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Atomic structures of a bacteriocin targeting
Gram-positive bacteria

Xiaoying Cai 1,2, Yao He 1,2, Iris Yu1,2, Anthony Imani1,2, Dean Scholl3,
Jeff F. Miller1,2 & Z. Hong Zhou 1,2

Due to envelope differences between Gram-positive and Gram-negative bac-
teria, engineering precision bactericidal contractile nanomachines requires
atomic-level understanding of their structures; however, only those killing
Gram-negative bacteria are currently known. Here, we report the atomic
structures of an engineered diffocin, a contractile syringe-like molecular
machine that kills the Gram-positive bacterium Clostridioides difficile. Cap-
tured in one pre-contraction and two post-contraction states, each structure
fashions six proteins in the bacteria-targeting baseplate, two proteins in the
energy-storing trunk, and a collar linking the sheath with the membrane-
penetrating tube. Compared to contractile machines targeting Gram-negative
bacteria, major differences reside in the baseplate and contractionmagnitude,
consistent with target envelope differences. The multifunctional hub-
hydrolase protein connects the tube and baseplate and is positioned to
degrade peptidoglycan during penetration. The full-length tape measure
protein forms a coiled-coil helix bundle homotrimer spanning the entire dif-
focin. Our study offersmechanical insights and principles for designing potent
protein-based precision antibiotics.

C lostridioides difficile (C. difficile) is a Gram-positive pathobiont and
one of the most prominent sources of nosocomial infection,
responsible for almost a quarter million hospitalizations and thir-

teen thousand deaths per year in the US alone1. Dysbiosis of the gut
microbiota following antibiotic exposure can disrupt colonization
resistance, leading to C. difficile infection (CDI), which can manifest as
life-threatening colitis. Treatment of CDI with antibiotics can result in
further disruption of the gutmicrobiota and, in some cases, antibiotic-
refractory recurrent disease2. Engineered contractile nanomachines
based on R-type bacteriocins, such as the R-type diffocins of
C. difficile 3–5 andR-type pyocins of Pseudomonas aeruginosa6, aswell as
non-contractile nanomachines based on F-type bacteriocins, such as
the F-type pyocins of Pseudomonas aeruginosa7,8 and F-type monocins
from Listeria monocytogenes7, hold promise for developing precision
medicines that kill antibiotic-resistant pathogens without harming
beneficial microbes and without selecting for horizontal transfer of

resistance determinants. These bacteriocins kill by dissipating trans-
membrane ion gradients needed to sustain metabolic activity of their
target bacteria7.

R-type pyocins, contractile bacteriocins produced from Gram-
negative bacteria, have been well studied and the structure of an
R-type pyocin is described at the atomic level9. They resemble Type VI
secretion systems (T6SS)10, virulence cassettes from Photorhabdus
asymbiotica (PVCs)11, and contractile phage tails12, as they convert
chemical energy stored in the double-layered trunk region to
mechanical force required to pierce target cell envelopes. Phages with
a contractile tail have long been a model for studying extracellular
contractile injection systems (CISs)13. Their effective means of binding
to host bacteria and establishing a genome translocation channel
through the bacterial envelope have allowed phages to successfully
infect and replicate in host bacteria. As extracellular contractile
machineries released by some bacteria to kill competing strains,
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bacteriocins have similar but simplified biological constructs com-
pared to phages7,14,15: they lack the DNA-containing head but still pos-
sess a needle-like central spike, a baseplate with fibers, a sheath-tube
trunk, and a collar at the end of the trunk. The cylindrical trunk,
comprised of a hollow tube in the center and a sheath enclosing the
tube, is assembled by multiple copies of the tube and sheath proteins.
Specific attachment of baseplate tail fibers to receptors on the surface
of a target bacterial cell triggers conformational changes of the
neighboring baseplate, which leads to reorientation of sheath proteins
and contraction of the entire sheath assembly. Since the sheath and
the tube are anchored together at the opposite end by the collar,
collapsing the sheath pushes the tube through the baseplate, driving it
to puncture the cell wall and underlying cytoplasmic membrane. As a
result, the ion gradient across the membrane is breached, killing the
bacterium. This highly specific (ligand-receptor driven) and efficient
(mechanical penetration-based) mechanism presents great potential
for applications that require precise ablation of bacterial species or
strains7.

Contractile systems that target Gram-positive bacteria, with cell
walls ranging 30–100 nm in thickness, confront the challenge of
penetrating a significantly thicker cell wall compared to those target-
ing Gram-negative organisms, which typically have cell walls only a few
nanometers thick16. Differences in penetration mechanisms required

to puncture these two types of bacteria have been recognized17. For
example, a peptidoglycan hydrolase/lysin is often present in Gram-
positive systems (in contrast to its absence in Gram-negative-targeting
systems)18. Though this hydrolase is conserved among many phages
and its structure has been partially resolved, there is limited knowl-
edge regarding its precise position in the contractile apparatus and its
method of infiltrating the cell wall.

Here, we present the atomic structures of a diffocin, thus filling
the knowledge gap regarding structures of Gram-positive-targeting
contractile injection systems. The structures of the entire assembly in
the pre- and post-contraction states reach 2.2 and 3.6Å resolution,
respectively; all structures were resolved using cryogenic electron
microscopy (cryoEM). Comparisons between our models and other
existing contractile nanomachines unveil penetration mechanisms
specific to Gram-positive bacteria, as well as those shared with phages
and phage tail-like nanomachines targeting Gram-negative bacteria.

Results
Overall structures of the diffocin in three distinct states
The diffocin gene cluster (Fig. 1a) engineered to eradicate epidemic
C. difficile BI/NAP1/027 strains5 was expressed in Bacillus subtilis, and
the diffocin sample used for cryoEM imaging was purified by density
gradient centrifugation. Both pre- and post-contraction diffocin
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Fig. 1 | CryoEM reconstructions of the diffocin in pre- and post-contraction
states. a Organization of engineered diffocin genes. Gene accession numbers of
wild-type diffocin are shown below the corresponding genes. A portion of the gene
segment encoding the tail fiber and the genes encoding the receptor-binding
protein and two tail fiber chaperones were replaced with those of the phi027
prophage, which targets the epidemicC. difficileBI/NAP1/027 strain5. Genes framed
in black encode proteins that are resolved in the cryoEM reconstructions. b A
representative cryoEM image showing diffocin particles in the pre- and post-
contraction states. Scale bar, 100nm. c Length of diffocin particles in pre-con-
traction, post-contraction transitional, and post-contraction final states measured

from collar to baseplate (detailed in “Methods”). The sample sizes are 1088, 742,
and 872 for the particles in the pre-contraction, post-contraction transitional, and
post-contraction final states, respectively. Medians shown as black lines. Statistics
performedby two-tailedunpaired t-test; P value is 1.4 × 10−15 (****P <0.0001). Source
data of the length of diffocin particles are provided as a Source Data file.
d–fComposite cryoEMdensitymaps of thediffocin in thepre-contraction (d), post-
contraction transitional (e), and post-contraction final (f) states. A sectional view of
the pre-contraction state is presented in (d). Structural subunits are colored as in
(a). L1-32 denotes layers of the sheath.

Article https://doi.org/10.1038/s41467-024-51038-w

Nature Communications |         (2024) 15:7057 2



















diameter mask for the pre-baseplate segment, as opposed to the
aforementioned 110-pixel mask used in all other segments (Supple-
mentary Fig. 8c). Finally, a composite map of entire tape measure
protein was generated by montaging 20 pieces of small maps from
six segments (Supplementary Fig. 8d).

Model building and refinement
Both the pre-contraction and post-contraction atomic models were
built in Coot52. CD1362, CD1363, CD1364, CD1366 (residues 795-817),
CD1367, CD1368 (residues 1–314), CD1369, CD1370, CD1371 (residues
1–76) andCD1372 (residues 1–80)weremodeledde novo.With cryoEM
density maps of the pre-contraction state at 2.2–2.9 Å resolution, we
were able to clearly and confidently assign not only the backbone α-
carbon positions, but also side chain identities. For each protein chain,
we identified regions with strong secondary structures, such as α-
helices, allowing us to determine the peptide direction during initial
modeling stages.We placed batons to locate the position of α-carbons
within the density map and converted the batons into poly-alanine
chains with the mainchain function. The poly-alanine chains were then
mutated into its proper alignment sequence. Large protruding side
chains in the density map belonging to phenylalanine, tyrosine, and
tryptophan residues were used asmarkers to align the sequence to the
map. De novo modeling was not applied to proteins CD1366 (residues
1–794), CD1368 (residues 315–581), CD1371 (residues 77–346) and
CD1372 (residues 81–148) due to their weak densities in the map.
Predicted tertiary structures for these proteins were generated by
AlphaFold225. We fitted the predicted structures into the density and
refined manually in Coot52. For cryoEM density maps of the post-
contraction state at 3.6–6.1 Å resolution, we used the pre-construction
models as initial models. These initial models were docked into the
density maps of post-contraction diffocin by rigid-body fitting, fol-
lowed by manually rebuilding in Coot52.

Atomic models were refined through an iterative process
between automatic refinement with Phenix53 and manual corrections
in Coot52. For the automatic refinement step, the atomicmodels were
refined using the phenix.real_space_refine command of the Phenix
package53 with default refinement parameters. First, we refined
individual proteins with the whole cryoEM maps to improve their
secondary structure, Ramachandran, rotamer restraints, and intra-
molecular clashing score. Then, we combined all proteins to gen-
erate the full models of the baseplate, collar and trunk in Coot52 and
refined the full models in Phenix in order to separate clashing atoms
between adjacent monomers. At each of the refinement steps, we
manually inspected the models to assess quality of the refinement,
made manual adjustments and repeated the refinement steps until a
final structure was reached.

The final refined models were validated with EMRINGER Score54,
Ramachandran Plot, C-beta, and map CC as well as MolProbity55 and
the results are summarized in Supplementary Table 1. Figures and
movies were generated with UCSF ChimeraX56.

Length statistics of diffocin in different contraction states
The collar and baseplate particles used for the final cryoEM recon-
structions were mapped back to raw cryoEM images, and then
manually inspected to match up the collar and baseplate from the
same diffocin particle. Diffocin particles presenting only the collar or
baseplate or those with ambiguous features were excluded from
consideration. Through themanual inspection, we also confirmed that
post-baseplate state1 and post-baseplate state2 correspond to post-
collar long and post-collar short, respectively (Supplementary Fig. 1a).
Finally, 1088 collar-baseplate pairs from pre-contraction diffocin, 742
pairs from post-contraction transitional state diffocin, and 872 pairs
from post-contraction final state diffocin were selected from 1000
cryoEM images for analysis. For each collar-baseplate pair, the distance
from the center of the collar to the center of the baseplate was

calculated using their coordinates. The length of each diffocin particle
was calculated by adding up the distance from the center of the collar
to the center of thebaseplate, thedistance from the center of the collar
to the top of the collar (measured from the cryoEMmap of collar), and
the distance from the center of the baseplate to the bottom of the
baseplate (measured from the cryoEM map of baseplate).

Quantitative analysis of conformational heterogeneity of
post-trunk
528,409 post-trunk segments initially refined with C6 and helical
symmetry were subjected to 3DVA51 in cryoSPARC and separated into
20 clusters based on the 3DVA result (Supplementary Fig. 2c). Seg-
ments in each cluster were refined individually with C6 and helical
symmetry imposed (Supplementary Fig. 2d). Helical rise and twist for
each cluster were refined as well.

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

Data availability
The cryoEM density maps and corresponding atomic models have
been deposited in the EMDB and PDB, respectively. The accession
numbers are listed as follows: pre-contraction collar (PDB: 8V3T and
EMD-42953); post-contraction collar in transitional state (PDB: 8V3Z
and EMD-42961); post-contraction collar in final state (PDB: 8V40 and
EMD-42962); pre-contraction baseplate reconstructed in C6
symmetry (EMD-42957); pre-contraction baseplate reconstructed in
C3 symmetry (EMD-42958); pre-contraction baseplate focused refine-
ment on triplex region (PDB: 8V3W and EMD-42956); post-contraction
baseplate in transitional state (PDB: 8V41 and EMD-42963); post-
contraction baseplate in final state (PDB: 8V43 and EMD-42964); pre-
contraction trunk (PDB: 8V3X and EMD-42959); post-contraction trunk
(PDB: 8V3Y and EMD-42960). Source data of the length of diffocin
particles are provided with this paper. Source data are provided with
this paper.
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