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Abstract:  20 

Bacteria colonize surfaces through complex mechanisms of surface sensing. Pili are 21 

dynamic bacterial appendages that play an important role in this process. In Caulobacter 22 

crescentus, tension on retracting, surface-bound pili triggers the rapid synthesis of the adhesive 23 

holdfast, which permanently attaches cells to surfaces. However, the detailed mechanisms of 24 

pilus-mediated surface sensing are unclear. In this study, we used a genetic screen to isolate 25 

mutants with altered pilus activity to identify genes that may be involved in pilus-mediated 26 

surface-sensing. This screen identified cpaL, whose deletion led to reduced piliation levels, and 27 

surprisingly, a threefold increase in surface adhesion due to increased holdfast production. To 28 

understand this finding, we compared holdfast synthesis in wild-type and cpaL mutant cells 29 

under conditions that block pilus retraction. While this treatment increased holdfast production in 30 

wild-type cells by triggering the surface-sensing pathway, no increase was observed in the cpaL 31 

mutant, suggesting that mutation of cpaL maximally stimulates surface-sensing. Furthermore, 32 

when the cpaL mutant was grown in a medium that blocks the surface sensing pathway, cells 33 

exhibited decreased surface attachment and holdfast production, consistent with a role for CpaL 34 

in pilus-dependent surface sensing in C. crescentus. To better understand the function of CpaL, 35 

we analyzed its predicted structure, which suggested that CpaL is a minor pilin fused to a 36 

mechanosensitive von Willebrand factor type A (vWA) domain that could be accommodated at 37 

the pilus tip. These results collectively position CpaL as a strong candidate for a mechanosensory 38 

element in pilus-mediated surface sensing. 39 

 40 

 41 
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Importance:  43 

Surface sensing is a crucial mechanism that allows bacteria to change their behaviors to 44 

adapt to life on a surface. Surface recognition by bacteria is the initial step toward surface 45 

colonization and biofilm formation. In Caulobacter crescentus, tight adherence (Tad) pili play a 46 

key role in surface recognition and adaptation. However, the mechanism of pilus-mediated 47 

surface sensing and the proteins that influence this process remain unknown. Here, we 48 

demonstrate that CpaL, a potential pilus tip mechanosensory protein, could be the major element 49 

of Tad pilus-mediated surface attachment and colonization in C. crescentus. CpaL plays an 50 

important role in the regulation of holdfast synthesis and production upon surface contact. By 51 

identifying CpaL as a key player in the process of surface recognition, our work offers valuable 52 

insights into the mechanisms of bacterial adhesion. 53 

 54 
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Introduction: 56 
 57 

Surface recognition and attachment are essential steps in the process of bacterial surface 58 

colonization to form biofilms. Biofilms are cohesive, multicellular microbial communities 59 

wherein resident bacteria are protected from harsh environmental conditions, including 60 

variations in osmolarity, pH, nutrient accessibility, shear forces, or exposure to antibacterial 61 

agents (1, 2). Bacteria are known to sense mechanical or physical cues upon contact with solid 62 

substrata, allowing them to respond with phenotypic changes that transform free-swimming 63 

planktonic bacterial cells into surface-adherent cells that form biofilms (3–5). The process by 64 

which bacterial cells sense a surface via mechanical stimuli and convert this signal into 65 

downstream cellular processes is called surface-sensing (6, 7). A great deal of effort has been 66 

expended in deciphering the mechanisms of surface sensing in bacteria, establishing a pivotal 67 

role for extracellular appendages such as flagella and pili in this process (8–11). 68 

Pili are thread-like, proteinaceous appendages that physically interact with their 69 

surroundings and are critical for many important cellular processes such as adherence, 70 

aggregation, biofilm formation, horizontal gene transfer, and virulence in some pathogenic 71 

species (12, 13). Pili are composed of thousands of repeats of a small protein subunit, the major 72 

pilin, and less abundant minor pilin(s) (12, 14). A subset of pili, called type IV pili (T4P), are 73 

characterized by their dynamic activity, exhibiting the ability to extend away from the cell 74 

surface and subsequently retract back into the bacterial cell by polymerization and 75 

depolymerization of the pilus fiber, respectively. This is achieved by a complex membrane-76 

spanning machine that draws from a pool of pilins in the inner membrane to assemble the fiber, 77 

which passes through an outer membrane channel (14). Based primarily on differences in the 78 

motor components of the T4P machinery, recent phylogenetic analyses have divided the T4P into 79 
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three subclasses: T4aP, T4bP, and T4cP (11, 15, 16). Among these, T4cP, also known as tight 80 

adherence (Tad) pili, are thought to have evolved from an archaeal ancestor. Tad pili are broadly 81 

distributed among bacteria, including in the freshwater bacterium Caulobacter crescentus, where 82 

they have been implicated in adhesion and surface-sensing (11, 17). 83 

C. crescentus exhibits a dimorphic life cycle, wherein each cell division produces a 84 

nonmotile stalked cell and a motile swarmer cell harboring multiple Tad pili and one flagellum at 85 

the same pole (18). The swarmer cell subsequently undergoes differentiation into a stalked cell 86 

as it developmentally progresses through the cell cycle, whereupon it synthesizes a 87 

compositionally complex adhesin called holdfast, which mediates permanent surface attachment 88 

(10, 18, 19). Interestingly, surface contact by a swarmer cell can hasten the differentiation 89 

process by rapidly triggering multiple processes, starting with the retraction of the pili into the 90 

cell, cessation of further pilus activity, ejection of the flagellum, and finally synthesis of the 91 

holdfast (11). The rapid, surface-contact mediated production of holdfast requires the presence of 92 

the pilus, and physical obstruction of pilus retraction leads to rapid holdfast synthesis even in the 93 

absence of surface contact, implying that tension on retracting, surface-bound pili may be a cue 94 

to sense surface contact (11, 20). However, the mechanistic details of how Tad pili sense surface 95 

contact, convey the signal across the cell envelope, and translate it into an output capable of 96 

upregulating surface-associated behaviors, remain poorly understood.  97 

In this study, we address these knowledge gaps in our mechanistic understanding of Tad 98 

pilus-mediated mechanosensing. We performed a genetic screen that identified mutations in 99 

cpaL, whose deletion led to significantly reduced pilus synthesis. However, despite reduced pilus 100 

production, we found that this mutant showed increased surface adherence and holdfast 101 

synthesis. Stimulation of holdfast production was not observed when a cpaL mutant was cultured 102 
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in a defined medium that nutritionally restricts surface sensing. In addition, holdfast synthesis 103 

did not increase when pilus retraction was blocked in the cpaL mutant to constitutively stimulate 104 

surface sensing. Finally, we examined the predicted structure of CpaL using AlphaFold3 and 105 

found that CpaL is comprised of a pilin-like module connected to a von Willebrand factor type A 106 

(vWA) domain, a fold that is often implicated in mechanosensing. Further modelling suggests 107 

that CpaL could form a complex with the minor pilins CpaJ and CpaK, that can be 108 

accommodated at the distal end of the pilus. Collectively, these data suggest that CpaL plays an 109 

important role in the pilus-dependent surface sensing pathway of C. crescentus. 110 

 111 

 112 

  113 
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Results:  114 

A screen for mutations conferring resistance to the pilus-dependant phage CbK identifies 115 

the cpaL gene 116 

 Tad pili exhibit dynamic cycles of extension and retraction, which play a crucial role in 117 

surface-sensing in C. crescentus (11). To understand this process, we sought to identify genes in 118 

C. crescentus that impact pilus activity using a forward genetics approach to identify mutants 119 

that are resistant to the pilus-dependent phage CbK. We reasoned that impaired pilus activity, 120 

e.g. through impaired biosynthesis or dynamics, might increase resistance to the phage CbK. 121 

To carry out our screen and all subsequent analyses, we used C. crescentus pilA-cys as the parent 122 

background, where WT cells are modified to incorporate a cysteine residue in the major pilin 123 

PilA, allowing for pilus labeling and modulation (11, 21). A pooled transposon mutant library 124 

was generated in the parent strain and then mixed with CbK, and phage resistant mutants were 125 

isolated. The ability of these mutants to elaborate a pilus was analyzed via microscopy by 126 

labeling pili with a thiol-reactive, maleimide-conjugated fluorophore. Mutants that produced pili 127 

and yet were CbK-resistant were chosen for further study, and the site of transposon insertion 128 

was determined (Figure S1) (11, 21). Among these mutants, five transposon insertions mapped to 129 

cpaL (CCNA_0199) (Figure S1). The gene cpaL is located outside the main pilus gene cluster  130 

and has previously been shown to contribute to phage sensitivity in C. crescentus (22).  131 

We generated an unmarked, in-frame deletion of cpaL and assessed the sensitivity of this 132 

mutant to ΦCbK. We spotted serial dilutions of CbK onto growth plates with C. crescentus 133 

incorporated into the top agar and analyzed the formation of plaques due to phage infection 134 

(Figure 1A). The phage-susceptible parent strain exhibited the formation of clear plaques up to 135 

the 10-5 phage dilution, while the pilus-deficient mutant pilA displayed complete resistance to 136 
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CbK. In contrast, the cpaL mutant demonstrated intermediate resistance to CbK, with 137 

formation of cloudy plaques visible only up to the 10-1 phage dilution. The CbK resistance 138 

phenotype in cpaL was completely reversed when complemented with a wild-type copy of 139 

cpaL on a replicating plasmid (Figure 1A). The growth curves of all the analyzed strains were 140 

comparable, indicating that CbK resistance in the cpaL mutant is not due to a variation in 141 

growth rate (Figure S2). Together, these results indicate that cpaL plays an important role in 142 

pilus biosynthesis. 143 

 144 

The cpaL mutant produces fewer pili per cell, but with an increased average length 145 

Since the cpaL mutant was less sensitive to the pilus-dependent phage CbK, we hypothesized 146 

that this could be due to a decrease in the amount of pilus activity within the population. To 147 

visualize pilus activity, we observed the internalization of externally labeled pilins into the cell 148 

during pilus retraction, which results in cells with fluorescent bodies in C. crescentus (Figure 1B) 149 

(11). We quantified the proportion of fluorescent cell bodies among synchronized swarmer cells 150 

stained for pili, comparing the parent and mutant strains. Approximately 23.5% of synchronized 151 

swarmer cells of the parent strain had fluorescent cell bodies after labeling, consistent with 152 

previous reports (11, 23). In contrast, less than 3% of the cpaL synchronized swarmer cells 153 

displayed fluorescent cell bodies (Figure 1B and C). Moreover, approximately 6% of parent cells 154 

had visible pili, whereas piliated cells were rarely observed for the cpaL mutant (Figure 1B and 155 

D). The ∆pilA mutant lacking pili served as a negative control, showing no fluorescence. These 156 

results indicate that the cpaL mutant exhibits significantly less pilus activity than the parental 157 

strain, but that those pili that are produced can retract. The dynamic activity of pili produced by 158 

the ΔcpaL mutant was examined by time-lapse microscopy, which revealed a distribution of 159 
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dynamic behaviors that is consistent with what has been observed previously for C. crescentus 160 

(Movies S1-S10) (11). 161 

Next, we incubated synchronized parental and ΔcpaL swarmer cells with PEG5000-162 

maleimide (PEG5000-mal) to block pilus retraction, through its reaction with the modified PilA 163 

cysteine residue, while simultaneously labeling pili before imaging, as described previously (11). 164 

We found that around 53% of the parental swarmer cell population exhibited piliated cells 165 

(Figure 2A and B). In contrast, around 6% of swarmer cells from the cpaL mutant population 166 

produced pili (Figure 2A and B). Finally, the production of pili was restored to parental levels 167 

when the cpaL mutant was complemented with plasmid-borne wild-type cpaL (Figure S3). 168 

Next, we analyzed the number of pili produced by each piliated cell after blocking and 169 

found that the cpaL mutant produced only one pilus per piliated cell, in contrast to the parent 170 

strain, where 29% of piliated cells elaborated more than one pilus (Figure 2A and C). In addition, 171 

the single pilus produced by the cpaL mutant had an average length of 1.81 m, which is 172 

significantly longer than the pili produced by the parent strain (1.02 m; consistent with previous 173 

reports) (11) (Figure 2A and D). These findings reinforce the importance of CpaL for Tad pilus 174 

biosynthesis in C. crescentus, perhaps contributing to the initiation or regulation of pilus 175 

formation. 176 

 177 

Deletion of cpaL increases surface adhesion and holdfast production 178 

It has previously been demonstrated that pili play a crucial role in surface-sensing and 179 

adhesion in C. crescentus by rapidly stimulating synthesis of the holdfast upon surface-contact 180 

(11, 20). Therefore, we expected that the cpaL mutant would exhibit a surface attachment 181 

defect due to reduced pilus synthesis. To test this hypothesis, we used a surface attachment assay 182 
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(20) wherein cells were spotted onto a glass coverslip and incubated for 30 min to allow 183 

attachment to the surface. The coverslip was then washed to remove unattached cells, and the 184 

surface-adherent cells were imaged by microscopy. In this assay, holdfast-deficient cells do not 185 

attach, while the pilA mutant exhibits around 54% reduction in surface binding compared to the 186 

pilA-cys holdfast positive (HF+) strain (Figure 3A). In contrast, the ∆cpaL mutant exhibited a 187 

three-fold increase in surface binding compared to the pilA-cys HF+ strain (Figure 3A, S4).  188 

To determine whether the elevated surface adherence of the ΔcpaL mutant was due to 189 

increased holdfast production, we imaged holdfasts on agarose pads using a fluorescently labeled 190 

wheat-germ agglutinin lectin (AF488-WGA) that binds specifically to the N-acetyl-glucosamine 191 

moiety present in holdfasts (11, 24). We imaged on soft PYE agarose pads since they minimize 192 

the stimulation of holdfast production via the surface-sensing pathway (19, 25). Holdfasts were 193 

detected in 55% of the cells in the ΔpilA mutant and in the pilA-cys HF+ strain (Figure 3B). In 194 

contrast, 74% of the cells in the cpaL mutant population had a holdfast (Figure 3B). Surface 195 

binding and holdfast production were restored to the levels of the pilA-cys HF+ strain when the 196 

ΔcpaL mutant was complemented with cpaL (Figure S5A and B). These results suggest that the 197 

increased surface adherence of the ΔcpaL mutant is attributable to elevated holdfast production, 198 

suggesting a role for CpaL in either the developmental or surface-sensing pathway of holdfast 199 

production. 200 

 201 

CpaL plays a role in surface-sensing 202 

The cpaL mutant exhibits increased surface adhesion and holdfast synthesis in the 203 

complex medium PYE (Figure 3A and B). In PYE, C. crescentus holdfast synthesis is regulated 204 

by both the developmental pathway, where holdfast is produced during differentiation from 205 
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swarmer to stalked cells, and the surface-sensing pathway, where holdfast production is rapidly 206 

stimulated upon surface contact, hastening cell differentiation. In contrast, C. crescentus cells 207 

grown in the defined medium M2G do not undergo surface-contact mediated holdfast synthesis 208 

(19). 209 

To determine whether the increased surface attachment and holdfast synthesis phenotypes 210 

of the ΔcpaL mutant are related to the developmental or surface sensing pathway of holdfast 211 

synthesis, we performed surface attachment and holdfast quantification assays in defined M2G 212 

medium, using identical conditions as in PYE (19). First, we found that pilus production in the 213 

cpaL mutant was comparable between M2G and PYE, with a low proportion of cells 214 

synthesizing a single long pilus, a defect that was complemented by a plasmid copy of cpaL 215 

(Figure S3). However, in M2G medium, the cpaL mutant exhibited a 48% reduction in surface 216 

attachment compared to the pilA-cys HF+ strain, as expected for a mutant with reduced pilus 217 

production (Figure 3C). Furthermore, approximately 42% of both the parental and cpaL mutant 218 

populations produced holdfast, with no significant difference detected between these strains 219 

(Figure 3D). These results are in stark contrast to the increased surface adhesion and holdfast 220 

synthesis phenotypes of the cpaL mutant seen in PYE. Since surface contact does not stimulate 221 

holdfast production in M2G, these results suggest that increased holdfast synthesis and surface 222 

attachment of the cpaL mutant in PYE results from a role of CpaL in pilus-mediated surface-223 

sensing.  224 

To further examine the interaction of cells with a surface, we monitored the timing of 225 

holdfast synthesis in single cells in response to surface contact in PYE medium using a PDMS 226 

microfluidic device, where cells were introduced into a well of the device and allowed to adhere 227 

to a glass cover slip in the presence of AF488-WGA. The AF488-WGA allowed us to track the 228 
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formation of holdfast in individual cells upon surface contact. While the pilA-cys HF+ strain 229 

showed rapid holdfast synthesis upon surface contact, within an average of approximately 26.13 230 

 2.88 sec, the ∆cpaL mutant was comparatively slower in producing holdfast upon surface 231 

contact (106.4  17.45 sec, Figure 4 A and B). The median holdfast synthesis times for the pilA-232 

cys HF+ mutant and the ΔcpaL-pilA-cys HF+ mutant were 10 sec and 20 sec, respectively. These 233 

results indicate that cpaL plays a role in regulating holdfast production through the surface 234 

sensing pathway. 235 

 236 

The obstruction of pilus retraction does not affect surface attachment and holdfast 237 

production in the cpaL mutant 238 

The above results suggest that the deletion of cpaL elevates holdfast production through 239 

stimulation of the surface sensing pathway. To test if surface sensing could be further stimulated 240 

in the cpaL mutant, we blocked pilus retraction using PEG5000-mal. This treatment has 241 

previously been shown to stimulate the production of holdfast via the surface sensing pathway, 242 

even in the absence of a surface (11). Specifically, we compared surface attachment and holdfast 243 

production among the different strains with and without PEG5000-mal to block pilus retraction. 244 

Blocking pilus retraction in the pilA-cys HF+ strain caused a strong increase in the percentage of 245 

surface-attached cells compared to the HF+ strain lacking the pilA-cys mutation and to the 246 

unblocked pilA-cys HF+ negative control (Figure 5A), consistent with previous results (11). In 247 

contrast, while the cpaL pilA-cys mutant exhibited greater surface attachment compared to 248 

pilA-cys HF+ (Figure 3A), attachment of this mutant could not be further stimulated by 249 

PEG5000-mal (Figure 5C).  250 
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We next measured holdfast production in the presence of PEG5000-mal. Holdfast 251 

production was stimulated by PEG5000-mal in the pilA-cys HF+ strain compared to the HF+ 252 

strain without the pilA-cys mutation and the pilA-cys HF+ mutant in the absence of PEG5000-253 

mal (Figure 5B), consistent with previous results (11). However, blocking pilus retraction in the 254 

cpaL pilA-cys HF+ mutant did not further increase holdfast production compared to the 255 

untreated condition, or compared to the cpaL HF+ mutant without the pilA-cys mutation, in 256 

either the blocked or unblocked conditions (Figure 5D). 257 

Collectively, our results indicate that the absence of cpaL leads to a constitutive 258 

stimulation of the surface-sensing pathway and suggest that the cpaL gene plays a role not only 259 

in pilus biogenesis but also in some aspect of the surface-sensing mechanism. 260 

 261 

CpaL is predicted to adopt a pilin-like module linked to a vWA domain 262 

To better understand the function of CpaL, we performed several sequence-based 263 

bioinformatic analyses to identify conserved domains and sequence features of CpaL. The 264 

predicted 3D structure of CpaL was generated using the AlphaFold3 server (26) (Figure 6A, S6A 265 

and B). The predicted structure was then submitted to the Dali server (27) to identify 266 

experimentally determined protein structures in the Protein Data Bank (PDB) that exhibit 267 

structural similarity to the predicted CpaL model (Figure 6A). The top structural analogs of 268 

CpaL determined by Dali are all von Willebrand factor type A (vWA)-domain containing 269 

proteins that play a role in pilus or fimbrial synthesis in bacteria (Table S4). The vWA domain is 270 

a widely distributed structural motif that, in bacteria, is characterized by its ability to mediate 271 

surface adhesion, adherence to host-derived proteins (28, 29), and mechanosensing (6) in 272 

conjunction with T4P. 273 
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The N-terminus of CpaL contains a domain of approximately 120 residues predicted to 274 

adopt a pilin-like fold (residues 27-147): a long -helix followed by a -sheet consisting of three 275 

-strands (Figure 6A and B, dark grey), giving this module its characteristic lollipop shape (16). 276 

The predicted pilin-like module of CpaL shares structural similarity with the T4P pilin 277 

THHA1221 from Thermus thermophilus (PDB: 4BHR) and the minor pilin PilX from Neisseria 278 

meningitidis (PDB: 2OPD), as determined by Dali, as well as the predicted structures of the C. 279 

crescentus Tad minor pilins CpaK and CpaJ (Figure S9B). Sequence analysis of this module 280 

revealed a potential cleavage site for the prepilin peptidase CpaA, which consists of a stretch of 281 

hydrophilic residues followed by the consensus sequence G/A - X4 - F/E, ending with a stretch of 282 

predominantly hydrophobic residues (16, 28) (Figure S9A). 283 

The vWA-like domain is present at the C-terminus of CpaL and is formed by two 284 

sections of the polypeptide chain separated by a -rich domain (residues 148-203 and 384-626) 285 

(Figure 6A and B, blue). The vWA domain of CpaL is predicted to adopt a classical Rossmann 286 

fold that is broadly conserved across all vWA-like domains (30). Alignment of the vWA domain 287 

of CpaL with the vWA domain of the top Dali hit, SpaC of L. rhamnosus GG (PDB ID: 6M48) 288 

(Table S4), revealed significant structural similarity in the core Rossmann fold of the vWA 289 

domains of these proteins, with a 1.039 Å root mean square deviation (RMSD) across 118 atom 290 

pairs. The vWA domain of CpaL also contains a sequence motif known as the metal ion-291 

dependant adhesion-site (MIDAS) motif (Figure 6A and B, S10A and B), which is often present 292 

in vWA domains, where it coordinates a divalent metal ion (31). This motif is characterized by 293 

the DxS/TxS/T, T, and D signature (32), which in CpaL corresponds to D160, T162, S164, T470, and 294 

D515, respectively, located at the top of the central -sheet, where they are predicted to coordinate 295 

an Mg2+ ion (Figure 6A and B, S10A and B). The primary sequence that comprises the CpaL 296 
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vWA domain flanks an intervening β-rich region (residues 204-384, purple) that is projected 297 

away from the MIDAS motif and contains two consecutive six-stranded β-barrels (Figure 6A and 298 

B). A Dali search using only the structure of the β-rich region did not return any hits with strong 299 

similarity to this region of CpaL. 300 

 301 

CpaL is predicted to assemble at the pilus tip 302 

The presence of a pilin-like domain in the predicted structure of CpaL (Figure 6A and 303 

S9B) and the similarity of this structure to pilus tip-localized minor pilins (Table S4) suggests 304 

that CpaL may function in the context of the pilus tip. To examine this, we utilized AlpahFold3 305 

(26) to predict a putative Tad pilus tip complex composed of CpaL, the minor pilins CpaJ and 306 

CpaK, and ten copies of the major pilin subunit PilA to simulate a pilus filament. The sequences 307 

of the predicted or known signal sequences of each of these proteins were removed prior to the 308 

prediction. This yielded a structure in which CpaJ, CpaK, and the pilin-like domain of CpaL 309 

form a trimeric complex (Figure 6C, S7) that sits atop the ten PilA subunits (Figure 6C, S8A and 310 

B), which are themselves arranged similarly to the recently resolved structure of the PilA 311 

filament (Figure S8C; PDB 8U1K) (33). The transmembrane helices of CpaJ, CpaK, and CpaL 312 

are incorporated into the distal end of the filament-like PilA structure, while the vWA domain of 313 

CpaL projects away from the rest of the complex on the opposite side (Figure 6C, S8A and B). 314 

Importantly, predicted aligned error (PAE) scores for the model, particularly in the region 315 

comprising the interaction between CpaJ, CpaK, and the pilin-like domain of CpaL, are low 316 

(Figure 6D, S7C and S8A), suggesting that this could represent a biological arrangement of these 317 

proteins. 318 

 319 
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CpaL functions differently than the other minor pilins CpaJ and CpaK 320 

Because of the similarity of CpaL’s pilin-like domain to the minor pilins CpaJ and CpaK 321 

(Figure S9B) and its predicted assembly with these minor pilins to form a complex at the tip of 322 

the pilus (Figure 6C and D, S7 and S8), we sought to determine if the minor pilins CpaJ and 323 

CpaK play a similar role in the surface sensing pathway. We tested the effect of ∆cpaJ and 324 

∆cpaK deletions on surface adhesion and holdfast synthesis and found that deletion of these two 325 

minor pilin genes phenocopied ∆pilA cells – they were resistant to the pilus-dependent phage 326 

CbK (Figure 7A), lacked pili (Figure 7B), had significantly reduced surface adhesion (Figure 327 

7C), and produced holdfasts similarly to WT (Figure 7D). Thus, we conclude that the function of 328 

CpaL is different from the function of the minor pilins CpaJ and CpaK. 329 

In summary, CpaL is predicted to adopt an N-terminal pilin-like fold that may allow it to 330 

incorporate into the tip of the pilus filament alongside the minor pilins CpaJ and CpaK, while its 331 

C-terminal vWA domain may play a role in adhesion and/or surface-sensing.  332 

 333 

  334 
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Discussion:  335 

In this study, we demonstrate the importance of CpaL for pilus biosynthesis in C. 336 

crescentus and show that the absence of CpaL influences holdfast production, likely through 337 

stimulation of the surface-sensing pathway. In C. crescentus, the absence of pili reduces 338 

adherence to a solid substratum (11). However, while deletion of cpaL dramatically reduces pilus 339 

production (Figure 2), this mutation leads to an unexpected increase in surface attachment and 340 

holdfast synthesis (Figure 3A and B). These results prompted us to explore whether CpaL may 341 

perform a role in pilus-mediated surface sensing. To examine this, we cultured C. crescentus in 342 

M2G minimal medium, which prevents holdfast synthesis via the surface sensing pathway but 343 

still allows for developmentally-regulated holdfast synthesis (19). Under these conditions, we 344 

found that the cpaL mutant exhibits reduced attachment to glass, as would be expected for a 345 

mutant with impaired pilus biosynthesis (Figure 3C), and no longer produces increased levels of 346 

holdfast (Figure 3D). Together, these results suggest that deletion of cpaL stimulates holdfast 347 

biosynthesis and attachment through the surface-sensing pathway. This hypothesis is supported 348 

by the absence of further stimulation of holdfast production in the ΔcpaL mutant after artificially 349 

blocking pilus retraction with PEG5000-mal, which strongly boosts holdfast production and 350 

attachment in the pilA-cys HF+ strain (Figure 4A and B). Thus, it appears that the surface-351 

sensing pathway is stimulated constitutively in the ∆cpaL mutant, suggesting that CpaL plays a 352 

role in this pathway. 353 

To gain insight into how CpaL may be performing seemingly opposing roles in pilus 354 

production and surface sensing, we examined the predicted structure of CpaL using Alphafold3. 355 

Analysis of its structure identified an N-terminal pilin-like module with a structural arrangement 356 

that is characteristic of pilin proteins (16) (Figure 6A, B, S9A, and B), with particular structural 357 
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homology to the major pilin THHA1221 from T. thermophilus (PDB: 4BHR) (34) and the minor 358 

pilin PilX from N. meningitidis (PDB: 2OPD) (35) (Figure S9B). The pilin-like module of CpaL 359 

also shares similarity with the predicted structures of the C. crescentus minor pilins, CpaJ and 360 

CpaK (Figure S9B). A potential cleavage site for the pre-pilin peptidase CpaA was identified in 361 

the pilin domain of CpaL (Figure S9A), which suggests that CpaL could be processed to a 362 

mature form to facilitate incorporation into the pilus fiber, as occurs for C. crescentus PilA, and 363 

potentially also for CpaJ and CpaK (Figure S9A). Position +5 after the peptidase cleavage site in 364 

T4aP and T4bP pilins is a highly conserved Glu that forms a salt bridge with the N-terminal 365 

amine of the previously-incorporated pilin subunit, which is critical for fibre assembly. 366 

Exceptions to this rule are noted for a subset of minor pilins, the GspK orthologs, which instead 367 

have a non-polar residue at position +5. It is hypothesized that the absence of the conserved Glu5 368 

in these minor pilins is indicative that they are the first component to comprise the nascent 369 

filament(16). However, archaeal pilins lack the conserved Glu5, and although this residue is 370 

present in bacterial Tad pilins, the structure of the C. crescentus PilA filament demonstrated that 371 

Glu5 points towards the solvent and does not participate in intermolecular interactions (33). 372 

Instead, the adjacent Tyr6 is oriented below the N-terminal Ala1 of the previously-incorporated 373 

pilin subunit, maintaining the helical register of the filament. Therefore, Tyr6 in Tad pilins may 374 

fulfill a parallel function to Glu5 in T4aP and T4bP pilins. However, CpaL possesses an Ala at 375 

position +6, which may indicate that, like the GspK orthologs, CpaL is the first subunit to 376 

comprise the nascent filament. Indeed, in our AlphaFold3-predicted structure of CpaL at the 377 

pilus tip (Figure 6C), CpaL is oriented as the first molecule in the filament. These predicted 378 

structural features collectively suggest that CpaL could be a Tad minor pilin in C. crescentus, 379 

albeit of unusual size and architecture. Indeed, the CpaL ortholog from the Tad pilus system of 380 
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A. actinomycetemcomitans, TadG, has previously been identified as a constituent of pilus fiber 381 

preparations (36–38). 382 

Minor pilins with atypical domain architectures have recently been structurally resolved 383 

in the T4P system of S. sanguinis (28, 39), where the minor pilins PilB and PilC were found to 384 

have a vWA domain and a glycan binding domain, respectively, linked to a pilin module. These 385 

studies have further demonstrated that the tripartite minor pilin complex of S. sanguinis, 386 

composed of PilA, PilB, and PilC, forms an “open wings” architecture that can only be 387 

accommodated at the tip of the pilus fiber (39, 40). The incorporation of such a minor pilin 388 

complex at the pilus tip is consistent with what is observed in the T4aP systems of P. aeruginosa 389 

and M. xanthus. In these species, an inner membrane complex composed of several minor pilins, 390 

as well as the vWA domain containing non-pilin subunit PilY1, recruits major pilin subunits to 391 

initiate pilus fiber assembly. This minor pilin-PilY1 complex is ultimately incorporated into the 392 

tip of the growing pilus fiber after successful nucleation of pilus assembly (41, 42). Thus, CpaL, 393 

together with the putative Tad minor pilins CpaJ and CpaK, could similarly form a complex that 394 

is incorporated at the tip of the pilus fiber in C. crescentus. Indeed, our structural predictions 395 

with AlphaFold3 suggest that CpaL forms a tripartite complex with CpaJ and CpaK (Figure S7 396 

and S8) that could be accommodated at the distal end of the pilus filament (Figure 6C and S8). 397 

Based on this hypothesis, it is possible that the reduced pilus production phenotype of the ∆cpaL 398 

mutant is due to disruption of this complex, resulting in fewer pilus nucleation events. Infrequent 399 

nucleation could also explain why the pili of the ΔcpaL mutant are longer on average: infrequent 400 

pilus nucleation events would result in a larger pool of major pilin subunits in the inner 401 

membrane, drawn from to assemble fewer pili (typically one per piliated cell). However, CpaL 402 
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does not simply play the role of a minor pilin since deletion of cpaJ or cpaK yields cells without 403 

pili and without the stimulation of surface adhesion and holdfast synthesis seen for ∆cpaL. 404 

In addition to a pilin-like module, CpaL also has a predicted vWA domain (6, 30, 43) (Figure 405 

6A, B, S6A, B, and S11). T4P-associated proteins in Gram-positive and Gram-negative bacteria 406 

harboring vWA domains are often directly involved in surface adhesion (9, 28, 29). Many vWA 407 

domains contain a five-residue motif called the MIDAS motif, which is often required to mediate 408 

surface adherence (28). For example, the MIDAS motif from the T4P associated protein PilC1 in 409 

Kingella kingae is required for adherence to host tissues as well as for twitching motility (44). 410 

CpaL is also predicted to contain a canonical MIDAS motif that coordinate a metal ion Mg2+ 411 

(Figure 6A, B, and S11A, B), supporting CpaL’s role in surface adhesion. Additionally, it is 412 

well-documented that vWA domain containing proteins have a mechanosensory function in 413 

eukaryotes (30). Thus, it is thought that vWA domains could also play a role in T4P-mediated 414 

mechanosensing in bacteria (6, 9). Indeed, in the pilus-tip associated protein PilY1 in P. 415 

aeruginosa, the vWA domain undergoes sustained conformational changes when force is applied 416 

by AFM. This mechanosensitivity is perturbed by the mutation of a critical disulphide-bond in 417 

the protein, which also reduces surface-sensing behaviours in P. aeruginosa, suggesting a link 418 

between force-induced conformational changes in PilY1 and surface sensing (6, 9). Given the 419 

CpaL’s role in surface sensing, its predicted structure with a vWA domain, and its hypothesized 420 

localization to the pilus tip, a similar mechanism could therefore be at play in CpaL-mediated 421 

surface sensing in C. crescentus.  422 

 Despite the similarities of CpaL to PilB in S. sanguinis and PilY1 in P. aeruginosa, the 423 

increased surface attachment of the C. crescentus cpaL mutant stands in contrast to what has 424 

been reported for the pilB and pilY1 mutants, which exhibit decreased biofilm formation, 425 
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consistent with their loss of pilus production (45, 46). In fact, loss of pili in C. crescentus 426 

through deletion of the major pilin pilA also reduces biofilm formation through abolishment of 427 

pilus-mediated surface-sensing (11). However, deletion of cpaL stimulates the production of 428 

holdfast via the surface-sensing pathway, similar to what is observed when pilus retraction is 429 

artificially blocked. It has previously been shown that binding of bulky PEG5000-mal adducts to 430 

the pilus fiber prevents pilus retraction by sterically occluding the entrance of the modified pilus 431 

filament into the CpaC secretin pore in the outer membrane, thereby stimulating the surface 432 

sensing pathway (20). Similarly, stimulation of surface sensing was observed when a glycine to 433 

aspartate mutation was introduced into CpaC in the predicted outer lip of the pilus secretin pore 434 

(20), again pointing to interactions between the pilus filament and the secretin as key to the 435 

mechanism of surface sensing. Based on our results, we hypothesize that CpaL mediates the 436 

surface sensing pathway by modulating how the pilus fiber interfaces with CpaC and rest of the 437 

Tad pilus secretion machinery. Evidence from M. xanthus and P. aeruginosa suggests that pilus 438 

tip proteins remain assembled as a priming complex through successive rounds of pilus 439 

extension and retraction, and that this complex acts as a plug in the secretin pore to prevent full 440 

retraction of the pilus into the inner membrane (47) (48). In these species, pilus retraction may  441 

position PilY1 within the secretin pore, where force-induced conformational changes in PilY1 442 

due to surface contact (9) may hypothetically be sensed. By analogy, conformational changes in 443 

CpaL due to surface contact may similarly be sensed by CpaC to stimulate the surface sensing 444 

pathway in C. crescentus. However, in the absence of CpaL, the pilus tip may interact with the 445 

secretin in such a way that surface-sensing is constitutively triggered. Further investigation is 446 

required to better understand the exact role of CpaL in the surface-sensing mechanism.  447 
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In conclusion, our results demonstrate the importance of CpaL for pilus formation and for 448 

regulation of holdfast biosynthesis through the surface-sensing pathway. Structural predictions of 449 

CpaL reveal similarity to the mechanosensitive vWA domain and possible incorporation at the 450 

tip of the pilus fiber via a pilin-like module. Together, these results implicate CpaL as a 451 

candidate mechanosensor for the Tad pilus in C. crescentus.  452 

 453 

  454 
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Material and Methods: 455 

Bacterial strains, plasmids, and growth conditions: 456 

 The bacterial strains used in this study are listed in Table S1. Caulobacter crescentus 457 

strains were grown at 30C in peptone-yeast extract (PYE) (49) or in defined M2 medium 458 

supplemented with 0.2% (w/v) glucose (M2G) (50). PYE was supplemented with 5 μg/ml 459 

kanamycin (Kan), where appropriate. Commercial, chemically competent Escherichia coli DH5-460 

 (Bioline and New England Biolabs) was used for plasmid construction and was grown at 37C 461 

in lysogeny broth (LB) supplemented with 25 μg/ml Kan, where appropriate. 462 

 Plasmids (Table S2) were transferred to C. crescentus by electroporation, transduction 463 

with Cr30 phage lysates, or conjugation with S17-1 E. coli as described previously (51). In-464 

frame deletion strains were made by double homologous recombination using pNPTS-derived 465 

plasmids as previously described (52). Briefly, plasmids were introduced into C. crescentus, and 466 

then two-step recombination was performed using kanamycin resistance to select for single 467 

crossover followed by sucrose resistance to identify plasmid excision events. All mutants were 468 

validated by sequencing to confirm the presence of the deletion. 469 

 470 

Plasmid construction: 471 

 The cpaL complementation construct was made using the high-copy-number vector 472 

pBXMCS-2 (53) with cpaL under the control of a xylose-inducible promoter. Because 473 

expression from this promoter is leaky, no xylose was added to growth media for cpaL 474 

expression. The cpaL open reading frame was amplified from C. crescentus NA1000 genomic 475 

DNA using the cpaL-F and cpaL-R primers (Table S3). The cpaL PCR fragment was digested 476 
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using NdeI and EcoRI and ligated into pBXMCS-2 digested by the same enzymes. Clones with a 477 

positive insert were verified by Sanger sequencing. 478 

 479 

Screen of gene for pilus retraction: 480 

 500 l of an overnight culture of pilA-cys Caulobacter cells were mixed with 50 l of 481 

exponential E. coli carrying pFD1 (Rubin et al. PNAS 1999) and briefly vortexed. The mixture 482 

was pipetted onto a 0.22 m filter on a vacuum manifold to concentrate cells to encourage 483 

conjugation, and the filter containing the cell concentrate was placed cell-side up on a plain PYE 484 

plate and incubated overnight at room temperature. Filter-concentrated cells were resuspended in 485 

500 l of PYE medium and mixed with 500 l of undiluted ~1010 pfu/ml CbK phage stock 486 

(MOI of ~106) and incubated at room temperature for 10 min. 100 l aliquots of cell/phage 487 

mixture were then plated on PYE plates containing kanamycin to select for transposon mutants 488 

and nalidixic acid to select against E. coli cells and grown at 30C until colonies appeared (1-2 489 

days). 184 colonies from kanamycin/nalidixic acid plates were inoculated into 96-well plate 490 

wells containing 200 l of PYE and grown overnight at 30C. Cells in wells were mixed with 20 491 

l of DMSO and stored at -80C for long-term storage.  492 

Individual mutants were then inoculated into 3 ml of PYE medium and grown overnight 493 

at 30C. To assess pilus phenotypes, overnight cultures were labeled with 25 g/ml AF488-mal 494 

and incubated at room temperature for 5 minutes. To remove excess dye, cultures were 495 

centrifuged at 7,500 x g for 1 min, the supernatant was removed, and cells were resuspended in 496 

100 l fresh PYE before imaging. 30 mutants exhibited labeled T4P and/or fluorescent cell 497 

bodies indicative of T4P production and were further characterized. Irradiated Cr30 lysates of 498 

isolated transposon mutants were generated and transduced into the parent strain YB8288 to 499 
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confirm that phage resistance and T4P phenotypes were dependent on transposon insertions. 500 

Strains exhibiting complete or partial phage resistance along with T4P fluorescence phenotypes 501 

where further characterized. Genomic DNA was extracted from each strain and digested using 502 

the restriction enzyme Sau3AI at 37C for 1 hr followed by heat inactivation at 65C for 20 min. 503 

Digested DNA was then ligated in 100 l reactions to promote self-annealing using T4 phage 504 

ligase at room temperature for 1 hr. Ligations were then used as templates for inverse PCR 505 

reactions using primers Mariner F and Mariner R targeting the transposon element and 506 

sequenced using the same primers. Sequences adjacent to the transposon element were mapped 507 

to the Caulobacter crescentus genome to identify transposon insertion sites. 508 

 509 

Phage sensitivity assays: 510 

 Phage sensitivity assays were performed using the pilus-specific phage CbK as 511 

described previously (23). Briefly, 200 l of C. crescentus stationary phase culture was mixed 512 

with 3 ml of 0.5% (w/v) soft PYE agar. The mixture was spread over a 1.5% (w/v) PYE agar 513 

plate and incubated at room temperature for 1 h to solidify. A tenfold serial dilution series of 514 

CbK was prepared in PYE, and 5 l of each dilution was spotted on top of the agar plate. The 515 

plates were grown for 2 days at 30C before imaging using a ChemiDoc MP (BioRad). 516 

 517 

Growth rate analysis: 518 

 Growth of C. crescentus strains was measured in 24-well polystyrene plates (Falcon) 519 

using a SpectraMax iD3 microplate reader (Molecular Devices). Stationary-phase cultures were 520 

diluted to an optical density at 600 nm (OD600) of 0.05, and 1 ml of this culture was added to the 521 
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wells of the microplate in triplicate and incubated for 24 h at 30C under shaking. The OD600 was 522 

measured at 30 min intervals to generate growth curves (OD600 versus time). 523 

 524 

Synchronization of C. crescentus populations: 525 

 C. crescentus populations were synchronized to enrich for pilus-producing swarmer cells, 526 

enabling facile quantification of pilus characteristics. The swarmer cells were synchronized and 527 

collected as described previously (54) with some modifications. To do this, C. crescentus 528 

cultures were grown to an OD600 of ~ 0.15-0.3, and 2 ml of this culture was centrifuged at 5,400 529 

× g for 5 min. The supernatant was removed, and the cell pellet was resuspended in 280 l of 530 

PYE. Following this, 120 l of polyvinylpyrrolidone colloidal silica solution (Percoll, Sigma) 531 

was added and mixed by gentle inversion. This mixture was centrifuged at 11,000 × g for 15 532 

min, generating two bands of distinct cell populations: stalked cells in the upper band and 533 

swarmer cells in the lower band. 15 l of the swarmer cell band was removed and added to 85 l 534 

of PYE. This solution of synchronized swarmer cells was washed with 100 l of PYE, before 535 

proceeding to pilus labeling, as described below. 536 

 537 

Pilin labeling, blocking, imaging, and quantification:  538 

 The pili of C. crescentus were labelled as described previously (11). Briefly, 25 g/ml of 539 

Alexa Fluor 488 C5 Maleimide (AF488-maleimide, ThermoFisher Scientific) was added to 100 540 

l of synchronized swarmer cell culture, prepared as described above, and incubated for 5 min at 541 

room temperature. Labelled cultures were centrifuged for 1 min at 5,400 × g, and the pellet was 542 

washed once with 100 l of PYE to remove excess dye. The labelled cell pellets were 543 

resuspended in 7 to 10 l of PYE, 0.5 l of which was spotted onto a 1% agarose PYE pad 544 
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(SeaKem LE, Lonza Bioscience). The agarose pad was sandwiched between glass coverslips for 545 

imaging. 546 

 To artificially block pilus retraction, methoxy-polyethylene glycol maleimide (PEG5000-547 

maleimide, Sigma) with an average molecular weight of 5 kDa was used. 500 μM PEG5000-mal 548 

was added to 100 l of synchronized swarmer cell cultures immediately prior to the addition of 549 

25 μg/ml AF488-mal. Cultures were further prepared and imaged as described above. 550 

 For observing pilus dynamics, C. crescentus cells were grown to an OD600 of ~ 0.15-0.3, 551 

labelled with AF488-maleimide as mentioned above, and 0.5 l of the labelled sample was 552 

spotted onto a 1% agarose PYE or M2G medium pad as appropriate (SeaKem LE, Lonza 553 

Bioscience). The agarose pad was sandwiched between glass coverslips for imaging. Pilus 554 

dynamics were detected by time-lapse microscopy every 3 sec for 1 min.  555 

Imaging was performed using a Nikon Ti-E inverted fluorescence microscope with Plan 556 

Apo 60X or 100X objectives, a GFP filter cube, an Andor iXon3 DU885 EM CCD camera, and 557 

Nikon NIS Elements imaging software. 558 

 The number of pili per cell, the percentage of piliated cells in the whole cell population, 559 

and the percentage of cells with fluorescent cell bodies were quantified manually using ImageJ 560 

software (55). 561 

 562 

Surface binding assay and holdfast quantification: 563 

 Surface binding assays and holdfast quantification were carried out in parallel on the 564 

same samples. For each strain to be analyzed, a single colony was isolated and used to inoculate 565 

3 ml of PYE or M2G medium, as appropriate. Tenfold serial dilutions of this culture (10-1 to 10-566 

4) were prepared and incubated overnight at 30C. The OD600 of each culture was measured, and 567 
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the culture with an OD600 of ~ 0.05 was selected. Different cultures with an OD600 of ~ 0.05 were 568 

normalised exactly to OD600 = 0.05 before proceeding. 569 

 For each culture prepared as described above, 15 l was transferred onto a glass coverslip 570 

and incubated in dark and humid conditions (to prevent desiccation and effects from varying 571 

light levels) for 30 min at 30C. After incubation, coverslips were extensively washed in water, 572 

and a 1% PYE or M2G agarose pad, as appropriate, was added on top of the cells on the 573 

coverslip for microscopy analysis.  574 

 To quantify holdfast production, cells from the same culture preparations described above 575 

(OD600 = 0.05) were labelled with 0.5 g/ml AF488-WGA (Wheat germ agglutinin lectin, 576 

ThermoFisher Scientific) for 1 min before spotting them onto a 1% agarose PYE or M2G pad, as 577 

appropriate, for microscopy analysis. WGA binds specifically to the N-acetylglucosamine 578 

residues present in the holdfast polysaccharide (24). 579 

 Cells attached to the coverslip, and labelled holdfast, were imaged using a Nikon Ti-E 580 

fluorescence microscope as described above. The percentage of cells attached to the coverslip, 581 

and the percentage of cells with holdfast, were quantified manually from microscopy images 582 

using ImageJ software (55). 583 

 To quantify surface binding and holdfast production from cells with blocked pili, 500 μM 584 

PEG5000-mal was added to cell cultures and incubated for 5 min before performing the 585 

experiments described above. 586 

 587 

Timing of holdfast synthesis after surface contact:  588 

Microfluidic well devices were constructed from PDMS (Polydimethylsiloxane) as described 589 

previously (11, 25). Briefly, a 10:1 mixture of PDMS prepolymer:curing agent was poured into a 590 
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sterile petri plate, then the plate was placed for a few hours under a vacuum until the bubbles 591 

were removed. The plates were placed for 3h in an oven at 65°C. A rectangle of 25 x 35 mm was 592 

cut from the PDMS plates, with fluid access holes of 3 mm in diameter punched at 5 mm 593 

intervals. Next, the glass coverslip and the PDMS cast were assembled after plasma treatment 594 

and put overnight in an oven at 65°C. 595 

For sample preparation, 200 ml of bacterial cell culture of OD600 = 0.6-0.8 grown in PYE 596 

was diluted in 800 ml of PYE containing 0.5 mg/ml AF488-WGA (Wheat germ agglutinin lectin, 597 

ThermoFisher Scientific) for holdfast labeling, then 10-15 μl of the above mixture was added to 598 

one well of the PDMS device. 599 

Time-lapse videos were taken every 5 sec for 30 min at the glass-liquid interface using a 600 

Nikon Ti-E fluorescence microscope with Apo 60X objective, a GFP filter cube, an Andor iXon3 601 

DU885 EM CCD camera, and Nikon NIS Elements imaging software. The attaching cells were 602 

detected using the phase contrast channel while holdfast synthesis was detected using the GFP 603 

channel. The time difference between holdfast synthesis and cell-surface attachment was 604 

determined using ImageJ software (55). 605 

 606 

CpaL structural and functional predictions: 607 

 Prediction of protein domains, their global distribution, and associated architectures was 608 

done using the Dali (27) server which was used for comparing protein structures in 3D after 609 

generation of the predicted structure of CpaL using AlphaFold3 (26). The structure of CpaL in 610 

complex with CpaJ and CpaK at the pilus tip was predicted using AlphaFold3 (26). Molecular 611 

visualization of 3D protein structures was done using the ChimeraX software (56) and 612 

AlphaFold3 (26). The GenBank accession number for the primary sequence of CpaL is 613 
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WP_010918088.1 and the UniProt Primary accession number is A0A0H3C404. The 614 

superposition of the vWA domain of CpaL with the vWA domain of SpaC (PDB ID: 6M48-A) 615 

was performed using ChimeraX software (56), while the superposition of the AlphaFold3-616 

predicted PilA helical structure with the experimentally-determined structure of the pilus 617 

filament (PDB 8U1K), and calculation of alignment statistics, was done using MM-align (57).  618 
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Tables:  788 

 789 

Table S1: Strains used in this study 790 

Strain designation Genotype and method of construction Source or reference 

Caulobacter crescentus   

YB8220 NA1000 hfsA+ pilAT36C (11) 

YB6374 NA1000 hfsA+ ΔpilA (11) 

YB8644 NA1000 hfsA+ pilAT36C ΔcpaL 

(Transduced strain YB8215 with lysate 

made from strain YB8287) 

This study 

YB8454 NA1000 pilAT36C cpaK (Electroporated 

plasmid pNPTS138∆cpaK from strain 

8453 into strain 8288.  

This study 

YB10278 NA1000 pilAT36C cpaJ (Electroporated 

plasmid pNPTS138∆cpaJ from strain 

10277 into strain 8288. 

 

FC764 NA1000 hsfA+ (58) 

YB8215 NA1000 hfsA+ ΔcpaL (electroporated 

plasmid from strain YB8206 into strain 

FC764) 

This study 

YB8288 NA1000 pilAT36C (11) 

LS3118 NA1000 ΔpilA (59) 

YB8294 NA1000 pilAT36C cpaL (Electroporated This study 
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strain YB8288 with plasmid from strain 

Y8206) 

YB9770 NA1000 pilAT36C pBXMCS-2 

(Electroporated strain YB8288 with 

plasmid pBXMCS-2) 

This study 

YB9771 NA1000 ΔpilA pBXMCS-2 

(Electroporated strain LS3118 with 

plasmid pBXMCS-2) 

This study 

YB9772 NA1000 pilAT36C ΔcpaL pBXMCS-2 

(Electroporated strain YB8294 with 

plasmid pBXMCS-2) 

This study 

YB9742 NA1000 pilAT36C ΔcpaL pBXMCS-2 

cpaL (YB9741 Electroporated strain 

YB8294 with plasmid from YB9741) 

This study 

YB9773 NA1000 hfsA+ pilAT36C pBXMCS-2 

(Electroporated strain YB8220 with 

plasmid pBXMCS-2) 

This study 

YB9774 NA1000 hfsA+ pilAT36C ΔcpaL pBXMCS-

2 (Electroporated strain YB8644 with 

plasmid pBXMCS-2) 

This study 

YB9775 NA1000 hfsA+ ΔpilA pBXMCS-2 

(Electroporated strain YB6374 with 

plasmid pBXMCS-2) 

This study 
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YB9776 NA1000 hfsA+ pilAT36C ΔcpaL pBXMCS-

2 cpaL (Plasmid from YB9741 

electroporated into strain YB8644 by 

electroporation) 

This study 

YB9777 NA1000 hfsA+ pilAT36C ΔcpaJ 

(Electroporated strain YB 8220 with 

plasmid pNPTS138 ∆cpaJ from 

YB10277) 

This study 

YB9778 NA1000 hfsA+ pilAT36C ΔcpaK 

(Electroporated strain YB 8220 with 

plasmid pNPTS138 ∆cpaK from YB 

8453) 

This study 

Escherichia coli   

YB4030 S17-1/pNPTS138 ∆pilA (19) 

YB8206 -select/pNPTS139 ∆cpaL This study 

YB8286 -Select/pNPTS139 pilAT36C (11) 

YB8453 -select/pNPTS138 ∆cpak This study 

YB102777 -select/pNPTS138 ∆cpaJ This study 

YB9741 NEB 5-alpha/pBXMCS-2 cpaL This study 

 791 

 792 

  793 
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Table S2: Plasmids used in this study 794 

Plasmid  Description  Source or 

reference 

pNPTS138 Litmus 38 derivative, oriT sacB Kanr  M. R. K. Alley 

pNPTS139 Litmus 39 derivative, oriT sacB Kanr M. R. K. Alley 

pNPTS139 pilAT36C pNPTS139 containing 500-bp fragments upstream and 

downstream of pilAT36C point mutation 

(11) 

pNPTS138 ∆pilA pNPTS138 containing 480 bp fragments upstream and 

downstream of pilA 

(19)  

pNPTS139 ∆cpaL pNPTS139 containing 500-bp fragments upstream and 

downstream of cpaL 

This study 

pNPTS138 ∆cpaJ pNPTS138 containing 500 bp fragments upstream and 

downstream of cpaJ 

This study 

pNPTS138 ∆cpaK pNPTS138 containing 500 bp fragments upstream and 

downstream of cpaK 

This study 

pBXMCS-2 High copy replicating plasmid, xylose inducible 

promotor, Kanr 

(53) 

pBXMCS-2 cpaL pBXMCS-2 containing cpaL open reading frame This study 

 795 

 796 
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Table S3: Primers used in this study 798 

Primer name Sequence* Function 

cpaL-UP F TTC TGG ATC CAC GAT CGA GCA CCC GCT 

GGT CCA 

pNPTS139∆cpaL 

construction 

cpaL-UP R TCT CAG ACG GCG GGC GAA A 

cpaL-DN F TCT TTC CAG GCC ATT GCT C 

cpaL-DN R AGC TTC CTG CAG GAT GCA GGA CGG CAA 

TTC GGT 

cpaL-F GCA CAT ATG ATG CCG ACC AAG AGC CGT TT pBXMCS-2 cpaL 

construction cpaL-R GGG GAA TTC CTA TCT GGC GAT CCG CAG GT 

cpaJ-UP F GCC AAG CTT CTC TGC AGG ATT CGA GCC 

GGT TTC CGC GAA G 

pNPTS138∆cpaJ 

construction 

cpaJ-UP R GGT GAA CGA GGT GGC GGC GTA GAT GAG GGA 

GCG TGA AGC CA 

cpaJ-DN F TAC GCC GCC ACC TCG TTC ACC 

cpaJ-DN R GCG AAT TCG TGG ATC CAG ATG AGG TGT 

AGA CAT AGC TCG CC 

cpaK-UP F GC GAA TTC TGG ATC CAC GAT CAC GTC TCC 

GGC TGG CGC GTT 

pNPTS138∆cpaK 

construction 

cpaK-UP R T CTC GGC CTT GCG CCA GAA GCT GGA AAG 

GGG GCG 

cpaK-DN F C TTC TGG CGC AAG GCC GAG ACG ATC CTC 

TGG TCG ACG 
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cpaK-DN R CA GAA AGC TTC CTG CAG GAT GGT CGC 

GGG CTT GAT CGG CCC 

Mariner F ACG GTA TCG ATA AGC TTG ATA TCG A  

Mariner R CAG AGT TGT TTC TGA AAC ATG GCA 

*Restriction sites and regions of plasmid complementarity to facilitate Gibson assembly are in 799 

bold; regions of complementary to the target amplicon are underlined; regions of reverse 800 

complementarity (to facilitate allele assembly) are italicized. 801 

  802 
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Table S4: The top five PDB hits identified by the DALI server for the predicted structure of CpaL 803 

PDB hit Description Species Z-score rmsd lali nres %id 

6m48-A SpaC 

Lactobacillus 

rhamnosus GG 

20.3 4.1 241 813 16 

2ww8-A 

Cell wall surface 

anchor family 

protein; Pilus 

adhesion RrgA 

Streptococcus 

pneumoniae 

19.9 13.2 254 815 18 

6to1-A 

Minor fimbrium 

subunit Mfa5 

Porphyromonas 

gingivalis 

18.9 4 232 566 21 

7b7p-A 

Type IV pilus 

biogenesis protein 

PilB 

Streptococcus 

sanguinis 

18.7 4.8 244 420 17 

7w6b-A 

von Willebrand 

factor type A 

domain protein 

Streptococcus 

oralis 

18.3 5.5 212 782 21 

Rmsd: Root mean square deviation, calculated across only the aligned portions of CpaL and the 804 

hit; lali: The number of residues of the hit protein that were aligned with CpaL; nres: the total 805 

number of residues in the hit protein; %id: percentage identity between CpaL and the hit protein. 806 

 807 

  808 
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Figure legends:  809 

 810 

Figure S1: Genetic screen for resistance to a pilus-dependent phage identifies cpaL as a 811 

mediator of pilus activity. Schematic of the forward genetic screen used to identify mutants that 812 

are resistant to the pilus-dependent Caulobacter phage, ɸCbK, despite having pili. A C. 813 

crescentus Mariner transposon mutant library was generated and mixed with ɸCbK and grown 814 

on plates. Phage resistant mutants were isolated and imaged for pilus synthesis. Red bars indicate 815 

the position of transposon insertions identified within the cpaL (CCNA_00199) gene coding 816 

sequence (gray arrow). Scale bar, 10 μm. 817 

 818 

Figure 1: Deletion of cpaL reduces sensitivity to the pilus-specific phage ΦCbK by reducing 819 

pilus activity. A: Top agar phage sensitivity assays for the parent strain (NA1000 pilA-cys), 820 

ΔpilA (phage-resistant strain lacking pili), the ΔcpaL mutant, and the plasmid-complemented 821 

ΔcpaL mutant. Serial dilutions of the phage were spotted on plates with top agar containing each 822 

bacterial strain. ND, no dilution; EV, empty vector. B: Representative microscopy images for 823 

synchronized swarmer cells of the parent strain (NA1000 pilA-cys) and the isogenic ΔcpaL 824 

mutant, labeled with the AF488-maleimide dye (green) that reacts with the engineered cysteine 825 

residue in the major pilin, PilA. Scale bars, 10 μm. White arrows indicate cells with labeled pili, 826 

red arrows indicate fluorescent cell bodies. C: Quantification of the percentage of cells with 827 

fluorescent cell bodies in synchronized populations of the indicated strains labelled with AF488-828 

maleimide. D: Quantification of the percentage of piliated cells in synchronized swarmer cells of 829 

the indicated strains labelled with AF488-maleimide dye (green). Results are the mean of four 830 

independent biological replicates, with at least 500 cells analyzed per replicate. Error bars 831 
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represent the standard error of the mean (SEM). Statistical comparisons were made using 832 

Tukey’s multiple comparisons test. ***, P <0.001; **, P < 0.01;  ns, no significant difference. 833 

 834 

Figure S2: Caulobacter cell growth is not affected by the absence of cpaL. Growth curves of 835 

the indicated strains of C. crescentus grown in PYE. Data were collected every 30 min and are 836 

the average of six independent biological replicates. Error bars represent the standard error of the 837 

mean.  838 

 839 

Figure 2: Deletion of cpaL reduces the number of pili produced per cell while increasing 840 

their average length. A: Representative microscopy images of synchronized swarmer cells of 841 

the parent strain (NA1000 pilA-cys) and the isogenic ΔcpaL mutant labeled with AF488-842 

maleimide (green) that reacts with the engineered cysteine residue in the major pilin, PilA, in 843 

conjunction with pilus retraction blocking using PEG5000-mal, which reacts with the same 844 

cysteine residue. White arrows indicate cells with a single pilus per cell. Orange arrows indicate 845 

cells with two or more pili per cell. Scale bars, 10 μm. B: Quantification of the percentage of 846 

piliated cells in synchronized populations of the indicated strains when pilus retraction was 847 

blocked with PEG5000-mal. Results are the mean of eight independent biological replicates, 848 

with at least 200 cells analyzed per replicate. Error bars represent the standard error of the mean. 849 

Statistical comparisons were made using Tukey’s multiple comparisons test. C: Quantification of 850 

the number of pili produced per piliated cell of the indicated strains, measured in synchronized 851 

populations after blocking pilus retraction with PEG5000-mal. Results are the mean of four 852 

independent biological replicates with at least 200 cells analyzed per replicate. Error bars 853 

represent the standard error of the mean. D: Average length of pili produced by synchronized 854 
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swarmer cells of the indicated strains after blocking with PEG5000-mal. 100 pili were measured 855 

for each strain. Error bars indicate the minimum to maximum range of lengths. Statistical 856 

comparison was made using a two-tailed unpaired T-test. ****, P <0.0001; **, P < 0.01. 857 

 858 

Figure S3: Representative microscopy images for the strains used in the phage assay in 859 

PYE and M2G medium. Synchronized swarmer cells were blocked for pilus retraction with 860 

PEG5000-mal and labeled with AF488-maleimide (green). Tested strains included the parent 861 

(EV: empty vector), the ΔcpaL (EV) mutant, the ΔpilA (EV) mutant, and the plasmid-862 

complemented ΔcpaL mutant. Scale Bar, 10 μm. 863 

 864 

Figure 3: The deletion of cpaL increases surface attachment and holdfast production in 865 

PYE but not in M2G medium. A: Quantification of the attachment of cells grown in the 866 

complex medium PYE to a glass coverslip after 30 min of incubation relative to the strain pilA-867 

cys HF+ (NA1000 pilA-cys, HF+: Holdfast positive). B: Quantification of the percentage of cells 868 

producing holdfast in the population in the complex medium PYE on an agarose pad. C: 869 

Quantification of the attachment of cells grown in the minimal medium M2G to a glass coverslip 870 

after 30 min of incubation relative to the strain pilA-cys HF+ (NA1000 pilA-cys, HF+: Holdfast 871 

positive). D: Quantification of the percentage of cells producing holdfast in the population in the 872 

minimal medium M2G on an agarose pad. Data are the mean of four independent biological 873 

replicates. Error bars indicate the standard error of the mean (SEM). Statistical comparisons were 874 

made using Tukey’s multiple comparisons test. ****, P <0.0001; **, P <0.01; *, P <0.05.  875 

 876 
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Figure S4: Representative microscopy images for cells attached to the surface. Cells are 877 

grown in the complex medium PYE and incubated for 30 min to a glass coverslip (HF+: 878 

Holdfast positive). Holdfasts are labeled with the AF488 conjugated wheat germ agglutinin 879 

(AF488-WGA). Scale Bar, 10 μm. 880 

 881 

Figure S5: Plasmid complementation of the ΔcpaL mutant rescues its increased attachment 882 

and holdfast production phenotypes. A: Quantification of the attachment of cells grown in the 883 

complex medium PYE to a glass coverslip after 30 min of incubation B: Quantification of the 884 

percentage of cells producing holdfast in the population in the complex medium PYE on an 885 

agarose pad. Data are the mean of three independent biological replicates. Error bars indicate the 886 

standard error of the mean. Statistical comparisons were made using Tukey’s multiple 887 

comparisons test. ****, P <0.0001; ***, P <0.001; **, P <0.01. 888 

 889 

Figure 4: The absence of CpaL leads to a delay in holdfast production after surface contact. 890 

A: Logarithmic violin plot showing the time of holdfast synthesis after surface contact (sec), for 891 

there independent replicates of pilA-cys HF+ (n=119) and ΔcpaL-pilA-cys HF+ (n=163). 892 

Statistical comparison was made using a two-tailed unpaired T-test. ****, P <0.0001. B: Table 893 

showing the mean and the median of the strains used in the violin plot. 894 

 895 

Figure 5: The ΔcpaL mutant is insensitive to the addition of PEG5000-mal: A: 896 

Quantification of the attachment of cells to a glass coverslip after 30 min of incubation relative to 897 

the strain WT HF+ (NA1000, HF+: Holdfast positive). PEG5000-mal was added to cultures 5 898 

min before cells were added to the coverslip to block pili retraction in pilA-cys strains. B: 899 
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Quantification of the percentage of cells producing holdfast in the population after 5 min of 900 

incubation with PEG5000-mal on agarose pad. The percentage of cells producing holdfast in the 901 

population was quantified after labeling holdfast with the AF488 conjugated wheat germ 902 

agglutinin (AF488-WGA). C: Quantification of the attachment of cells to a glass coverslip after 903 

30 min of incubation relative to the strain ΔcpaL HF+ (NA1000, HF+: Holdfast positive). 904 

PEG5000-mal was added to cultures 5 min before cells were added to the coverslip to block pili 905 

retraction in pilA-cys strains. D: Quantification of the percentage of cells producing holdfast in 906 

the population after 5 min of incubation with PEG5000-mal on agarose pad. The percentage of 907 

cells producing holdfast in the population was quantified after labeling holdfast with the AF488 908 

conjugated wheat germ agglutinin (AF488-WGA). Data are the mean of three independent 909 

biological replicates. Error bars indicate the standard error of the mean. Statistical comparisons 910 

were made using Tukey’s multiple comparisons test. ****, P <0.0001. 911 

 912 

Figure 6: CpaL is predicted to contain a pilin-like module and a vWA domain. A: Ribbon 913 

diagram showing the predicted structure of CpaL generated using AlphaFold3. Domains and 914 

coloring are as described in panel B. The inset depicts the MIDAS motif in the vWA-like domain 915 

which is composed of five residues (D160, T162, S164, T470, and D515, green)  with a predicted 916 

Mg2+ ion (gray) incorporated among those residues. B: Schematic representation of the CpaL 917 

domain organization. The first region at the N-terminus is predicted to be a signal peptide 918 

(residues 1-26, yellow), followed by a pilin-like module (residues 27-147, dark grey). A single 919 

von Willebrand Factor A-like domain (vWA) is divided between two distinct segments of the 920 

CpaL sequence (residues 148-203 and 384-626, blue), between which are two tandem 𝛽-rich 921 

domains (residues 204-383, pink). C: Top-ranked structure of a complex composed of the minor 922 
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pilins CpaJ (blue), CpaK (green), CpaL (red), and ten copies of the major pilin subunit PilA 923 

(orange) predicted by AlphaFold3. The predicted or known signal sequences of each protein 924 

were removed prior to the prediction. D: The predicted aligned error (PAE) scores for the model 925 

depicted in panel C. The PAE indicates the positional error in angstroms (Å) for a given pair of 926 

residues across all protein chains in the model.  927 

 928 

Figure S6: A: Representative of the five predicted model structures of CpaL predicted by 929 

Alphafold3. Structures are ranked according to the predicted template modeling (pTM) score and 930 

are colored according to the predicted local distance difference test (pLDDT) score, which 931 

indicates per-residue model confidence for the protein chain. The colors represented the 932 

measurement of the confidentiality in the prediction of the structure and are according to the 933 

predicted local distance difference test (pLDDT) score. B: Confidence in the prediction of the 934 

structure is indicated by the predicted aligned error (PAE) scores, which indicate positional error 935 

in angstroms for a given pair of residues within the protein chain. 936 

 937 

Figure S7: A: Top-ranked structure of a complex composed of the minor pilins CpaJ (blue), 938 

CpaK (green), and CpaL (red), predicted by AlphaFold3. The predicted or known signal 939 

sequences of each protein were removed prior to the prediction. B: The predicted aligned error 940 

(PAE) scores for the model depicted in panel A. The PAE indicates the positional error in 941 

angstroms (Å) for a given pair of residues across all protein chains in the model. C: Structures of 942 

a complex composed of CpaJ, CpaK, and CpaL, with their predicted signal sequences removed, 943 

predicted by AlphaFold3. Structures are aligned and shown from the same orientation. Structures 944 

are ranked according to the predicted template modeling (pTM) score and are colored according 945 
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to the predicted local distance difference test (pLDDT) score, which indicates per-residue model 946 

confidence for the individual protein chains within the complex. D: Confidence in the prediction 947 

of the complex is indicated by the predicted aligned error (PAE) scores, which indicate 948 

positional error in angstroms for a given pair of residues across all protein chains.  949 

 950 

Figure S8: A: Structures of a complex composed of CpaJ, CpaK, CpaL, and ten PilA subunits, 951 

with their predicted signal sequences removed, predicted by AlphaFold3. Structures are aligned 952 

and shown from the same orientation. Structures are ranked according to the predicted template 953 

modeling (pTM) score and are colored according to the predicted local distance difference test 954 

(pLDDT) score, which indicates per-residue model confidence for the individual protein chains 955 

within the complex. B: Confidence in the prediction of the complex is indicated by the predicted 956 

aligned error (PAE) scores, which indicate positional error in angstroms for a given pair of 957 

residues across all protein chains. C: Alignment of the structure of the C. crescentus PilA 958 

filament determined by cryo-EM (from PDB 8U1K) and the structure of the PilA filament as 959 

determined by AlphaFold3 (from the prediction in panel A). 960 

 961 

Figure S9: CpaL has a pilin-like module with a predicted prepilin peptidase (CpaA) 962 

cleavage site. A: N-terminal sequence of PilA, minor pilins CpaK and CpaJ, and CpaL. 963 

Hydrophilic residues are highlighted in orange, and hydrophobic residues are highlighted in blue. 964 

The consensus sequence (G/A-X-X-X-F/E) for recognition by the prepilin peptidase CpaA is 965 

shown in a grey box. The potential CpaA cleavage site is indicated with a red arrow. B: 966 

Structural comparison of the predicted pilin-like module of CpaL, CpaJ, and CpaK, with their 967 

predicted signal sequences removed, and the predicted and experimentally determined structure 968 
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of the T4P THHA1221 from Thermus thermophilus (PDB:4BHR) and the minor pilin PilX from 969 

Neisseria meningitidis T4aP (PDB ID: 1AY2). 970 

 971 

Figure S10: Structural comparison of the vWA domain of CpaL and the SpaC protein of 972 

Lactobacillus rhamnosus GG. A: Structural superposition of the predicted vWA domain of 973 

CpaL (blue, residues 148-203, and 383-626) with the vWA domain of SpaC (pink, residues 129-974 

386) determined by X-ray crystallography (PDB ID: 6M48-A). B: Magnified image of the box in 975 

panel A depicting the MIDAS motif regions of CpaL (blue) and SpaC (pink). The Mg2+ ion that 976 

co-crystallized with SpaC as well as the Mg2+ ion predicted by Alhphafold3 for the vWA domain 977 

of CpaL are represented by two large grey spheres, while the water molecule involved in Mg2+ 978 

ion coordination by the SpaC are depicted as a small red sphere. RMSD: 1.039 Å between 118 979 

atom pairs; RMSD.: 9.981 Å across all 229 atoms.  980 

 981 

Figure 7: The deletion of minor pilin genes cpaJ and cpaK phenocopies ∆pilA. A: Top agar 982 

phage sensitivity assays. Serial dilutions of the phage were spotted on plates with top agar 983 

containing each bacterial strain. ND, no dilution. B: Representative microscopy images of 984 

synchronized swarmer cells that were blocked for pilus retraction with PEG5000-mal and labeled 985 

with AF488-maleimide (green). Scale Bar, 10 μm. C: Quantification of the attachment of cells 986 

grown in the complex medium PYE to a glass coverslip after 30 min of incubation relative to the 987 

strain pilA-cys HF+ (NA1000 pilA-cys, HF+: Holdfast positive, Parent: NA1000 HF-). D: 988 

Quantification of the percentage of cells producing holdfast in the population in the complex 989 

medium PYE on an agarose pad. Data are the mean of three independent biological replicates. 990 
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Error bars indicate the standard error of the mean (SEM). Statistical comparisons were made 991 

using Tukey’s multiple comparisons test. ****, P <0.0001. 992 

  993 
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Movies 994 

Movie S1: Time-lapse movie of labeled non-synchronized parent cells showing pili extension-995 

retraction dynamics after labeling with AF488-maleimide (green). Capture rate is 3 sec per 996 

frame. Frame rate is 5 fps. Scale Bar, 5 μm.  997 

 998 

Movie S2: Time-lapse movies of labeled non-synchronized cpaL mutant cells showing pili 999 

extension-retraction dynamics after labeling with AF488-maleimide (green). Capture rate is 3 sec 1000 

per frame. Frame rate is 5 fps. Scale Bar, 5 μm.  1001 

 1002 

Movie S3: A representative time-lapse movie of cells producing holdfast upon surface contact 1003 

for the parent in the presence of AF488-WGA. The cell bodies are in gray and the holdfasts are 1004 

in green. Capture rate is 5 sec per frame. Frame rate is 25 fps. Scale Bar, 5 μm. 1005 

 1006 

Movie S4: A representative time-lapse movie of cells producing holdfast upon surface contact 1007 

for the cpaL mutant in the presence of AF488-WGA. The cell bodies are in gray and the 1008 

holdfasts are in green. Capture rate is 5 sec per frame. Frame rate is 25 fps. Scale Bar, 5 μm. 1009 

 1010 
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Figure S1

Figure S1: Genetic screen for resistance to a pilus-dependent 

phage identifies cpaL as a mediator of pilus activity. Schematic of 

the forward genetic screen used to identify mutants that are resistant to 

the pilus-dependent Caulobacter phage, ɸCbK, despite having pili. A C. 

crescentus Mariner transposon mutant library was generated and mixed 

with ɸCbK and grown on plates. Phage resistant mutants were isolated 

and imaged for pilus synthesis. Red bars indicate the position of 

transposon insertions identified within the cpaL (CCNA_00199) gene 

coding sequence (gray arrow). Scale bar, 10 μm.

C. crescentus 

transposon 

mutant library

Microscopy analysis 

to confirm the 

presence of pili

Identification of 

mutants with reduced 

phage susceptibility

Pilus-dependent 

phage φCbK
cpaL = CCNA_00199

Identification of genes 

involved in altered pilus 

biosynthesis

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2025. ; https://doi.org/10.1101/2025.02.12.637803doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.12.637803
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1
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2::cpaL

10-4 10-5 10-6 10-7Phage dilutions

Parent ΔpilAΔcpaL

C

D

Figure 1: Deletion of cpaL reduces sensitivity to the pilus-specific phage 

ΦCbK by reducing pilus activity. A: Top agar phage sensitivity assays for the 

parent strain (NA1000 pilA-cys), ΔpilA (phage-resistant strain lacking pili), the 

ΔcpaL mutant, and the plasmid-complemented ΔcpaL mutant. Serial dilutions of 

the phage were spotted on plates with top agar containing each bacterial strain. 

ND, no dilution; EV, empty vector. B: Representative microscopy images for 

synchronized swarmer cells of the parent strain (NA1000 pilA-cys) and the 

isogenic ΔcpaL mutant, labeled with the AF488-maleimide dye (green) that 

reacts with the engineered cysteine residue in the major pilin, PilA. Scale bars, 

10 μm. White arrows indicate cells with labeled pili, red arrows indicate 

fluorescent cell bodies. C: Quantification of the percentage of cells with 

fluorescent cell bodies in synchronized populations of the indicated strains 

labelled with AF488-maleimide. D: Quantification of the percentage of piliated 

cells in synchronized swarmer cells of the indicated strains labelled with AF488-

maleimide dye (green). Results are the mean of four independent biological 

replicates, with at least 500 cells analyzed per replicate. Error bars represent 

the standard error of the mean (SEM). Statistical comparisons were made 

using Tukey’s multiple comparisons test. ***, P <0.001; **, P < 0.01; ns, no 

significant difference.
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Figure S2

Figure S2: Caulobacter cell growth is not affected by the absence of cpaL 

Growth curves of the indicated strains of C. crescentus grown in PYE. Data were 

collected every 30 min and are the average of six independent biological 

replicates. Error bars represent the standard error of the mean. 
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Figure 2

A C

B

Parent ΔcpaL

D

Figure 2: Deletion of cpaL reduces the number of pili produced per cell while 

increasing their average length. A: Representative microscopy images of 

synchronized swarmer cells of the parent strain (NA1000 pilA-cys) and the isogenic 

ΔcpaL mutant labeled with AF488-maleimide (green) that reacts with the engineered 

cysteine residue in the major pilin, PilA, in conjunction with pilus retraction blocking 

using PEG5000-mal, which reacts with the same cysteine residue. White arrows 

indicate cells with a single pilus per cell. Orange arrows indicate cells with two or more 

pili per cell. Scale bars, 10 μm. B: Quantification of the percentage of piliated cells in 

synchronized populations of the indicated strains when pilus retraction was blocked 

with PEG5000-mal. Results are the mean of eight independent biological replicates, 

with at least 200 cells analyzed per replicate. Error bars represent the standard error 

of the mean. Statistical comparisons were made using Tukey’s multiple comparisons 

test. C: Quantification of the number of pili produced per piliated cell of the indicated 

strains, measured in synchronized populations after blocking pilus retraction with 

PEG5000-mal. Results are the mean of four independent biological replicates with at 

least 200 cells analyzed per replicate. Error bars represent the standard error of the 

mean. D: Average length of pili produced by synchronized swarmer cells of the 

indicated strains after blocking with PEG5000-mal. 100 pili were measured for each 

strain. Error bars indicate the minimum to maximum range of lengths. Statistical 

comparison was made using a two-tailed unpaired T-test. ****, P <0.0001; **, P < 0.01.
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Figure S3

Figure S3: Representative microscopy images for the strains used in the 

phage assay in PYE and M2G medium. Synchronized swarmer cells were 

blocked for pilus retraction with PEG5000-mal and labeled with AF488-

maleimide (green). Tested strains included the parent (EV: empty vector), the 

ΔcpaL (EV) mutant, the ΔpilA (EV) mutant, and the plasmid-complemented 

ΔcpaL mutant. Scale Bar, 10 μm.

PYE

M2G

Parent (EV) ΔpilA (EV) ΔcpaL (EV) ΔcpaL pBMXCS-

2::cpaL

Parent (EV) ΔpilA (EV) ΔcpaL (EV) ΔcpaL pBMXCS-

2::cpaL
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Figure 3

A B

C D

Figure 3: The deletion of cpaL increases surface attachment and holdfast 

production in PYE but not in M2G medium. A: Quantification of the attachment 

of cells grown in the complex medium PYE to a glass coverslip after 30 min of 

incubation relative to the strain pilA-cys HF+ (NA1000 pilA-cys, HF+: Holdfast 

positive). B: Quantification of the percentage of cells producing holdfast in the 

population in the complex medium PYE on an agarose pad. C: Quantification of 

the attachment of cells grown in the minimal medium M2G to a glass coverslip 

after 30 min of incubation relative to the strain pilA-cys HF+ (NA1000 pilA-cys, 

HF+: Holdfast positive). D: Quantification of the percentage of cells producing 

holdfast in the population in the minimal medium M2G on an agarose pad. Data 

are the mean of four independent biological replicates. Error bars indicate the 

standard error of the mean (SEM). Statistical comparisons were made using 

Tukey’s multiple comparisons test. ****, P <0.0001; **, P <0.01; *, P <0.05.

PYE PYE

M2G M2G
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Parent HF+ ΔcpaL-pilA-cys HF+ 

Parent HF- ΔcpaL-pilA-cys HF-

Figure S4

Figure S4: Representative microscopy images for the attached cells to the 

surface. Cells are grown in the complex medium PYE and incubated for 30 min 

to a glass coverslip (HF+: Holdfast positive). Holdfasts are labeled with the 

AF488 conjugated wheat germ agglutinin (AF488-WGA). Scale Bar, 10 μm.
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Figure S5

A B

Figure S5: Plasmid complementation of the ΔcpaL mutant rescues its 

increased attachment and holdfast production phenotypes. A: 

Quantification of the attachment of cells grown in the complex medium PYE to a 

glass coverslip after 30 min of incubation B: Quantification of the percentage of 

cells producing holdfast in the population in the complex medium PYE on an 

agarose pad. Data are the mean of three independent biological replicates. Error 

bars indicate the standard error of the mean. Statistical comparisons were made 

using Tukey’s multiple comparisons test. ****, P <0.0001; ***, P <0.001; **, P <0.01.
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Figure 4: The absence of CpaL leads to a delay in holdfast production 

after surface contact. A: Logarithmic violin plot showing the time of holdfast 

synthesis after surface contact (sec), for there independent replicates of pilA-

cys HF+ strain (n=119) and ΔcpaL-pilA-cys HF+ strain (n=163) data. Statistical 

comparison was made using a two-tailed unpaired T-test. ****, P <0.0001. B: 

Table showing the mean and the median of the strains used in the violin plot.

Figure 4

A

Strain Mean  SD (sec) Median

pilA-cys HF+ 26.13  2.88 10

ΔcpaL-pilA-cys HF+ 106.4  17.45 20

B
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Figure 5
A B

Figure 5: The addition of PEG5000-mal only affects the pilA-cys mutant: A: 

Quantification of the attachment of cells to a glass coverslip after 30 min of incubation 

relative to the strain WT HF+ (NA1000, HF+: Holdfast positive). PEG5000-mal was added to 

cultures 5 min before cells were added to the coverslip to block pili retraction in pilA-cys 

strains. B: Quantification of the percentage of cells producing holdfast in the population after 

5 min of incubation with PEG5000-mal on agarose pad. The percentage of cells producing 

holdfast in the population were quantified after labeling holdfast with the AF488 conjugated 

wheat germ agglutinin (AF488-WGA). C: Quantification of the attachment of cells to a glass 

coverslip after 30 min of incubation relative to the strain ΔcpaL HF+ (NA1000, HF+: Holdfast 

positive). PEG5000-mal was added to cultures 5 min before cells were added to the coverslip 

to block pili retraction in pilA-cys strains. D: Quantification of the percentage of cells 

producing holdfast in the population after 5 min of incubation with PEG5000-mal on agarose 

pad. The percentage of cells producing holdfast in the population were quantified after 

labeling holdfast with the AF488 conjugated wheat germ agglutinin (AF488-WGA). Data are 

the mean of three independent biological replicates. Error bars indicate the standard error of 

the mean. Statistical comparisons were made using Tukey’s multiple comparisons test. ****, 

P <0.0001.

C D
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Pilin-like vWA vWA𝛽-rich

Figure 6: CpaL is predicted to contain a pilin-like module and a vWA domain. A: 

Ribbon diagram showing the predicted structure of CpaL generated using AlphaFold3. 

Domains and coloring are as described in panel B. The inset depicts the MIDAS motif 

in the vWA-like domain which is composed of five residues (D160, T162, S164, T470, 

and D515, green) with a predicted Mg2+ ion (gray) incorporated among those residues. 

B: Schematic representation of the CpaL domain organization. The first region at the 

N-terminus is predicted to be a signal peptide (residues 1-26, yellow), followed by a 

pilin-like module (residues 27-147, dark grey). A single von Willebrand Factor A-like 

domain (vWA) is divided between two distinct segments of the CpaL sequence 

(residues 148-203 and 384-626, blue), between which are two tandem 𝛽-rich domains 

(residues 204-383, pink). C: Top-ranked structure of a complex composed of the minor 

pilins CpaJ (blue), CpaK (green), CpaL (red), and ten copies of the major pilin subunit 

PilA (orange) predicted by AlphaFold3. The predicted or known signal sequences of 

each protein were removed prior to the prediction. D: The predicted aligned error (PAE) 

scores for the model depicted in panel C. The PAE indicates the positional error in 

angstroms (Å) for a given pair of residues across all protein chains in the model. 
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PAE (Å)

pLDDT confidence

Figure S6

B

A

Figure S6: A: Representative of the five predicted model structures of CpaL predicted by 

Alphafold3. Structures are ranked according to the predicted template modeling (pTM) score 

and are colored according to the predicted local distance difference test (pLDDT) score, which 
indicates per-residue model confidence for the protein chain. The colors represented the 

measurement of the confidentiality in the prediction of the structure and are according to the 

predicted local distance difference test (pLDDT) score. B: Confidence in the prediction of the 
structure is indicated by the predicted aligned error (PAE) scores, which indicate positional 

error in angstroms for a given pair of residues within the protein chain.

Rank 1 Rank 2 Rank 3 Rank 4 Rank 5
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Figure S7: A: Top-ranked structure of a complex composed of the minor pilins CpaJ (blue), 

CpaK (green), and CpaL (red), predicted by AlphaFold3. The predicted or known signal 

sequences of each protein were removed prior to the prediction. B: The predicted aligned 

error (PAE) scores for the model depicted in panel A. The PAE indicates the positional error in 

angstroms (Å) for a given pair of residues across all protein chains in the model. C: Structures 

of a complex composed of CpaJ, CpaK, and CpaL, with their predicted signal sequences 

removed, predicted by AlphaFold3. Structures are aligned and shown from the same 

orientation. Structures are ranked according to the predicted template modeling (pTM) score 

and are colored according to the predicted local distance difference test (pLDDT) score, which 

indicates per-residue model confidence for the individual protein chains within the complex. D: 

Confidence in the prediction of the complex is indicated by the predicted aligned error (PAE) 

scores, which indicate positional error in angstroms for a given pair of residues across all 

C

D

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 18, 2025. ; https://doi.org/10.1101/2025.02.12.637803doi: bioRxiv preprint 

https://doi.org/10.1101/2025.02.12.637803
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S8: A: Structures of a complex composed of CpaJ, CpaK, CpaL, and ten PilA 

subunits, with their predicted signal sequences removed, predicted by AlphaFold3. Structures 

are aligned and shown from the same orientation. Structures are ranked according to the 

predicted template modeling (pTM) score and are colored according to the predicted local 

distance difference test (pLDDT) score, which indicates per-residue model confidence for the 

individual protein chains within the complex. B: Confidence in the prediction of the complex is 

indicated by the predicted aligned error (PAE) scores, which indicate positional error in 

angstroms for a given pair of residues across all protein chains. C: Alignment of the structure 

of the C. crescentus PilA filament determined by cryo-EM (from PDB 8U1K) and the structure 

of the PilA filament as determined by AlphaFold3 (from the prediction in panel A).
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Figure S9
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Figure S9: CpaL has a pilin-like module with a predicted prepilin peptidase 

(CpaA) cleavage site. A: N-terminal sequence of PilA, minor pilins CpaK and 

CpaJ, and CpaL. Hydrophilic residues are highlighted in orange, and hydrophobic 

residues are highlighted in blue. The consensus sequence (G/A-X-X-X-F/E) for 

recognition by the prepilin peptidase CpaA is shown in a grey box. The potential 

CpaA cleavage site is indicated with a red arrow. B: Structural comparison of the 

predicted pilin-like module of CpaL, CpaJ, and CpaK, with their predicted signal 

sequences removed, and the predicted and experimentally determined structure of 

the T4P THHA1221 from Thermus thermophilus (PDB:4BHR) and the minor pilin 

PilX from Neisseria meningitidis T4aP (PDB ID: 1AY2).
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Figure S10

Figure S10: Structural comparison of the vWA domain of CpaL and the 

SpaC protein of Lactobacillus rhamnosus GG. A: Structural superposition of 

the predicted vWA domain of CpaL (blue, residues 148-203, and 383-626) with 

the vWA domain of SpaC (pink, residues 129-386) determined by X-ray 

crystallography (PDB ID: 6M48-A). B: Magnified image of the box in panel A 

depicting the MIDAS motif regions of CpaL (blue) and SpaC (pink). The Mg2+ ion 

that co-crystallized with SpaC as well as the Mg2+ ion predicted by Alhphafold3 

for the vWA domain of CpaL are represented by two large grey spheres, while 

the water molecule involved in Mg2+ ion coordination by the SpaC are depicted 

as a small red sphere. RMSD: 1.039 Å between 118 atom pairs; RMSD.: 9.981 Å 

across all 229 atoms. 
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Figure 7

A

B

Figure 7: The deletion of minor pilin genes cpaJ and cpaK behaves differently 

from the deletion of the minor pilin cpaL. A: Top agar phage sensitivity assays. 

Serial dilutions of the phage were spotted on plates with top agar containing each 

bacterial strain. ND, no dilution. B: Representative microscopy images of synchronized 

swarmer cells that were blocked for pilus retraction with PEG5000-mal and labeled 

with AF488-maleimide (green). Scale Bar, 10 μm. C: Quantification of the attachment 

of cells grown in the complex medium PYE to a glass coverslip after 30 min of 

incubation relative to the strain pilA-cys HF+ (NA1000 pilA-cys, HF+: Holdfast positive, 

Parent: NA1000 HF-). D: Quantification of the percentage of cells producing holdfast in 

the population in the complex medium PYE on an agarose pad. Data are the mean of 

three independent biological replicates. Error bars indicate the standard error of the 

mean (SEM). Statistical comparisons were made using Tukey’s multiple comparisons 

test. ****, P <0.0001.
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