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STRUCTURAL BIOLOGY

Structural mechanisms of Tad pilus assembly and its

interaction with an RNA virus
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Caulobacter crescentus Tad (tight adherence) pili, part of the type IV pili family, are crucial for mechanosensing,
surface adherence, bacteriophage (phage) adsorption, and cell-cycle regulation. Unlike other type IV pilins, Tad
pilins lack the typical globular  sheet domain responsible for pilus assembly and phage binding. The mechanisms
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of Tad pilus assembly and its interaction with phage ®Cb5 have been elusive. Using cryo-electron microscopy, we
unveiled the Tad pilus assembly mechanism, featuring a unique network of hydrogen bonds at its core. We then
identified the Tad pilus binding to the ®Cb5 maturation protein (Mat) through its f region. Notably, the amino
terminus of ®Cb5 Mat is exposed outside the capsid and phage/pilus interface, enabling the attachment of fluo-
rescent and affinity tags. These engineered ®Cb5 virions can be efficiently assembled and purified in Escherichia
coli, maintaining infectivity against C. crescentus, which presents promising applications, including RNA delivery

and phage display.

INTRODUCTION

Bacterial pili, hair-like appendages present on the surfaces of vari-
ous bacteria, perform critical roles including adhesion, coloniza-
tion, motility, and conjugation/competence, and can act as receptors
for bacteriophage (phage) binding (1-3). Understanding the func-
tions and diversity of bacterial pili is essential in studying bacterial
pathogenesis and developing strategies to combat bacterial infec-
tions. Caulobacter crescentus, a Gram-negative aquatic bacterium, is
known for its distinctive cell cycle, characterized by asymmetric di-
vision and two distinct morphological forms: the swarmer cell and
the stalked cell (4, 5). It has the tight adherence (Tad) pili, which are
primarily produced in the swarmer cells. Tad pili of C. crescentus,
also known as type I'Vc pili, belong to the type IV pili family and are
involved in surface sensing/adherence (6, 7) and biofilm formation
(8). Driven by a bifunctional adenosine triphosphatase, Tad pili ex-
hibit a dynamic process of extension and retraction (9). Upon sur-
face sensing, pili retraction reorients cells into an upright position,
promoting walking-like movements (10). This aids in positioning
the flagellate pole close to the surface, anchoring the holdfast, a du-
rable adhesive structure to ensure long-term attachment. The re-
traction of Tad pili leads to disassembly of pilin subunits, which are
subsequently recycled to the pilin reservoir in the inner membrane.
These recycled pilins are proposed to interact with PleC kinase to
increase cyclic diguanylate monophosphate production and initiate
holdfast synthesis, thereby linking Tad pili dynamics with cell-cycle
regulation (7, 11). Notably, the holdfast synthesis can also be stimu-
lated by resistance of pili retraction, without surface contact (6). Un-
like other classes of type IV pili, the mature Tad pilin sequences are
notably shorter, aligning solely with the N terminus of other mature
type IVa (12) and archaeal type IV pilins (fig. S1, A and B) (13). The
assembly and disassembly of such “truncated” pilin subunits, which
promote surface adaptation of C. crescentus, remain a mystery. The
structure of Tad pili is crucial to explain the mechanism that under-
lies their diverse functions and significance in cell physiology.
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Furthermore, C. crescentus Tad pili are proposed as a phage re-
ceptor and indispensable for the infection of a single-stranded RNA
(ssRNA) phage, ®Cb5 (14, 15). DCb5 carries a 3762-nt RNA ge-
nome encoding essential proteins, including a maturation protein
(Mat), a coat protein (Coat), the B subunit of an RNA-dependent
RNA replicase (Rep), and a lysis protein (Lys), with the gene lys em-
bedded in the reading frame of the rep gene (16). It is proposed that
these ssRNA phages attach to the side of retractile pili using Mat and
enter bacteria during pili retraction (15). However, in contrast to
other type IV pilins (12, 13, 17), Tad pilins lack a surface-exposed
globular B sheet domain used by other ssRNA phages, such as PP7,
for binding (18). This distinction suggests that the adsorption mech-
anism between ®Cb5 and Tad pili may deviate from other phage-
pilus pairs. Such assumption remains untested, primarily because of
the lack of a structure of the mature ®Cb5 virion as well as a struc-
ture of the ®Cb5-Tad complex.

In this study, we use single-particle cryo-electron microscopy
(cryo-EM) to determine the molecular structure of the C. crescentus
Tad pilus and comprehensively examine the molecular basis for the
interaction between Tad pili and ®Cb5. These findings not only
present the structure of Tad pilus but also offer invaluable insights
into the Tad pilus assembly and adsorption mechanisms of ssRNA
phages in general. Furthermore, these data have inspired the design of
a versatile phage production platform, enabling tailored customiza-
tions of these ssRNA phage particles for research and technological
applications.

RESULTS
Molecular structure of the C. crescentus Tad pilus
To unveil the structural and assembly mechanisms of Tad pili, we
purified Tad pili from the hyperpiliated bNY30a strain of C. crescentus
host and determined their structure at a resolution of 2.8 A (fig. S2).
The Tad pilins self-assemble into a left-handed three-start helix
with a width of 42 A, a helical rise of 14.7 A, and a twist angle of
—52° (Fig. 1).

The signal peptide comprises the first 14 amino acids of the Tad
prepilin and undergoes cleavage (19, 20), resulting in 45 residues
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(Ala® to Thr*) that form the mature Tad pilin (Fig. 1G). This ma-
ture pilin adopts an amphipathic o-helical conformation with the
N-terminal end of the a helix pointing toward the center of the Tad
pilus, while the C-terminal end extends outward.

We label each strand of the three-start helix as m, n, and i (from
lower left to top right) and number the pilins within each strand in
a left-handed sequence (Fig. 1E). Each pilin forms hydrophobic in-
teractions with six neighboring pilins (fig. S3, A to H), primarily
through surface-buried residues (Fig. 1G). Notably, the residue
Glu" at the N terminus of each mature pilin is involved in the hy-
drogen bonding with residues in two pilins in the right neighboring
strand. For example, Glu'® of Pilin (i) forms one hydrogen bond
with the backbone of Ala'” of Pilin (m — 2) and another hydrogen
bond with Tyr20 of pilin (m — 3) (Fig. 1, E and F). Owing to the heli-
cal symmetry inherent in the Tad pilus, these hydrogen bonds create
an intricate network of interactions at the core of the entire pilus,
precisely at the N terminus of neighboring pilins (fig. S3, ] and K),
which bolster the overall stability of the pilus assembly. Notably, se-
quences of Tad pilins exhibit remarkable conservation across vari-
ous Tad pili species, particularly for these two residues, Glu'® and
Tyr” (fig. S1C), involved in the hydrogen bonding. In total, Glu"’
and Tyr”” are crucial for the assembly of Tad pili, but not pilin

G

expression or processing (19), which strongly suggest the require-
ment of these two hydrogen bond forming residues in the proper
assembly of Tad pili.

Cryo-EM structures of the ®Cb5 virion

To elucidate the structural mechanism governing the interaction be-
tween ®Cb5 and Tad pili, we conducted single-particle cryo-EM of
purified ®Cb5 mixed with purified Tad pili. This enabled us to de-
termine two distinct structures: one representing the apo ®Cb5 vi-
rion and the other showcasing the ®Cb5 virion adsorbed to a Tad
pilus (fig. S4).

Our current structural understanding of ®Cb5 is limited to its
Coat (21). The complete structure of the virion, including the 3762-nt
guide RNA (gRNA) and the Mat, remains undiscovered. With our
cryo-EM map of the ®Cb5 at a resolution of 2.7 A, we reveal
insights into the RNA packaging within the mature ®Cb5 virion
and the arrangement of the Mat responsible for interacting with
Tad pili.

The ®Cb5 virion showcases a near-icosahedral spherical Coat
shell of 89 Coat dimers with a diameter of around 290 A, while a
single Mat extends 30 A beyond the shell (Fig. 2A). The gRNA
adopts a defined conformation, presenting stem-loops to interact
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Fig. 1. Cryo-EM structure of the C. crescentus Tad pilus. (A) Cryo-EM density map of the Tad pilus with each strand of the three-start helix colored as green, yellow, and
orange, respectively. (B) Atomic model of the Tad pilus. (C) The top end-on view of the Tad pilus showing interactions between adjacent pilins. (D) Atomic model of a
single pilin fits in the density map at a contour level of 0.394c. The N- and C-terminal residues are labeled. (E) The assembly pattern plot showing the helical rise (14.7 A)
and twist angle (—52°) in the Tad pilus. Each dot represents a pilin and with the color as defined in (A). Each strand of the three-start helix is named m, n, and i, respec-
tively, and numbered in a left-handed fashion. Each pilin forms two hydrogen bonds (blue dashed lines) with two pilins in the neighboring strand on the right at the —2
and —3 positions, respectively. (F) Close-up view from the boxed region in (B) showing two hydrogen bonds (blue dashed lines) from the Glu' on Pilin (i) to the backbone
of Ala'” on Pilin (m — 2) and the Tyr?® on Pilin (m — 3), respectively. (G) The sequence of C. crescentus bNY30a strain Tad pilin shows the position of cleaved residues, ex-
posed residues, and buried residues.
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Fig. 2. Structure of the ssRNA phage ®Cb5 mature virion. (A) A composite cryo-EM density map of ®Cb5, assembled with the virion and an additional focused-
refinement map around the Mat (pink), in the top view (left) and the cut-open side view (right). The gRNA density is overall gray except for the last 111 nucleotides (colored
differently, including the last stem-loop of the replicase RNA gene and the 3’ untranslated region, or 3'UTR), which forms a four-way junction domain and interacts with
the Mat. (B) The secondary structure model (top) and diagram (bottom) of the Mat with all the o helices and f strands labeled. (C) The 3’ end domain of the gRNA (colored
density) interacts with the Mat (pink model) and 3 of the 10 Coat dimers (blue models) around the Mat. The numbering of the 10 Coat dimers around the Mat is defined
in the inset. Two views are presented in this region from outside (left) or inside (right) the capsid. (D) The secondary structure of the 3’ end (residues 3652 to 3762) of the
gRNA, which forms a four-way junction domain with the three long stem-loops labeled R1, V, and U1, respectively. The base pairing in the tip of U1, which could not be

verified by the cryo-EM density, is omitted and outlined by a gray arch.

with the inner surface of the capsid. In comparison to the Coat shell
of other ssRNA phages, such as the coliphages MS2 and Qf, ®Cb5
presents a larger opening at the pseudo sixfold axes (fig. S5A). In
addition, our structural analysis reveals the presence of density cor-
responding to calcium ions throughout the mature ®Cb5 virion
(fig. S5, B and C). This observation aligns with previous research
indicating that calcium ion plays a crucial role in stabilizing the
®CDb5 Coat shell (21).

The Mat of ®Cb5 measures 135 A long and 30 A wide. It com-
prises a structural framework featuring a large p sheet including p
strands P1 to P8, p10, and p11 and designated as the p region, as well
as an « helix bundle, encompassing o helices a3 to a8 and desig-
nated as the o region (Fig. 2B). The a region and f region are con-
nected by al, a2, p9, p12, and flexible loops. Positioned at a twofold
axis of the capsid, the B region protrudes outward, while the o re-
gion penetrates deep into the capsid to bind the gRNA. In addition,
we find that the N terminus of the Mat is exposed externally on the
capsid, affording flexibility for potential protein tagging and engi-
neering at this site.

The 3’ end of the gRNA forms a domain containing RNA stem-
loops emerging from a four-way junction (Fig. 2D and fig. S6A).
After numbering the Coat dimers around the Mat clockwise from 1

Wang et al., Sci. Adv. 10, eadl4450 (2024) 3 May 2024

to 10, we observe that stem-loops R1 and V interact with Coat di-
mers 6 and 7, respectively (Fig. 2C). A closer examination of the
interface between these RNA stem-loops and the Coat dimers re-
veals conserved interactions, involving Coat residues Arg*®, Arg®,
Asn®, and Tyr®, which form hydrogen bonds and salt bridges with
the RNA stem-loops R1 and V (fig. S6, C and D). These Coat-dimer
residues likely play a role in interacting with the remainder of the
gRNA as a packaging motif.

Stem-loop Ul, the final RNA helix within the gRNA genome,
engages in extensive interactions with the inner surface of Mat f
region with its tip sandwiched between Mat and Coat dimer 2
(Fig. 2C). The region of the Mat that interacts with stem-loop Ul is
highly positively charged, which facilitates its binding to the nega-
tively charged RNA backbone (fig. S6E). The U1-Mat interaction is
conserved among ssRNA phages, as observed in coliphages like
MS2 (22) and Qp (23).

Molecular interface between ®Cb5 and Tad pili

Pilus adsorption marks the initial phase in the ssRNA phage infec-
tion cycle and plays a pivotal role in defining phage specificity to-
ward their respective hosts. The structure of C. crescentus Tad pili
substantially distinguishes it from other reported pilus structures,
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such as conjugative pili or other classes of type IV pili (24, 25).
This structural divergence suggests that the recognition of Tad
pili by phages like ®Cb5 may be defined by distinct molecular in-
teractions.

To precisely delineate the binding interface between ®Cb5 and
Tad pili, we analyze the cryo-EM structure of the ®Cb5-Tad com-
plex (Fig. 3A). ®Cb5 attaches itself to the side of the Tad pilus,
presenting a swiveling angle of 20° and a tilting angle of 6° be-
tween the pilus and the phage particle. The outer surface of the
Mat P region establishes direct interactions with the exposed re-
gions of four pilin subunits (labeled i, i + 1, m, and m + 1) from
two neighboring strands of the three-start helical filament of the
Tad pilus (Fig. 3B).

These four pilins engage in a complex network of interactions
with the f region of Mat. In this intricate interplay, the loop linking
f10 and P11 of Mat forms a hydrogen bond with Pilin (i + 1),
connecting Thr’' of the pilin with the backbone of Leu®'® on Mat,
alongside a salt bridge involving Lys*® on the pilin and Asp'® on Mat
(Fig. 3C). Moving on to Pilin (m + 1), it partakes in more extensive
interactions. Specifically, it engages with the loop connecting p7 and
B8 and the N-terminal end of a1 on Mat (Fig. 3D). Notably, Phe*!!
of Mat inserts into a hydrophobic pocket formed by a cluster of
valines, including Val®®, Val’®, and Val*? on the pilin. In addition,

Glu®! and Ser*” on Mat form hydrogen bonds with Thr** and the
backbone of Val*® on the pilin, respectively. The interaction between
Pilin (i) and Mat occurs at the C terminus of the pilin, where it in-
serts into a pocket on Mat that is created by P4, B5, and the loop
connecting f10 and B11 (Fig. 3E). Last, the loop connecting f7 and
B8 of Mat interacts with Pilin (m) via a hydrogen bond between
Ser?®® of Mat and Asn™® of the pilin (Fig. 3F).

Upon comparing Tad pilin (PilA) sequences between the C. crescentus
host strain bNY30a and the non-host strain NA1000, PilAxa1g00 €X-
hibits four mutations (fig. S7A, PDB 8U1K). Notably, two of these
mutations, N43R and T51A, directly affect the hydrogen-bonding
interactions with Mat. This alteration in the interacting residues of
the receptor pilus could have compromised the adsorption of ®Cb5
to the Tad pilus from NA1000, contributing to its resistance to the
phage. In an adsorption assay, ®Cb5 readily binds to the bNY30a
strain, whereas its attachment to the NA1000 strain closely resembles
that of a Tad pilin (PilA) knockout mutant strain of C. crescentus
(fig. S7, B and C).

By inspecting our structures, Thr*® of all pilins on the Tad pilus
are outside of the binding interface with Mat (inset of fig. S7C).
This allowed cysteine mutation of Thr’® of PilA to fluorescently
track the dynamics of Tad pili via maleimide dye labeling (26),
without compromising their interaction with ®Cb5.
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Fig. 3. Structure of the complex between ®Cb5 and the Tad pilus. (A) A composite cryo-EM density map of the ®Cb5-Tad complex, assembled from the Tad pilus map,
the focused-refinement Mat-pilus map, and the high-resolution ®Cb5 virion map. In the top view (top), the pilus is at an angle of 20° with the direction of the Mat (dashed
pink line). In the side view (bottom), the twofold axis (dashed blue line) of the phage Coat shell is at an angle of 6° from the direction that is perpendicular to the pilus.
Dashed red lines denote the directions parallel and perpendicular to the pilus. (B) The Mat-pilus interface area (defined by the pink outline) viewed from the Mat side. Four
pilins involved in the interaction with Mat are shown as ribbon models and labeled i, i + 1, m, and m + 1, respectively. (C to F) Zoom-in views [from the direction of the
black arrow in (B)] for each of the four pilins showing its interaction with the Mat (purple model). The interacting residues and secondary structures are labeled. In (E), the

C terminus of the Pilin (i) is labeled by an encircled letter C.
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Infectious ®Cb5 with engineered Mat assembled in
Escherichia coli

From our structures, the capsid-exposed N terminus of the Mat
does not participate in the interaction with the Tad pilus. This opens
up the possibility for engineering modifications at this site without
the risk of interfering with its interaction with the pilus. We can in-
troduce additional protein domains into ®Cb5 virions. As a proof of
concept, we fused super-folder green fluorescent protein (sfGFP)
to the ®Cb5 Mat. Specifically, we constructed a plasmid fusion of
sfGFP with Mat, allowing for coexpression of this engineered Mat in
E. coli alongside the ®Cb5 genome plasmid (Fig. 4A). Consequent-
ly, this results in the production of engineered ®Cb5 particles

displaying sfGFP on the Mat (referred to as GFP-®Cb5; Fig. 4B), in
addition to the wild-type ®Cb5 virions. These GFP-®Cb5 particles can
be efficiently purified through affinity-based chromatography using
anti-GFP nanobodies (Fig. 4C, fig. S8A, and Materials and Methods).
These GFP-®CDb5 particles effectively bind and label the Tad pili
of the live C. crescentus bNY30a cells (Fig. 4D and fig. S8B). These
engineered GFP-®Cb5 preserve infectivity against bN'Y30a (fig. S8C).
This indicates both the successful packaging of wild-type gRNA
within the capsids of the engineered GFP-®Cb5 and the effective
delivery of this gRNA into the host cells. The RNA transcribed from
the GFP-Mat plasmid lacks the 3’ end domain of the wild-type
®Cb5 gRNA, responsible for binding to the Mat, which, in turn,
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Fig. 4. The engineered GFP-®Cb5 can be produced in E. coli and bind to Tad pili of C. crescentus host strain bNY30a. (

A) Schematic diagrams of the two-plasmid

systems to be coexpressed in E. coli. Plasmid 1 contains the genes for the sfGFP and the Mat. Plasmid 2 contains the complete genome of ®Cb5 including the genes for
the Mat (mat), Coat (coat), and the Replicase (rep). The lysis gene (lys) is embedded in the reading frame of rep. (B) A model showing the N terminus (indicated by a black
arrow) of the Mat is exposed from the Coat shell and free from the pilus-Mat interface. This site can be engineered to fuse other proteins such as GFP. (C) A schematic de-
scribing the production of engineered GFP-®Cb5 from E. coli, which will be affinity-purified using anti-GFP nanobodies, to infect the C. crescentus host strain bNY30a. The
schematic was created with BioRender. (D) Colocalization of GFP-®Cb5 and the Tad pili from C. crescentus host strain bNY30a with a T36C mutation for Alexa Fluor-594
C5-maleimide dye (red) labeling. This strain also has holdfast genes knocked out to avoid nonspecific maleimide dye labeling, which interferes with Tad pilus visualization.
The non-host strain NA1000, which makes Tad pili that do not bind to ®Cb5, is used as a control. White arrows indicate the fluorescence colocalization of ®Cb5-Tad.
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escorts the RNA into the cell via pilus retraction. Consequently,
even if the GFP-Mat RNA were to be enclosed within our engi-
neered GFP-®Cb5 particles, they would not be delivered into the
host cell.

The successful assembly of engineered GFP-Mat onto ®Cb5
phages in E. coli offers advantages for large-scale production and
rapid affinity-based purification. These benefits will greatly enhance
their applicability in research and various technological applica-
tions. In this initial design, the WT-®Cb5 RNA genome is tran-
scribed from the DNA plasmid and encapsulated within these
engineered GFP-®Cb5 particles to maintain the integrity of the
gRNA sequence, structure, and function. However, the presence of
the WT-®Cb5 RNA can lead to the production of WT-Mat, com-
peting for cellular resources to produce the engineered Mat. In our
two-plasmid system, we observed that the levels of incorporated
WT-Mat and GFP-Mat are of a similar order (fig. S8). To eliminate
the incorporation of WT-Mat entirely, we introduced two prema-
ture stop codons into the mat gene on the WT-®Cb5 plasmid. This
modification effectively eliminates the production of WT-Mat, thereby
preventing competition for cellular resources with the engineered
phage particles (fig. S9).

DISCUSSION

In this study, we uncover the structure of the C. crescentus Tad pilus,
shedding light on its assembly mechanism. Beyond the hydrophobic
interactions between pilins to stabilize the pilus, we identify a core
network of hydrogen bonds. Notably, the residues, Glu'® and Tyr*,
responsible for these hydrogen bonds are conserved across Tad pil-
ins (fig. S1C), implying a universal mechanism for their involve-
ment in pilus assembly. These hydrogen bonds may be evolved as
compensatory elements, making up for the absence of additional
pilin-pilin interactions seen in the globular p sheet domains of other
type IV pilins. A Glu residue is conserved at the same location in
other mature type IV pilins, including the bacterial type IVa and
archaeal type IV (fig. S1A). This negatively charged Glu in type IVa
pilin is proposed to neutralize the positive charge from the amide
group at the N terminus of neighboring type IVa pilins (12, 27, 28),
rather than forming hydrogen bonds with the neighboring pilin as
in Tad pili. This highlights how the conserved amino acid adapts to
different structural mechanisms for stabilizing various types of pili.
In addition, such a network of hydrogen bonds formed by pairs of
polar residues in adjacent pilin subunits gives rise to the unique he-
lical symmetry of the Tad pilus assembly.

The structures in our study pinpointed regions on ®Cb5 Mat
that bind to the Tad pilus and the Ul helix in the 3’ untranslated
region of the gRNA. These findings imply the potential use of this
U1-Mat connection for delivering foreign RNA into host bacteria
through pilus retraction. Furthermore, we have revealed that the N
terminus of Mat is exposed on the surface of the virion, presenting
an alternative site, other than the Coat, to display peptides or pro-
teins (for instance, a GFP) on the phage without compromising cap-
sid integrity. This offers a unique opportunity to present a single
protein of interest on individual phage particles, as opposed to dis-
playing multiple copies via the Coat (178 Coat proteins per mature
virion). This unique feature enhances adaptability and precision in
phage display, especially in the later stages when proteins are dis-
played in lower quantities to improve the affinity between the dis-
played protein and the target. In contrast to the M13-based DNA

Wang et al., Sci. Adv. 10, eadl4450 (2024) 3 May 2024

phage display, which depends on the secretion of filamentous viri-
ons bearing displayed proteins through a specific channel in the
E. coli cell envelope (29), thereby limiting the variety of displayable
proteins (30), ssRNA phage capsid proteins, including Mat, directly
assemble around the genomic RNA, eliminating the necessity for
secretion to allow more flexible display of proteins. In addition,
ssRNA phages can be produced in vitro (31), offering the possibility
of cell-free display, which removes the limitations related to trans-
formation efficiency in cell-based systems (32).

In our current two-plasmid system, only the wild-type genomic
RNA is packaged into the phage particles through the specific inter-
action between Mat and U1 RNA stem-loop. To establish a connec-
tion between the genotype and phenotype of the displayed protein
for use in a selection assay, one may incorporate the Mat-binding U1l
into the plasmid encoding the displayed protein while using the
other plasmid as a “helper phage plasmid” Our study successfully
demonstrated the display of GFP on the Mat of ssRNA phages. To
further establish the broad applicability of this display strategy, ad-
ditional proteins of diverse sizes and folds need to be tested.

Currently, there is a scarcity of effective virus-like particle (VLP)
vaccine display platforms, primarily attributed to the steric chal-
lenges posed when integrating foreign peptides at either the N or C
terminus of each modified Coat (33-35). Our method for displaying
proteins on the Mat offers an option for the ssRNA phage VLP sys-
tem that had previously relied exclusively on Coat proteins display.
This proves advantageous in occasions where Coat protein display
results in Coat misfolding and VLP instability (36). While it is true
that displaying proteins or peptides on the single Mat, as opposed to
Coat proteins, provides lower valency and potentially lower immu-
nogenicity for vaccine applications, our structural analysis reveals
that the Mat binds to the U1 stem-loop and replaces one Coat dimer
at the twofold axis of the phage capsid. This suggests the possibility
of introducing multiple U1 RNA stem-loops into the phage RNA,
enabling the incorporation of multiple copies of Mat into a VLP to
enhance the valency of displayed proteins.

The introduction of GFP-@CDb5 in this study allows for the visu-
alization of virion and pilus colocalization during fluorescent imag-
ing, offering the potential to track, in real time, the entry of Mat as it
escorts gRNA into the cell—a process that has yet to be character-
ized (37). However, the brightness of a single GFP might be insuffi-
cient for visualizing inside the bacteria. To overcome this challenge,
a possible solution is to incorporate a linker with multiple cysteines
(26) at the N terminus of Mat, enabling the attachment of multiple
dye labels to enhance fluorescence intensities. This capability pro-
vides invaluable tools for future research, particularly in unraveling
the complexities of the ssRNA phage-host entry mechanism by al-
lowing for a more in-depth examination of interactions, including
those between Mat and the basal body from which the pilus ex-
tends (38).

MATERIALS AND METHODS

Preparation of ®Cb5 and bNY30a Tad pili

For phage ®Cb5 amplification, 1 liter of bN'Y30a cells was grown at
30°C in PYE media [peptone (2 g liter ™), yeast extract (1g liter ™),
1 mM MgSOy, and 3 mM CaCl,] until ODgg (optical density at
600 nm) = 0.4. Phage ®Cb5 were added at an MOI (multiplicity of
infection) of 10 and cultured overnight. The cells were collected by
centrifugation at 4000g for 30 min and lysed in 50 ml of TMC3 buffer
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[20 mM tris, 3 mM CaCl,, and 2 mM MgCl, (pH 7.5)] supplemented
with one tablet of protease inhibitor (Roche). Lysate was cleared
by centrifugation at 4000g for 30 min and further cleaned by cen-
trifugation at 15,000¢ for 30 min. Supernatant was concentrated by
a 100-kDa cutoff concentrator until volume reaches 1 ml. The sam-
ple was then placed on sucrose gradient (20 to 60%) for ultracentri-
fugation overnight at 200,000g. Fractions of phages were collected
and dialyzed three times against the TMC3 buffer in the 3-kDa cut-
off dialysis cassettes. The sample was then concentrated into 500 pl
by the 3-kDa cutoff concentrator and lastly separated by gel-filtration
chromatography. All these steps are performed at 4°C unless speci-
fied. The purified phages were flash frozen in liquid nitrogen and
stored at —80°C for later analysis and experiments.

For bNY30a Tad pili collection, 1 liter of bNY30a cells was cul-
tured to stationary phase at 30°C in PYE media. Cells were then
centrifuged down at 4000g for 30 min and resuspended in 40 ml of
TM buffer [20 mM tris and 2 mM MgCl, (pH 7.5)]. The sample was
forced to go through a 23G needle three times for pili shearing. The
cell debris was centrifuged down at 15,000¢ for 10 min, and super-
natant was concentrated to 2 ml. The CsCl-gradient purification was
applied to the sample by ultracentrifugation at 200,000g for 24 hours.
Each fraction of samples was collected followed by multiple times of
dialysis against the TM buffer. All these steps are performed at 4°C
unless specified. Negative-staining imaging was performed to check
the purity of pili.

Preparation of the GFP-®Cb5

The full-length ®Cb5 ¢cDNA was synthesized and cloned into a
pET28" vector (Genscript). The codon-optimized GFP-Mat was
synthesized (Genscript) and cloned into a pPBAD33 vector. For the
expression and purification of the GFP-®Cb5 complex, full-length
@DCb5 plasmid and GFP-Mat plasmid were cotransformed into the
E. coli BL21(DE3) cells. Five milliliters of cells was induced by
0.5 mM isopropyl-f-p-thiogalactopyranoside and 0.2% L-arabinose at
ODggp = 0.5. After culturing at 16°C for 16 hours, the cells were col-
lected by centrifugation at 4000g for 5 min and resuspended in 800 pl
of TMC3 buffer. After the cells were lysed, the solution was cleared
by centrifugation at 4000g for 5 min. The supernatant was further
cleaned by passing through a 0.22-pm syringe filter. The sample was
then mixed with 100 pl of streptavidin agarose beads (EMD Milli-
pore), which are conjugated with biotin-labeled Avi-small ubiquitin-
like modifier (SUMO)-GFP nanobody. After incubating overnight,
the beads were pelleted and washed three times with TMC3 buffer
to exclude unbound samples. The beads with bound samples were
incubated with an adequate amount of SUMO protease for 30 min
followed by TMC3 buffer washing to elute GFP-®Cb5 complex. All
these steps were performed at 4°C unless specified. The purified
GFP-®Cb5 was flash frozen in liquid nitrogen and stored at —80°C
for later analysis and experiments. To disrupt the mat gene on the
native ®Cb5 genome plasmid, site-directed mutagenesis was used
to introduce two premature stop codons. One replaced the start co-
don of mat, and the other replaced the Tyr'®’ in the middle of the
mat gene (540 base pairs downstream of the original start codon)
(fig. S9).

Cryo-EM sample preparation and data acquisition

The bNY30a Tad pilus was prepared by applying 3 pl of purified
sample to glow-discharged holey carbon grid (C-flat, R2/1, 300 mesh)
and vitrified using a Vitrobot Mark III (FEI Company) after blotting
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for 3 s at 6°C with 100% relative humidity. Cryo-EM images of the
pili were recorded under a Titan Krios G3 microscope (Thermo
Fisher Scientific) equipped with a Gatan Quantum energy filter
(silt width, 30 eV) at 300 kV. Automated data acquisition was
achieved on a K2 Summit direct detection camera (Gatan) in the
super-resolution mode with a pixel size of 0.42 A and defocus
ranged from —0.5 to —2.5 pm. The beam intensity was adjusted to
a total electron dose of 42 e”/A%. A total of 8980 movie stacks
were recorded.

The purified bNY30a Tad pilus and purified ®Cb5 particles were
reconstituted in two steps. First, the ®Cb5 particles were concen-
trated to 20 mg ml™" in a volume of 50 pl by a 3-kDa cutoff concen-
trator. The pili were concentrated by the 3-kDa cutoff concentrator
in a volume of 10 pl. After mixing adequate amount of ®Cb5 and
pili sample and incubation on ice for 30 min, 3 pl of the assembled
®Cb5-pilus complex was loaded to a glow-discharged holey carbon
(C-flat, 2/1) and vitrified using Vitrobot Mark III for 3-s blotting at
6°C with 100% relative humidity. Cryo-EM images of the ®Cb5-
pilus complex were recorded under a Titan Krios G3 microscope
(Thermo Fisher Scientific) equipped with a Gatan Quantum energy
filter (slit width, 20 eV) and operated at 300 kV. Automated data
acquisition was achieved on a K3 Summit direct detection camera
(Gatan) with a pixel size of 0.86 A and a defocus range of —0.5 to
—2.5 pm. The beam intensity was adjusted to a dose rate of roughly
1.25 ¢7/A? per frame for a 40-frame movie stack with a total expo-
sure time of 2.2 s. A total of 39,171 video stacks were recorded for
the complex.

Cryo-EM data processing and structure determination

For the Tad pilus structure determination, super-resolution video
stacks of pilus were motion-corrected and binned 2x by Fourier
cropping using MotionCor2 (39). The micrographs were primarily
processed following the workflow cryoSPARC v.3.0 (40). The data
processing diagram is shown in fig. S2. Contrast transfer function
determination was performed using patchCTE Iterative filament
tracer following two-dimensional (2D) classification was used to
produce a high-quality dataset for 351,794 particles of pixel size
0.86 A. The same workflow was performed with the ®Cb5-pilus com-
plex, producing 40,700 filament particles. After merging these two
datasets, these particles were subjected to either iterative helical re-
finement or ab initio reconstruction until visible structural features
were observed. A pair of self-calculated helical rise and twist param-
eters were then input into symmetry search to efficiently narrow the
searching range using cryoSPRAC v3.0. The predicted rise and twist
parameters were subjected to helical refinement until a decent map
was generated. Iterative helical refinement followed with CTF re-
finement was performed, producing a map with an indicated global
resolution of 2.8 A at a Fourier shell correlation of 0.143.

The data processing scheme for the ®Cb5 virion and the ®Cb5-
pilus complex is shown in fig. S4. A total of 39,171 movie stacks were
motion-corrected using MotionCor2 and processed following the
workflow in cryoSPARC v.4 and RELION3.0 (41). Contrast transfer
function determination was done by patchCTE. Automated particle
selection yielded two datasets of 14,390,103 particles in total, which
were extracted on a binned dataset with a pixel size of 3.44 A. 2D
classification was used to remove only “junk” particles (e.g., ice and
noncentered particles), producing two datasets of 443,384 and 903,758
good particles, respectively. To further determine a Mat structure,
the two datasets were merged into 1,347,142 particles. Ab initio
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reconstruction and heterogeneous refinement are done with these
particles for three classes, producing two high-quality subsets of
1,240,926 particles. These particles were reextracted with a pixel size
of 1.72 A and subsequently subjected to RELION3.0 auto refine-
ment. Further cleaning of the dataset was accomplished by itera-
tively focused 3D classification with the “skip-align” option. The
best subset showing clear Mat structural features was extracted with
a pixel size of 0.86 A. These particles were subjected to RELION3.0
for focused 3D auto refine generating a focused cryo-EM map of
Mat and feedbacked to cryoSPRAC v.4 nonuniform refinement ob-
taining an overall ®Cb5 cryo-EM map. DeepEMhancer (42) was
used to further sharpen these two maps. For ®Cb5-pilus complex
structure determination, a total of 107,432 particles were manually
picked by cryoSPARC 4.0 manual pick. One round of heterogeneous
refinement was done with these particles for three classes. The best
subset of 63,943 particles was reextracted with a pixel size of 0.86 A
and subjected to RELION3.0 auto refine. A 3D classification with
skip-align option was performed, producing one best subset of the
total 56,330 particles. Iterative focused 3D auto refine was done with
these particles, and a final map was generated with DeepEMhancer
sharpening. The file conversion between cryoSPARC and RELION3.0
was achieved using UCSF pyem (43). The statistics for data collec-
tion and processing are listed in table S1.

Atomic model building and refinement
To build the model of all structures in this study, initial models of
the Mat and single pilin were predicted by Alphafold2 (44) and
manually docked into our cryo-EM map. The capsid shell was fitted
with the previous @Cb5 Coat structure (Protein Data Bank: 2W4Z)
using UCSF ChimeraX (45). Iterative manual adjustment and re-
building of models were done with ISOLDE (46) and Coot (47),
which was followed by the real-space refinement in PHENIX (48).
For the model of the Mat-Tad complex, the high-resolution
structures of the Tad pilus and Mat were first docked into our map
of the Mat-pilus complex at 6.4-A resolution (fig. S4C). The clear
secondary structural features allow us to confirm the correct posi-
tions of these two models. The molecular interface was then interac-
tive adjusted using ISOLDE and Coot followed by the real-space
refinement in PHENIX. All structural figures were prepared using
UCSF ChimeraX. The statistics for the models are listed in table S1.

Testing NA1000 for susceptibility to ®Cb5

To assess NA1000’s susceptibility to @Cb5 infection, we conducted
both standard double agar overlay and spot assays in PYE. Given
that NA1000 failed to produce plaques in these assays, we proceeded
to examine its phage production capabilities in a liquid culture fol-
lowing the ®Cb5 sample preparation protocols.

Phage presence was monitored in growing lysates at multiple
time points 2, 4, 8, and 24 hours using the standard double agar
overlay assay on bNY30a, a host known to form plaques. While
bNY30a showed an increase in plaque-forming units (PFU) over
time, NA1000 did not.

Phage adsorption assay

@DCb5 adsorption was assessed using a standard bacteriophage ad-
sorption assay (49) with slight modification for adaptation to ssRNA
phages. Briefly, starter cultures were initiated from single colonies
and grown to saturation in PYE. Experimental cultures were pre-
pared by diluting the starter cultures 1:1000 into fresh medium.

Wang et al., Sci. Adv. 10, eadl4450 (2024) 3 May 2024

These cultures were grown until they reached the exponential phase,
and cells were then normalized to 2.0 x 10® CFU ml™". For the ad-
sorption assay, 300 pl of the normalized cell culture was mixed with
100 pl of ®CbS5 lysate at a concentration of 2.0 x 10’ PFU ml ™, re-
sulting in an MOI of approximately 0.03 providing ample opportu-
nity for @Cb5 binding. A no-cell control was included in each assay
by mixing 300 pl of PYE medium with the phage lysate. Adsorption
was conducted in a microcentrifuge tube placed in a 30°C water
bath for 10 min. Subsequently, the cells were pelleted by centrifuga-
tion at 4000g for 2 min to separate bound ®Cb5, and 100 pl of the
supernatant collected representing unbound ®Cb5 was transferred
to a fresh microcentrifuge tube where PFUs were assessed using a
standard double agar overlay plaque assay with the permissive host
bNY30a (15). Plates were incubated at 30°C to allow for plaque for-
mation. All experiments were conducted in technical triplicate, and
the data presented are from at least three biological replicates for
each genotype, alongside an internal no-cell control.

bNY30a pilin sequencing

To compare the pilA gene sequences in bNY30a and NA1000 strains,
we designed custom primers (MilliporeSigma) for Sanger sequenc-
ing (Eton Biosciences) to span the pilA locus using the published
genomes of NA1000 and the CB13Bla, which is the parent to
bNY30a. The obtained sequences were aligned using MAFFT ver-
sion 7 for analysis. Our bNY30a pilA sequence showed >98% se-
quence identity across multiple runs compared to its reference
sequence CB13Bla, with no mutations leading to amino acid substi-
tutions. The NA1000 sequence matched its reference sequence
identically.

Fluorescent imaging of GFP-®Cb5

To assess the binding of the GFP-®Cb5 construct to cells, cell sam-
ples were grown to exponential phase and normalized to an ODggo = 0.1.
Cells were then incubated with GFP-®Cb5 at 30°C for 10 min. The
sample (1.2 pl) was placed onto a 1.5% PYE agarose pad and dried
for 1 min. The agarose pad was then placed onto a #1 (Fisher Biosci-
ences) 24 mm by 50 mm coverslip for imaging.

For samples that underwent pili labeling, strains were grown and
normalized as above before labeling and infecting. Cells were la-
beled by adding Alexa Fluor-594 C5-maleimide (Thermo Fisher Sci-
entific) to a final concentration of 25 pg ml™" and incubated in the
dark for 10 min at 30°C. Cells were washed twice with PYE by cen-
trifugation at 4000g for 2 min using a cut tip to reduce shearing
stress on pili. Last, cells were resuspended in PYE media and split
into two tubes where they were infected with ®Cb5 or an equivalent
volume of phage buffer before imaging.

Imaging was performed on a Nikon Eclipse Ti2 inverted epi-
fluorescence microscope using a 100X objective (Plan Apochromat,
numerical aperture 1.45, oil immersion) at room temperature and
acquired on either a cooled electron-multiplying charge-coupled de-
vice camera with mask (Princeton Instruments) or a complemen-
tary metal-oxide semiconductor camera (ORCA-Fusion, Hamamatsu
Photonics). Cells were imaged under phase-contrast and with the
following fluorescent filter cubes: ET GFP (Chroma 96362) and Red
(Chroma 49310). A series of five to nine Z stacks of 200 nm were
used to allow for Nyquist sampling and capture images of cell-
associated pili. Samples were imaged on multiple stage positions
(n > 10). Camera exposures were as follows: 100 ms for phase con-
trast to detect cells, 300 ms in the green channel to detect GFP-®Cb5,
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and 50 ms in the far-red channel to detect Alexa Fluor 594-labeled
pili. Images were analyzed using NIS elements software. When pre-
senting microscopy images in figures, uniform contrast settings
were applied for each separate channel throughout the entire figure.

Statistical analysis

To ensure the robustness of our findings, we used statistical analyses
described below. Before conducting ¢ tests, we first assessed the nor-
mality of both the original and normalized data using the Shapiro-Wilk
test and verified the assumption of equal variances using Levene’s
test. Both tests confirmed that the data met the necessary assump-
tions for proceeding with f tests.

Supplementary Materials
This PDF file includes:

Figs.S1to S9

Table S1

REFERENCES AND NOTES

1. K. Ligthart, C. Belzer, W. M. de Vos, H. L. P. Tytgat, Bridging bacteria and the gut: Functional
aspects of type IV Pili. Trends Microbiol. 28, 340-348 (2020).

2. C.L.Giltner, Y. Nguyen, L. L. Burrows, Type IV pilin proteins: Versatile molecular modules.
Microbiol. Mol. Biol. Rev. 76, 740-772 (2012).

3. L.Craig, K. T. Forest, B. Maier, Type IV pili: Dynamics, biophysics and functional
consequences. Nat. Rev. Microbiol. 17, 429-440 (2019).

4. L. Shapiro, Cell differentiation in Caulobacter. Trends Genet. 1,317-321 (1985).

5. V.Hughes, C. Jiang, Y. Brun, Caulobacter crescentus. Curr. Biol. 22, R507-R509
(2012).

6. C.K.Ellison, J. Kan, R. S. Dillard, D.T. Kysela, A. Ducret, C. Berne, C. M. Hampton, Z. Ke,

E. R. Wright, N. Biais, A. B. Dalia, Y. V. Brun, Obstruction of pilus retraction stimulates
bacterial surface sensing. Science 358, 535-538 (2017).

7. R.A.Snyder, C. K. Ellison, G. B. Severin, G. B. Whitfield, C. M. Waters, Y. V. Brun, Surface
sensing stimulates cellular differentiation in Caulobacter crescentus. Proc National Acad Sci
117, 17984-17991 (2020).

8. P.Entcheva-Dimitrov, A. M. Spormann, Dynamics and control of biofilms of the
oligotrophic bacterium Caulobacter crescentus. J. Bacteriol. 186, 8254-8266
(2004).

9. C.K.Ellison, J. Kan, J. L. Chlebek, K. R. Hummels, G. Panis, P. H. Viollier, N. Biais, A. B. Dalia,
Y.V. Brun, A bifunctional ATPase drives tad pilus extension and retraction. Sci. Adv. 5,
eaay2591 (2019).

10. M. Sangermani, I. Hug, N. Sauter, T. Pfohl, U. Jenal, Tad pili play a dynamic role in
Caulobacter crescentus surface colonization. MBio 10, €01237-e01219 (2019).

11. L. D. Medico, D. Cerletti, P. Schachle, M. Christen, B. Christen, The type IV pilin PilA couples
surface attachment and cell-cycle initiation in Caulobacter crescentus. Proc National Acad
S¢i 117, 9546-9553 (2020).

12. L. Craig, R. K. Taylor, M. E. Pique, B. D. Adair, A. S. Arvai, M. Singh, S. J. Lloyd, D. S. Shin,

E. D. Getzoff, M. Yeager, K. T. Forest, J. A. Tainer, Type IV pilin structure and assembly. Mol.
Cell11,1139-1150 (2003).

13. F.Wang, D. P. Baquero, Z. Su, L. C. Beltran, D. Prangishvili, M. Krupovic, E. H. Egelman, The
structures of two archaeal type IV pili illuminate evolutionary relationships. Nat.
Commun. 11, 3424 (2020).

14. J. M. Schmidt, Observations on the adsorption of Caulobacter bacteriophages containing
ribonucleic acid. Microbiology 45, 347-353 (1966).

15. 1. Bendis, L. Shapiro, Properties of Caulobacter ribonucleic acid bacteriophage ¢Cb5.

J. Virol. 6, 847-854 (1970).

16. A.Kazaks, T.Voronkova, J. Rumnieks, A. Dishlers, K. Tars, Genome structure of Caulobacter
phage phiCb5. J. Virol. 85, 4628-4631 (2011).

17. L. Craig, M. E. Pique, J. A. Tainer, Type IV pilus structure and bacterial pathogenicity. Nat.
Rev. Microbiol. 2, 363-378 (2004).

18. E.S.Kim, H.-W. Bae, Y.-H. Cho, A pilin region affecting host range of the Pseudomonas
aeruginosa RNA phage, PP7. Front. Microbiol. 9, 247 (2018).

19. M.Tomich, D. H. Fine, D. H. Figurski, The TadV protein of Actinobacillus
actinomycetemcomitans is a novel aspartic acid prepilin peptidase required for
maturation of the Flp1 pilin and TadE and TadF pseudopilins. J. Bacteriol. 188, 6899-6914
(2006).

20. M.Tomich, P. J. Planet, D. H. Figurski, The tad locus: Postcards from the widespread
colonization island. Nat. Rev. Microbiol. 5, 363-375 (2007).

Wang et al., Sci. Adv. 10, eadl4450 (2024) 3 May 2024

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

P. Plevka, A. Kazaks, T. Voronkova, S. Kotelovica, A. Dishlers, L. Liljas, K. Tars, The structure
of bacteriophage @Cb5 reveals a role of the RNA genome and metal ions in particle
stability and assembly. J. Mol. Biol. 391, 635-647 (2009).

X. Dai, Z. Li, M. Lai, S. Shu, Y. Du, Z. H. Zhou, R. Sun, In situ structures of the genome and
genome-delivery apparatus in a single-stranded RNA virus. Nature 541, 112-116 (2017).
J.-Y. Chang, K. V. Gorzelnik, J. Thongchol, J. Zhang, Structural assembly of Qp virion and its
diverse forms of virus-like particles. Viruses 14, 225 (2022).

A.Neuhaus, M. Selvaraj, R. Salzer, J. D. Langer, K. Kruse, L. Kirchner, K. Sanders, B. Daum,
B. Averhoff, V. A. M. Gold, Cryo-electron microscopy reveals two distinct type IV pili
assembled by the same bacterium. Nat. Commun. 11, 2231 (2020).

M. K. Hospenthal, T. R. D. Costa, G. Waksman, A comprehensive guide to pilus biogenesis
in Gram-negative bacteria. Nat. Rev. Microbiol. 15, 365-379 (2017).

C. K. Ellison, T. N. Dalia, A. B. Dalia, Y. V. Brun, Real-time microscopy and physical
perturbation of bacterial pili using maleimide-conjugated molecules. Nat. Protoc. 14,
1803-1819 (2019).

D. L. Macdonald, B. L. Pasloske, W. Paranchych, Mutations in the fifth-position glutamate
in Pseudomonas aeruginosa pilin affect the transmethylation of the N-terminal
phenylalanine. Can. J. Microbiol. 39, 500-505 (1993).

M. S. Strom, S. Lory, Amino acid substitutions in pilin of Pseudomonas aeruginosa. Effect
on leader peptide cleavage, amino-terminal methylation, and pilus assembly. J. Biol.
Chem. 266, 1656-1664 (1991).

M. Haase, L. Tessmer, L. Kdhnlechner, A. Kuhn, The M13 phage assembly machine has a
membrane-spanning oligomeric ring structure. Viruses 14, 1163 (2022).

M. Paschke, Phage display systems and their applications. Appl. Microbiol. Biotechnol. 70,
2-11(2006).

M. Rustad, A. Eastlund, P. Jardine, V. Noireaux, Cell-free TXTL synthesis of infectious
bacteriophage T4 in a single test tube reaction. Synth. Biol. 3, ysy002 (2018).

W. Jaroszewicz, J. Morcinek-Ortowska, K. Pierzynowska, L. Gaffke, G. Wegrzyn, Phage
display and other peptide display technologies. FEMS Microbiol. Rev. 46, fuab052 (2021).
J.D. C. Caldeira, A. Medford, R. C. Kines, C. A. Lino, J. T. Schiller, B. Chackerian,

D. S. Peabody, Immunogenic display of diverse peptides, including a broadly cross-type
neutralizing human papillomavirus L2 epitope, on virus-like particles of the RNA
bacteriophage PP7. Vaccine 28, 4384-4393 (2010).

C. Pastori, D. Tudor, L. Diomede, A. S. Drillet, A. Jegerlehner, T. A. Rohn, M. Bomsel,

L. Lopalco, Virus like particle based strategy to elicit HIV-protective antibodies to the
alpha-helic regions of gp41. Virology 431, 1-11 (2012).

B. Chackerian, M. Rangel, Z. Hunter, D. S. Peabody, Virus and virus-like particle-based
immunogens for Alzheimer’s disease induce antibody responses against amyloid-f
without concomitant T cell responses. Vaccine 24, 6321-6331 (2006).

. Lieknina, D. Cernova, J. Rimnieks, K. Tars, Novel ssRNA phage VLP platform for
displaying foreign epitopes by genetic fusion. Vaccine 38, 6019-6026 (2020).
J.Thongchol, Z. Lill, Z. Hoover, J. Zhang, Recent advances in structural studies of
single-stranded RNA bacteriophages. Viruses 15, 1985 (2023).

Y.-W. Chang, L. A. Rettberg, A. Treuner-Lange, J. Iwasa, L. Segaard-Andersen, G. J. Jensen,
Architecture of the type IVa pilus machine. Science 351, (2016).

S.Q. Zheng, E. Palovcak, J.-P. Armache, K. A. Verba, Y. Cheng, D. A. Agard, MotionCor2:
Anisotropic correction of beam-induced motion for improved cryo-electron microscopy.
Nat. Methods 14, 331-332 (2017).

A. Punjani, J. L. Rubinstein, D. J. Fleet, M. A. Brubaker, cryoSPARC: Algorithms for
rapid unsupervised cryo-EM structure determination. Nat. Methods 14, 290-296
(2017).

J. Zivanov, T. Nakane, B. O. Forsberg, D. Kimanius, W. J. Hagen, E. Lindahl, S. H. Scheres,
New tools for automated high-resolution cryo-EM structure determination in RELION-3.
elife 7,e42166 (2018).

R. Sanchez-Garcia, J. Gomez-Blanco, A. Cuervo, J. M. Carazo, C. O. S. Sorzano, J. Vargas,
DeepEMhancer: A deep learning solution for cryo-EM volume post-processing. Commun.
Biol. 4,874 (2021).

D. Asarnow, E. Palovcak, Y. Cheng, asarnow/pyem: UCSF pyem v0.5 (Zenodo, 2019); https://
doi.org/10.5281/zenodo.3576630.

J. Jumper, R. Evans, A. Pritzel, T. Green, M. Figurnov, O. Ronneberger, K. Tunyasuvunakool,
R. Bates, A. Zidek, A. Potapenko, A. Bridgland, C. Meyer, S. A. A. Kohl, A. J. Ballard, A. Cowie,
B. Romera-Paredes, S. Nikolov, R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, E. Clancy,
M. Zielinski, M. Steinegger, M. Pacholska, T. Berghammer, S. Bodenstein, D. Silver,
O.Vinyals, A. W. Senior, K. Kavukcuoglu, P. Kohli, D. Hassabis, Highly accurate protein
structure prediction with AlphaFold. Nature 596, 583-589 (2021).

T.D. Goddard, C. C. Huang, E. C. Meng, E. F. Pettersen, G. S. Couch, J. H. Morris, T. E. Ferrin,
UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci. 27,
14-25 (2018).

T.1. Croll, ISOLDE: A physically realistic environment for model building into low-
resolution electron-density maps. Acta Crystallogr. Sect. D: Struct. Biol. 74, 519-530 (2018).
P. Emsley, K. Cowtan, Coot: Model-building tools for molecular graphics. Acta Crystallogr.
Sect. D Struct. Biol. 60, 2126-2132 (2004).

90f10

20T ‘ST IOQUIDAON UO AJISIOATU[) N9V SBXI, J& S10°90UaI0s’ mMmm//:sdNy WOy popeoumo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

48. D. Liebschner, P.V. Afonine, M. L. Baker, G. Bunkdczi, V. B. Chen, T. I. Croll, B. Hintze,
L.-W. Hung, S. Jain, A. J. McCoy, N. W. Moriarty, R. D. Oeffner, B. K. Poon, M. G. Prisant,
R.J.Read, J. S. Richardson, D. C. Richardson, M. D. Sammito, O. V. Sobolev, D. H. Stockwell,
T. C. Terwilliger, A. G. Urzhumtsev, L. L. Videau, C. J. Williams, P. D. Adams, Macromolecular
structure determination using x-rays, neutrons and electrons: Recent developments in
Phenix. Acta Crystallogr. Sect. D 75, 861-877 (2019).

49. M.R.J.Clokie, A. M. Kropinski, Bacteriophages, Methods and Protocols, Volume 2 Molecular
and Applied Aspects (Methods in Molecular Biology, 2009); https://doi.org/10.1007/978-1-
60327-565-1.

Acknowledgments: We thank the Microscopy and Imaging Center at Texas A&M University
for providing instrumentation for the initial screening of the cryo-EM samples, the Texas
A&M High-Performance Research Computing Center for computational resources for data
processing, and the cryo-EM regional data collection consortium at SLAC for high-resolution
single-particle cryo-EM data collection. We also thank Y. Brun at the Université de Montréal
for providing Tad mutants of C. crescentus. We thank J. Thongchol at Texas A&M University
for assistance in molecular modeling and A. Gupta and T. Smith at Texas A&M University for
assistance in the adsorption assay. Fig. 4C and fig. S7B were created with BioRender.com.
Funding: This work was supported by Center for Phage Technology fund, TAMU (L.Z. and
J.Z), National Institutes of Health grant ROTGM141659 (L.Z. and J.Z.), National Institutes of

Wang et al., Sci. Adv. 10, eadl4450 (2024) 3 May 2024

Health grant R21A1156846 (L.Z. and J.Z.), National Institutes of Health grant U24GM1167
(J.Z.), National Science Foundation grant MCB-1902392 (L.Z. and J.Z.), and TAMU T3 and
X-grants (L.Z. and J.Z.). Author contributions: Conceptualization: YW, M.T,, L.Z,, and J.Z.
Methodology: Y.W. and Z.X. Investigation: YW., M.T,, Z.X., UN,, Z.Y,, L.Z., and J.Z. Visualization:
YW, M.T,, Z.X., and J.Z. Supervision: J.Z. Writing—original draft: Y.W. and J.Z. Writing—review
and editing: YW,, L.Z,, J.Z, M.T,, ZX,, and U.N. Competing interests: J.Z. serves as a
consultant for Lynntech Inc., College Station, TX. All other authors declare that they have no
competing interests. Data and materials availability: The coordinates and cryo-EM maps
are deposited in the Protein Data Bank (PDB) and the Electron Microscopy Data Bank (EMDB)
with the accession codes: 8U2B and EMD-41844 for C. crescentus bNY30a Tad pilus, 8UCR and
EMD-42136 for ®Cb5 mature virion, 8UEJ and EMD-42163 for Mat-Tad complex. All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Submitted 27 October 2023
Accepted 3 April 2024
Published 3 May 2024
10.1126/sciadv.adl4450

100f 10

20T ‘ST IOQUIDAON UO AJISIOATU[) N9V SBXI, J& S10°90UaI0s’ mMmm//:sdNy WOy popeoumo(]



	Structural mechanisms of Tad pilus assembly and its interaction with an RNA virus
	INTRODUCTION
	RESULTS
	Molecular structure of the C. crescentus Tad pilus
	Cryo-EM structures of the ΦCb5 virion
	Molecular interface between ΦCb5 and Tad pili
	Infectious ΦCb5 with engineered Mat assembled in Escherichia coli

	DISCUSSION
	MATERIALS AND METHODS
	Preparation of ΦCb5 and bNY30a Tad pili
	Preparation of the GFP-ΦCb5
	Cryo-EM sample preparation and data acquisition
	Cryo-EM data processing and structure determination
	Atomic model building and refinement
	Testing NA1000 for susceptibility to ΦCb5
	Phage adsorption assay
	bNY30a pilin sequencing
	Fluorescent imaging of GFP-ΦCb5
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


