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Type IV pili (T4P) produced by the pathogen Pseudomonas aeruginosa play a
pivotal role in adhesion, surface motility, biofilm formation, and infection in
humans. Despite the significance of T4P as a potential therapeutic target, key
details of their dynamic assembly and underlying molecular mechanisms of
pilus extension and retraction remain elusive, primarily due to challenges in
isolating intact T4P machines from the bacterial cell envelope. Here, we
combine cryo-electron tomography with subtomogram averaging and inte-
grative modelling to resolve in-situ architectural details of the dynamic T4P
machine in P. aeruginosa cells. The T4P machine forms 7-fold symmetric cage-
like structures anchored in the cell envelope, providing a molecular framework
for the rapid exchange of major pilin subunits during pilus extension and
retraction. Our data suggest that the T4P adhesin PilY1 forms a champagne-
cork-shaped structure, effectively blocking the secretin channel in the outer
membrane whereas the minor-pilin complex in the periplasm appears to
contact PilY1 via the central pore of the secretin gate. These findings point to a
hypothetical model where the interplay between the secretin protein PilQ and
the PilYl-minor-pilin priming complex is important for optimizing conforma-
tions of the T4P machine in P. aeruginosa, suggesting a gate-keeping
mechanism that regulates pilus dynamics.

M Check for updates

Many bacteria and archaea produce type IV pili (T4P), long, hair-like
filaments that protrude from the cell surface to sense surrounding
surfaces, initiate colonization, and contribute to infection'®. Central to
the diverse functions of T4P is their dynamic nature®’*, undergoing
rapid cycles of extension and retraction. This repeated assembly
(extension) and disassembly (retraction) of the grappling-hook-like

T4P filaments are essential for surface motility, DNA uptake, and
microcolony formation by diverse bacteria®’.

T4P dynamics are enabled by a sophisticated, multi-protein nano-
machine that spans the entire bacterial cell envelope'. Cryo-electron
tomography (cryo-ET) studies of T4P machines in Myxococcus xanthus,
Thermus thermophilus, and Vibrio cholerae revealed a series of
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concentric rings anchored within the cell envelope that together con-
stitute the basal body*"2. Within these stacked ring structures, the
spatial arrangement of several T4P components has been elucidated".
An oligomer of PilQ forms the outer membrane secretin and connects to
the alignment subcomplex, consisting of PilP, PilO, PilN, and PilM, that
spans the periplasm, inner membrane, and cytoplasm. Embedded within
this assembly, PilC is the inner membrane platform protein that coor-
dinates with ATPase motors to drive assembly and disassembly of major
pilin subunits into the extending and retracting pilus, respectively.

The T4P machine is crucial for the ability of the human pathogen
Pseudomonas aeruginosa to move across surfaces, form biofilms, and
initiate infection®*. While individual components of P. aeruginosa T4P
(Pa-T4P) have been intensively studied for the past two decades, it
remains unclear how these proteins work cohesively in the nano-
machine to facilitate filament extension and retraction. The multi-
merization state that is key to the assembly of complexes is not fully
defined. The assembly of Pa-T4P is primed by the minor pilin proteins
(FimU, Pilv, Pilw, PilX and PilE) and a non-pilin protein, PilY1"™.
Localized to the pilus tip, PilY1 acts as an adhesion protein that binds
bacteria to diverse substrates™"?°. In addition, PilY1 has been sug-
gested to play key roles as a calcium-dependent regulator of twitching
motility”, a mechanosensor for surface-activated virulence of
bacteria?? and to have a regulatory role in c-di-GMP production to
control surface behaviors****, Some other species such as Myxococcus
xanthus produce multiple sets of minor pilins and PilY1 homologs to
provide functional flexibility in various environments'. However,
exact localization of PilY1 in various bacteria before pilus extension
and how it associates with the minor pilins remain mysteries.

In this study, we use cryo-ET with subtomogram averaging and
integrative modeling to elucidate the structural details of the T4P
machine in P. aeruginosa. Our data suggest that PilY1 may form a cork-
like structure that plugs the secretin gate. The interaction of PilQ and
the PilY1-minor pilin subcomplex may play a key role in optimizing T4P
assembly and leads us to propose a model of gate-keeping mechanism,
whereby PilY1 regulates the extension and retraction of the type
IV pilus.

Results

Cryo-ET and subtomogram averaging reveal that the P. aerugi-
nosa T4P machine consists of four cage-like structures that span
the cell envelope

Among the significant challenges in achieving high-resolution struc-
tural determination of the T4P nanomachine is the requirement to
image large numbers of complexes in whole bacterial cells. Initial
experiments with cryo-focused ion beam milling (cryo-FIB) and cryo-
ET suggested that P. aeruginosa cells produce a substantially higher
number of T4P nanomachines when grown as surface-attached bio-
films than during liquid growth (Supplementary Fig. 1). To improve the
throughput of our cryo-ET data collection workflow, we bypassed the
time-consuming steps of cryo-FIB and prepared grids with surface-
grown bacterial cells resuspended in a phosphate-buffered saline
solution. Using a fast cryo-ET data acquisition scheme, we picked
thousands of T4P nanomachine particles from just a few hundred
tomograms of surface-grown P. aeruginosa (Pa) cells (Fig. 1a, Table 1).
The subtomogram-averaged structures of the Pa-T4P machines were
resolved to ~2- to 4-nm resolution (Table 1; Supplementary Figs. 2, 3),
revealing many previously unknown features, including the extended
c7-symmetric densities throughout the nanomachine that form four
distinct cage-like structures spanning the cell envelope (Fig. 1b-e;
Supplementary Fig. 4; Supplementary Movie 1).

P. aeruginosa cells that lack the retraction ATPase PilT (4pilT, T4P
filaments cannot retract) produced significantly higher numbers of
piliated T4P machines than wild-type cells. Thus, subtomogram aver-
aged structures of the piliated Pa-T4P machine described in this study

were derived from hyper-piliated ApilT cells (Fig. 1b, f). Focused
refinement revealed that the upper cage of the ApilT Pa-T4P machines
(-210 A in diameter and 125A in height) is anchored in the double-
leaflet of the outer membrane, then widens via seven elongated, spike-
shaped structures that bind the peptidoglycan layer below (Fig. 1b,
e-g). The mid-cage (-170 A in diameter and 70 A in height) sits beneath
the peptidoglycan and serves as a connection point for the upper cage
and inner membrane-anchoring lower cage (175A in diameter and
100 A in height). The cytoplasmic cage (195 A in diameter and 60 A in
height) appears to interact with the lower periplasmic cage within the
inner membrane, and a disc-shaped structure forms its base (Fig. 1e).
Furthermore, a cross-section view of piliated T4P machines showed
that a pilus filament (-5.5 nm in diameter) occupies the central channel
and exits the outer membrane through the upper cage (Fig. 1b, f).

TsaP helps to anchor the secretin to the peptidoglycan layer
Cryo-ET and subtomogram averaging established an architectural
framework for docking high-resolution structures and structural
models of Pa-T4P components to examine the detailed organization
of the nanomachine. We first focused on resolving molecular details
near the upper cage, which is primarily composed of the outer
membrane-anchoring T4P secretin protein PilQ'>*, PilQ of P. aer-
uginosa has five distinct domains (Supplementary Fig. 5a). At the N
terminus, two peptidoglycan-binding AMIN-like (PilQamini-2)
domains are followed by the NO and N1 domains (PilQyo, PilQn;) with
asecretin domain (PilQsecrerin) at the C-terminus. Single-particle cryo-
EM revealed that the P. aeruginosa PilQsecrerin interweaves into a Cyy
symmetric B-barrel, while the 14 PilQy; form a ring-shaped structure
below??. The N-terminal PilQamini-2 and PilQno domains were not
visible in the purified in vitro full length cryo-EM structure”. The
cryo-EM structure of PilQuisecretin (PDB: 6ve3) was docked into the
central interior of the upper cage anchored to the outer membrane
(Fig. 1g). Intriguingly, an additional cryo-ET density not observed in
the cryo-EM structure of PilQny.secretin SUrrounds the secretin per-
iphery (Fig. 1g) and extends further downward to form c7-symmetric
spike-shaped structures in contact with the peptidoglycan layer
(Fig. 1g, h). Single-particle cryo-EM demonstrated that TsaP, a T4P
protein implicated in surface sensing, forms a belt-shaped structure
around PilQny.secretin Via its C-terminal two tandem B-roll domains
(herein referred to as TsaPc,y;), with an overall stoichiometry of seven
TsaP to fourteen PilQ” (Supplementary Fig. 5b, c). The structure of
the PilQny-secretin-TSaPcr.n complex (PDB: 6ve2) fits well into the cryo-
ET density (CCpmainchain=0.65, Supplementary Table 1), confirming
that the c7-symmetric belt around PilQ is likely formed by the TsaPc¢;
domains in situ (Fig. 1g, h). Interestingly, despite limited shared
sequence identity, the architecture of the Pa-T4P secretin-TsaP
complex resembles that of the secretin-pilotin complex from the Pa
Tight Adherence Secretion System recently resolved by cryo-EM
single-particle analysis®. It was also proposed that TsaP might
replace the pilotin PilF after the proper insertion of PilQ in the outer
membrane”.

Both PilQ and TsaP have peptidoglycan (PG)-binding modules in
their N termini (PilQamini-2 and TsaPyyev)”, but neither was observed in
the cryo-EM structures, as PG is absent in purified secretin prepara-
tions. The cryo-ET density of seven extended spikes extends from
TsaPcy.cy to contact the PG (Fig. 1g, h). To investigate if these structures
are the PG-binding TsaP s\, we imaged a tsaP-deletion (AtsaP) strain
and solved the subtomogram-averaged structure of its T4P machine.
Deletion of tsaP caused both the belt-shaped structure around PilQ
and the PG-connecting spikes to disappear (Fig. 2a, b in comparison to
Fig. 1f, g). This finding indicates that TsaP is indeed a main component
of the c7-symmetric spike and likely helps to anchor the secretin to the
peptidoglycan layer. Most T4P machines in the AtsaP mutant cells
(>90%) are in the non-piliated state (Supplementary Fig. 5d, e). The
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central channel of the AtsaP T4P machine contains a rod-like structure
thinner (-4.2nm, Fig. 2a) than the type IV pilus filament (-5.5nm,
Fig. 1f). Based on cryo-ET studies of the T4P machine in M. xanthus™*,
this rod-like structure is likely the minor pilin complex (Fig. 2b).
Moreover, an unknown structure near the outer membrane plugs the
secretin of the non-piliated AtsaP T4P machine from above and
appears to be in contact with the minor pilin complex below
(Fig. 2a, b). This cork-like structure is also observed in the non-piliated
structure of the ApilB Pa-T4P machine (Fig. 1c).
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Fig. 1| The in-situ architecture of the P. aeruginosa T4P machine reveals a
cage-like structure that spans the cell envelope. a Slice through a tomogram of
the cell pole of a wild-type P. aeruginosa (similar results were observed in >100
tomograms). b Central slice of the subtomogram-averaged structure of the piliated
T4P machine from the ApilT cells of P. aeruginosa. ¢ Central slice of the
subtomogram-averaged structure of the non-piliated T4P machine from the ApilB
cells of P. aeruginosa. d Subtomogram-averaged structures of the piliated (14) and
non-piliated (64) Pa-T4P machines are mapped back into the segmented bacterial
membranes of the tomogram shown in (a). Also see Supplementary Movie 1.

Pseudoatomic assembly of the outer membrane-associated
secretin and associated proteins

To further dissect the molecular details of the secretin and its associated
proteins, we used AlphaFold-Multimer (ColabFold v1.5.3 with alpha-
fold2_multimer_v3) to predict the structure of the monomeric PilQ-TsaP
complex*** and then modeled the assembly with a stoichiometry of 147,
as demonstrated by cryo-EM (Fig. 2c; Supplementary Fig. 5c, left, Sup-
plementary Fig. 6b). The core architecture of the PilQ-TsaP model follows
that of the cryo-EM structure of the PilQisecretin-TSaPc complex. In
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e In-situ architectures of the piliated ApilT and non-piliated 4pilB Pa-T4P machines
assembled from segmented focus-refined maps (f, Fig. 4g; Supplementary

Fig. 8a, b) of the nanomachine. OM outer membrane, PG peptidoglycan, IM inner
membrane. f Central slice of the focus-refined subtomogram-averaged structure of
the upper and mid-cage regions of the piliated ApilT T4P machine. g Cryo-EM
single-particle structure of P. aeruginosa secretin PilQuy-secretin (PDB: 6ve2/EMDB ID:
EMD-21152, secretin gate opened to accommodate the pilus) in complex with
TsaPc.y (pink) fitted into the subtomogram-averaged map of the upper and mid-
cage of the T4P machine”. h Top view of the upper cage.
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Table 1| Strains, cryo-ET data, and estimated resolution of structures in this manuscript

Strain Pixel size (A) Tomogram No. Subtomogram No. Estimated Resolution FSCo 5 (A) EMDB IDs
ApilB (Global) 2.148 283 5214 38.6 EMD-43434
ApilB (Upper + mid cages) 2.148 283 173 241 EMD-43410
ApilB (Mid + lower cages) 2.148 283 1627 28.7 \
ApilT (Global) 2.148 228 4054 411 EMD-43418
ApilT (Upper + mid cages) 2.148 228 1128 277 EMD-43426
ApilT (Mid + lower cages) 2.148 228 507 32.0
AtsaP (Global) 2.148 162 2213 47.9 \
AtsaP (Upper + mid cages) 2.148 162 1514 31.3 EMD-43433
ApilY1 (Global) 2.148 250 3819 38.5 \
ApilY1 (Upper + mid cages) 2.148 250 2182 29.4 EMD-43432
b c
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Fig. 2 | Structural details of the secretin and its interface with the alignment
subcomplex. a Central slice of the focus-refined subtomogram-averaged structure
of the upper and mid-cage regions of the T4P machine from AtsaP cells. b Structure
of PilQ (yellow for PilQny-secretin SOIVed by cryo-EM (PDB:6VE3/EMDB ID:EMD-21153)
and orange for PilQaminz and PilQuo structures predicted by AlphaFold) fitted into
the subtomogram-averaged map of the Pa-T4P machine from AtsaP cells.

c Structure of PilQ (yellow for PilQuj-secretin SOIVed by cryo-EM and orange for the
PilQamin1,2-No Structure predicted by AlphaFold) in complex with TsaP (pink for

TsaP¢yy solved by cryo-EM and magenta for TsaPy s\ predicted by AlphaFold) and
PilP¢ fitted into the segmented subtomogram-averaged map of piliated Pa-T4P
machines from ApilT cells. d Cross-section view of the Pa-T4P machine derived
from the hyperpiliated ApilT cells showing its extended shape that contacts PG.

e Pseudoatomic structure of the PilQ-TsaP-PilPc complex anchored within the
segmented cryo-ET density of OM and PG in the piliated ApilT Pa-T4P machine.

f Surface representation view of the bottom of the PilQ-TsaP-PilPc complex in the
piliated ApilT Pa-T4P machine.

addition, the PilQ-TsaP model shows that the seven copies of the TsaPyysv
and the PilQawmini-2 domains protrude from the secretin, forming exten-
ded, spike-shaped structures (Supplementary Fig. 5c, right). Below
PilQsecretin, the PilQn; domains form a ring-shaped structure under the
secretin gate in the periplasmic space (Fig. 2c). The PilQyo ring is situated
beneath the PilQy; ring, which serves as a hub linking the secretin to the
extended, peptidoglycan-binding PilQanni2 domains on the periphery
(Fig. 2c). The core of PilQ-TsaP fits into the upper cage density near the
outer membrane (Fig. 2¢, d), where the c7-symmetric spikes in contact
with PG most likely consist of the TsaPys and PilQaviniz domains

(Fig. 2c, d). Although 14 copies of PilQawmini-2 Were expected, only 7 copies
could be fitted into the subtomogram-averaged density. We speculate
that these 7 PilQavini2 might be stabilized by the corresponding 7
TsaPyysv at 11 ratio, whereas the other 7 copies of PilQamini2 are too
dynamic to be visible in the subtomogram-averaged density. Consistent
with the hypothesis that TsaP s\ is a component of the c7-symmetric
spikes, the core of PilQno-secretin fits well into the subtomogram-averaged
map of the AtsaP T4P machine (CCainchain=0.73, Supplementary
Table 1) while the belt-like structure around the PilQsecrerin and most of
the peptidoglycan-interacting spikes are absent (Fig. 2b).
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Fig. 3 | In-situ architecture of the P. aeruginosa T4P machine. a Segmented
focus-refined map (raw density map in Supplementary Fig. 8a) of the lower and
cytoplasmic cage regions of the piliated T4P machine. b AlphaFold-Multimer-
predicted structure of the PilP (light green)—PilO (yellow; transmembrane region,
red)—PiIN (blue; transmembrane region, red)—PilM (dark green) complex fitted
into the segmented cryo-ET map (transparent). ¢ Architecture of the c7-symmetric
alignment subcomplex fitted into the subtomogram-averaged cryo-ET map. The
cryo-ET maps are transparent, with the structures docked in their interiors.

d Cross-section view of the lower periplasmic cage that shows the c7-symmetry

Alignment
subcomplex

Jl,‘

R

Motor

complex PilP-PilO-PiIN surrounding the pilus in the center. The relative position of
(d) is shown with an arrow in (a). The spacing between two neighboring pillars
(composed of PilP-N-0) is -38 A, which enables the free diffusion of major pilin PilA
to enter and exit the T4P machine within the inner membrane. e PilC trimer model
fitted into the segmented cryo-ET density. f Cross-section view of the T4P machine
showing the AlphaFold-predicted PilC trimer and the cryo-EM structure of the P.
aeruginosa PAO1 T4P filament (PDB: 8TUM) fitted into the segmented cryo-ET
maps. The motor (light blue) is illustrated with the cryo-ET density. g In-situ
architectural model of the piliated T4P machine of P. aeruginosa.

The remaining structures that contact the peptidoglycan were
fitted with PilQamini2 given their proximity to the PilQyo domains
(Fig. 2b). The 14 PilQyno domains extend into the mid-cage below the
upper cage (Fig. 2b). The presence of the additional c7-symmetric
density further beneath PilQyo suggests that the mid-cage is composed
of other T4P machine components intimately associated with the
secretin (Fig. 2b). Given that the secretin PilQ interacts with the
alignment subcomplex protein PilP*’, we predicted their interactions
using AlphaFold-Multimer (Fig. S6a, c). Consistent with the biochem-
ical data®, the predicted PilQ-PilP complex suggests that PilQ interacts
with the C-terminal B-sandwich domain of PilP (PilPc) via its NO
domain. Whereas the N-terminal domain of PilP (PilPy) appears to be
largely unstructured, with only a short a-helical region (Supplementary
Figs. 6a, ¢, 7a). The PilQyo -PilPc complex is in excellent agreement with
the density of the mid-cage (Fig. 2¢; CCpainchain = 0.85; Supplementary
Table 1, Supplementary Fig. 7b, c), revealing the dynamic interface
between the secretin and alignment subcomplex in the periplasmic
space (Fig. 2¢, e, f). Interestingly, the PilQyo -PilP¢ interface resembles
that of the GspCHR:GspDNO-N1 complex in the Type Il secretion sys-
tem of E. coli*. Overall, the integrative structural biology approach
described above enabled us to model the assembly of the secretin and
its binding partners into the in-situ cryo-ET map in a stoichiometry-
specific manner, providing a solid foundation for building an accurate
model of the intact T4P machine in P. aeruginosa.

In-situ architecture of the intact Pa T4P machine

Having resolved the PilQuo-PilPc-mediated secretin-alignment sub-
complex interface, we next examined the structural details that are key
for the stoichiometry-dependent assembly of the large inner

membrane-associated periplasmic and cytoplasmic c7-symmetric
cage-like structures (Fig. 3a; Supplementary Fig. 8a), which corre-
spond to four T4P proteins: PilM, PilN, PilO, and PilP"*,

X-ray crystallography and biochemical studies indicated that PilN
and PilO form a heterodimer using their ferredoxin-like globular
C-terminal domains rich in B sheets® %, This dimerization interface is
preserved in the complex predicted by AlphaFold-Multimer (Fig. 3b;
Supplementary Figs. 6e, 8c). Interestingly, AlphaFold-Multimer further
suggested that the N-terminal domains of PilN and PilO intertwine to
form an extended, coiled-coil-like structure (Fig. 3b; Supplementary
Fig. 8c, f, g). The a-helical regions of both PilN and PilO have trans-
membrane segments near their N termini, thereby anchoring the
heterodimeric complex in the inner membrane (Fig. 3b; Supplemen-
tary Fig. 8c). While PilPc adopts a 3-sandwich fold, AlphaFold-Multimer
predicted that PilPy has an extended shape that interacts with the PilN-
PilO coiled-coil via its short a-helix, together forming a tri-helix-
bundle-like structure (Fig. 3b; Supplementary Figs. 6g, 8c). The pre-
dicted PilPy is shorter than the PilN-PilO helices (Fig.3b; Supplemen-
tary Fig. 8c), consistent with PilPy lacking a transmembrane helix.
Instead, PilP is lipidated at cysteine 18 after removal of its N-terminal
17-aa signal sequence®***, and the lipid moiety anchors PilP in the outer
leaflet of the inner membrane (Supplementary Fig. 8c, right).

Further, the 9 N-terminal residues of PilN protrude into the
cytoplasm, where they form a complex with the cytoplasmic protein
PilM>**! (Supplementary Fig. 8c, d), thereby linking the periplasmic
and cytoplasmic components of the T4P machine. Combining these
extensive biochemical and structural findings, a trans-inner membrane
tetrameric complex of PilP-PiIN-PilO-PilM was assembled (Fig. 3b). The
PilP-PiIN-PilO-PilM complex predicted by AlphaFold-Multimer has an
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extended pillar shape that fits well into the segmented cryo-ET density
map (Fig. 3b; CCpainchain = 0.65, Supplementary Table 1). Interestingly,
a PiIN-O-M complex was also recently identified in the flagellar motor
of Helicobacter pylori and plays a key role in regulating its motility*~
Given that seven copies of the tetrameric complex form the alignment
subcomplex cage, the spacing between each pillar in the inner mem-
brane and periplasm is -38 A (Fig. 3d, g). This size of this opening is
sufficient to allow monomers of major pilin PilA, which has dimensions
of 48 x24 x34 A, to freely diffuse through the PilP-PilN-PilO cage to
interact with the platform protein, allowing pilin assembly into a
growing pilus or extraction from a retracting filament (Fig. 3c, d, f,
g)***. The Type IV pilus has a diameter of -5.5 nm in the subtomgram
averaged structure (Fig. 3f; Supplementary Fig. 8a), which is in excel-
lent agreement with recently resolved structures of the P. aeruginosa
PAO1 T4P filament (PDB: 8TUM; also see Ochner et al.*, BioRxiv)*°.

The pear-shaped, inner membrane-embedded density at the base
of the pilus filament is likely the platform protein PilC, as identified in
M. xanthus by cryo-ET" (Fig. 3e, f; Supplementary Fig. 8a, b). Recent
modeling and experimental data suggested that PilC and its homologs
in the T2SS form a trimer that interacts with hexameric ATPases in the
cytoplasm**5, We generated the PilC-trimer structure using Alpha-
Fold-Multimer, which was then docked into the pear-shaped inner
membrane-embedding density (Fig. 3e, f; CCainchain =0.6, Supple-
mentary Table 1). In addition, a disc-shaped density is nestled between
the seven PilM molecules below PilC in the cytoplasm, forming the
base of the cytoplasmic cage (Fig. 3a, c, f; Supplementary Fig. 8a). This
structure likely represents one of the ATPase motors (PilB, PilU, or PilT)
of the Pa T4P machine. As this structure is observed in the piliated
structure when the retraction ATPase PilT is deleted (4pilT), we spec-
ulate it may be the extension ATPase PilB. Although the resolution was
insufficient to resolve details of direct contact between PilC and the
ATPase motor, this integrative approach enabled us to build a near-
complete pseudoatomic structure of the type IV pilus machinery of P.
aeruginosa (Fig. 3g; Supplementary Movie 1).

PilY1 may form a cork-like structure that plugs the T4P machine
in the outer membrane

Having revealed the structural details of the piliated nanomachine at
~30 A resolution (Table 1), we next examined the architecture of the Pa-
T4P machine in the non-piliated state to further gain insights into the
molecular mechanisms of pilus extension and retraction. We resolved
the Pa-T4P machines from cells lacking the extension ATPase PilB
(4pilB), where T4P machines are locked in their non-piliated state.
Cross-section view of the subtomogram-averaged ApilB Pa-T4P
machine at ~38.6 A resolution revealed a thin, rod-like minor pilin
subcomplex that threads through the central cavities of the lower and
mid cages (Fig. 1c). Focused refinement near the upper and mid cages
of the ApilB Pa-T4P machine at 26 A resolution revealed that the top
part of the minor pilin subcomplex presses against the secretin gate in
its closed state (Fig. 4g; Table 1). Intriguingly, a two-lobed, champagne-
cork-shaped density of unknown identity plugs the outer membrane
cavity and is in direct contact with the secretin gate and the apex of the
minor pilin complex (Figs. 4g, 2a). We reasoned that, as the major pilin
subunit PilA begins to be incorporated into the pilus near the inner
membrane, the pilus grows in length, and will push upward to force
open the secretin gate. As the plug capping the minor pilin complex is
localized to the pilus tip, we speculated that the cork-shaped density is
the tip adhesin PilYl which binds to diverse surfaces in a T4P-
dependent manner*!>#224950,

To test this key hypothesis, we determined the subtomogram-
averaged structure of the T4P machine from pilY1 deletion mutant
(4pilY1I) cells (Fig. 4a-f). Consistent with reports that PilY1 is required
to prime extension of the pilus, all T4P machines observed in the
ApilY1 cells are in a non-piliated state (Fig. 4a). Strikingly, sub-
tomogram averaging revealed that the cork-shaped density plugging

the non-piliated machine disappeared from the 4pilY1 T4P machines,
leaving a large oval-shaped cavity in the outer membrane above the
upper cage (Fig. 4b-f). The edge of this cavity bends inwards ~15°
compared to the plugged T4P machine (Fig. 4f, g; Supplementary
Fig. 10b, d, f, h), suggesting that the structure directly interacts with
and modulates the conformations of PilQ and its interaction with the
outer membrane. Moreover, subtomogram-averaged densities for
the alignment subcomplex as well as the minor pilin subcomplex
below the secretin gate are significantly diminished (Fig. 4b—-f; Sup-
plementary Fig. 10b, d). 3-D classification further demonstrated the
highly dynamic nature of the Pa-T4P machine in the absence of PilY1
where local spacing of the periplasmic space appeared to be
modulated by assembly of the alignment subcomplex (Fig. 4b-e).
Since the T4P components are interconnected throughout the cell
envelope, this result suggested that the removal of PilY1, which led to
disappearance of the plug-shaped density, has a significant impact on
the overall dynamics and architecture of the T4P machine. Taken
together, these genetic and in-situ structural data support our
hypothesis that the cork-shaped density is PilY1, and its interaction
with the secretin and minor pilin complex is important for optimiz-
ing T4P conformations.

PilY1 likely interacts with the secretin near the outer membrane
In the Pa PAOI1 strains used here, PilY1 is a ~126-kDa protein with two
distinct regions: a 51-kDa N-terminal region containing a von Will-
ebrand factor type A (VWA)-like domain that serves as an adhesin
module in diverse proteins® > and a C-terminal seven-bladed pB-
propeller fold, as revealed by X-ray crystallography?. AlphaFold2
predicted that full-length PilY1 has a compact two-lobed architecture
that fits neatly into the champagne-cork-shaped cryo-ET density
(Fig. 4h, i; CCpainchain = 0.67, Supplementary Table 1; Supplementary
Fig. 11). The vWA-like domain has a Rossmann fold with a central
5-strand parallel B-sheet flanked by 6 o-helices (Fig. 4h, magenta;
Supplementary Fig. 11). The conserved metal-ion-dependent adhesion
site (MIDAS) of the PilY1 vWA domain points upward (Fig. 4h, Fig. S11),
which is exposed to the extracellular environments. Notably, a small
intervening domain is inserted between the first 3 and a elements of
the Rossmann fold and situated laterally to the YWA domain, above the
B-propeller (Fig. 4h, orange; Supplementary Fig. 11). The B-propeller
has an overall c7-symmetric funnel-like shape with a small hollow
interior (Fig. 4h, right; Supplementary Fig. 11). While its narrower end
directly interacts with the VWA domain and the insert domain above,
the wider end of the funnel-shaped structure composed of the seven [3-
blades is in contact with the dynamic secretin gate and the apex of the
minor-pilin subcomplex (Fig. 4, j). Although the resolution of the cryo-
ET map is insufficient to resolve detailed protein-protein interactions,
predicted association of seven blades with the c14-symmetric secretin
gate of PilQ hints at a stoichiometry-dependent interaction between
the two proteins.

Discussion

Over the past two decades, structures of nearly all Pa-T4P core com-
ponents have been resolved to high resolution by X-ray crystal-
lography and cryo-EM single-particle analyses. The recent
development of AlphaFold-Multimer has substantially improved the
accuracy of macromolecular complex modeling. Taken together with
the subtomogram-averaged structures of the Pa-T4P machine solved
at higher resolution, our integrative in-situ structural biology approach
enabled us to discover crucial details that govern the assembly of this
dynamic nanomachine. The challenges of producing a high number of
the nanomachines in native bacterial cells for visualization by cryo-ET
were a major hurdle that hampered high-resolution structural deter-
mination of the T4P machines. Serendipitously, our cryo-FIB and cryo-
ET analyses of P. aeruginosa colony biofilms revealed that surface
attachment markedly enhanced T4P production, thereby increasing
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the number of observed Pa-T4P machines per cell by over 10-fold
(Table 1; Supplementary Fig. 1). This is consistent with the literature
showing that T4P play key roles in intercellular and bacterium-surface
interactions during the early stage of biofilm formation®**°** (Fig. 5a).

To further increase throughput of cryo-ET data collection, we chose to
bypass the time-consuming cryo-FIB procedures and imaged hundreds
of cell tips of individual bacteria from colony biofilms grown on solid
agar surface. Using a fast tilt series data collection scheme®, we
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acquired higher numbers of subtomograms of the Pa-T4P machines in
various mutant strains. These rich datasets enabled the elucidation of
the dynamic architectures of the Pa-T4P machine through extensive
3-D classification, revealing previously unknown features of the
nanomachine at various stages of pilus extension and retraction
(Supplementary Movie 1).

The basal body of the Pa-T4P machine has a 14:7 stoichio-
metry spanning the cell envelope, with the outer membrane-
peptidoglycan-anchored secretin PilQ connected with the inner
membrane-protruding alignment subcomplex comprised of the
PilP-O-N-M proteins. TsaP surrounds the secretin and further
anchors the T4P machine to the peptidoglycan. Thus, in addition
to TsaP’s proposed role in helping P. aeruginosa sense surfaces?,
it also likely contributes to brace the nanomachine against
extraordinary forces generated during pilus retraction. Notably,
we propose that the secretin pore is obstructed by the pilus tip
protein PilY1 in the non-piliated state. PilYl has a two-lobed
structure that appears to interact with the outer membrane-
associated [-lips and central gate of the secretin as well as the
apex of the minor pilin complex. T4P machines in 4pilYI cells
have no pili and significantly diminished density for structures
below PilQ, indicating they have become more dynamic
(Fig. 4b-f; Supplementary Fig. 10). Thus, PilY1 and the minor pilin
complex may potentially modulate the structure of PilQ, and their
interaction is likely important in orchestrating the orderly
assembly and the stability of the alignment subcomplex below.
Our data suggest that in non-piliated T4P machines, the minor
pilin subcomplex forms a rod-like structure within the alignment
subcomplex that may interact with PilYl on the outside of the
secretin gate exposed to the extracellular space (Figs.lc, 4g).
Bioinformatic analyses and biochemical data have shown that the

minor pilin proteins PilVWX and the non-pilin PilY1 form a prim-
ing complex for T4P extension™%. Given its large dimension with
a height of ~95A and diameter of over 70 A, PilY1 in its folded
state cannot diffuse through the alignment subcomplex cage
(-38-A-wide spacing, Fig. 3d, g). Therefore, the dynamics dis-
played by alignment subcomplex might help the PilY1-minor-pilin
priming complex enter the T4P machine and to be assembled to
the secretin. Once the secretin is stabilized by the minor pilin and
PilY1 on either side of its gate, interaction between the alignment
subcomplex components PiIMNOP and the secretin is strength-
ened in a coordinated fashion® (Fig. 5c).

In the absence of the PilYl-minor-pilin priming complex, minor
pseudopilins of the T2SS can prime the production of T4P filaments in
P. aeruginosa, albeit at a much lower level”. However, these pili cannot
be recovered from the bacterial cell surface unless the retraction
ATPase PilT is deleted. This result suggested that pili primed by the
T2SS minor pseudopilins are rapidly retracted by PilT, again pointing
to the proposed role of PilYl in optimizing T4P assembly and
dynamics. Since the secretin-priming complex interaction appears to
be conditionally essential for T4P biogenesis, our data suggest a
potential gate-keeping mechanism regulating the extension and
retraction of the pilus filament. As the type IV pilus extends through
the polymerization of the major pilin PilA, the minor-pilin complex and
PilY1 localized to the pilus tip would move toward the outer membrane
and push open the secretin gate. We speculate that after the large PilY1
(-7.5%x9.5nm) passes through the PilQ channel, the secretin gate
momentarily closes around the thin (-4 nm) apex of the minor pilin
complex before it is pushed open again by the extending pilus with a
wider dimension of ~5.5 nm (Fig. 5d,e). By contrast, during retraction,
the type IV pilus moves in the opposite direction through the T4P
machine channel, toward the inner membrane. The dimension of the
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secretin gate opening would remain constant until the main filament of
the pilus formed by major pilins has completely retreated into the
secretin, where the gate may then collapse slightly downward to
accommodate the thinner dimension (diameter: -4.2nm, height:
~18 nm, Supplementary Fig. 10b, c, f, g) of the minor-pilin complex.
Thus, when the bulky PilY1 arrives at the secretin, it would not be able
to pass through the narrowing gate but instead press against the gate
exterior to eventually block secretin entry, stopping pilus retraction at
a point where the T4P machine is primed to undergo another cycle of
pilus polymerization simply by adding new major pilin subunits at the
inner membrane. These data are consistent with previous reports that
PilY1 can be both pilus- and cell surface-associated”. A recent study
suggested that PilY1 in the T4P machine of M. xanthus is associated
with the minor pilins within the alignment subcomplex below the
secretin gate'®*, thus it remains to be determined whether the PilY1's
localization is species dependent. Intriguingly, the M. xanthus
A142A43pilY]1 T4P structure also showed diminished density for the
minor pilins and the alignment subcomplex, consistent with a pro-
posed role of PilY1 in optimizing assembly of the T4P nanomachine. It
would be of great interest to determine PilY1-minor pilin subcomplex
structure and localization in the different types of T4P machines of
diverse bacteria. One limitation of this study is that the subtomogram-
averaged structures at 2-4 nm are not sufficient to resolve detailed
protein-protein interactions such as those required for the assembly of
the minor pilin subcomplex. AlphaFold3 failed to predict a reliable
model for the minor pilin subcomplex or its interaction interfaces, key
for the formation of the priming complex. These remain important
questions in the field remain to be addressed in the future.

Methods

Preparation of cryo-EM grids

For the biofilm sample, P. aeruginosa was initially grown overnight in
LB with shaking at 37 °C. Next, the culture was diluted to an ODgponm Of
0.01 and 5 L of this diluted culture was deposited onto a freshly glow-
discharged gold QUANTIFOIL holey carbon grids (Electron Micro-
scopy Sciences, R2/1 on 200 gold mesh). After -5 min, the grid was then
transferred onto a filter paper on top of the LB agar in a Petri dish.
Colony biofilms formed on the grid over the next 16-20 h. PBS with
8-10% glycerol was added and incubated for ~1 min on the grid with the
P. aeruginosa colony biofilm and then the grid was back blotted for -5 s
before being plunge frozen in liquid ethane, using a homemade,
manual plunger-freezing apparatus as described previously**¢°. A dif-
ferent protocol was used to produce the P. aeruginosa cellular samples
for determining the subtomogram-averaged structures of the T4P
machines. A single colony of P. aeruginosa were resuspended in 50 uL
of PBS. Next, 5 uL of the resuspended cells were then spotted onto an
LB agar plate and incubated at 37°C for -12h. The edges of the
resulting colonies were collected and resuspended in PBS to an
ODgoonm Of ~1. After the addition of 10-nm gold fuducial particles the
bacterial solution was deposited onto a freshly glow-discharged cop-
per QUANTIFOIL holey carbon grid (Electron Microscopy Sciences, R2/
1 0on 200 copper mesh). The plunge-freezing procedures followed the
protocol described above (no addition of glycerol).

Cryo-FIB milling

The plunge-frozen grids with P. aeruginosa biofilms were clipped into
cryo-FIB AutoGrids and mounted into the specimen shuttle under
liquid nitrogen. An Aquilos2 cryo-FIB system (Thermo Fisher Scientific)
was used to mill the thick biofilms into lamellae of <200 nm in thick-
ness. The milling process was previously described®.

Cryo-ET data acquisition and tomogram reconstruction

Grids containing the resuspended P. aeruginosa cells or lamellae of
biofilms from cryo-FIB milling were loaded into a 300-kV Titan Krios
electron microscope (Thermo Fisher Scientific) equipped with a Direct

Electron Detector and energy filter (Gatan) at Yale CryoEM Resource.
The FastTOMO script was used with the SerialEM software to collect
tilt series with defocus values of approximately —4.8 pm®, and a
cumulative dose of ~70 e”/A covering angles from —48° to 48° (3° tilt
step). Images were acquired at 42,000x magnification with an effective
pixel size of 2.148 A. All recorded images were first drift corrected by
MotionCor2%, stacked by the software package IMOD®, and then
aligned by IMOD using either 10-nm gold particles or Pt particles as
fiducial markers. TOMO3D was used to generate tomograms by
simultaneous iterative reconstruction technique (SIRT) and weighted-
back projection methods®*.

Subtomogram analysis

T4P machines were manually picked from the 6x binned SIRT tomo-
grams, as described®. The subtomograms of T4P machines were first
selected from the 6x binned tomograms. Next, the i3 software
package®®®” was used for centering and initial alignment of the parti-
cles. Multivariate statistical analysis (MSA) was then used with 3-D
classification to remove ~30-50% of junk particles. The remaining
particles were further centered with translational alignment in i3. MSA
with 3D-classification results suggested that the most probably sym-
metry was c7 (bin4, Supplementary Fig. 2, Supplementary Fig. 4). In
addition, the “fitmap” function in ChimeraX was used to generate
relative rotational correlation coefficient (CC) of the rotationally
aligned subtomogram-averaged structures of the Pa-T4P machines.
The resulting relative rotational CC values were plotted as a function of
rotational degree in Fig. S4d. Afterwards, the subtomograms were
extracted from unbinned tomograms with the refined positions and
further binned by 2 or 4 based on the requirement for the focused
refinement and classification. The final numbers of the T4P machine
particles used for subtomogram averaging is shown in Table 1. Fourier
shell correlation (FSC) coefficients were calculated by generating the
correlation between two randomly divided halves of the aligned ima-
ges used to estimate the resolution and to generate the final
maps®® (Fig. S3).

Modeling and visualization

Unless otherwise specified, all models of the Pa-T4P machine com-
ponents were generated using AlphaFold/ColabFold (v1.5.3) with the
default settings except that the template mode was changed from
“none” to “pdbl00” (num_relax: O, template_mode = pdb100, msa_-
method = mmseqs2, pair mode = unpaired_paired, model_type = auto,
number of cycles=3, recycle early stop_tolerance=auto, pair-
ing strategy = greedy, max_msa = auto, num seeds =1)>"°, All Pa-T4P
machine components have been partially solved to high resolution by
X-ray crystallography or cryo-EM, and the use of template structures
improve the accuracy of model prediction. For prediction of multi-
component complexes, the Alphafold multimer_v3 embedded in the
ColabFold was used where amino-acid sequences of each T4P com-
ponent were entered in tandem separated by a colon (:). The resulting
5 models predicted by AlphaFold were inspected in ChimeraX and in all
cases the top-ranked models were taken for further docking into the
segmented cryo-ET densities. The predicted local distance differences
test which represents local accuracy (pLDDT), predicted TM-score
which corresponds to overall topology accuracy (pTM) and the inter-
face pTM score (ipTM) are summarized in Supplementary Fig. 6, where
the snapshots of the models are colored by pLDDT scores. A typical
workflow for AlphaFold-assisted molecular modeling is shown in the
following example. Structure of the PilQ-TsaP monomeric complex
was predicted using AlphaFold multimer V3. The oligomerization
states of the PilQ-TsaP complex follow a stoichiometry of 14:7, which is
based on the cryo-EM structures of PilQawmini2-no (PDB: 6VE3) and
PilQanmini 2-no -TsaPcry complexes (PDB: 6VE2). The structure was fur-
ther modified in ChimeraX”® and Coot” to allow the passage of the
pilus through the secretin by opening up the PilQ gate (Fig. 1f, g). Some
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of the low-confidence regions in the resulting AlphaFold models such
as the flexible linker regions between Tsap; ysm and TsaP¢yy as well as
those between PilQamin; and PilQamin2 Were truncated. The final mod-
els of T4P machine components were placed into segmented focus-
refined cryo-ET maps and fitted using UCSF ChimeraX “fit to map”
function’. The correlation coefficient between the models and cryo-
ET maps were calculated with PHENIX “Dock in Map”% UCSF
ChimeraX” was used for surface rendering of subtomogram-averaged
structures, segmentation, and molecular modeling. The double-
membrane of the Gram-negative bacterium was segmented using
EMAN2”, The T4P filaments were segmented with the software IMOD.
The subtomogram- averaged structures of the piliated and non-
piliated T4P machines from the ApilT and ApilB cells, the double-
membrane and the T4P filaments were mapped back into a wild-type
cell using the positions and orientations of the T4P machines in the
tomogram with Artiax plug-in in ChimeraX.

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

Data availability

The focused-refined structures near the outer-membrane region
(upper and mid cage-like structures) of the T4P machines from the
non-piliated (4pilB), piliated (4pilT), AtsaP and ApilY1 cells generated in
this study have been deposited into the Electron Microscopy Data
Bank (EMDB) with the accession codes of EMD-43410, EMD-43426,
EMD-43433, and EMD-43432, respectively. The focused-refined struc-
tures near the inner-membrane region (lower and cytoplasmic cage-
like structures) of the T4P machines from the ApilB and ApilT cells were
deposited into the EMDB with accession codes of EMD-43434 and
EMD-43418, respectively.
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