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A family of tubular pili from harmful algal
bloom forming cyanobacterium Microcystis
aeruginosa
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Cyanobacteria are vital photosynthetic prokaryotes, but some form harmful
algal blooms (cyanoHABs) that disrupt ecosystems and produce toxins. The
mechanisms by which these blooms form have yet to be fully understood,
particularly the role of extracellular components. Here, we present a 2.4 A
cryo-EM structure of a pilus, termed the cyanobacterial tubular (CT) pilus,
found in the cyanoHAB-forming Microcystis aeruginosa. The pilin exhibits a
unique protein fold, forming a tubular pilus structure with tight, double-layer
anti-parallel B-sheet interactions. We show that CT pili are essential for buoy-
ancy by facilitating the formation of micro-colonies, which increases drag
force and prevents sinking. The CT pilus surface is heavily glycosylated with
ten monosaccharide modifications per pilin. Furthermore, CT pili can enrich
microcystin, potentially enhancing cellular resilience, and co-localize with
iron-enriched extracellular matrix components. Thus, we propose that this
pilus plays an important role in the proliferation of cyanoHABs. This just dis-
covered pilus family appears to be widely distributed across several cyano-
bacterial orders. Our structural and functional characterization of CT pili
provide insights into cyanobacterial cell morphology, physiology, and toxin
interactions, and identify potential targets for disrupting bloom formation.

Cyanobacteria are globally widespread photosynthetic prokaryotes algal blooms* (cyanoHABs), disrupting aquatic ecosystems and posing
that are crucial to biogeochemical cycling and offer a reservoir of novel  a toxic threat to both wildlife and humans’. The first documented toxic
compounds' with potential applications in drug discovery’ and cyanoHAB filled a chain of lakes in Australia in 1878°, and cyanoHAB
biofuels®. However, certain cyanobacterial species can form harmful research has since become a highly active field of study’’. One
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important goal is to describe the drivers of bloom formation, which
allow a barely noticeable cyanobacterial growth to engulf an entire
ecosystem in a matter of weeks. During this rapid growth period,
numerous potent cyanotoxins can be produced, such as
microcystins', cylindrospermopsin®, and saxitoxin®.

Microcystins, the most common class of toxins found in cyano-
bacteria, were discovered in the 1950s and were referred to then as the
“fast death factor”. However, they are mysteriously beneficial sec-
ondary metabolites in Microcystis aeruginosa with various proposed
functions, including regulation of oxidative stress*, defense against
zooplankton predation®, allelopathic suppression of competing bac-
teria under nutrient limitation'®, among others. Interestingly, during
the life cycle of a cyanoHAB released toxins could rapidly diffuse into
surrounding environments, thus implying that cyanobacteria might
have mechanisms to maintain localized toxin concentrations near their
production sites. Also, cyanotoxins have been implicated in the colony
formation of Microcystis sp.”, suggesting they may be a factor which
drives bloom-formation.

Beyond their role in toxin production, the remarkable morpho-
logical diversity and transition between different morphological states
of cyanobacteria®® is believed to aid their dominance in a variety of
ecological niches. Cyanobacteria range from unicellular forms to
complex multicellular filaments found in orders such as Nostocales,
Oscillatoriales, and Spirulinales. Filamentous cyanobacteria further
vary in their branching patterns, the presence of sheaths, and the
formation of coiled trichomes. Unicellular forms are quite common,
including in the most frequently found freshwater cyanoHAB forming
species M. aeruginosa®. These cells may form into micro-colonies and
eventually into mat-like formations several inches thick and covering
surface waters in matured blooms?®?. The transitions between these
morphological states represent crucial checkpoints in cyanoHAB
formation®2*, This raises an interesting question in fluid mechanics®.
It is well known that cyanobacteria, including M. aeruginosa, can use
gas vesicles as a floating device to rise in the water column for optimal
access to light conditions. But after this positioning, vesicle produc-
tion typically decreases due to increasing turgor pressure and accu-
mulation of photosynthetic products®®*”. During certain seasons,
cyanobacteria may also sink to the sediments, possibly aided by gly-
cogen inclusions and/or intracellular calcium carbonate inclusions?%,
Thus, how do cyanobacteria modulate their flow resistance to maintain
optimal positioning within their environment? Such a process may be
mediated by components of the extracellular matrix (ECM), such as
polysaccharides®* and pili.

Another intriguing metabolic characteristic of cyanobacteria is
their high demand for iron to carry out photosynthetic processes,
compared to other non-photosynthetic bacteria®. Because of this
demand, cyanoHAB growth is often limited by iron availability***.
Under the neutral to slightly alkaline pH conditions of most freshwater
habitats, iron predominantly exists in insoluble forms, such as ferric
oxide and hydroxide, and the majority of soluble iron is in complex
organic chelates®. While certain anaerobic respiring bacteria like
Geobacter sulfurreducens can reduce insoluble iron through long-range
electron transfer via extracellular cytochrome nanowires®>’, these
bacteria typically inhabit sediments rather than surface waters and lack
photosynthetic capabilities. Interestingly, extracellular pili in two
cyanobacteria, the type IV pili of Synechocystis and the 11 nm unknown
pili*® of M. aeruginosa, have been suggested to be conductive, as
measured by conductive atomic force microscopy (AFM) on dried
filament samples*’. However, the claimed conductivity of type IV pili in
a different bacterium, G. sulfurreducens, has recently been
debunked***, leaving the conductivity of the 11 nm pili in M. aerugi-
nosa and its other possible roles to be re-visited.

These interesting observations prompted us to examine the
extracellular space of a model bloom-forming cyanobacterium,
M. aeruginosa. Using cryo-EM, we report a 2.4 A structure of its

extracellular pilus. This pilus is the only filament type observed and
appears as a rigid tube with an outer diameter of ~110 A and a-45A
wide lumen. We named this pilus the cyanobacterial tubular (CT) pilus.
The pilin, the building block of the pilus, has a unique protein fold. This
sequence was annotated as a “dark cluster” in AFDB clusters**, and no
significant structural homologs can be identified, except for similar
sequences from other cyanobacteria. The CT pilus is primarily held
together by tightly packed, double-layer anti-parallel -sheet interac-
tions. Such an interaction has not been observed in other microbial
pili; the most similar filament packing may be the reported structure of
a gas vesicle*, which has a single layer of tightly packed anti-parallel
B-sheets. Furthermore, we show that the CT pilus likely has multiple
functions, including colony formation, bridging cells to increase drag
force, and binding microcystin toxins from the surrounding environ-
ment. We also propose that it may interact with ECM, which itself is
enriched in iron. Sequence analysis shows that this pilus family is
widely distributed and has conserved genes associated with several
cyanobacteria orders, including Chroococcales, Nostocales, and
Synechococcales, providing insights into cyanobacterial cell mor-
phology, physiology, and toxin interactions.

Results

Cryo-EM structures of cyanobacterial tubular (CT) pilus

To investigate the questions raised above, we first examined the
extracellular space of M. aeruginosa cultures (strain PCC 7806SL) using
scanning electron microscopy (SEM) and negative staining under
transmission electron microscopy (TEM). Most M. aeruginosa cells
formed single-layer micro-colonies, displaying numerous pili pro-
truding from cell surfaces (Fig. 1a and Supplementary Fig. 1). These pili
were sheared from the cells by vortexing, and the soluble fraction was
imaged using cryogenic electron microscopy (cryo-EM) to obtain an
atomic pilus structure. Recent advancements in cryo-EM*® and deep
learning modeling tools*” have enabled the routine identification of
proteins directly from cryo-EM maps with resolutions of 4A or
better*®. Among over ten thousand collected micrographs, only one
type of pilus was observed (Fig. 1b). This pilus, several microns in
length, appeared straight and rigid under cryo-EM with a diameter of
approximately 110 A, an inner lumen diameter of 45-50 A and a pitch
of 89 A based on 2D averages. The averaged power spectrum of
aligned raw particles was indexed to estimate all possible
helical symmetries. All possibilities were tested in helical
reconstruction*’, and the correct symmetry was determined to have a
helical rise of 3.65A and a twist of —14.74°. Pilin subunits are tightly
packed along this left-handed 1-start helix, forming a tubular pilus
structure (Fig. 1c).

The final reconstruction, with helical symmetry applied, reached a
resolution of 2.4 A as judged by map-to-map Fourier shell correlation
(FSC, Supplementary Fig. 2). The Ca tracing at such a resolution was
straightforward, and the correct pilin was identified using
ModelAngelo* as pilin BH695_0841, as no other protein in the pro-
teome could fully account for the cryo-EM density (Supplementary
Fig. 3). Interestingly, the pilin has been reported in a very close strain
(M. aeruginosa PCC 7806) as microcystin-related protein C*° (MrpC). It
was suggested MrpC undergoes glycosylation, is secreted to the
extracellular space (found largely at the cell surface), and has a com-
plex relationship with microcystin and colony formation®’. Notably,
this pilin exhibits a unique protein fold: the N-terminal region includes
two long B-hairpins, one located in the lumen and the other on the
pilus surface, with the latter having a short turn in the middle mediated
by proline and glycine residues. The C-terminal side of the pilin com-
prises a helix-turn-helix motif (Fig. 1d). To avoid confusion with well-
established types of pili, we designate this tubular shape pilus as the
cyanobacterial tubular (CT) pilus. Additional O-linked glycosylation
densities, consistent with the size of monosaccharides, were observed
on ten residues exclusively on the pilus surface, including five serines
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Fig. 1| Cryo-EM of the cyanobacterial tubular (CT) pilus from M. aeruginosa.
a Representative scanning electron microscopy (SEM) image of M. aeruginosa cells,
taken from the 9 images recorded. Some pili bundles are indicated with yellow
arrowheads. Scale bar, 10 um. This low-magnification image shows the morphology
of M. aeruginosa cells. Higher magnification images of M. aeruginosa cells under
negative staining TEM, can be found in Supplementary Fig. 1. b Representative cryo-
EM image of long and straight CT pili sheared from M. aeruginosa, taken from the
6935 images recorded. Scale bar, 50 nm. The upper right is a two-dimensional class
average of the CT pilus, showing the pitch of 89 A. ¢ The 2.4 A cryo-EM

reconstruction (left) of CT-pilus. A left-handed 1-start helix is indicated. A zoom-in
view (right) is shown to highlight map densities corresponding to a single pilin
colored in light green. The diameters of outer surface and lumen are indicated.

d The atomic model of one repeating subunit of CT pilus. Protein backbone is
shown in green. N- and C-termini, along with secondary structure elements, are
labeled. e Density (red) due to post-translational modifications on CT pilin, with
fitted O-GlcNAc molecules shown to demonstrate the size of density. The map and
model for the protein parts are colored green.

and five threonines (Fig. 1e). No glycosylation was detected on the
lumen side.

CT pilin gene cluster and its distribution

To gain further insight into this glycosylation, we examined the gene
cluster surrounding the CT pilin gene (Fig. 2a). Interestingly, adjacent
to the pilin gene (BH695 0841), we identified a CT pilin-like protein
(BH695 0840), an O-GIcNAc transferase (BH695 0839), an FkbM
methyltransferase (BH695 0838), a putative B-sheet-rich adhesion
protein (BH695 0837), and a cell surface protein (BH695_0836). These
identifications were based on UniProt annotations, AlphaFold
predictions® (Fig. 2b and Supplementary Fig. 4), and Foldseek™ ana-
lysis of similar structures. Homologs of these genes are present
(Fig. 2a) in other Microcystis species (order Chroococcales) and
other cyanobacterial orders, such as Nostocales (Anabaena,
Nodularia, Aphanizomenon, Sphaerospermopsis) and Synechococcales
(Synechococcus).

In a very closely related M. aeruginosa strain, O-GlcNAc mod-
ification was identified on the immature pilin protein within the cell
surface fraction, but this modification was subsequently processed to a
lower molecular weight form after secretion into the extracellular
space®. This finding was further supported in this study by two inde-
pendent intact mass spectrometry measurements, which revealed a
total mass of -14,060 Da for a single pilin protein. This mass includes
12,348 Da from the protein component and an additional 1712 Da
attributed to glycosylation (Supplementary Fig. 5). Moreover, using
MS/MS analysis, we detected residue masses of 174 Da and 160 Da at
the glycosylation sites (Supplementary Figs. 6-8), originating from
Ser132 and Ser138, respectively. Two copies of the 160 Da residue plus

eight copies of the 174 Da residue would precisely account for the
observed 1712 Da mass of glycosylation. The intact mass spectrometry
and MS/MS data suggest that these monosaccharide modifications
at the serine and threonine sites are specific and likely processed from
O-GlcNAc modifications during pilus assembly.

Pilin-like proteins have been implicated in various roles, including
tip adhesion in chaperone-usher pathway (CUP) pili*, endo-pilus for-
mation in the type Il secretion system®, and potential gene duplication
events®, however, like the function of most other pilin-like proteins,
the function of the CT pilin-like protein remains unclear. To assess the
broader distribution of the CT pilin, we performed a PSI-BLAST search,
which revealed pilin homologs exclusively in cyanobacteria (Fig. 2¢
and Supp Data 1), primarily within the orders Chroococcales and
Nostocales, with a few distant homologs in Synechococcales. Alpha-
Fold predictions of these pilin homologs display an overall similar
secondary structure, but the domain-domain orientations are quite
different from experimentally determined structures (Fig. 2d). This
discrepancy further demonstrates that this family of proteins has been
sparsely sampled in the past, hindering accurate 3D structure
prediction.

The lateral and axial interface of the CT pilus

The CT pilus exhibits a tubular architecture with extensive double-
layered B-sheet interactions observed on both the surface and lumen
(Fig. 3a and Supplementary Fig. 8). Each pilin subunit, containing long
B-hairpins and a C-terminal helix-turn-helix motif, has a total surface
area of ~ 9200 A2, For pilin subunit So, extensive lateral contacts with
S. and S_; are observed, each with a buried surface of -2400 A2,
accounting for 52% of the total pilin surface (Fig. 3b). These substantial
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Fig. 2 | CT pilin and its gene cluster are widely distributed in cyanobacteria.
a Gene structures of the CT pilus in M. aeruginosa and similar clusters identified in
other cyanobacteria species. b AlphaFold predictions for proteins in the M. aeru-
ginosa cluster. Putative annotations are based on sequence database and Foldseek
searches. Predicted models are colored corresponding to gene colors. ¢ Midpoint-
rooted maximum likelihood phylogeny of CT pilin homologs. Tree branches are
colored by organism taxonomy, with taxon names indicated. The position of

Chroococcales

M. aeruginosa
PCC9432 (AlphaFold)

Putative adhesin
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M. aeruginosa CT pilin is marked with a blue star. Blue circles indicate approximate
likelihood ratio test (aLRT) branch supports higher than 90%. The scale bar
represents the number of substitutions per site. d Comparison of the CT pilin in
M. aeruginosa with putative pilins in other cyanobacteria. Representative AlphaFold
predictions are shown for the same strains used in (a). The order of these strains is
indicated by the background color, which matches the order color scheme in (c).

interfaces are primarily formed by two sets of anti-parallel 3-sheets
that extend continuously throughout the pilus, one on the outer sur-
face and one in the lumen (Fig. 3¢ and Supplementary Fig. 8). While
protein and peptide fibrils held together by (3-sheets are common in
amyloids®’, the B-strands in such fibers are typically parallel and
perpendicular to the helical axis. In contrast, the anti-parallel 3-strands
observed in the CT pilus are packed almost in parallel to the helical
axis. In addition to the -sheet interface, there is an interface between
helices near the C-terminus, with hydrophobic residues present within
the continuous interfaces between helices (Fig. 3d). The axial interface
between pilins is smaller, with a buried surface of -440 A% Although
the axial interface has a smaller buried surface area compared to the
lateral interface, the axial interface features notable hook-latch con-
tacts. The helix-turn-helix motif and C-terminal loop of the pilin form a
hook-like shape that continues along the 1-start helix. Loops from
subunits on the adjacent upper level of the 1-start helix, including S.,;
and S,,,, insert into this hook, possibly enhancing the rigidity of the
tube (Fig. 3e).

The pilin-pilin interface observed in the CT pilus structure does
not support a molecular basis for conductivity. Current protein
nanowires that transfer electrons are typically based on either heme-
containing cytochrome filaments® or iron-sulfur cluster containing
proteins®. The CT pilus possesses neither of these features, raising
some questions about its previously reported conductivity. Given the
potential limitations of conductive AFM measurements on dried
filaments*, we conducted bulk cyclic voltammetry (CV)

measurements in solution. Upon measuring the electroactive surface
area, we observed a decrease in current with the addition of more
fibers (Fig. 3f). Additionally, the redox couple’s diffusion remained
unimpeded, suggesting the absence of a charge transfer reaction and
indicate the CT pili do not exhibit the expected signatures of con-
ductivity. This finding was consistent with additional electrochemical
impedance spectroscopy (EIS) measurements*’, which demonstrated
an increase in the semicircle size with the addition of more fibers
(Supplementary Fig. 9), corresponding to an increase in resistance of
the pilus films and corroborating the CT pili, in the CV and EIS setups
used, do not exhibit behavior characteristic of a conductive fila-
ment film.

CT pilin belongs to a structurally uncharacterized protein
cluster

We then investigated whether a similar structure, at either the single
protein fold level or the filament architecture level, has been pre-
viously reported. Taking advantage of recent developments in protein
structure prediction, we compared the CT pilin against the entire
AlphaFold prediction database. Interestingly, the Foldseek-based
AFDB clusters** have annotated the CT pilin and related homologs as
a “dark cluster”, defined as a structurally and functionally unknown
protein cluster. All AlphaFold predictions within this cluster are from
cyanobacteria with apparent sequence homology to the CT pilin, and
Foldseek did not find sequences outside cyanobacteria with similar
protein fold predictions. Next, we performed a similar analysis using
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Fig. 3 | Pilins are tightly packed in the CT pilus via double-layer B-sheets.

a Atomic model of the CT pilus. One pilin subunit (Sp) is colored green. Two pilin
subunits (S.; and S_;) forming lateral contacts with So are colored blue. Pilin sub-
units forming axial contacts with Sy are colored lavender (S.,, and S_5,) and pink
(S+21and S_,y), respectively. b Zoomed-in view of all unique interfaces surrounding
pilin Sp. The lateral-1, lateral-2, and axial interfaces are further highlighted in (c-e),
respectively. Ten glycans on the surface of pilin S are shown as red dots. ¢ Surface
B-sheets and lumen B-sheets at the lateral-1 interface. Pilin subunits are colored

S:2 S+ So

S1 Sa

lumen B-sheets interfaces

2x107°

1(A)

-2x107°

—ouL

10pL
— 204
— 304

—4x10°®

L L L L L

0 041 0.2 0.3 0.4 0.5 0.6
E (V) vs Ag/AgCl

consistently with (a). Hydrogen bonds are labeled with dashed lines. d Lateral-2
interface between helices. Residues involved in the interface are displayed as sticks.
Pilin subunits are colored consistently with (a). e Axial interface, with all involved
residues shown as sticks. Pilin subunits are colored consistently with (a). f Cyclic
voltammogram measurements of CT pili films on glassy carbon electrodes. Legend
indicates the volume of CT pili solution used to deposit each film. Source data are
provided as a Source Data file.

DALI®, which yielded comparable results. The best hit had a Z-score of
approximately 2.4 (not significant) and is a bursicon protein from fruit
flies. While there are some similarities in secondary structure topology
between the CT pilin and bursicon, and both have a signal peptide,
their 3D structures do not align well (Fig. 4a, b). This suggests that
possible species containing similar proteins have been very sparsely
sampled in the past.

At the filament packing level, a remotely similar architecture
containing tightly packed anti-parallel 3-sheets has only been observed
in gas vesicles®. Gas vesicle protein A, the building block of gas ver-
sicles, is a shorter protein, with an N-terminal and a C-terminal short
helix and a long B-hairpin in the middle (Fig. 4c). This long B-hairpin
allows gas vesicle protein A to form single-layer, air-tight contacts with
adjacent subunits to create the sealed vesicle (Fig. 4d). In contrast, the
CT pilus has an additional layer of such -sheets, potentially conferring
greater rigidity. Since they are tightly packed as gas vessels, could this
type of pilus contribute to gas storage? From a mathematical per-
spective, we think this is very unlikely because the lumen diameter of
the pilus is too small. For example, the gas volume of a typical gas
vesicle, as shown in Supp Fig. 1, is roughly equivalent to that of 200
5-um long CT pili. While a single cyanobacterial cell may possess
multiple gas vesicles, we have never seen a bacterium produce 200 pili
under negative staining. Therefore, gas storage using CT pili would
appear to be very energetically inefficient. We also considered whether
these pili could function like swimming snorkels to release gas.

However, because gases can diffuse readily across cell membranes®, it
is also quite unlikely that pili are used for gas removal.

CT pili bridge cells together to avoid sinking

The structural characteristics of CT pili clearly indicate that they are
long, rigid tubes. However, the reason M. aeruginosa produces so
many of them remains unclear. Recent research on Synechococcus sp.,
a marine picocyanobacterium lacking both CT-pilin and gas vesicles,
suggests that extracellular pili enhance drag force, allowing the
organism to maintain an optimal position in the water column®. Spe-
cifically, genetic evidence, including knockout experiments, points to
type IV pili as the filaments responsible for this phenomenon. We
hypothesized that CT pili in M. aeruginosa serve a similar purpose,
networking cells together to form colonies with increased drag force in
fluid flow. This networking would enable M. aeruginosa cells to remain
on the water surface for optimal light exposure, even if their gas
vesicles are damaged.

There are limited genetic tools available for M. aeruginosa, but we
were able to temporarily disrupt the function of CT pili through brief
vortexing. This mechanical shearing removes extracellular pili, leaving
them soluble but detached from the cells. We compared M. aeruginosa
cells in cultures with and without a 2-min vortexing treatment, cen-
trifuging both at 1000 x g for O to 5min. Notably, pili-sheared cells
rapidly pelleted within 2 min, while a significant portion of un-vortexed
cells remained in suspension after 3-5 min (Fig. 5a and Supplementary
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Fig. 4 | Close homologs of CT pilin fold were not observed. All models displayed
use the following color scheme: a-helices are red, and f-sheets are green. Sche-

matic representations are also used, with 3-sheets shown as green arrows, a-helices
as red cylinders, and loops as dark gray lines. a Cryo-EM structure and secondary
structure of the CT pilin from M. aeruginosa. b AlphaFold prediction and predicted

Gas vesicle
protein A
7R1C (cryo-EM)

secondary structure of fruit fly bursicon protein (Q9VD83). This protein was one of
the top hits in a DALI search against AFDB, with a non-significant Z-score of 2.4.

¢ Cryo-EM structure and secondary structure of gas vesicle protein A (7R1C).

d Protein interface between gas vesicle proteins, displaying a single layer anti-
parallel 3-sheet interaction.

Fig. 10). A similar phenomenon was also observed under natural
gravity. Specifically, we compared M. aeruginosa cells in cultures with
and without a 2-min vortexing treatment and allowed the cells to settle
under natural gravity for 12 h. We observed that the un-vortexed cells
remained in suspension, whereas the pili-sheared cells pelleted to the
bottom of the tube (Supplementary Movie 1). This observation can be
explained by the drag force in Stokes’ Law. The rigid CT pili create
“rafts” between cells, effectively increasing their radius compared to
individual cells lacking CT pili (Fig. 5b).

To further investigate this phenomenon, we tracked pili shearing
and recovery using negative staining TEM. Before shearing, cells
formed micro-colonies with pili observed between them (Fig. 5¢). After
mechanical shearing and centrifugation, the sheared pili remained
soluble and were observed in the supernatant. The cell pellets at the
bottom of the tube lacked CT pili on their surface (Fig. 5c). We then
continued culturing the sheared M. aeruginosa cells. After 12 h, cells
were still primarily unicellular with short pili observed on their
surface. After additional days of culturing, M. aeruginosa cells
have fully recovered their planktonic form. Under negative staining,
micro-colonies with extensive CT pili between cells were
observed (Fig. 5¢).

Role of CT pili in iron and toxin accumulation

Examination of the outer surface of CT pili reveals an abundance of
hydroxyl and other hydrophilic groups contributed by both glycans
(ten per pilin) and surface amino acids (Supplementary Fig. 8). This
pattern repeats along the filament due to the continuous (-sheet
arrangement of pilin within the helical symmetry. We wondered whe-
ther this surface has been evolutionarily optimized for interaction with
extracellular molecules, such as heteropolysaccharides within the ECM
or essential minerals required by M. aeruginosa for various metabolic
processes. To test this, we analyzed M. aeruginosa cultures by scanning
TEM with energy-dispersive X-ray spectroscopy (STEM-EDS) and were
able to locate micro-colonies, extracellular pili, and ECM between cells.
As expected, STEM-EDS elemental imaging revealed peaks for carbon,
nitrogen, oxygen, sodium, etc., primarily overlapping with cyano-
bacterial cells (Fig. 6a and Supplementary Fig. 11). Interestingly, the
elemental images for metals including calcium, magnesium, molyb-
denum, cobalt, copper, zinc, and manganese showed no correlation
with the extracellular pili or ECM. Previous reports indicate that cal-
cium ions may promote the secretion of extracellular polysaccharides
and cross-link with negatively charged EPS bound to the surface of
Microcystis cells®***, However, we did not observe a high calcium signal
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Fig. 5 | M. aeruginosa cells with CT pili are resistant to sinking. a M. aeruginosa
cells in culture medium within Falcon tubes. The top tube was left untreated, while
the bottom tube was vortexed for 2 min to shear off CT pili. Both tubes were cen-

trifuged at 1000 x g for 1-min intervals over a 3-min period. b Schematic of drag force
(Fq) acting on M. aeruginosa cells in solution, with or without CT pili. The radius of
the particle increases for micro-colony forming cells mediated by CT pili. In contrast,
the radius of pili-sheared cells is equivalent to the radius of an individual bacterium.
¢ Cell morphology and pili production were monitored via negative staining trans-
mission electron microscopy (TEM) during the process. Representative micrographs

“bacterium without pili

M. aeruginosa micro-colonies Pili sheared bacterium

~12hr 4 days
put back into recover pili O,.'o
culture media production O L’o
_— _— OOO
0]

|pi\i sheared cells | |

colony re-forming

were shown, taken from the 5 images recorded per condition. The following
observations were made (from left to right): 1. Before treatment: Micro-colonies with
pili between cells were observed; 2. After mechanical shearing and spinning, Pili were
present in the supernatant. 3. Pelleted cells: Cells lacked pili and did not form micro-
colonies. 4. 12 h after treatment: Pili began to reappear on the cell surface. 5. Several
days after treatment: Micro-colonies were observed again, with pili present between
cells. Low-magnification micrographs were shown at the top, and zoomed-in views
were shown at the bottom. The scale bar in low-magnification images is 1um. The
scale bar in the zoomed-in images is 100 nm.

overlapping with ECM. This could be due to the calcium concentration
in the medium not being sufficiently high to form the proposed
extracellular cross-linking architecture. The iron level, however, was
significantly higher in the ECM areas between cells compared to the
bacterial cells themselves (Fig. 6a and Supplementary Figs. 11 and 12).
The pili area outside the ECM did not co-localize with iron signals. We
propose that the pili might be a scaffold for hosting ECM to enrichiron,
and thus the pili may be used as a strategy to maintain iron con-
centration near the cell for bacterial growth. It is important to note that
the BG-11 medium used is relatively iron-rich, which may not accurately
reflect typical physiological conditions. Therefore, we cannot exclude
the possibility that the observed signals are iron precipitates resulting
from the air-dry imaging method. Using the same batch of M. aerugi-
nosa cells employed for STEM-EDS imaging, we also examined them in
aqueous settings via fluorescence microscopy. While we could not
visualize pili or iron signals at such low-magnification, we did observe
ECM with dense deposits that might contain iron. Furthermore, bac-
terial cells within the ECM tended to form colonies compared to those
outside the ECM (Supplementary Fig. 13), suggesting colonization
promoting CT pili are likely present within the ECM as observed in high
resolution imaging methods. In summary, we propose CT pili co-
localize with ECM, which may help enrich iron.

Previous reports indicated that the abundance of MrpC, identified
in this study as the CT pilin, is influenced by the presence or absence of
microcystin. Microcystin-deficient mutants exhibit increased MrpC
accumulation compared to the wild type, suggesting a complex reg-
ulatory relationship®. We hypothesized that CT pili might bind to
microcystin, potentially enabling cyanobacterial cells to sense and
maintain localized concentrations of released cyanotoxins. To inves-
tigate this, we prepared >C,°N-labeled microcystin from isotope-
labeled M. aeruginosa cultures as previously described®. M. aeruginosa
cultures were then incubated with labeled microcystins for 12 h and
analyzed using nanoscale secondary ion mass spectrometry (nano-
SIMS). Strikingly, elevated isotope enrichment was consistently
observed along CT pili filaments spanning between cells in nanoSIMS
images (Fig. 6b-d). Additionally, some CT pili observed to be detached
from cells also demonstrated clear isotope enrichment (Fig. 6e, bot-
tom right). To rule out the possibility of remineralization and incor-
poration of isotope labels into CT pili, we also fixed some cultures prior
to incubation with labeled microcystin. In these samples, isotope
enrichment was again observed along CT pili. This finding suggests
that the CT pilus itself has an affinity for secreted microcystins and
thus possibly facilitates the maintenance of toxin concentrations near
the cyanobacterial cells. Interestingly, microcystins were not
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Fig. 6 | CT pili enrich microcystin molecule and co-localize with iron-rich ECM.
a Representative STEM-EDS of a group of cells with abundant CT pili. Additional set
of images of other elements can be found in the Supplemental Fig. 6. Extracellular
matrix (ECM) material is observed with the pili. The distribution of different ele-
ments is shown, including nitrogen, carbon, sodium, magnesium, iron, copper,
manganese, and zinc. Scale bars, 5 um. b-e Four sets of representative nanoSIMS

images reveal the abundance of isotope-labeled MCLR toxin localized with fila-
ments spanning between cells. For individual set of image, from left to right are
secondary electrons (SE), carbon-12 anions (>C;), and ®C/*C ratios (*CC/*C,).
Isotope-labeled MCLR toxin was incubated with cells for 12 h before looking under
the nanoSIMS. e is an example of filaments sheared from cells that still have signals
of binding labeled MCLR. Scale bars, 5 pm.

visualized in the helical symmetry averaged cryo-EM maps of the CT
pilus (Fig. 1). This suggests that the interaction between CT pilus and
microcystin is either moderate affinity, which could be sheared off
during the blotting process®, or non-specific, resulting in smeared
density upon the application of helical symmetry during
reconstruction.

Discussion

In this study, our research reveals a unique CT pilus structure in
M. aeruginosa, distinguished by unique protein fold with extensive
anti-parallel 3-sheet interactions and glycosylation patterns. This pilus
demonstrates diverse functionality, contributing not only to colony
formation and positioning in the water column, but also to the accu-
mulation of microcystins and ECM. While the precise mechanism of CT
pilus biogenesis remains unclear, our findings underscore the intricate
and multifaceted nature of these appendages in cyanobacterial biol-
ogy and ecology.

From a bacterial “economics” perspective, M. aeruginosa invests
substantial energy in producing abundant, long, and rigid extracellular
CT pili. These protein polymers, comprising over 30,000 protein
subunits per filament (estimated based on the observed length and
helical rise), impose considerable metabolic demands on the bacteria,
including protein synthesis, transport, assembly, and operation. Stu-
dies of bacterial flagella, for instance, have estimated that the energy
cost for filament synthesis alone can range from 0.5% to 40% of a
bacterium’s total energy budget, depending on the species®”. With a
likely similar energy requirement for CT pili, it is probable that the
bacterium only produces these pili when they are essential. When are
they needed? It is important to consider that M. aeruginosa also pro-
duces gas vesicles, which are flotation devices that help the bacteria
reach an optimal position in the water column. If the cell utilizes both

gas vesicles and CT pili simultaneously during movement, it will
increase drag force and slow down its movement. This suggests that
CT pili are likely produced once the cyanobacteria have already
reached an optimal position for photosynthesis, and the pili act as a
method to increase drag and help them remain stationary.

The relationship between extracellular pili and their role in
increasing drag has also been reported in picocyanobacteria that lack
gas vesicles®”. Homologs of the CT pilin were not identified in the
reported strain, and type IV pili were suggested to be responsible for
this role based on genetic knockout evidence. This is an exciting dis-
covery as type IV pili are typically flexible filaments with a persistence
length (PL) in the order of ~10 um. In contrast, CT pili are pre-
dominantly straight tubes under EM, rendering PL estimation
impractical as it far exceeds the micrometer scale®. This difference in
rigidity suggests that type IV pili are unlikely to form rigid rods like CT
pili, but they could potentially connect bacterial cells through other
methods, such as adhesion. However, it is also important to note that
cytochrome nanowires, one family of extracellular appendages
responsible for extracellular long-range electron transfer, have also
been believed to be type IV pili for decades, due to genetic knockout
evidence®*%. Therefore, future high-resolution cryo-EM studies are
warranted in Synechococcales to validate the profile of observed
extracellular pili.

Despite observing the CT pili’s interaction with ECM and micro-
cystin, it remains unclear how CT pili are assembled and whether they
can retract for cellular uptake of these compounds and recycling of
pilins. The CT pilus may share some similarities with the CUP pili; but
significant differences remain, especially its tubular morphology,
which diverges significantly from that of typical bacterial flagella and
pili (Supplementary Fig. 14). One notable similarity between CT and
CUP pilus is the presence of an outer membrane porin protein, which
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might function as an assembly platform, analogous to the usher pro-
tein in the CUP pili. However, the adhesion protein fold observed here
is not typically found in most CUP pili. Most CUP pilins possess an Ig-
fold with a donor strand that inserts into the neighboring pilin®**°. The
major pilins or tip pilins, often referred to as adhesin pilins in CUP
systems, also have the same fold as major pilins. In this case, the
putative adhesin in the CP pilus is beta-sheet-rich but exhibits a very
different fold from CT pilin. More research is needed to better
understand the biosynthesis of the CT pilus. Regarding pilus retrac-
tion, known retractile pili include type IV pili and conjugation pili’°.
Type IV pili are produced by the type Il secretion system, and this
process is driven by two ATPases rotating in opposite directions, one
for assembly and the other for retraction”. While a putative type IV
pilin has been detected in M. aeruginosa, we did not observe type IV pili
in our cryo-EM imaging of all extracellular filaments. Notably, other
iron uptake mechanisms, such as siderophore-mediated uptake’, have
been reported in M. aeruginosa. Therefore, even if CT pili are incapable
of retraction, bacterial cells could still acquire the enriched iron in the
ECM near their surface through those mechanisms.

When a pilus has multiple functions, it raises the question of which
function is primary. Another well-known example of a multi-functional
pilus is the bacterial type IV pilus. The primary function of type IV pili is
arguably twitching motility since the pilus can both extend and retract,
and it has an adhesive tip. Other suggested functions of type IV pili,
such as DNA uptake”, are then largely based on additional positively
charged surface properties built upon the existing nature of type IV
pili. Using type IV pili as an analogy, we propose that the primary
function of CT pili is to serve as a structural scaffold which bridges cells
together and hosts the ECM, forming micro-colonies to maintain their
position in the water column. Other possible functions, such as
enriching extracellular toxins and iron, likely emerged later and rely
heavily on additional surface properties, such as O-linked glycosyla-
tion. Sequence alignment of CT pilin homologs in different cyano-
bacteria is consistent with this hypothesis. The observed glycosylation
sites are partially conserved among other pilin homologs (Supple-
mentary Fig. 15), where serine residues are sometimes replaced by
threonine, and vice versa. However, only one site contains threonine in
all pilins. For all other sites, there are putative pilins that possess nei-
ther serine nor threonine. This level of partial conservation suggests
that those features might have appeared later than the primary func-
tion and, therefore, have become more diverse among different
cyanobacteria.

In summary, we report a previous unknown family of bacterial pili
with a unique protein fold. This discovery was greatly facilitated by
recent developments in cryo-EM*” and deep-learning based
methods*’*'7*”7 that enable direct protein identification from near-
atomic resolution maps, allowing the discovery of pili without prior
knowledge. Future investigation into the CT pilus secretion system,
potential retractile properties, and interplay with other cellular pro-
cesses will undoubtedly deepen our understanding of cyanoHAB for-
mation and its ecological repercussions.

Methods

M. aeruginosa PCC 7806SL growth condition and filament
preparation

Cultures of M. aeruginosa PCC 7806SL were procured from Pasteur
Culture Collection (Paris, France) and were grown/maintained in
polyethylene culture flasks with vented caps and culture medium (BG-
11 with 2 mM nitrate) at 22 °C under 25 pE of light (white fluorescent-
lights, 6500 K) in an innova™ 4000 incubator shaker (60 rpm). From
100 mL of stationary-phase culture, cells were pelleted by centrifuga-
tion at 3200 x g for 10 min and the pellet was washed three times by
gentle resuspension in phosphate-buffered saline buffer (PBS, pH 7.4)
and centrifugation (3200 x g, 10 min). The washed pellet was resus-
pended in 2mL of PBS and vortexed for 2min to shear off the

extracellular filaments. Cells were removed by centrifugation
(3200 x g, 10 min) and the supernatant containing CT pili was collected
and further centrifuged at 10,000 x g for 5min. The resulting super-
natant contained isolated CT pili, confirmed by SDS-PAGE.

Cryo-EM conditions and image processing

The cell appendage sample (ca. 3.5-4.5pul) was applied to glow-
discharged lacey carbon grids and then plunge frozen using an EM GP2
Plunge Freezer (Leica). The cryo-EM micrographs were collected on a
300 keV Titan Krios with a K3 camera at 1.07 A/pixel and a total dose of
ca. 50 e/A2. First, patch motion correction and CTF estimation were
done in cryoSPARC®%°, Next, particles were auto-picked by “Filament
Tracer”. All auto-picked particles were subsequently 2D classified with
multiple rounds, and all particles in bad 2D averages were removed.
After this, the CT pilus dataset had 1,875,465 particles left with a shift of
19 pixels between adjacent boxes. Next, the possible helical symme-
tries were calculated from an averaged power spectrum generated
from the raw particles within 2D classes (Supplementary Fig. 2). There
are ~10 possibilities for possible helical symmetry, and all of them were
tested in helical refinement. Reconstruction with the correct symmetry
reached to 2.4 A, with side chains of amino acids clearly resolved*’. The
hand of the 3D volume was determined by the hand of a-helices in the
map®# The resolution of the final reconstruction was estimated by
Map:Map FSC and Model:Map FSC. The final volume was then shar-
pened with a negative B-factor automatically estimated in cryoSPARC,
and the statistics are listed in Supplementary Table 1.

Model building of M. aeruginosa CT pilus

The first step of model building is identifying the pilin protein from the
experimental cryo-EM map. The pilin protein, produced by gene
BH695 0841, was identified to be the best fit to the EM map among all
proteins in this strain by the DeepTracer-ID”, and direct cryo-EM-
based approaches such as ModelAngelo® and DeepTracer’. Alpha-
Fold prediction® of the identified pilin was used as the starting model
for the model building process. Pilin subunits within an asymmetric
unit were first docked into the map using ChimeraX®. Pilin subunits
were then manually refined in Coot®. Then a filament model was
generated, and real space refined in PHENIX®. MolProbity was used to
evaluate the quality of the filament model®. The refinement statistics
of both mono-pili and tri-pili are shown in Supplemental Table 1. Data
visualization was primarily done in ChimeraX®.

Homology searches and phylogenetic analysis

Homologs of M. aeruginosa CT pilin were collected by PSI-BLAST (5
iterations, inclusion E-value threshold of le-06) against the non-
redundant protein sequence database at NCBI. All sequences longer
than 400 amino acids were purged to avoid potential problems with
sequence alignment. Multiple sequence alignment was built using
MAFFT with the G-INS-1 option. Poorly conserved positions were
removed using trimAl with the gap threshold of 0.2%. Maximum like-
lihood phylogenetic analysis was performed using 1Q-Tree®. The
phylogeny was visualized using iTOL v6°".

Electrophoresis and protein characterization

Isolated CT pili were analyzed by SDS-PAGE using a 4-12% poly-
acrylamide gel, 200V potential, MES running buffer, SeeBlue™ Plus2
pre-stained protein standard (Invitrogen), and SimplyBlue™ SafeStain
for visualization (Invitrogen). The only visible protein band of the
isolated CT pili was excised and Trypsin-digested using an in-gel
trypsin digestion kit (Thermo Scientific™). Trypsin-fragments were
characterized by LC-MSMS using a Vanquish™ Neo UHPLC system
(Thermo Scientific) and an Orbitrap Fusion™ Lumos™ Tribrid™ mass
spectrometer (Thermo Scientific). Chromatographic separation
was done with a Double nanoViper™ PepMap™ Neo UHPLC column
(75um by 150 mm) and a solvent system of water (A) and 80/20
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acetonitrile/water (B), both with 0.1 % formic acid. Elution was done
with a flow rate of 0.35 uL/min, a column temperature of 35°C, and a
gradient that began at 3% B, increasing to 7% in 1 min, to 30% in 40 min,
to 50% in 6 min, to 95% in 2 min, remaining 95% for 1 min, and returning
to 3% immediately, held for 10 min to re-equilibrate the column. Mass
spectra were collected with an Orbitrap resolution of 120 K (at m/z of
200) and a scan range of 200-2000 m/z, obtaining data-dependent
higher energy collisional dissociation MS2 scans with a normalized
collision energy (NCE) of 30 for confirmation of peptide sequences
(i.e., b- and y-fragment ions). Apex detection and dynamic exclusion
were set in the scan cycle. Using Proteome Discoverer Software (ver-
sion 3.1, Thermo Scientific), a library trypsin-digest fragments was
generated from the proteome of M. aeruginosa PCC7806SL and mass
spectrawere searched against this library using MSPep Search. Peptide
spectral matches were also searched using Sequest HT and were used
to determine protein identity. For intact mass and deconvolution
analysis, mass spectra were collected with an Orbitrap Fusion Lumos
Tribrid Mass Spectrometer coupled to a Vanquish Neo UHPLC System
(Thermo Scientific). Samples of isolated CT pili were injected on a
MADbPac™ Capillary Reversed Phase HPLC Column (150 um x 150 mm,
Thermo Scientific) and eluted using a mixture of 0.1% formic acid in
water (solvent A) and 0.1% formic acid in 80% acetonitrile in water
(solvent B). The solvent gradient began at a B:A ratio of 3:97 and was
increased to 90:10 over 6 min at a flow rate of 2 uL/min with a column
temperature of 60 °C. The EASY-Spray™ ion source spray voltage was
set to 1800 V positive ion, the ion transfer tube temp to 305 °C, and the
RF lens to 75%. The Orbitrap resolution was set to 7.5 K (at m/z of 200)
with quad isolation, a scan range 400-2000 (m/z) in positive mode, an
FT Full scan AGC target of 4 x 105, a normalized AGC target of 100%,
and a cycle time of 3s. The resolution was set to the lowest setting
possible to shorten the transients and use only the high signal to noise
beats before the protein dephases in the Orbitrap. Intact mass spectra
were deconvoluted using BioPharma Finder (version 3.0, Thermo
Scientific software). Pilin was loaded on a Waters nano-ease C4 column
and eluted at 10 pl/min with a 20 min gradient of increasing acetoni-
trile. Spectral data was collected from 300-1500 m/z on a Waters
Synapt G2-S(i) mass spectrometer operated in positive ion, resolution
mode. The protein eluted in the post-run column wash at ~-80% acet-
onitrile. The source spectra method was set to “Average Over Selected
Retention Time” at 4.19-4.33 min, the deconvolution algorithm was set
to “ReSpect” due to the lack of isotopically resolved source spectra,
and the mass tolerance was set to 20 ppm. The output mass range for
deconvolution was set from 8000 to 16,000 Da with peak model set to
“Intact Protein”.

Scanning electron microscopy (SEM), negative-stain transmis-
sion electron microscopy (TEM), and scanning-TEM with energy-
dispersive X-ray spectroscopy (STEM-EDS)

For SEM, 2 uL M. aeruginosa culture were pipetted onto a silicon wafer,
then mounted onto an Al specimen holder and left to air-dry. Prior to
SEM analysis, samples were sputter-coated with a 10-15 nm thin layer
of Pt under an argon atmosphere at 8 mA for 30s using a Micro-
NanoTools MNT-JS1600 plasma sputtering coater. Samples were
imaged using a COXEM EM-30N scanning electron microscope (SEM).
For TEM, samples of M. aeruginosa and CT pili were visualized by
spotting 2uL onto formvar-coated copper TEM-grids, allowing the
drop to sit for 5-10 min on the grid, which was then wicked off with a
Kimwipe® (the longer the sample was kept on the grid, the more cells/
pili adhered to the formvar, but less than 5min was insufficient).
Samples were stained by spotting 2 L of 1% uranyl acetate on the grid
and wicking off after 30 s. The samples were analyzed using JEOL JEM-
1400 series 120 kV Transmission Electron Microscope with an AMT-
NanoSprint15L-Markll camera. With this microscope, qualitative ele-
mental analysis of M. aeruginosa samples was done by STEM-EDS,
performed using a STEM unit with bright-field and dark-field imaging,

and an Oxford AZtec energy TEM standard EDS detector and software.
The goal of the EDS experiments was to obtain a qualitative under-
standing of the atomic composition of ECM colocalized with cell
colonies, therefore spectra were deconvoluted and processed into the
presented images directly by the Aztec software without any further
processing.

Nanoscale secondary ion mass spectrometric (nanoSIMS)
experiments

B3C,5N-MCLR was purified from isotope-labeled M. aeruginosa cultures
(grown on C bicarbonate and “N nitrate for 3 generations) per the
methods as previously described®. 5 mL aliquots of unlabeled M. aer-
uginosa cultures were centrifuged at 3200 x g for 10 min and cell pel-
lets were resuspended in 5 mL of solutions containing approximately
100 uM BN™C-MCLR. These were incubated for a week at 22 °C under
25 uE of white fluorescent-lights (6500 K). All were done in triplicate.
After 1week, 100 pL aliquots of the incubation mixtures were fixed with
formalin (5% final concentration, 20 min, room temp) and centrifuged
at 2000 x g for 10 min. The supernatants were discarded, and cell
pellets were resuspended in 100 pL of sterile-filtered MilliQ water.
These were centrifuged and decanted again, and the pellets were
resuspended in 100 uL of 50/50 water/ethanol. These samples were
stored at —20 °C at Florida Atlantic University (Boca Raton, Florida) and
shipped overnight on dry-ice to Lawrence Livermore National
Laboratory (LLNL) in Livermore, California. For nanoSIMS, cells were
pipetted onto a Si wafer, air dried, and sputter coated with ~5nm of
gold. Isotope imaging was performed with a primary *Cs* ion beam
set to 2 pA, corresponding to an approximately 150 nm diameter beam
diameter at 16 keV. Rastering was performed over 20 x 20 microns®
analysis areas with a dwell time of 1 ms pixel™ for 19-30 scans (cycles)
and generated images containing 256 x 256 pixels. Sputtering equili-
brium at each analysis area was achieved with an initial beam current of
90 pA to a depth of ~60 nm. After tuning the secondary ion mass
spectrometer for mass resolving power of -7000 (1.5 corrected),
secondary electron images and quantitative secondary ion images
were simultaneously collected for 2C,, *C2C", *C*N, and 2C”N” on
individual electron multipliers in pulse counting mode; note that
BCRC/PCy =2xBC/?C and CPN/2C“N =“N/“N. All nanoSIMS
datasets were initially processed using L'Image (http://limagesoftware.
net) to perform dead time and image shift correction of ion image data
before creating C/C and "N/*N ratio images, which reflected the level
of *C and N incorporation into biomass.

Centrifuging experiments

Approximately 10 mL aliquots of M. aeruginosa culture were trans-
ferred to 50 mL conical centrifuge tubes and were either left undis-
turbed (Control) or were vortexed for 2 min to shear CT pili from cells
(vortexed). These were then subjected to repeated rounds of cen-
trifugation for 30-s intervals at 1000 x g. This was done using an IEC
Centra CL2 benchtop centrifuge equipped with a 4 x 50 mL bucket
rotor set to 1000 x g. For each 30-s interval documented, the cen-
trifuge was run for 45 s, allotting an extra 15 s to account for the time it
took the centrifuge to reach ~1000 x g. Cells were counted just prior to
the first centrifugation, and cells in the supernatant were counted after
each centrifuging interval using a Countess™ Il FL automated cell
counter. Bright-field and fluorescence images of cell cultures were
obtained using this cell counter, equipped with an Invitrogen EVOS
light cube with an excitation maximum of 445 nm.

Conductivity measurements

Electrochemical measurements were performed in a 3-electrode
electrochemical cell with a glassy carbon working electrode, Pt wire
counter electrode, and a Ag/AgCl reference electrode using a Gamry
Ref600 potentiostat. The solution consisted of 10 mM potassium fer-
ricyanide (KsFe(CN)¢*) in 0.1 M phosphate buffer at pH 7. Films of CT
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pili were dropcast onto glassy carbon electrodes and left to dry under
vacuum for 1h before electrochemical experiments. For CV, the
potential versus reference was cycled between 0 and 600 mV at scan
rates of 10, 50, 100, and 200 mV/s, consecutively. For EIS, the DC
potential was set at 0 mV vs reference, and the AC oscillations were set
to £10 mV across a frequency range of 1-1,000,000 Hz.

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

Data availability

The three-dimensional reconstruction of CT pilus has been deposited
in the Electron Microscopy Data Bank with accession codes EMD-
44895. The atomic model has been deposited in the Protein Data Bank
with accession code 9BTQ. Unless otherwise stated, all data supporting
the results of this study can be found in the article, supplementary, and
source data files. The MS/MS mass spectrometry data have been
deposited in PRIDE with accession code PXD066540. The intact mass
spectrometry data have been deposited in PRIDE with accession code
PXD066594. Source data are provided with this paper.
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