not a receptor for
YenTc?. Differences in the structure and architecture of the TcA
component of YenTc, specifically the receptor-binding regions, offer
the most likely explanation for these observed differences in
specificity.

We previously reported structures of the separate TcA” and TcBC
components of YenTc", but until now a structure of the combined,
functional, holotoxin assembly has not been described. Here we report
single particle cryo-EM structures of a native YenTc holotoxin in both
the soluble prepore state and a lipid nanodisc-embedded configura-
tion. The latter in particular represents a substantial improvement over
previously reported structures, and therefore provides structural
insights into the molecular transitions that accompany pore-
formation. We identified structural differences between YenTc and
other ABC toxins that may be representative of subtype-specific dif-
ferences in structure or may alternatively represent different con-
formational states on a shared molecular trajectory. We were able to
define the structural mechanism via which chitinase subunits (a
defining feature of YenTc that distinguishes it from other ABC toxins)
are incorporated into the holotoxin assembly. Phylogenetic analyses
revealed that in a small, recently evolved subset of ABC toxins,
chitinase-binding domains (CBDs) are inserted into the TcA a-helical
shell at or near evolutionary hotspots which coincide with the location
of putative receptor-binding domains (RBDs) in other ABC toxin sub-
types. Unexpectedly, the CBDs share structural homology with bac-
terial adhesins, and the mechanism via which chitinases are
incorporated shares similarities with the assembly mechanism seen in
filamentous pili and fimbriae. Finally, we propose a refined classifica-
tion system for bacterial ABC toxins and show that chitinase incor-
poration, as seen in the structure of YenTc, is a defining feature of a
small subset of ABC toxins that has evolved relatively recently, sug-
gesting this feature confers functional advantages resulting in
enhanced fitness.

Results
Complete structures of the YenTc holotoxin assembly in two
different conformational states
Structures of native, functional YenTc holotoxin assemblies in the
soluble, prepore configuration and reconstituted in lipid nanodiscs
were determined by single particle analysis following imaging by cryo-
EM. Notably, all of the datasets used in the course of this work were
collected manually using a side-entry cryo-holder on a Tecnai F30 FEG-
TEM (Field Emission Gun-Transmission Electron Microscope) fitted
with a K2 Summit direct electron detector. Given that financial and
geographical barriers often prohibit access to cutting-edge, auto-
mated microscopes our results serve as an important example high-
lighting the capabilities of previous generation instruments and thus
contribute to the “democratisation” of cryo-EM**%,

For the prepore structure, single particle images extracted from
616 micrographs were initially processed without any imposed sym-
metry, producing a structural map with an average resolution of 4.6 A
(Prepore map 1; Supplementary Fig. S1; Fig. 1A, B). Subsequent focused
refinement of the TcA region with C5 symmetry imposed (Prepore map
2; Supplementary Fig. S1), and of the map density encompassing the
TcBC subcomplex and the interfacing residues of TcA with no sym-
metry imposed (Prepore map 3; Supplementary Fig. S1), produced
maps with resolutions of 4.0 A and 5.7 A for these regions, respectively.

To obtain the membrane-embedded pore form of the complex,
we subjected complexes to mild chemical destabilisation by dialysis
against guanidine hydrochloride at sub-denaturing (1.5 M) concentra-
tions, prior to reconstitution into POPC lipid nanodiscs. Following size-
exclusion chromatography, reconstituted pore-forms were identified
in cryo-EM images, and single particle images extracted from a dataset
of 1222 micrographs were processed with no symmetry imposed to
produce a 3D reconstruction with a resolution of 6.4 A (Pore map 1;
Supplementary Fig. SI; Fig. 1C, D). Focused refinement on the TcA
region, with imposed C5 symmetry, yielded a map with an average
resolution of 5.9 A (Pore map 2; Supplementary Fig. S2), substantially
improving on the structure we reported previously at a resolution of
11 A® and allowing detailed interpretation of the molecular transitions
associated with pore-formation.

Analysis of the YenTc prepore and holotoxin assembly

Like other Tc toxins, and as suggested by our prior analysis of the
individual components, the holotoxin structure of YenTc (Fig. 2A)
features a central, pre-formed a-helical pore-forming domain that is
surrounded by a predominantly o-helical outer shell that almost
entirely encapsulates the pore. A funnel-shaped opening at the top of
the pore-forming domain forms the interface with the TcBC compo-
nent (TcB-binding domain). The asymmetric TcBC subcomplex breaks
the otherwise fivefold symmetric structure. Model building was initi-
ated by fitting our previously determined crystal structure of YenB-
YenC22°™ into the prepore holotoxin map. An initial model of the TcB-
binding domain of TcA was extracted from our previously solved cryo-
EM structure of the TcA component, and the two models were simul-
taneously refined against the map density.

Substantial remodelling of the TcA-TcBC interface was necessary,
indicative of binding-induced structural changes in this part of the
model. However, this was largely confined to the TcBC side of the
interface (Fig. 2B-D and Supplementary Fig. S3C), with the TcA back-
bone remaining largely unchanged (Fig. 2E-G, RMSD =3.33 A across
750 residues). In the crystal structure of YenBC, the TcA-binding [3-
propeller domain adopts a distorted conformation (Fig. 2D), with two
of the six blades closing the bottom of the cage. In the context of the
holotoxin, the blades are repositioned, forming a less distorted,
pseudo-symmetric structure (Fig. 2B), similar to what has been
observed previously for the P. luminescens toxin complex 3 (PTC3)*.
Thus, YenTc holotoxin formation involves an induced fit mechanism of
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Fig. 1| Cryo-EM maps and models of the YenTc holotoxin in both prepore and
pore conformation. CryoEM map of the prepore (A) and pore (C) holotoxin
structure showing the side (top) and top (bottom) views. Each protomer is shown in
a different colour. B, D YenTc holotoxin protomer showing YenAl, YenA2, Chi2 and
Chil. The domains and subunits of the protomer are represented by different

TcB-binding domain ¢
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colours: Orange: YenAl a-helical shell domain, red: YenA2 a-helical shell domain,
dark green: TcB-binding domain, grey: a-helical pore domain, light green: linker,
dark blue: neuraminidase-like domain, pink: chitinase-binding domain A (CBD-A),
blue-green: Chi2 chitinase, pale green: chitinase-binding domain B (CBD-B), purple:
Chil chitinase.

binding and recognition between the TcBC and TcA components,
where the TcBC component undergoes structural adaptation to match
the interface presented by TcA (Supplementary Movie S1).

Given the similarity to the PTC3 system, we conclude that the
structural mechanism via which assembly of the two toxin compo-
nents into a functional holotoxin occurs is likely replicated in other
members of the ABC toxin family. The rearrangements lead to the
formation of a single, continuous fenestration linking the interior of
the TcBC cocoon with the lumen of the TcA pore-forming domain.
Residual, non-continuous map density, which could not be accounted
for in the subsequent model building steps, can be seen within the
lumen of the TcBC cocoon and likely corresponds to the unfolded
toxin domain of YenC (Supplementary Fig. S4). This density extends
into the lumen of the TcA pore-forming domain (Supplementary

Fig. S4), indicating that the interface between the TcA and TcBC
components is indeed open.

Structural changes that define the prepore to pore transition
The transition of YenTc from the prepore to the pore conformation is
characterised by substantial conformational changes that are almost
exclusively confined to the TcA component. Whilst these changes are
qualitatively similar to what was described in our previous manuscript
that reported the structure of the TcA component reconstituted in
liposomes®, the resolution of this nanodisc-embedded holotoxin
assembly is substantially improved, facilitating a more confident
and complete positioning of the individual structural domains and
allowing us to derive insights into aspects of the prepore-to-pore
transition.
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A)

Fig. 2 | Conformational changes to YenTc subunits during complex formation.
A Cryo-EM structure of the YenTc complex (this study). B 3-propeller of TcB in the
open conformation when in complex with TcA subunits. C Overlay of the 3-
propeller domain of TcB showing the conformational differences when TcBC forms
a complex with TcA. D B-propeller region of TcB showing it in the closed con-
formation when isolated from the TcA subunit. E TcB-binding region in YenTc

YenTcB and TcC
PDB ID: 4IGL

Closed conformation

YenTcA structure
PDB ID: 60GD

holotoxin structure. F Overlay of the TcB binding regions of the YenTcA (K9)
structure and YenTc holotoxin structure showing little conformational changes as a
result of TcB binding. G Structure of the TcB-binding region of the TcA subunits in
the YenTcA (K9) structure. H Top panel: Crystal structure of Y. entomophaga TcB
and TcC subunits (PDB ID: 4IGL). TcB and TcC are coloured pink and grey,
respectively. Bottom panel: Structure of the YenTcA (K9) structure.

Overall, the a-helical shell of YenTc undergoes an iris-like expan-
sion (Fig. 3) that results in the loss of all interchain contacts between
YenAl protomers, meaning the only points of contact remaining within
the o-helical shell are between adjacent YenA2 protomers. Shell
expansion accommodates a vertical displacement of the pore-forming
domain and the attached YenBC cage. The pore-forming domain
moves relative to the surrounding YenA shell by a distance of ~170 A,
resulting in the YenBC cage being almost completely enclosed within
the expanded shell (Fig. 3A). The iris-like opening of the YenA shell is
accompanied by a compound hinge-bending motion about two points
in the structure, located on either side of the YenAl-YenA2 interface
(the interface itself remains unchanged). The first hinge is located
within the YenA2 region of the shell, and the bending motion results in
an upward rotation of the lower part of the shell, the attached
neuraminidase-like domain and CBD-B by ~15° (Fig. 3D). Movement
about the first hinge point results in separation of the neuraminidase-
like domains, making room for the emergence of the pore-forming
domain from the base of the shell. The second hinge is within the
YenAl region of the shell, again close to the YenAl-YenA2 interface,
and leads to a more subtle movement of the rest of the YenAl shell and
attached CBD-A. As a result, the opening of the shell is slightly more
pronounced than what would occur if it rotated purely as a rigid body.

To our knowledge, the PTC3 toxin is the only other ABC toxin that
has been structurally characterised in its pore-forming state. When
comparing the YenTc pore with PTC3, the most striking difference is
the degree to which the pore-forming domain is ejected out of the
surrounding a-helical shell. Notably, only the TcB-binding domain and
the attached TcBC cage remains inside the expanded shell of YenTc.
This contrasts with PTC3, where the ejection of the pore-forming
domain from the shell appears to be less extensive (Supplementary
Fig. S5). In quantitative measures, the pore-forming domain moves
relative to the surrounding shell by an additional 40 A in YenTc com-
pared to PTC3. The transition from prepore to pore in ABC toxins
generally is accompanied by folding of an extended linker in the pre-
pore state into a more compact a-helix in the pore form; this structural
transition either drives or is a consequence of pore-formation.

Interestingly, the folded linker domain in YenTc (Supplementary
Fig. S5) is three turns longer than the equivalent helix in PTC3 (Sup-
plementary Fig. S5C). Our observation of a more extensively folded
linker helix in YenTc is likely a consequence of the more extensive pore
ejection.

In the YenTc pore, the inner face of the linker helix packs against
the TcB-binding domain, which represents an additional point of dif-
ference to the structural configuration seen in PTC3. To explore this
further, we performed an in-depth analysis of the respective linker
interfaces in PTC3 and YenTc (see Text S1) and concluded that poor
sequence conservation in a structural element we termed the 'collar
loop' may explain the differences in linker positioning. We also
examined the corresponding sequences in other ABC toxins that have
been structurally characterised in the prepore state? and found that
this collar loop motif has a well-conserved sequence in all toxins we
examined, with YenTc being the one exception (Supplementary Fig. S6
and Text S1). Notably, YenTc is the only example among this group that
has a split TcA subunit architecture. Our analysis, therefore, suggests
that the YenTc pore form could be representative of a distinct struc-
tural conformation that is potentially also adopted by other ABC toxins
belonging to subtypes that have a split TcA subunit.

The structural basis of chitinase incorporation into YenTc
While our previous structural studies of YenTc identified the locations
of the Chil and Chi2 domains within the TcA component of YenTc,
poor local map resolution meant we had been unable to resolve the
Chi2-YenAl and Chil-YenA2 interfaces”. Thus, the structural mechan-
ism via which chitinases are incorporated into YenTc (and indeed, into
any ABC toxin) has remained unclear. The improved maps reported
here allow unequivocal identification of two previously unresolved
CBDs inserted into the TcA shell (Fig. 4A). CBD-A (YenAl residues
311-472) forms the major binding interface with the Chi2 subunit of
TcA and could be modelled based on the map density alone. CBD-B
(YenA2 residues 400-520) forms the major binding interface with the
Chil subunit, but due to substantial conformational dynamics,
required a hybrid modelling approach (detailed below).
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A)

YenA1 shell
(upper lobe)

YenA2 shell

Neuraminidase
(lower lobe)

domain

Pore-forming
domain (862-958,1021-1344)

Pore-forming
domain

Linker
domain

Fig. 3 | Shell expansion in the prepore to pore transition of YenTc. A In the pore-
form, secondary structural features of the YenAl (yellow) and YenA2 (red) shells are
shown along with the neuraminidase-like domain (blue). Space-filling views of the
linker domain (green), pore-forming domain (gray), TcB (cyan) and TcC (dark
green) are shown. Peripheral domains (CBD-A, red; Chi2, gray; CBD-B, blue) are
shown partially transparent. Chil has been hidden in this representation. B The
structural transition from prepore (top) to pore (bottom) is marked by an iris-like
expansion of the YenA1/A2 shell domain and neuraminidase-like domain. Distances

Pore-forming
domain (862-958,1021-1344)

Pre-pore: and YenA2
Pore: YenA1 and YenA2

showing shell expansion were measured between the Ca atoms of G142 between
neighbouring and opposite YenA2 protomers. C The expansion of the shell
accommodates the insertion of the pore-forming domain, and results in the diag-
onal translation of the shell interface from the bottom of the pore to the very top.
D There are two major pivot points to accommodate the expansion of the shell.
Relative to the YenAl/A2 interface, the YenAl shell rotates by 26° resulting in a
44.6 A displacement, and YenA2 rotates by 15° which displaces the neuraminidase-
like domain and CBD-B.
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Fig. 4 | The structural basis of chitinase incorporation into the YenTc shell.

A Architecture of the CBDs and chitinases from YenTc (right). B Structural overview
of how CBD-A (red) interfaces with the Chi2"™ (cyan) and Chi2 (grey). The interface
is stabilised by interacting loops at each end of the complementary, antiparallel
CBD-A B-acceptor (red) and Chi2 B-donor (blue) interface. The complementary
antiparallel interface is stabilised further by a hydrophobic interaction, where the
Chi2 B-donor occupies a hydrophobic cleft formed by the CBD-A -acceptor. C The

CBD-A

Hydrophobicity

min max
Chi2 N-terminal
domain

TedA1/YenA2 N
neuraminidase-like domain

interface between Chil and CBD-B shows that the Chi2™ occupies a hydrophobic
cleft formed by CBD-B, similar to the CBD-A interface. D Structural alignment of
TcdAl (light gray) and YenTc (dark gray) neuraminidase-like domains showing the
conserved insertion point of the RBD-B/C (orange and red) daisy chain and CBD-B
domain (green), respectively. When superimposed into the YenTc prepore map,
the CBD-B domain is rotated 107° downward compared to the positioning of RBD-
B/C in TcdAL

Chi2 interacts with CBD-A through its N-terminal domain (Chi2"™;
truncated in the Chi2 crystal structure (PDB: 4DWS) and absent from
our previous model of the TcA subunit) which forms a relatively
compact, mixed «f fold with a single, long -strand extending from its
N-terminus. This -strand appears to be an important component of
the interface with CBD-A, interacting with a 10 residue stretch of YenAl
(residues 385-395) to form a two-stranded, antiparallel -structure.
The B-strand from Chi2 occupies a hydrophobic cleft formed by the
complementary strand and surrounding structural elements of CBD-A,
and the interface is likely further supported by several electrostatic
interactions at both ends of the (3-sheet (Fig. 4B and Supplementary
Fig. S3E).

CBD-A adopts a classical B-sandwich fold and a DALI search** for
structurally related proteins identified the adhesin domain of the
Escherichia coli fimbriae protein CfaE (RMSD=2.9A) as its nearest
structural homologue (Supplementary Fig. 7B). Curiously, CfaE also

forms heterodimeric interfaces involving (-donor and [-acceptor
interactions that are remarkably similar to the interaction seen
between CBD-A and Chi2"™. In the context of CfaE, the interaction
seeds the formation of a filament of polymeric pilin proteins linked via
a daisy chain of B-donor/B-acceptor interactions®. The nature of the 3-
strand interface between Chi2 and CBD-A differs slightly from that
seen in CfaE, however, in that CBD-A has adapted a region that acts asa
stabilising loop in the CfaE structure to act as the CBD-A B-donor
(Supplementary Fig. 7C). This motif in turn recruits the N-terminal f3-
acceptor from Chi2V™®, and an extension of the Chi2"™ beyond the j3-
acceptor appears to act as a stabilising loop (Supplementary Fig. S7C).
Thus, the mechanism of polymeric pilin assembly appears to have
been co-opted here to facilitate recruitment of Chi2 into a stable
complex with YenTc.

A 3D variability analysis using our cryo-EM data confirmed that
substantial conformational dynamics (Supplementary Movie 2) are the
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most likely contributing factor to the poor local map resolution in the
region of the Chil:CBD-B interface, prohibiting high-resolution struc-
ture determination. To model this interface, we therefore employed a
hybrid model-building approach using AlphaFold2 multimer (AF2m),
cross-linking mass spectrometry (XL-MS), MD simulations and struc-
tural data derived from our previously determined crystal structure of
the Chil subunit”. The AF2m-predicted structure of CBD-B (Supple-
mentary Fig. S8A) showed a reasonable fit to the map density in the
CBD-B region (Fig. 4D), and the predicted Chil structure was unsur-
prisingly consistent with the crystal structure. The absolute position-
ing of the attached Chil subunit was somewhat inconsistent with the
residual map density attributed to Chil in the full complex, which we
again expect is due to the extreme flexibility evident in this region. To
validate the AF2m predicted interface, we performed XL-MS analysis
on the holotoxin assembly. Three crosslinks between Chil and CBD-B
(Chil®*-YenA2**¥, Chil***%-YenA2***?, Chil®”-YenA2**°) were identi-
fied (Supplementary Fig. S8B, C), two of which were satisfied in the
AF2m structural model (Fig. S8B). To account for flexibility, as a final
validation step, we performed triplicate, 1 us MD simulations focused
on this region of the holotoxin structure, and found that in addition to
the predicted interface remaining stable throughout all simulations, all
three contacts identified in our XL-MS analysis were satisfied
throughout the simulations (Supplementary Fig. S8C). Thus, we con-
cluded that our hybrid model provides a robust representation of the
Chil:CBD-B interface.

Chil lacks the 90 amino acid N-terminal domain found in Chi2 and
is instead anchored to CBD-B via a single, unstructured strand located
at its C-terminus (Chil®™) that is not resolved in the crystal structure”.
Chil“™ integrates with an exposed hydrophobic cleft formed by CBD-B
(Fig. 4C), and while the involvement of a hydrophobic cleft is some-
what similar to the interaction seen between CBD-A and Chi2"™, the
Chil“™ is predicted to adopt an extended strand topology in binding
along the cleft, rather than the B-strand topology adopted by Chi2"™,
Notably, the Streptococcal factor H-binding protein (Fhb) and adhesin
(SadP) are identified by DALI as structural homologues of CBD-B
(Supplementary Fig. S9). Thus, CBD-A and CBD-B both appear to have
features in common with bacterial adhesins or adhesin-like domains,
leading us to speculate that this may represent a preferred structural
fold for the anchoring of chitinases within the a-helical shell of ABC
toxins.

Comparison of the receptor binding domain region of YenTc to
other ABC toxins

While CBD-B shares structural homology with the adhesin proteins
noted above, the closest structural homologues of CBD-B detected by
DALI are putative receptor binding domains of other TcA proteins, in
particular the RBD-A, RBD-B, and RBD-C domains of the TcA compo-
nent from the P. luminescens PTC3 toxin, which are conserved to
varying extents in other ABC toxins**?°. CBD-B shares a strikingly
similar structural fold with all three RBDs identified in the
PTC3 structure (RMSDs range from 2.6 to 3.4 A), despite having low
sequence identity (9-20%) (Supplementary Fig. S9). This low degree of
sequence conservation provides a plausible explanation for why CBD-
B (but apparently not the RBDs of other TcA proteins) facilitates
incorporation of chitinase subunits into a holotoxin assembly.

Aside from the extent to which their sequences have diverged, a
further difference exists with respect to the structural positioning of
CBD-B relative to the RBDs found in other TcA proteins. When the
prepore structures of YenTc and PTC3 are overlaid, CBD-B is rotated
downwards through an angle of ~107° relative to the position occupied
by RBD-B in PTC3 (Fig. 4D). Interestingly, independent experiments
conducted on PTC3 during the course of our studies”” provided evi-
dence for the existence of structural intermediates between the pre-
pore and pore conformations, one of which repositions the RBD-B/C
region into a downward-facing orientation that more closely mirrors

the positioning of CBD-B and the bound Chil subunit in YenTc (Sup-
plementary Fig. S10). This led us to explore whether it was possible for
the reverse motion to occur in YenTc. Repositioning of CBD-B, such
that it mirrors the upward conformation seen in PTC3, was not pos-
sible without additional and substantial structural rearrangement of
the rest of the complex. Moving CBD-B as a rigid body introduces
steric clashes between the attached Chil subunit and the Chi2 subunit
associated with the neighbouring protomer. Thus, binding of the Chil
and Chi2 subunits appears to sterically preclude CBD-B from adopting
a similar prepore configuration to the RBD domains seen in other ABC
toxins that do not incorporate chitinases.

We also noted that the CBD-B domain of YenA2 not only shares
structural homology with the putative RBDs of other TcA proteins, but
that CBD-B is inserted into the same structural loop of the conserved
neuraminidase-like domain. Thus, it appears likely that CBD-B may
have been adapted from an RBD (although the converse may also be
true, i.e. that other RBDs are adapted from CBD-B). Alternatively, this
specific loop in the neuraminidase-like domain may represent an
evolutionary hot spot, within which (at least) two different domains
implicated in receptor recognition have been inserted via separate
evolutionary events.

We investigated whether a similar, evolutionary hot spot exists
within the a-helical shell of TcA, where CBD-A is inserted into YenTc
and RBD-A is inserted into PTC3. Surprisingly, however, we found that
RBD-A and CBD-A are not inserted into the same location, with CBD-A
inserted ~-200 residues closer to the N-terminus of YenAl relative to the
corresponding insertion site of RBD-A (Supplementary Fig. S7A).
Attempts to superimpose the two domains also revealed little struc-
tural similarity between CBD-A and RBD-A, further supporting the
conclusion that incorporation of these domains likely occurred via
independent evolutionary events. Additionally, YenTc appears to have
retained a small domain with no regular secondary structure in place of
the canonical RBD-A fold. This 'pseudo RBD-A' domain is not found in
the shell of other, structurally characterised ABC toxins that lack an
RBD-A (for example, the P. luminescens TcdA4 protein). This suggests
that, from an evolutionary perspective, toxins containing the RBD-A
domain likely emerged prior to those containing the CBD-A domain
(typified by YenTc), and that the RBD-A domain became the pseudo
RBD-A domain that remains in YenTc, either soon before or sub-
sequent to CBD-A being acquired.

CBDs are exclusively found in a clade of ABC toxins that directly
associate with chitinases

To provide an enhanced context for understanding the evolutionary
events that led to insertion of the CBD-A and CBD-B domains, facil-
itating the direct structural association of chitinases with ABC toxins,
we constructed phylogenetic trees based on a curated database of ABC
toxin loci assembled from published genomes. A detailed description
of how this database was assembled is provided (see “Methods” and
Text S2). The dataset was initially curated so that only complete ABC
toxin loci were included (a toxin locus was considered complete if it
contained a TcA component predicted to include a TcB-binding
domain, and at least one copy of a TcB and a TcC component). To
facilitate unambiguous association between components, a toxin locus
was only included in the analysis if there were no other identifiable
toxin components within the genome from which it was derived, or if
unequivocal association between components could be inferred from
other forms of evidence (e.g. from structural studies, as is the case with
several Photorhabdus and Xenorhabdus toxins).

When the filtered database of toxin loci was subject to phyloge-
netic analyses, four clearly separated and well-defined clusters
emerged when trees were constructed based on the alignment of TcA
subunits (Fig. 5). Two of these clusters represent ABC toxins that have a
split TcA gene. In a previous study, we defined these split TcA toxins as
Type 2 toxins™" and it was evident in our analysis here that these
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D Type 1 (fused TcA, split TcB-TcC)
D Type 2a (split TcA, split TcB-TcC with chitinases)
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D Type 3 (fused TcA, fused TcB-TcC)

Fig. 5 | Phylogenetic tree of TcA components belonging to genomes with
unambiguously associated pathogenicity islands. Colours on the tree represent
the different subtypes as defined by genome architecture types. Dark green, gold,
dark blue, grey boxes indicate presence of receptor binding domains in Type 1
components only. Orange, red, and light blue boxes indicate presence of pseudo
RBD-A, CBD-A, and CBD-B in Type 2A components only. The presence of a
neuraminidase-like domain (NMD - purple) was a requirement for sequences to be
retained in the analysis and all sequences also contain an additional domain,
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annotated in Pfam as a Salmonella virulence plasmid (VRP1) domain (pink), found in
ABC toxins and in plasmid encoded virulence factors from Salmonella typhimur-
ium. Chitinases (light green) are found across many genomes, but are only found in
close proximity to a pathogenicity island (<100 bp - brown) in genomes containing
a Type 2A component. The closest chitinases to non-Type 2A components are over
85 kb. Internal labels show bootstrap values generated from 1000 ultrafast boot-
straps. Figure generated with Interactive Tree of Life v5®.

separate further into two distinct phylogenetic clades. One clade
includes toxins like YenTc, that incorporate chitinases into their TcA
component while the other has a split TcA gene but no predicted
chitinase genes within 100 bp of the toxin locus. For the sake of con-
sistency with our previously defined nomenclature, we refer to these
two clades hereafter as Type 2A (split TcA with chitinases) and Type 2B
(split TcA without chitinases).

We searched the entire sequence database for evidence of CBD
conservation within the various TcA sequences. Using hidden Markov
model sequence profiles, we were unable to find sequences matching
the profiles constructed for CBD-A and CBD-B in any other TcA pro-
teins, outside the limited number of Type 2A toxins present in our
dataset. This was somewhat unsurprising given that Type 2A toxins
were also the only toxins for which chitinases appear to be co-localised
with other toxin components, and supports their role as bona fide
CBDs. We subsequently searched the entire UniProtKB database for
CBD-A and CBD-B domains and detected these in 23 genomes, pre-
dominantly from the Xenorhabdus sp., but also Photorhabdus asym-
biotica, Photorhabdus laumondii, and Yersinia nurmii (Supplementary
Fig. S11). The additional sequences detected in this way are all derived
from genomes that include multiple TcA components and were
therefore not included in the phylogenetic analysis. However, only TcA
components that included hits for CBD-A or CBD-B were flanked by
putative chitinases. Thus, we conclude that either a CBD-A or a CBD-B
domain is a requirement for chitinase incorporation.

Evolutionary relationships between clades

The phylogenetic analysis undertaken here additionally revealed that
at least two separate clades of single TcA toxins exist. The smaller,
more recently evolved clade includes the P. luminescens PTC3 as well
as toxins incorporating the P. [luminescens TcdA4 subunit,

Xenorhabdus nemaptophila XptAl subunit, and Morganella morganii
TcdA4 subunit®. The larger clade appears to be the most phylogen-
etically ancient clade, and to date no toxins belonging to this clade
have been structurally characterised.

Using the same hidden Markov model sequence profile analysis
invoked to search for CBD-A and CBD-B, we built profiles representing
the RBDs previously identified within solved structures® or defined
within InterPro (see Supplementary Text 2) and found that RBDs were
exclusively conserved (albeit to varying extents) within TcA sequences
belonging to the more recently evolved of the two, single TcA clades
identified above. RBD-D was the most strongly conserved, found in
77.8% of the sequences belonging to this clade, with RBD-A, -B and -C
less well conserved. In a previous analysis conducted by Song et al. it
was independently found that the prevalence of RBD-D domains in
Type 1 ABC toxins was 83.4%". We therefore conclude that Type 1 ABC
toxins are characterised by the presence of a single TcA component,
with a high prevalence of RBD-D domains and variable rates of incor-
poration of PTC3-like (and potentially other) RBDs.

Importantly, we could not find any evidence supporting the
conservation of the currently defined RBDs or CBDs in the more
ancient clade of single TcA toxins. Sequences from this clade are vastly
under-represented in the independent analysis conducted by Song
et al®. Thus, we conclude that this subset of TcA sequences is indica-
tive of a previously undefined clade of ABC toxins, which we defined as
Type 3 ABC toxins. In addition to the absence of any CBDs or RBDs, we
also noted that members of this clade were characterised by a fused
TcBC protein, rather than having separate TcB and TcC components as
is typical of the other clades. We constructed additional phylogenetic
trees based on the TcB and TcC components (for the purpose of this
analysis, TcBC fusions were split into two sequences and classified
separately) and found that broadly, the clustering of the TcB and TcC
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sequences mirrored that seen for the TcA sequences (Supplementary
Fig. S12).

Our phylogenetic analyses therefore suggest that - as typified by
the Type 3 architecture—ABC toxins were originally two component
toxins comprised of TcA and TcBC components. Given the high
bootstrap values on the branches between Type 1, 2 and 3 toxins, and
on the branch between Type 2A and 2B toxins (Fig. 5), we can be
confident that Type 1 and 2 toxins emerged subsequently, following
the fission of TcBC into two separate components, and that a second
fission event in the TcA component produced Type 2A and Type 2B
toxins. Our combined structural and phylogenetic analyses further
suggest a plausible evolutionary scenario giving rise to the distribution
of RBDs and CBDs and delineation of the more recently evolved Type 1
and Type 2 clades. Because the P. luminescens PTC3 (Type 1) RBD-B and
YenTc (Type 2A) CBD-B domains are similar in their structure and
insertion point (Fig. 4D), we hypothesise they are orthologous
domains derived from a common RBD-like B-sandwich domain
acquired by the ancestors of Type 1 and 2 toxins after splitting from
Type 3 toxins. Following another split within the Type 2 toxins, the 2A
clade adapted these domains for recruitment of chitinases (which we
infer as a recent evolutionary event from the phylogenetic tree), while
the 2B clade appears to have lost these domains. Type 2A toxins likely
acquired CBD-A in a separate evolutionary event given it has no
structural similarity—nor does it share an insertion point—with any
RBDs of known Type 1 toxin structures (Supplementary Fig. S7A). The
identification of a pseudo RBD-A domain in YenTc and other Type 2A
toxins (Fig. 5) indicates that this domain likely descended from RBD-A
of Type 1toxins and was lost via genetic drift, and further supports the
conclusion that Type 2 toxins evolved most recently.

Discussion

In summary, this study presents what are to our knowledge the first
complete structures of YenTc in prepore and pore configurations,
providing the first example of an ABC holotoxin structure featuring a
split TcA component that incorporates chitinases, and only the second
structurally characterised example of any ABC holotoxin assembly.
Some of the earliest functional studies of ABC toxin components
established that it was possible to recombine genes encoding for dif-
ferent toxin components into functional holotoxins?***7°, Our obser-
vation that holotoxin formation involves an induced-fit mechanism of
interface formation that appears to be conserved across ABC toxin
subtypes provides a structural explanation for these early
observations.

The Chil and Chi2 subunits are unusual components of YenTc, in
that they bear no sequence or structural similarity to the prototypical
TcA, TcB or TcC proteins that are a defining feature of ABC toxin
components. Our studies revealed that chitinase incorporation
requires the presence of CBDs in the TcA subunit, inserted in place of
(or potentially adapted from) the classical RBDs characterised pre-
viously in P. luminescens, X. nematophila and M. morganii toxins®***",
We found that YenTc and other chitinase-incorporating ABC toxins
belong to a distinct phylogenetic clade that has evolved most recently,
suggesting that these evolutionary changes may be associated with
enhanced fitness. Previous studies demonstrating enhanced oral
toxicity of YenTc at lower doses than for ABC toxins belonging to other
clades' align with this conclusion.

We observed important differences in both the prepore and pore
structures when comparing the overall conformation of the YenTc
holotoxin to the PTC3 holotoxin from P. luminescens. The unique,
downward-facing conformation of CBD-B seen in the prepore struc-
ture of YenTc resembles a recently described, putative structural
intermediate of PTC3” and given that CBD-B and RBD-B are inserted
into the exact same evolutionary hotspot within the conserved neur-
aminidase domain of their respective TcA subunits, it invites specula-
tion that the YenTc prepore reflects a pre-primed, intermediate state.

Given that chitinase binding sterically precludes YenTc from adopting
a prepore ground state similar to PTC3 (Supplementary Fig. S10), we
can conclude thatin YenTc at least, this conformation exists as a direct
consequence of chitinase binding.

The pore-form structure of YenTc also differs from the con-
formation described previously for PTC3**, primarily with respect to
the ejection of the pore-forming domain from the surrounding TcA
shell. Previously, we provided evidence that the Chil and Chi2 subunits
of YenTc may be implicated in receptor recognition®, and when these
are bound to CBD-B and CBD-A, respectively, the receptor-binding
regions of YenTc extend further from the TcA shell than the corre-
sponding, putative RBDs of PTC3. Thus, if bound to equivalently-sized
receptors, the TcA shell of YenTc would be positioned further away
from the target cell membrane, which may necessitate or require the
greater displacement of the pore-forming domain relative to the TcA
shell that is observed in YenTc. Based on conservation of the collar
loop sequence, which appears to control the positioning of the pore-
forming domain, we predict that other Type 1 ABC toxins are likely to
adopt similar pore structures to PTC3 and that the YenTc conforma-
tion represents a distinct structural conformation that may be repre-
sentative of Type 2A toxins. However, the recent discovery of
intermediate structural states in PTC3%” means we cannot rule out the
possibility that the YenTc pore structure reported here reflects a dis-
tinct structural state on a molecular trajectory shared by ABC toxins
from both clades. Characterisation of more ABC toxins from different
subtypes and in different conformational states may help to address
these questions.

Finally, our phylogenetic analyses suggest that ABC toxins can be
classified into three major clades, one of which has not been defined
previously and is characterised by the presence of a single TcA com-
ponent and a fused TcBC component. Given that members of this
clade do not appear to contain RBDs or CBDs, structure-function
studies of representative members from this clade will be essential to
understand what further diversity exists with regard to potential
mechanisms of cell surface recognition.

Methods

Bacterial strains used

The Y. entomophaga toxin complex (YenTc) was purified from wild-
type Y. entomophaga (strain MH96). E. coli BL21 DE3 was used for
expression of membrane scaffold proteins (MSP1D1) for preparing
lipid nanodiscs.

Expression and purification of YenTc

Full-length YenTc was expressed and purified as described
previously'®*. In brief, Y. entomophaga was cultured in antibiotic-free
LB medium at 25°C overnight, shaking at 180 rpm. Cultures were
incubated at 25 °C for 1 h without shaking to allow for YenTc secretion,
then harvested by centrifugation at 4800 x g to pellet the cells, and the
media supernatant collected. Ammonium sulphate was added to the
supernatants to a final concentration of 70% (w/v) and the precipitated
protein collected by centrifugation at 13,000 x g, following which the
remaining supernatant was discarded. Precipitated protein was
resuspended in TBS buffer (50 mM Tris, 150 mM NaCl, pH 7.6), filtered,
and purified further by Superose 6 (Cytiva) size-exclusion chromato-
graphy. Fractions corresponding to YenTc were pooled and con-
centrated for further experiments.

MSP1D1 nanodisc scaffolding protein expression and
purification

A plasmid vector containing the scaffolding protein MSP1D1 gene
(provided by Dr Carus Lau) was transformed into E. coli BL21DE3 for
expression. Expressed protein was purified by gravity flow immobi-
lised metal affinity chromatography as described** and dialysed into
TBS buffer. Nanodiscs (NDs) were prepared as described previously*.
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Formation and reconstitution of pore-form YenTc in nanodiscs
To induce pore formation, YenTc was first subjected to dialysis against
buffer containing guanidine hydrochloride (GnHCI) and Tween-20
(50 mM Tris, 150 mM Nacl, 1.5M GnHCI, 0.05% Tween-20, pH 7.6). A
second dialysis step was then performed using buffer without GnHCI.
This pre-solubilised, pore-form YenTc sample was then mixed with
POPC lipids solubilised in buffer containing sodium cholate (50 mM
Tris, 150 mM NacCl, 23.2 mM sodium cholate, pH 7.6) and incubated for
30-45 min at 4 °C. Subsequently, MSP1D1 was added, and the sample
was incubated for a further 1h at 4 °C, achieving a final cholate con-
centration of 16-18mM and molar ratios of 1:16:440 for
YenTc:MSP1D1:POPC. Detergent removal was achieved in one of two
ways—either through overnight incubation with Biobeads-SM2
(Biorad), or through dialysis against detergent-free TBS buffer—fol-
lowing which the sample was subjected to Superose 6 (Cytiva) size-
exclusion chromatography.

Cryo-EM grid preparation and data collection

R2/2 holey carbon grids (Quantifoil) or lacey carbon grids with gra-
phene oxide support film (ProSciTech) were washed using ethyl-
acetate prior to glow discharge. Vitrification of YenTc prepore and
pore-form samples was performed using a Vitrobot Mark IV (Ther-
moFisher Scientific) operating at 4 C and 100% humidity. 4 pL of each
sample (0.2-1.1 mg/mL in TBS) was applied onto a grid and allowed to
absorb for 3-10 s. The grid was then blotted for 3-4.5 s before plunge
freezingin liquid ethane in preparation for cryo-EM. Data collection for
both YenTc prepore and pore-form samples was performed on a
Tecnai F30 FEG-TEM (ThermoFisher Scientific) operating at 300 kV
and fitted with a K2 Summit direct electron detector (Gatan). A nom-
inal magnification of 23,000x, corresponding to a pixel size of 1.72 A at
the specimen level, was used for data collection. Datasets were col-
lected using SerialEM software with dose fractionation in electron
counting mode, with 40 subframes collected per image and a total
dose of 45-49.2 e/A? (dose rate 8-9 e/pix/s). The defocus range used
was from 1.8 to 3 pm.

Single-particle processing of YenTc prepore and pore images
For the YenTc prepore, a total of 616 movies from three data collection
sessions were merged and processed using cryoSPARC (version
3.2.1)*. Patch-motion correction and patch CTF estimation were per-
formed, and 137,309 particles were picked. Multiple rounds of 2D
classification filtered the dataset to 72,265 particles, and these particles
were used to generate an ab intio model. The best ab initio model
(60,315 particles) was subjected to homogenous refinement using C1
and C5 symmetries, resulting in maps with average, estimated reso-
lutions (FSC=0.143) at 4.6 A and 4.0 A, respectively. Focused refine-
ment of the BC domain was performed, yielding a map at 5.7 A. The
final data collection and modelling parameters are shown in Table S1
and the processing strategy is summarised in Supplementary Fig. S1.
For the YenTc pore, 1222 movies collected across multiple ses-
sions were patch-motion corrected with dose-weighted averaging
using cryoSP ARC (version 3.2.1)®. CTF parameters were estimated
with patch CTF, and 116,252 particles were picked using the template
picker. Following particle curation and 2D classification, 97,198 parti-
cles remained. To overcome issues with preferred particle orientation,
the particles were re-distributed in six new superclasses using 2D class
rebalancing, which reduced the particle dataset to a total of 40,973
particles. These were used to generate two ab initio models, one of
which exhibited clear density for the pore domain of YenA. This ab
initio model was used as input for homogeneous, non-uniform and
heterogeneous refinements. The final models were refined using C5
and C1 symmetry, producing final maps with average, estimated
resolutions (FSC = 0.143) of 5.9 A and 6.4 A, respectively. The final data
collection and modelling parameters are shown in Table S1, and the
processing strategy is summarised in Supplementary Fig. S2.

Model building and refinement of YenTc prepore and pore
structures

Model building into the YenTc prepore and pore maps was initiated
using previously published models for the TcA (60GD) and TcBC
(41GL) subunits. Newly-resolved structural domains that were missing
from these models were built using COOT 0.8.9.3*. AlphaFold2 (AF2)
multimer® was used to generate an initial structure of the CBD-B-Chil
interface, using residues 400-520 of YenA2 and the complete
sequence of Chil as inputs. The source coordinates are summarised
graphically in Supplementary Fig. S13. The entire structure was then
subject to iterative refinement cycles using ISOLDE 1.6.0*® and Phenix
v1.21.5207%. For the YenTc pore form, within most domains there were
few structural changes between the prepore and pore form, and these
were able to be built initially by splitting the prepore structure into
domains and transferring the corresponding coordinates one domain
at a time from the prepore model into the pore map density. For
the remaining regions, the Ca backbone was traced in COOT, side
chains added, and then the entire assembly was refined using
ISOLDE and Phenix. Side chains were used to assist model refinement,
but were stubbed in the final deposited model as the resolution of this
map was considered insufficient to reliably infer side chain
conformations.

Protein cross-linking, digestion mass spectrometry and peptide
identification

YenTc used for crosslinking experiments was prepared in essentially
the same way as for structural studies, with the exception that it was
necessary to purify in HEPES-buffered saline. For each crosslinking
experiment, ~50 ug of the complex was used, and experiments were
performed essentially as described elsewhere*’. Azido-benzoic-acid-
succinimide (ABAS) crosslinking experiments were performed in the
same manner as for the sulfosuccinimidyl 4,4"-azipentanoate (sulfo-
SDA) crosslinker, with the exception that 254nm UV was used
for ABAS.

Liquid chromatography and mass analysis parameters were
essentially as described elsewhere*! with the following exceptions: (1)
Mass analyses were performed using an Eclipse Tribrid mass spectro-
meter (ThermoFisher Scientific); (2) For sulfo-SDA, ABAS and DMTMM,
following each full-scan MS1 at 60,000 resolution at 200 m/z
(300-1800 m/z, AGC =4x10°, 50 ms max injection time), precursor
ions were selected for sequential HCD-EThcD-MS2 acquisitions in a
data-dependent manner (HCD-MS2: R=15,000, 30 NCE; EThcD-MS2:
R=15,000, calibrated charged dependent ETD parameters enabled,
supplemental HCD at 30 NCE; both: 22 ms injection time, 1.4 m/z iso-
lation window, 5x10* intensity threshold, charge states +4-10,
dynamic exclusion of 20 s).

DSSO and DHSO cross-linked peptides were identified using the
XlinkX 2.0*? nodes as implemented in Proteome Discover v2.3 (Ther-
moFisher Scientific). Sulfo-SDA, ABAS and DMTMM datasets were
processed with MS Studio (v2.4.0.3545)*. Generally, the following key
parameters were used: peptide mass between 300 and 10,000 Da,
minimum peptide length of 5-6 residues, precursor mass tolerance
+10 ppm, product-ion mass tolerance of +20 ppm for Orbitrap data
and +0.5 Da for ion trap data. Allowable variable modification = oxi-
dation (M), allowable static modification = carbamidomethyl (C),
enzyme specificity of Trypsin with up to two (DSSO, DHSO) or four
(Sulfo-SDA, ABAS, DMTMM) missed cleavages (excluding the site of
cross-linking), and FDR control at 1%. The search database used con-
sisted of YenTc proteins. The S20D4 default search setting was initially
used for DSSO and DHSO datasets but filtered to S80D20 on manual
spectral verification. Cross-linked spectral matches from MS Studio
were also manually visually assessed. All mass spectrometry data and
XL-MS search results have been deposited to the ProteomeXchange
Consortium via the PRIDE partner repository** with dataset identifier
PXD068275.
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Molecular dynamics structure preparation and simulations
Simulations to validate both the AF2m-predicted interface and the
identified Ca-Ca distances from crosslinking mass spectrometry
experiments between CBD-B and Chil were performed using the
GROMACS 2022* simulation package in conjunction with the united-
atom GROMOS54a7 forcefield*. To prepare the system for simula-
tions, the CBD-B:Chil structure was placed in a triclinic box with
dimensions 13nmx9nmx9nm and solvated with 33,385 water
molecules. A single point charge’” model for water was used. Na* and
CI' ions were added to neutralise the system charge and reach a final
ionic strength of 150 mM. The final system, containing 107,112 atoms,
was energy minimised using a steepest descent algorithm with a tol-
erance of 250 kJ.mol™.

The system was equilibrated for 5ns in an NPT ensemble using a
2fs timestep and position restraints with a force constant of
1000 kJ.mol.nm? applied to all atoms. Subsequently, a series of 5ns
NPT simulations were performed with decreasing positions restraints
of 500kJ.mol.nm? 250kJ.mol.nm>, 100kJ.mol.nm? and
20 kJ.molL.nm™

Production runs were carried out in triplicate for 1 us using a 4 fs
timestep. Non-bonded interactions had a cutoff of 1.4 nm with the
neighbour list updated every 5 steps and were modelled using the
Verlet scheme. Electrostatic interactions beyond the cutoff were
modelled using the reaction-field method*®. All system components
were temperature coupled using a Berendsen thermostat*’ with a
temperature of 300K and a time constant of 0.1 ps. All components
used a Berendsen barostat with isotropic pressure coupling, with a
compressibility of 4.5x 10 bar® and a time constant of 1ps. The
periodic boundary conditions were applied in the x, y, and z
dimensions.

Analysis of molecular dynamics data

Cluster analysis was performed on backbone atoms using the linkage
method with a 0.15 nm cutoffin GROMACS 2022 on both the individual
simulated replicates and a concatenated trajectory containing all three
replicates, to ensure the conformations of the protein were indepen-
dent from the starting structure (Supplementary Fig. S14).

From each simulation, the complete trajectory (1250 frames) was
used to track the distances between residues identified in XL-MS
experiments between CBD-B and Chil. MDAnalysis’>"' was used to
calculate distances between crosslinked atoms over the course of the
simulation. Distance over time plots were used to ensure distances had
converged for the duration of the production simulations (Supple-
mentary Fig. S14). For all residue pairs identified in the crosslinks, the
Ca-Ca and reaction centre distances between the residues were
tracked. For the DSSO crosslink identified between K447 of CBD-B and
K448 of Chil, the reaction centres were defined as the NZ atoms of
each sidechain. For the DMTMM crosslinks identified between K449 of
CBD-B and E527 and E399 of Chil, the reaction centres were defined as
the NZ atom of lysine and the OE1 atom of glutamic acid.

Bioinformatic analysis and phylogenetic tree building
Refer to Supplementary Information.

Structure visualisation and analysis

Structural data were visualised using UCSF ChimeraX-1.3. Multiple
sequence alignments generated for the purpose of structural com-
parisons (i.e. excluding the phylogenetic analysis detailed above)
were produced using the Molecular Evolutionary Genetics Analysis
software’” using ClustalW with default parameters™. Structural
homologues of the CBD-A, CBD-B and Chi2"™ were identified
using DALI** and TM-align®*. Interface analyses were performed
using PDBePISA to identify residues involved in electrostatic
interactions *.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data are available in the main text or the supplementary materials.
Structures presented in this study have been deposited in the Electron
Microscopy Data Bank and Protein Data Bank under the following
accession codes: YenTc holotoxin prepore EMDB-45190 [https://www.
ebi.ac.uk/emdb/EMD-45190], PDB-9C4K; YenTcA prepore EMDB-
45405 [https://www.ebi.ac.uk/emdb/EMD-45405]; YenTcBC prepore
EMDB-45409 [https://www.ebi.ac.uk/emdb/EMD-45409]; YenTc holo-
toxin pore EMDB-45422 [https://www.ebi.ac.uk/emdb/EMD-45422],
PDB-9CBC, YenTc pore EMDB-45423 [https://www.ebi.ac.uk/emdb/
EMD-45423]. The mass spectrometry data used in this study are
available in the ProteomeExchange via PRIDE under accession code
PXD068275. Molecular dynamics trajectories and data have been
deposited to Zenodo [https://doi.org/10.5281/zenodo0.17438278]. The
following PDB structures were referred to in the text: 409Y; 6YRO;
5BOA; 6HBO; 5UD7; 6DFQ; 4IGL; 60GD; 6RWS; 6RWA; 6RW9; 6RWB.
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