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ABSTRACT

Contractile injection systems (CISs) are phage-tail-like nanosyringes that mediate bacterial interactions
by puncturing target cell membranes. Within these systems, Photorhabdus Virulence Cassettes (PVCs)
can translocate toxins across eukaryotic target cell membranes. The structure of a PVC has been
described at atomic level and engineered to deliver diverse protein cargoes into non-natively-targeted
organisms. Despite the structural insights into several CISs, information on PVCs from other species
and details on the contraction mechanism remain limited. Here, we present the single-particle cryo-
electron microscopy structure of PIPVC1, a PVC from the nematode symbiont and insect pathogen
Photorhabdus luminescens DJC, in both extended and contracted states. Our structure displays distinct
structural features that differ from other CISs, such as a cage surrounding the central spike, a larger
sheath adaptor, and a plug exposed to the tube lumen. Moreover, we present the structures of the
PIPVC1 fiber as well as the baseplate of the contracted particle, yielding insight into the contraction
mechanism. This study provides structural details of the contracted state of the PIPVC1 particle and
supports the model in which contraction is triggered. Furthermore, it facilitates the comparison of
PIPVC1 with other contractile systems and expands the scope of engineering opportunities for future

biomedical and biotechnological applications.
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INTRODUCTION

Microbial communities coexist and compete in their natural environments by interacting with their
surroundings and other organisms®. These interactions often involve the translocation of
macromolecules across cell membranes, mediating processes such as cellular communication and
defense??. To facilitate this, many bacterial species have evolved a plethora of specialized machineries,
the contractile injection systems (CISs), macromolecular nanosyringes distinct from one another but
evolutionarily related to bacteriophage tails®. These particles share a common structure consisting of
a contractile sheath wrapped around a rigid tube, sharpened with a central spike, an assembly used
for payload delivery”. The central spike is surrounded by a baseplate complex equipped with fibers for
host recognition. The baseplate triggers contraction upon specific sensing of the target cell through
the fiber network®. Contraction of the sheath drives the spiked tube outward, piercing the target cell

membrane and injecting the payload.

Based on the anchoring mechanism of the baseplate to the membrane prior to action, bacterial CISs
are commonly classified into type VI secretion systems (T6SSs) and extracellular contractile injection
systems (eClISs). T6SSs are cell-wall anchored CISs, widespread among Gram-negative bacteria®, which
deliver bacterial effectors into target prokaryotic or eukaryotic cells by being pushed out of the
bacterial membrane’®. Differently, eClSs attack target cells from the extracellular environment. Several
eCISs have been studied, each produced by different microorganisms and exhibiting distinct structural
and functional features. Tail-like bacteriocins, or tailocins, are a broad family of eCISs®, with the most
well-studied example being the R-pyocin encoded by Pseudomonas aeruginosa*®**. R-pyocins bind to
the receptor sites on the lipopolysaccharide of the target cell*?, and disrupt the membrane potential
after puncturing of the cell membrane®®. Metamorphosis-associated contractile structures (MACs),
produced by Pseudoalteromonas luteoviolacea, arrange in ordered bundles'* and carry effectors that
are necessary to induce metamorphosis'® and kill eukaryotic cells'®. The well-characterized antifeeding
prophage (AFP), produced by Serratia entomophila, acts as a delivery vehicle for the insecticidal toxin
Afp18 and causes amber disease in the New Zealand grass grub'’~*°, Recently, a bacterial CIS found in
Algoriphagus machipongonensis (AlgoClIS) exhibits structural differences compared to canonical
contractile systems, presenting a cap adaptor, a plug harbored inside the tube lumen, and a cage-like

structure around the spike®.

Photorhabdus Virulence Cassettes (PVCs) are eCISs produced by bacteria of the Photorhabdus genus,
which can translocate toxins across eukaryotic target membranes?'?2, Different Photorhabdus species
encode distinct copies of pvc operons in their genome, each associated with unique putative effector

genes®®?*, Notably, PVC-like genes are broadly distributed in the genomes of both prokaryotes and
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archaea?%®

, suggesting that these systems may represent an ancient mechanism contributing to
microbial evolution and functional specialization?®. The cryo-electron microscopy (cryo-EM) structure
of PVCpnf, a PVC from P. asymbiotica, features a contractile phage-tail-like particle?’, and its target
specificity is mediated by the recognition of cellular receptors by the tail fibers. These fibers can be
genetically engineered to retarget the particle against non-natively-targeted organisms with high
efficiency?®. Moreover, PVCpnf is being studied for its potential to load diverse protein cargoes, which

could be delivered to different targeted cells, both in vitro and in vivo*®?°, This programmable capability

provides the opportunity to customize PVCs for specific therapeutic applications.

Currently, structural and functional studies of PVCs are limited to PVCpnf from P. asymbiotica, and no
cryo-EM structures have been reported for PVCs from other Photorhabdus species. Given that P
luminescens is a nematode symbiont and insect pathogen®® that encodes six pvc operons in its
genome?>?*, the characterization of PVCs from this species could significantly contribute to our

understanding of the potential role of eClISs in symbiosis and infection.

In this study, we use cryo-EM to characterize the high-resolution structure of a novel PVC particle from
Photorhabdus luminescens DJC (PIPVC1), in both its extended and contracted states, providing critical
insights into its architecture and function. This system resembles other phage-tail-like particles, but
with distinct structural features, such as the presence of a cage surrounding the central spike, a larger
sheath adaptor, and a plug exposed to the tube lumen. Furthermore, the structures of the fiber and
the baseplate of the contracted PIPVC1 particle are solved, providing a comprehensive framework for
understanding the contraction mechanism. The detailed structural characterization and comparison of
the extended and contracted states support the model in which contraction is triggered upon target
cell recognition by the fibers. These findings significantly advance our understanding of PVCs and

contribute to their promising customization as biomedical tools, from biocontrol to precision therapy.

RESULTS

Overall structure of the PIPVC1 particle

The pvc operon 1 from Photorhabdus luminescens DJC was cloned for expression in Escherichia coli. It
comprises 16 open reading frames encoding the proteins conforming the PIPVC1 particle (Pvcl to
Pvci16) (Fig.1a, Sup.Fig.1, Sup.Tab.1). Mass spectrometry (MS) confirmed the presence of all proteins
in the purified sample. After expression, fully assembled PIPVC1 particles were visualized with
negative-staining electron microscopy (NS-EM) (Sup.Fig.2a). The length of purified PIPVC1 particles in
extended state was heterogeneous, with an average particle length of ~280 nm (Sup.Fig.2b,

Sup.Tab.2). Single-particle cryo-EM was used to determine the high-resolution structure of the PIPVC1
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97 particle components (Sup.Figs.3-4, Sup.Tab.3). The structures show similar features to other phage-
98 tail-like particles'**9?%?7; 3 baseplate surrounded by tail fibers network and equipped with a central
99 spike sharpened at the tip, a contractile trunk composed of sheath and inner tube, and a terminal cap
100  at the apical end (Fig.1b-1c, Sup.Fig.2a). The PIPVC1 particle generally follows 6-fold symmetry along
101  its structure, with symmetry mismatches between the baseplate (6-fold), central spike (3-fold), and
102  spike tip (1-fold). In the extended state, the outer diameter of the sheath reaches 162 A, enclosing the
103 inner tube, which has an outer and inner diameter of 80 A and 45 A, respectively. At the baseplate
104  level, the particle diameter expands up to 280 A (Fig.1b). Symmetry-based single-particle
105 reconstruction was divided into regions — cap, baseplate, central spike, and fiber — and mask-based

106  processing was used to improve the density resolution of specific parts (Sup.Figs.3-4, Sup.Tab.3).

107  The cap and baseplate density maps in the extended state were reconstructed to overall resolutions
108 of 2.5 A and 2.7 A, respectively, applying 6-fold symmetry. The central spike was reconstructed to 2.8
109 A by applying 3-fold symmetry. Using these cryo-EM maps, 14 proteins were located in the PIPVC1
110 particle, with 12 having atomic models built. Proteins Pvc14 and Pvcl5, which were present in the
111 sample as verified by MS, were not located in any density map and thus were not modeled. The fibers
112  were reconstructed individually, by local refinement in a symmetry-expanded particle set, to a
113 resolution ranging from 4 A to 6 A. The AlphaFold model of a trimer of the fiber protein Pvc13 was
114  fitted into the fiber density map, and the interaction between baseplate and fiber was built and refined

115 (Sup.Figs.3-4, Sup.Tab.3).

116  Contraction of the PIPVC1 particle was induced by exposing purified particles to 3 M urea®"*? (Fig.1d,
117  Sup.Fig.2c). The contracted sheath was solved at 3.1 A, and atomic models of the contracted sheath
118 proteins were built. The baseplate of the contracted particle was solved at a resolution ranging from 4
119 A to 10 A, and atomic models of the baseplate proteins were rigid-body fitted in the density map
120  (Sup.Figs.3-4, Sup.Tab.3).

121  PIPVC1 baseplate

122 The overall architecture of the PIPVC1 baseplate in its extended state is similar to the one in PVCpnf?’
123  and AFP* particles and resembles a streamlined T4 inner baseplate’ (Fig.2a, Sup.Fig.5). The PIPVC1
124  baseplate complex exhibits a 6-fold symmetrical assembly of the wedges (Pvcll and Pvci2)
125  surrounding the trimeric central spike (Pvc8), sharpened with the spike tip (Pvc10). The central spike
126 prolongs from the inner tube, while the baseplate wedges are connected to the trunk of the particle

127  through the sheath adaptor (Pvc9) (Fig.2a).
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128 Pvcll and Pvcl2 arrange in heterodimers, similarly to the phage T4 [gp6],-gp7 helical core bundle®.
129  This [gp6].-gp7-like core bundle in the baseplate wedges is conserved among other eCIS!t1%2027,
130 highlighting its importance in baseplate assembly and functionality. In the case of P/IPVC1, Pvcl2
131 resembles a combination of T4 gp6 in the “gp6B” position and gp7, whereas Pvcl1 is similar to T4 gp6
132  inthe “gp6A” position (Sup.Fig.6a).

133  The sheath adaptor Pvc9 in PIPVC1 is homologous to Pvc9 in PVCpnf, Afp9, Alg9, and gp25 in phage T4
134  (Sup.Fig.6b). Interestingly, Pvc9 is longer in the PIPVC1 particle than in those other CISs and protrudes
135  on top of Pvc12 and Pvcll (Fig.2b, Sup.Fig.7, Sup.Tabs.4-5). As seen in other CISs>%?%?7, the sheath
136 adaptor acts as an interface between the baseplate wedges and the trunk of the particle, facilitating
137 sheath orientation and assembly via several interactions between Pvc9 and baseplate, sheath, and
138  tube proteins. Pvc9 strongly interacts with the sheath initiator Pvc4 and the tube initiator Pvc7, and

33,34

139  docks on top of Pvcll and Pvcl2 (Fig.2b). Interaction-prediction analysis predicted Pvc9 interplay
140  with proteins in the region where the sheath adaptor interacts with Pvc4, Pvc7, Pvcll, and Pvcl2.
141  Additionally, isolated interactions with carbohydrates were predicted for some residues in the
142  protruded region, which is exposed toward the outer part of the particle (Sup.Fig.6c). This could lead

143 to hypotheses of other roles for Pvc9, apart from organizing sheath orientation and assembly.
144  PIPVC1 baseplate cage

145  The baseplate of PIPVC1 features an expanded cage around the central spike, formed by extensions of
146  the protein Pvcll (Fig.2a,2c). The cavity of the cage ranges between 65 A and 30 A in diameter (Fig.2c).
147  This cage-like structure was not determined in PVCpnf?’ or in AFP*°, but was identified in the AlgoCIS
148  particle?® (Sup.Fig.5, Sup.Fig.6d, Sup.Fig.7, Sup.Tabs.4-5). When compared to Algl1, both Pvcl1 and
149  Algll present an analogous fold in their N-terminal and C-terminal regions, which interact with
150 Pvc12/Alg12. The folding of the cage extensions is also similar in both cases, although it is shorter in
151 Pvcll (Sup.Fig.6d). The inner surface of the Pvcl1 cage is mainly negatively charged, in contrast to the
152  surrounded spike, which presents a positively charged outer surface (Sup.Fig.6e). Structure-based

35,36

153 bioinformatic analysis showed structural homology between carbohydrate-binding proteins and

154 Pvcll extensions, in consensus with similar results for Algl11?’. In addition, interaction-prediction

33,34

155 analysis predicted putative interactions with lipids and carbohydrates in the cage extensions

156  (Sup.Fig.6f).
157  PIPVC1 central spike

158  The central spike in PIPVC1 is composed of three copies of the protein Pvc8. It extends from the inner

159  tube and is sharpened by one copy of the spike tip protein Pvc10 (Fig.2a,2d). There are three main
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160 interactions between Pvc8 and Pvcll, accommodating the association between central hub and
161  baseplate wedges (Fig.2e). These interactions lead to the specific arrangement of Pvcl1 around Pvcs,
162 in an alternating pattern of contacting and non-contacting monomers, which is presumably important

163  for baseplate assembly and stabilization (Fig.2f).

164  Similar to VgrG in T6SS®, Pvc8 is a fusion protein of the central hub genes from phage T4. The N-
165 terminal region of Pvc8, which functions as the symmetry adaptor>?’, correlates with gp27, while the
166  C-terminal region is analogous to gp5 (Sup.Fig.6g). The upper part of the central spike adopts a B-
167 barrel conformation, featuring the folding seen in the tube proteins, allowing the transition between
168  the 6-fold symmetry of the tube initiator hexamer and the 3-fold symmetry of the spike trimer. The
169 lower part of the central spike folds in a cone-shaped manner, creating a rigid structure stabilized by
170  several integrated B-strands, and binds to the spike tip protein Pvc10, a homolog of gp5.4 in phage T4
171  (Fig.2d). We attempted to de-symmetrize the spike tip density but this was not possible, and no atomic
172 model was built for Pvc10. Thus, the AlphaFold prediction of Pvc10 was docked into the tip density,
173  following the B-strand folding of Pvc8 and using the structure of T4 gp5 and gp5.4 in their C-terminal
174 regions as a reference. Some phages have been reported to puncture cell membranes with ion-loaded
175  spikes®’*%. To determine possible loading of ions in the spike tip of PIPVC1, the sequence and predicted
176 structure of Pvc10 were analyzed and compared to the sequence and structure of gp5.4. No conserved
177 residues with potential involvement in iron coordination were found in Pvcl0, in contrast to gp5.4,
178  where an iron atom is coordinated by several histidine residues. However, two conserved residues in
179 Pvc10, S34 and D49, correlate with two conserved residues in gp5.4, T25 and D41, which are believed

180 to beinvolved in sodium binding (Sup.Fig.6h).

181  PIPVC1 plug

182  Anhelical density was identified within the cavity of the central spike, exposed toward the lumen of the
183 inner tube (Fig.2d). Local refinement applying 3-fold symmetry allowed the structural identification of
184  three copies of the plug protein Pvc6. Homologs of this protein could also be identified in
185  corresponding regions of other particles'®**?’ (Sup.Fig.7, Sup.Tabs.4-5). A partial atomic model of Pvcé
186 could be constructed, from residues 24 to 51, a region that adopts an a-helical structure. Pvc6 features
187 a trimeric hydrophobic inner core and a hydrophilic surface, which allows interaction with Pvc8 in its
188  gp27-like region (Sup.Fig.6i-6j). Previous studies on plug homologs indicated that they are crucial for
189  particle assembly and functionality?>*’. To further validate this, a PIPVC1APvc6 mutant was generated

190 and analyzed. No assembled particles could be purified (Sup.Fig.6k).

191 PIPVC1 trunk: inner tube
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192  The tube of the PIPVC1 particle is composed of three different tube proteins (Pvc7, Pvc5, Pvcl), which
193  assemble a structure with inner and outer diameters of 45 A and 80 A, respectively (Fig.1b). The first
194 layer of the tube, that contacts the central spike Pvc8, is formed by the tube initiator Pvc7, followed
195 by a ring of Pvc5, and then continued by consecutive stacked layers of Pvcl until the apical end (Fig.1b,
196  Fig.3a).

197 Pvc7, Pvc5, and Pvcl proteins share a common fold, similar to their corresponding homologs gp48,
198  gp54, and gp19 in phage T4 (Sup.Fig.8a-8b). Additionally, Pvc7 features a LysM-like domain®, as gp53
199 in phage T4 and glue in pyocin R2. This domain is also present in the tube initiators in AFP, PVCpnf, and
200  AlgoCIS (Sup.Fig.8c). The LysM-like domain extends in the C-terminal region of Pvc7 and interacts
201 extensively with the baseplate wedge protein Pvc12 and the sheath protein Pvc4, playing an important

202  rolein the stabilization of the baseplate-trunk interface (Fig.3b).

203  The stacking of tube proteins relies on B-loop intercalations between them. Each Pvcl subunit interacts
204  with two subunits in the layer above and two in the layer below (Fig.3c). Following the same pattern,
205 Pvc5 and Pvc7 subunits interact with Pvcl-Pvc7 and with Pvc5-Pvc8, respectively. This B-barrel-like
206 arrangement lengthens the whole tube from central spike to cap, providing a compact and rigid
207  structure. Notably, the inner surface of the tube lumen is negatively charged (Sup.Fig.8d), which in
208  eCISs is believed to be involved in the efficient packing and release of cargoes loaded inside the

209  trunk!®?74°,
210 PIPVC1 trunk: sheath

211  The sheath of the PIPVC1 particle is formed by three different proteins (Pvc4, Pvc2, Pvc3) which
212 surround the inner tube, expanding the outer diameter of the trunk to 162 A (Fig.1b, Fig.3a). Pvc2,
213 Pvc3, and Pvc4 share a common fold, similar to gp18 in phage T4 and sheath proteins in other eCIS
214  (Sup.Fig.9a-9b). When compared to the other sheath proteins, Pvc3 presents an extra knob, formed
215 by residues 64-117 and 225-278, which is believed to act as a fiber docking domain for the retracted
216  fibers in the extended state of the particle (Fig.1c, Sup.Fig.9a).

217  The sheath is initiated by the sheath initiator Pvc4, which interacts with the sheath adaptor Pvc9, the
218 LysM-like domain in Pvc7, Pvc5 in the first layer of the tube, and Pvc2 in the first layer of the sheath
219  (Sup.Fig.9c). In the following levels, the sheath comprises alternate layers of Pvc2 and Pvc3, finishing
220  with stacked layers of Pvc2 in the apical end, all assembled with a helical rise of 39.8 A and a twist of
221  20.1°(Fig.1b, Fig.3a). The alternating Pvc2-Pvc3 pattern seems to be influenced by the assembly of the

222  retracted fibers (Fig.1b-1c), as Pvc3 is the only sheath protein with a presumed fiber docking domain
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223 (Sup.Fig.9a). The exact layer at which Pvc3 terminates could not be determined due to length

224  heterogeneity in a mixed population of particles.

225  The sheath assembly relies on B-strand intercalations, or handshakes, between sheath proteins. The
226  first intercalation happens between the sheath adaptor Pvc9 and the sheath initiator Pvc4, which
227  allows for the docking of the sheath and baseplate together (Fig.3d, Sup.Fig.9c). Analogously, Pvc4
228 interacts with Pvc2, which sequentially interacts with Pvc3. These consecutive handshakes propagate
229 in each sheath layer, from baseplate to cap, stabilizing the sheath assembly in the PIPVC1 particle
230  (Fig.3d).

231  The sheath and tube proteins interact along the particle via generally conserved interactions'®?",

232 Pvc2, Pvc3, and Pvc4 feature an attachment helix through which interactions with the tube proteins
233 Pvcl and Pvc5 occur (Fig.3e). The tube-sheath interplay seems to be driven by the specific distribution
234  of positive and negative charges at the contacting interfaces, contributing to the stabilization of the

235 particle in its extended state.
236  PIPVC1 terminal cap

237  The extended PIPVC1 particle terminates with the cap complex at the apical end. This complex is
238  composed of six monomers of the protein Pvcl6 (Fig.1c, Fig.4a). Each Pvcl6 monomer consists of two
239  main domains (N-terminal and C-terminal) connected by a middle loop with a B-strand (Fig.4b). Pvc16
240 N-terminal domain has a similar fold to gp15 from phage T4** but contains an extra a-helix that allows
241 the closure of the inner tube down to a diameter of 6.7 A, as has also been observed for Pvcl16 of
242  PVCpnf*’ and Afp16'° (Fig.4c, Sup.Fig.10a-10b). There are multiple interactions between the Pvc16
243 subunits and tube and sheath proteins. The N-terminal domain of Pvcl6 interacts with two different
244  subjacent Pvcl neighboring subunits in their N-terminal region, leading to a unique conformation of
245 Pvcl in the apical layer (Fig.4d, Sup.Fig.10c). The middle loop of each Pvc16 monomer interacts via B-
246 strand intercalation with the C-terminal region of a Pvc2 subunit in the top layer of the sheath, while
247  the C-terminal domain of Pvc16 makes a turn and interacts with the N-terminal region of the adjacent
248 Pvc2 subunit (Fig.4e, Sup.Fig.10c). These interactions allow for the docking of Pvc16 into the upmost

249 sheath layer in a handshake manner, closing and stabilizing the particle in its extended state.
250  PIPVC1 contracted sheath and baseplate of the contracted particle

251 In order to investigate the conformational changes that occur when particles get activated and sheath
252 contraction is initiated, the contraction process was mimicked in vitro by exposing purified particles to

253 3 M urea®*?? (Fig.1d, Sup.Fig.2c). As in other CISs>'**92740 the sheath undergoes conformational
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254  changes after contraction, without losing the handshakes between subunits, which seemingly
255 maintains the integrity of the sheath (Fig.5a-5b, Sup.Fig.11a). Contraction leads to vertical
256 compression of the sheath, with a helical rise of 17.5 A and a twist of 31.7°, and to an expansion in
257  both the outer and inner diameters, from 162 A to 220 A in the former, and from 80 A to 110 A in the
258 latter (Fig.5b, Sup.Fig.11b). This is driven by conformational transitions in the sheath proteins, which
259 rearrange their C- and N-termini by rigid-body rotation, compared to their conformation in extended
260  state (Sup.Fig.11c). These rearrangements allow each sheath monomer to slide on top of the adjacent
261 one, opening the diameter of the particle and enabling tube-sheath detachment and tube ejection for

262  target cell membrane perforation.

263  The density map of the baseplate of the contracted PIPVC1 particle could be solved at a resolution
264 ranging from 4 A to 10 A, corresponding to areas closer to the sheath and periphery of the wedges,
265 respectively (Sup.Fig.3-4, Sup.Tab.3). An atomic model could not be built de novo for the baseplate of
266  the contracted particle, but a partial atomic model was obtained by rigid-body fitting of the sheath
267  adaptor Pvc9 and baseplate wedges Pvcll and Pvcl2 into the density (Fig.5c). This fitted model
268 suggested a rearrangement of Pvc9, Pvcll, and Pvcl2 in the baseplate of the contracted particle,
269 compared to its conformation in the extended particle, leading to the opening of the diameter of the
270  wedges (Fig.5d). The expansion and lateral dissociation of the baseplate wedges after contraction has
271  also been reported in the AFP particle®® and pyocin R2'*. As shown for gp25 in phage T4°, the sheath
272 adaptor Pvc9 is believed to play an important role in particle contraction by transducing the
273 contraction signal from the baseplate to the sheath, launching the subsequent conformational changes

274  in the sheath proteins.
275  PIPVC1 fiber

276 PIPVC1 presents a set of six tail fibers, arranged in a retracted manner around the extended particle
277  (Fig.1b). Each fiber is composed of three intertwined copies of the Pvc13 protein and exhibits an
278  arched topology, in which the C-terminus is folded toward the middle of the fiber (Sup.Fig.12a-12b).
279 Pvcl3 sequence analysis showed an organization of the fiber into three main parts: the N-terminal
280  region containing helical motifs with homology to fibers in other CISs*’, the central region with
281 repetitive motifs homologous to adenoviruses fibers, and the C-terminal region with homology to host-

282  binding domains of short tail fibers from bacteriophages (Sup.Fig.12c).

283  The AlphaFold model of the fiber, a trimer of Pvcl3, was fitted into the density determined for the
284  fiber in retracted conformation. The resolution was sufficient for recognizing domain segments of the

285  fiber and for confident fitting of the AlphaFold model into the density (Fig.6a, Sup.Fig.12b). Local
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286  refinement over the area of interaction between baseplate and fiber allowed for atomic modeling of
287  this region (residues 29-55 in Pvcl3 and residues 622-641, 686-708, 882-956 in Pvcl2) (Fig.6b). The
288 interaction between baseplate and fiber happens between the C-terminal region of Pvcl2, in the
289 periphery of the baseplate wedge, and the N-terminal region of the Pvc13 trimer, which folds into two
290  conserved a-helices (Fig.6b, Sup.Fig.12d). This interaction likely contributes to the orientation of the

291  fiberin a retracted conformation in the extended state of the particle.
292  DISCUSSION

293 Bacteria have evolved specialized contractile injection systems to invade and modulate target cells, all
294  evolutionary related to bacteriophages tails*. To date, several CISs have been broadly studied, and their
295  high-resolution structures have been described>’#111920.274042 The work here presents the single-
296  particle cryo-EM structure of a PVC particle from Photorhabdus luminescens DJC (PIPVC1), in both its
297 extended and contracted states, highlighting its evolutionary relationship with other CISs, and provides

298 a molecular framework for understanding its mechanism of action.

299  The PIPVC1 particle has a contractile trunk with conserved handshakes and B-loop intercalations
300 between the stacked sheath and tube subunits and is stabilized at the apical end by the terminator cap
301 complex. The hexagonal baseplate in PIPVC1 is assembled in a 1:1:1 stoichiometry around the central
302 spike, which is sharpened by the spike tip. Interestingly, the PIPVC1 particle features a longer sheath
303 adaptor which protrudes on top of the baseplate wedges. Although analysis of the extra domain in the
304  sheath adaptor was performed, the functionality of this protrusion remains ambiguous and requires
305 further investigation. Two other remarkable features of the PIPVC1 particle are the presence of a plug
306 protein in the cavity of the central spike exposed toward the lumen of the inner tube, and the existence
307 of baseplate extensions forming a cage around the central spike. The functionality of the cage remains
308 unknown, but our study supports Xu et al’s hypothesis?® on possible contribution of the cage to
309 particle-cell attachment. In addition, our results also reinforce the importance of the plug protein in

310 particle assembly, as no assembled particles were observed in the PIPVC1APvc6 mutant sample.

311  The structure of a PVC fiber has not been previously described at high resolution. In this study, the
312  density map of the PIPVC1 fiber in retracted conformation is solved at a resolution range of 4 A to 6 A,
313  the AlphaFold model of the fiber is confidently fitted into the density, and the atomic interactions
314  between baseplate and fiber are modeled. Sequence analysis of the PIPVC1 fiber showed divergence
315 from phage tail fibers in the presence of homologous regions with fibers from eukaryotic viruses

316  (adenoviruses), which suggests that the fiber protein Pvcl3 could be a fusion protein derived from
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317 phage tail fibers and adenovirus fibers and reinforces the hypothesis of PVC particles targeting

318  eukaryotic organisms?’%,

319 Extended and contracted structures of other eCISs have been reported, providing insight into the
320  mechanism of contraction***?°274° However, high-resolution structures of the baseplates in the
321  contracted state remain incomplete in most cases. Here, we present a cryo-EM structure of the
322 baseplate of the contracted P/PVC1 particle, facilitating our understanding of the contraction
323 mechanism in this particle and allowing the comparison with other eClSs. In vitro contraction of the
324  PIPVC1 particle established the molecular framework for studying protein rearrangements in the

325 contracted state and for comparing it with the metastable extended state.

326  In a similar fashion to phage T4>2%%~%, the contraction signal is believed to be sensed at the level of
327  the fibers, after recognition of specific receptors on the target cell membrane®®“°. Subsequently,
328  changes in the orientation of the fibers are transmitted to the baseplate through Pvcl2, leading to
329 expansion of the wedges and pivoting toward the periphery of the particle. Afterwards, contraction
330 propagates toward the sheath, until reaching the terminal part of the particle. The sheath adaptor
331 Pvc9 plays a crucial role as a connector between the dilated baseplate and the sheath, as also seen in
332  phage T4°, AFP particle’®, and pyocin R2'*. Rearrangements in the sheath adaptor trigger further
333 conformational changes along the sheath, without affecting its structural integrity. The widening of
334 the contracted sheath leads to sheath compaction, tube-sheath detachment, and tube ejection, with
335 final perforation of the target cell membrane to inject the payload into the target cell (Fig.6¢c). The
336 puncturing end of the tube, which is sharpened by the central spike and spike tip, is crucial for the
337 perforation. Both the rigidity of the spike and the conical shape of the tip play important roles in the
338 piercing process. Indeed, the rigid spike is believed to translocate through the membrane without
339 major unfolding and, in some phages, loaded with ions*’-*%. Our analysis of the sequence and predicted
340  structure of the spike tip protein Pvc10 suggests the hypothesis of potential loading of sodium ions in

341  the tip, which may contribute to target cell membrane digestion during piercing.

342 Upon perforation, PVCs can translocate toxins through eukaryotic cell membranes*?*. Functional
343 studies employing PVCs have demonstrated specific delivery of protein cargoes into selected target
344  cells, together with efficient reprograming of receptor recognition by tail fibers*®*?°, The ability of
345 modified PVCs to recognize and deliver payloads to specific targets could be harnessed for the
346 development of novel targeted drug delivery systems. The identification of key structural features
347 involved in contraction and target selection is crucial for broadening the opportunities to engineer

348 PVCs with modified host recognition properties and customized cargo-loading capabilities. Future
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349 research should focus on elucidating the full range of payloads delivered by these systems and

350 optimizing PVCs as biotechnological tools for biomedical use.

351 In conclusion, by elucidating structural features of the novel PIPVC1 particle, together with transitions
352 between extended and contracted states, this study enhances our understanding of contractile
353 injection systems and their evolutionary links to bacteriophages. The findings presented here deepen
354  our knowledge of bacterial nanomachines and lay more groundwork for harnessing PVCs in biomedical
355 and agricultural applications. Further studies investigating their functional mechanisms and potential

356 engineering approaches will be crucial for unlocking their full potential.

357  METHODS

358  Experimental model and subject details

359  E. coli strains were cultured aerobically in LB medium [1% (w/v) NaCl; 1% (w/v) tryptone; 0.5% (w/v)
360  yeast extract] at 37 °C. E. coli HSTO8 strain (Stellar chemically competent cells) was used for DNA

361  manipulation, and E. coli BL21Star(DE3) was used for protein expression.

362  Photorhabdus luminescens DJC strain (TTO1-RifR) was obtained from the lab of Prof. Dr. Ralf Heermann
363 (Johannes Gutenberg University of Mainz, Germany). This strain was cultivated aerobically in CASO

364  medium [5% (w/v) NaCl; 1.5% (w/v) peptone from casein; 0.5% (w/v) peptone from soymeal] at 30 °C.

365 For preparation of agar plates, 1% (w/v) agar was added to the respective medium. Antibiotics were

366 used as follows: ampicillin 100 pg/mL; chloramphenicol 34 pg/mL; rifampicin 50 pg/mL.

367  Cloning of PIPVC1 encoding operon

368  The pvcoperon 1 from Photorhabdus luminescens DJC (PluDJC_08925 to PluDJC_08830) was amplified
369 by PCR from genomic DNA and cloned into pBAD33 plasmid (arabinose-inducible promoter,
370 chloramphenicol resistance), previously linearized by PCR, using primers with an overlap with the first
371 and last ORF in the Pl-pvcl cluster. After DNA fragment purification, insert and vector were mixed in a
372 1:1 ratio and incubated with In-Fusion® Snap Assembly Master Mix (Takara) for 15 minutes at 50 °C. E.
373 coli Stellar competent cells were transformed with 2.5 pL of In-Fusion reaction and incubated
374  overnight. Positive clones were screened by colony PCR and restriction enzyme digestion (BamHI and
375 Bsal) after plasmid extraction. The full plasmid sequence was verified by Next Generation Sequencing.
376  PCR reactions were performed with Platinum™ SuperFi™ PCR Master Mix (Invitrogen), and DNA

377  fragment purification was carried out using QIAGEX Il Gel Extraction kit (Qiagen).
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378  PIPVC1 particle expression

379  Verified pBAD33-PluDJC_08925-08830 plasmid was transformed into E. coli BL21Star(DE3)
380 electrocompetent cells. After selection, cells were grown overnight at 37 °C in 10 mL LB medium
381 supplemented with chloramphenicol. The following day, 1 L of LB medium supplemented with
382 chloramphenicol, was inoculated with overnight culture, and protein expression was induced with
383  0.2% L-Arabinose at ODgoo 0.7. Cells were incubated for 24 hours at 18 °C with slow agitation (80 rpm).
384  Cells were harvested at 5,000 rpm for 20 minutes at 4 °C. The cell pellet was resuspended in 50 mL of
385 cold milli-Q water. Washing was carried out by centrifugation at 4,000 rpm for 15 minutes at 4 °C. The

386 final pellet was flash-frozen in liquid nitrogen for 5 minutes and stored at -20 °C.

387  PIPVC1 particle purification

388 Bacterial cell pellets were lysed in 25 mL of lysis buffer?’ (25 mM Tris pH 7.4, 140 mM NacCl, 3 mM KCl,
389 200 pg/mL lysozyme, 50 pg/mL DNase I, 0.5% Triton X-100, 5 mM MgCl,, 1x protease inhibitor) for 1
390  hour at 37 °C. The cell lysate was cleared by two rounds of centrifugation (6,000g for 30 minutes at 4
391  °C, and 30,000g for 30 minutes at 4 °C). The particles were pelleted by ultracentrifugation at 100,000g
392  for 1 hour at 4 °C. The particle pellet was resuspended overnight in 2 mL of Tris-salt buffer?® (20 mM
393  Tris pH 7.5, 150 mM NaCl). The resuspension was applied on an iodixanol-based gradient (10%-40%)
394  and subjected to ultracentrifugation at 100,000g for 20 hours at 4 °C. The gradient was divided into 12
395 fractions and each fraction was checked for presence of PIPVC1 particles by negative-staining electron
396  microscopy. The fractions containing the particles were buffer-exchanged (from iodixanol to Tris-salt
397  buffer) via dialysis in 20 kDa MWCO cassettes for 6 days at 4 °C. After dialysis, particles were pelleted
398 by ultracentrifugation at 100,000g for 1 hour at 4 °C. The pellet was finally resuspended in 100 pL of
399  Tris-salt buffer and cleared by centrifugation 10,0009 for 5 min at 4 °C. The supernatant containing the

400  PIPVC1 particles was stored at 4 °C for short-term use.

401  Mass spectrometry sample preparation

402 100 pL of room-temperature 50 mM ammonium bicarbonate was added to 20 pg (in ~5 uL) of purified
403 PIPVC1 sample. Following this, 0.5 pg of sequencing-grade trypsin was added, and the sample was
404 incubated overnight at 25 °C with gentle mixing. The digest was reduced and alkylated by concomitant
405  addition of tris(2-carboxyethyl)phosphine and chloroacetamide to final concentrations of 10 mM, and
406  incubating at 30 °C for 30 min. The sample was clarified through a 0.45 um spin filter, and peptides
407  were purified via high-pH C18 StageTip procedure. To this end, C18 StageTips were prepared in-house,
408 by layering four plugs of C18 material (Sigma-Aldrich, Empore SPE Disks, C18, 47 mm) per StageTip.

409  Activation of StageTips was performed with 100 pL 100% methanol, followed by equilibration using
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410 100 pL 80% acetonitrile (ACN) in 200 mM ammonium hydroxide, and two washes with 100 uL 50 mM
411  ammonium hydroxide. The sample was basified to pH >10 by addition of one tenth volume of 200 mM
412 ammonium hydroxide, and loaded on two StageTips. Subsequently, StageTips were washed twice using
413 100 pL 50 mM ammonium hydroxide, after which peptides were eluted using 80 pL 25% ACN in 50
414 mM ammonium hydroxide. The samples were dried to completion using a SpeedVac at 60 °C. Dried
415 peptides were dissolved in 20 pL 0.1% formic acid (FA) and stored at —20 °C until analysis using mass

416  spectrometry.

417 Mass spectrometry data acquisition

418  Around 2 pg of digested proteins (~500 ng of peptide) were analyzed per injection, with three technical
419  replicates. All analyses were performed on an EASY-nLC 1200 system (Thermo) coupled to an Orbitrap
420  Exploris 480 mass spectrometer (Thermo). Samples were analyzed on 20 cm long analytical columns,
421  with aninternal diameter of 75 um, and packed in-house using ReproSil-Pur 120 C18-AQ 1.9 um beads
422  (Dr. Maisch). The analytical column was heated to 40 °C, and elution of peptides from the column was
423  achieved by application of gradients with stationary phase Buffer A (0.1% FA) and increasing amounts
424  of mobile phase Buffer B (80% ACN in 0.1% FA). The primary analytical gradients ranged from 5 %B to
425 38 %B over 60 min, followed by a further increase to 48 %B over 5 min to elute any remaining peptides,
426 and finally a washing block of 15 min. lonization was achieved using a NanoSpray Flex NG ion source
427  (Thermo), with spray voltage set at 2 kV, ion transfer tube temperature to 275 °C, and RF funnel level
428  to 40%. Full scan range was set to 300-1,300 m/z, MS1 resolution to 120,000, MS1 AGC target to “200”
429 (2,000,000 charges), and MS1 maximum injection time to “Auto”. Precursors with charges 2-6 were
430  selected for fragmentation using an isolation width of 1.3 m/z and fragmented using higher-energy
431  collision disassociation (HCD) with normalized collision energy of 25. Monoisotopic Precursor Selection
432  (MIPS) was enabled in “Peptide” mode. Precursors were prevented from being repeatedly sequenced
433 by setting dynamic exclusion duration to 80 s, with an exclusion mass tolerance of 15 ppm and
434  exclusion of isotopes. MS/MS resolution was set to 30,000, MS/MS AGC target to “200” (200,000
435  charges), MS/MS intensity threshold to 360,000 charges/second, MS/MS maximum injection time to

436  “Auto”, and number of dependent scans (TopN) to 13.

437  Mass spectrometry data analysis

438  All RAW files were analyzed using MaxQuant software (v1.5.3.30). Default MaxQuant settings were
439 used, with exceptions outlined below. For generation of the theoretical spectral library, all expected
440  full-length PVC protein sequences were entered into a FASTA database. Digestion was performed using

441  “Trypsin/P” (default), allowing up to 3 missed cleavages. Minimum peptide length was set to 6, and
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442  maximum peptide mass to 6,000 Da. Protein N-terminal acetylation (default), oxidation of methionine
443 (default), deamidation of asparagine and glutamine, and peptide N-terminal glutamine to
444 pyroglutamate, were included as potential variable modifications, with a maximum allowance of 3
445  variable modifications per peptide. Modified peptides were stringently filtered by setting a minimum
446 score of 100 and a minimum delta score of 50. First search mass tolerance was set to 10 ppm, and
447  maximum charge state of considered precursors to 6. Label-free quantification (LFQ) was enabled, with
448 “Fast LFQ” disabled. Second peptide search was disabled. Matching between runs was enabled with a
449  match time window of 1 min and an alignment time window of 20 min. Data was filtered by posterior
450  error probability to achieve a false discovery rate of <1% (default), at the peptide-spectrum match,

451  protein assighment, and site-decoy levels.

452  PIPVC1 particle contraction

453  Particle contraction was performed via dialysis in 3 M urea®>*?. 70 uL of purified PIPVC1 sample were
454 placed in a mini dialysis cassette of 20 kDa MWCO. The sample was first dialyzed for 4 hours in 3 M
455 urea, pH 7.5, at 4 °C, and then dialyzed in Tris-salt buffer for another 4 hours at 4 °C. The contracted

456  sample was stored at 4 °C until further use.

457 Electron microscopy

458 For negative-staining electron microscopy, 4 plL of PIPVC1 samples were applied onto glow-discharged
459 (30 sec, 15 mA, in a Leica ACE 200) copper grids coated with a continuous carbon layer, then washed
460 3 times with 50 pL milli-Q water, and finally stained with 2% uranyl acetate. The grids were dried at
461 room temperature and imaged on a Morgagni 268 transmission electron microscope operated at 100

462  kV.

463  Cryo-EM grids preparation

464  For cryo-EM, 3 plL of PIPVC1 samples were applied to glow-discharged (10 sec, 5 mA, in a Leica ACE
465 200) Quantifoil grids (R2/2, 200 mesh Gold, coated with a 2 nm continuous carbon layer), and plunge-
466  frozen into liquid ethane pre-cooled with liquid nitrogen, using a Vitrobot Mark IV (FEI, Thermo Fisher
467  Scientific) at 4 °C and 100% humidity.

468  Cryo-EM data collection, image processing, and refinement

469  The cryo-EM grids were screened on a Glacios cryo-TEM at 200 kV (Thermo Fisher Scientific), equipped
470  with a Falcon 3 Direct Electron Detector. Data acquisition was performed on a Titan Krios G2 at 300 kV

471  (Thermo Fisher Scientific), paired with a Falcon 4i Direct Electron Detector and SelectrisX energy filter.
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472 Micrographs were collected using the semi-automated acquisition program EPU (FEI, Thermo Fisher
473  Scientific) at 105,000x magnification, with a calibrated pixel size of 1.2 A and a defocus range of -0.6 to
474  -2.0 um.

475 All datasets were processed using cryoSPARC*” v4.3.0 to v4.6.2. First, patch motion correction was used
476  to estimate and correct for full-frame motion and sample deformation (local motion). Patch contrast
477  transfer function (CTF) estimation was used to fit local CTF to micrographs. Micrographs were manually
478  curated to remove low-quality data based on ice thickness, local-motion distances, and CTF-fit
479 parameters. Particles were picked using Topaz particle picking®®. First, Topaz was trained with a
480 manually picked set of particles. Then, Topaz Extract was used with the pre-trained model and a pre-
481  tested particle threshold value. This procedure was performed equally for the baseplate of the

482  extended particle, the cap, and the baseplate of the contracted particle.

483 Baseplate. After Topaz particle picking and picks inspection, particles were extracted with a box size of
484 700 pixels and Fourier-cropped to 352 pixels. One round of 2D classification was performed followed
485 by ab initio 3D reconstruction. The 3D density was refined by non-uniform refinement, with imposed
486  C6 symmetry. After particle re-extraction with full box size (700 pixels), non-uniform refinement, with

487 imposed C6 symmetry, was applied with a dynamic mask to obtain a high-resolution map.

488 Central spike. The C6-symmetrized 3D volume of the baseplate was shifted toward the central spike
489 region, and particles were re-extracted with a box size of 360 pixels. After 3D reconstruction and
490 refinement, particles were subjected to symmetry expansion (total copies = 6). One round of 3D
491 classification, with a focus mask around the central spike region, was performed. The density of the
492  one class showing clear trimeric symmetry was refined by non-uniform refinement with C3 symmetry
493 imposed. Duplicated particles were removed, and final high-resolution map of the central spike region

494  was obtained by non-uniform refinement with imposed C3 symmetry.

495 Fiber. Particles from the binned C6-symmetrized 3D volume of the baseplate were re-extracted with a
496 box size of 560 pixels and a binning factor of 1.25x. After 3D reconstruction and refinement, particles
497  were subjected to symmetry expansion (total copies = 6). Two rounds of 3D classification, with focus
498 mask around the fiber, were performed. Classes showing clear density in the masked area were refined
499 by local refinement without symmetry imposition (C1), using the same mask applied during the 3D

500 classifications.

501 Cap. After Topaz particle picking and picks inspection, particles were extracted with a box size of 560
502 pixels and Fourier-cropped to 288 pixels. One round of 2D classification was performed followed by ab

503 initio 3D reconstruction. The 3D density was refined by non-uniform refinement, with imposed C6
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504  symmetry. After particle re-extraction with full box size (560 pixels), non-uniform refinement with

505 imposed C6 symmetry was applied with a dynamic mask to obtain a high-resolution map.

506 Baseplate of the contracted particle. After Topaz particle picking and picks inspection, particles were
507  extracted with a box size of 700 pixels and Fourier-cropped to 352 pixels. One round of 2D classification
508  was performed followed by ab initio 3D reconstruction. The 3D density was refined by heterogenous
509 and non-uniform refinement, with imposed C6 symmetry. Particles were subjected to symmetry
510 expansion (total copies = 6). One round of 3D classification, with focus mask around one baseplate
511 wedge, was performed. The class showing clear density in the masked area was refined by local
512  refinement without symmetry imposition (C1), using the same mask used for the 3D classification.
513 Duplicated particles were removed, and the 3D density was refined by homogenous refinement with
514  imposed C6 symmetry. After particle re-extraction with full box size (700 pixels), homogenous

515 refinement with imposed C6 symmetry was applied to obtain a higher-resolution map.

516 Contracted sheath. The binned C6-symmetrized 3D volume of the baseplate of the contracted particle
517  was subjected to local refinement, with imposed C6 symmetry and focus mask surrounding the first
518 layers of the sheath immediately after the baseplate. One round of 3D classification, using the same
519  focus mask, was performed. The class showing clear density in the masked area was refined by local
520 refinement with imposed C6 symmetry. After particle re-extraction with full box size (700 pixels), local

521  refinement with imposed C6 symmetry was applied to obtain a high-resolution map.

522  All the applied masks were created in UCSF ChimeraX v1.8*° and processed in cryoSPARC*'. For all
523 datasets, the number of micrographs, total exposure values, particles used for final refinement, map
524 resolution, and other values during data processing are summarized in Supplementary Table 3. Cryo-
525 EM data processing workflow and map resolutions with GSFSC curves are summarized in

526  Supplementary Figures 3-4.

527  Model building

528 The initial models of each protein in the PIPVC1 particle were predicted using AlphaFold2°°. Starmap>*
529  v1.1.75 was used for automated building of the AlphaFold-predicted models in the density maps.
530 Starmap results were inspected and manually adjusted in ISOLDE®? and Coot>®. Atomic models were
531 then refined against the corresponding maps using phenix.real_space_refine®* with secondary
532 structure restraints and geometry restraints. Several iterations of phenix.real_space_refine, followed
533 by manual adjustments in ISOLDE and Coot, were performed until convergence. Atomic models of Pvcé
534  andinteraction between Pvc12 and Pvcl3 were partially built due to density limitations. Atomic model

535 of the baseplate of the contracted particle was generated by rigid-body fitting of the baseplate wedge
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536  proteins and the sheath adaptor into the solved density. A summary of the model refinement and

537  validation statistics can be found in Supplementary Table 3.

538  Bioinformatics analysis

539 Multiple sequence alignments (MSA) were performed using Clustal Omega®> and visualized using
540  ESPript 3.0°°. DALI web server®® and Foldseek Search Server®® were used for structural analysis and
541 comparison. Protein interaction interfaces were predicted using the parameter-free geometric deep
542  learning method PeSTo*?* (Protein Structure Transformer). ConSurf Server’’ was used for

543  conservation analysis of sequence profiles.

544 DATA AND SOFTWARE AVAILABILITY

545  The cryo-EM density maps and the corresponding atomic coordinates were deposited in the Electron
546 Microscopy Data Bank (EMDB) and in the Protein Data Bank (PDB), respectively. The accession codes
547  are listed as follows: baseplate (EMD-53137, 9QGL); central spike (EMD-53138, 9QGM); cap (EMD-
548 53139, 9QGN); fiber and baseplate-fiber interaction (EMD-53140, 9QGO); contracted sheath (EMD-
549 53141, 9QGP); baseplate of the contracted particle (EMD-53143). The mass spectrometry proteomics
550 data have been deposited to the ProteomeXchange Consortium via the PRIDE®® partner repository

551 with the dataset identifier PXD060336.

552  SUPPLEMENTARY INFORMATION

553  Supplementary figures 1 to 12.

554  Supplementary tables 1 to 5.
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Effectors

f¥ docking site

Figure 1. Overall cryo-EM structure of the PIPVC1 particle in its extended and contracted states. (a)
Schematic representation of the genomic organization of the Pl-pvcl cluster. The gene accession
numbers are shown above the corresponding genes. (b) Cryo-EM maps of the PIPVC1 particle in its
extended state, in complete and slice views. The different structural subunits are colored according to
a. (c) Horizontal cut-out views of the marked sections i-iii in b. (i) top view of the terminal cap; (ii)
bottom view of the fiber docking site; (iii) bottom view of the baseplate. (d) Cryo-EM map of the PIPVC1
particle in its contracted state, filtered to 10 A. The different structural subunits are colored according

to a.
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693 Figure 2. Organization and atomic model of the PIPVC1 baseplate in its extended state. (a) Side cut-
694  out view of the atomic model of the baseplate complex in the PIPVC1 particle. The first layers of the
695  sheath and tube are also shown. (b) Zoom-in view of the marked section in a, in ribbon diagram,
696 showing interactions between the sheath adaptor Pvc9 and the sheath initiator Pvc4, LysM-like domain
697  in Pvc7, and baseplate wedges Pvcl1 and Pvcl12. (c) Cut-out side view of surface diagram showing the
698  spike cage in the PIPVC1 baseplate. Measures between opposite Pvcl1 subunits are labelled. (d) Left:
699  Side view of the atomic model of the tube initiator, central spike, and spike tip in the PIPVC1 particle.
700  The dotted rectangle remarks the B-barrel conformation, transitioning between C6 and C3 symmetry.
701  The dashed rectangle remarks the cone-shaped rigid spike. Right: Zoom-in view of the plug protein
702 Pvc6 in the lumen of the inner tube, showing cryo-EM density and ribbon diagram. (e) Top cut-out
703  view of the interactions between Pvcll and the central spike Pvc8 in the upper part of the spike,
704  depicted in magenta. The symmetry mismatch C6-C3 is circumvented by alternating interactions
705  between subunits. (f) Horizontal bottom view of the configuration of the cage around the spike, with
706 Pvcll monomers colored according to their interaction with Pvc8; light green: contacting, dark green:

707  non-contacting.

23


https://doi.org/10.1101/2025.04.20.649488
http://creativecommons.org/licenses/by-nc-nd/4.0/

708

709
710
711
712
713
714
715
716
717
718
719

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.20.649488; this version posted April 21, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

B-loop _I V

intercala(ion"‘

Pvc2 - Pve3 Pvc3 - Pve2

Figure 3. Organization and atomic model of the PIPVC1 tube and sheath in its extended state. (a)
Cryo-EM map of the extended PIPVC1 particle with colored tube and sheath subunits, at cap level (top)
and at baseplate level (bottom). (b) Zoom-in view of the main interactions of the LysM-like domain in
Pvc7 with the sheath initiator Pvc4 and the baseplate wedge Pvcl2. Residues involved in the main
interactions are labeled and shown as sticks. (c) B-loop intercalations within Pvcl subunits in different
stacked layers of the tube. One central Pvcl subunit is represented in yellow, interacting with two Pvcl
subunits in the layer above (light blue) and two in the layer below (grey). (d) Zoom-in view of the B-
intercalation handshakes between sheath layers. The B-strand exchange is conserved along all layers,
from baseplate to cap. (e) Conserved interactions between tube and sheath subunits, showing cryo-
EM density and ribbon diagrams. Residues in the attachment helices of the different sheath subunits

are labeled and shown as sticks. (i) Pvc3-Pvci, (ii) Pvc2-Pvcl, and (iii) Pvc4-Pvc5.
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720

721 Figure 4. Organization and atomic model of the PIPVC1 cap in its extended state. (a) Side and top
722  views of the cryo-EM map of the PIPVC1 terminal cap, with colored Pvc16 subunits, together with top
723  view of the atomic model of the Pvcl6 complex in ribbon diagram. (b) Zoom-in view of a Pvcl6
724  monomer interacting with Pvcl and Pvc2 in the upmost layer of the particle in its extended state. The
725 N-terminal domain (Nt), middle B-strand loop, and C-terminal domain (Ct) of Pvc16 are marked with
726  dashed rectangles. (c) Central ring of the terminal cap complex, showing cryo-EM density and ribbon
727  diagrams, with fitted a-helices (residues 149-159 shown as sticks). Two opposite a-helices are colored
728  in dark magenta as reference. The amino acid N154 was used to measure the 6.7 A aperture of the
729  apical part of the PIPVC1 particle. (d) Conformational comparison of the apical Pvcl tube subunit in
730  the top layer (yellow) with the non-apical Pvcl tube subunit in the rest of the layers (blue). (e) Side
731  view of the cryo-EM map of the PIPVC1 terminal cap, showing the conserved B-intercalation
732 handshake between Pvcl6 and Pvc2 subunits, together with the interaction between Pvcl6 and the

733 apical Pvcl subunit.
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735  Figure 5. Organization and atomic model of the PIPVC1 sheath and baseplate in its contracted state.

736  (a) Cryo-EM map of the PIPVC1 sheath in contracted state, with colored sheath subunits. (b) Top view
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of the ribbon diagrams of sheath subunits Pvc2, Pvc3, and Pvc4 in extended (/eft) and contracted (right)
states, with diameter measurements. The B-strands involved in subunit intercalation are colored in red
(B-strands in C-terminal region) and cyan (B-strands in N-terminal region). (c) Cryo-EM map of the
PIPVC1 baseplate in its contracted state, filtered to 10 A, with fitted Pvc2, Pvc3, Pvc4, Pvc9, Pvcll, and
Pvc12 subunits. Map-model Correlation Coefficient = 0.65. (d) Top: Side view of the ribbon diagrams
of two adjacent baseplate wedges (Pvcll and Pvcl2), together with first layers of the sheath (Pvc9,
Pvc4, Pvc2, and Pvc3), in extended (left) and contracted states (right). Sheath proteins are represented
in transparent colors. Baseplate wedges are represented in solid colors. Tube is represented in light
grey. Bottom: top view of the ribbon diagrams of baseplate wedges (Pvcll and Pvc12) in extended

(left) and contracted (right) states, with measurements for diameter and separation of the wedges.
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Figure 6. Structure of the PIPVC1 fiber and schematic model for target recognition and contraction.
(a) Cryo-EM map of the PIPVC1 fiber colored by local resolution. The dashed rectangle marks the region
where local refinement was applied to refine the interaction between baseplate and fiber. (b) Cryo-
EM map and atomic model of the interaction between baseplate and fiber. Pvc12 is colored in dark
green. Each chain of Pvc13 is colored in cyan, yellow, and orange, respectively. Residues involved in
the baseplate-fiber interaction are labeled and shown as sticks. (c) Schematic representation of the
proposed mechanism for target cell recognition, particle binding, particle contraction, and perforation
of the target cell membrane. The particle recognizes the target cell via the tail fiber network, leading
to particle attachment and contraction triggering, which terminates with the translocation of the spike

through the target cell membrane.
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