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Summary 18 

  Type IV pili (T4P) are ubiquitous bacterial cell surface filaments important for surface 19 

motility, adhesion to biotic and abiotic surfaces, DNA uptake, biofilm formation, and virulence. 20 

T4P are built from thousands of copies of the major pilin subunit and tipped by a complex 21 

composed of minor pilins and in some systems also the PilY1 adhesin. While the major pilins of 22 

structurally characterized T4P have lengths of up to 161 residues, the major pilin PilA of 23 

Myxococcus xanthus is unusually large with 208 residues. All major pilins have a highly 24 

conserved N-terminal domain and a highly variable C-terminal domain, and the additional 25 

residues in the M. xanthus PilA are due to a larger C-terminal domain. We solved the structure 26 

of the M. xanthus T4P (T4PMx) at a resolution of 3.0 Å using cryo-electron microscopy (cryo-27 

EM). The T4PMx follows the structural blueprint observed in other T4P with the pilus core 28 

comprised of the extensively interacting N-terminal α1-helices while the globular domains 29 

decorate the T4P surface. The atomic model of PilA built into this map shows that the large C-30 

terminal domain has much more extensive intersubunit contacts than major pilins in other T4P. 31 

As expected from these greater contacts, the bending and axial stiffness of the T4PMx is 32 

significantly higher than that of other T4P and supports T4P-dependent motility on surfaces of 33 

different stiffnesses. Notably, T4PMx variants with interrupted intersubunit interfaces had 34 

decreased bending stiffness and strongly reduced motility on all surfaces. These observations 35 

support an evolutionary scenario whereby the large major pilin enables the formation of a rigid 36 

T4P that expands the environmental conditions in which the T4P system functions. 37 
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Introduction 39 

Bacterial motility is important for virulence, colonization of various habitats, biofilm 40 

formation, interactions with host cells, and fitness by directing cells toward nutrients and away 41 

from toxins and predators1. Accordingly, bacteria can move in many different environments and 42 

their motility devices are adapted to these varying conditions1,2. Generally, bacteria move using 43 

highly conserved nanomachines that energize either the rotation of flagella to enable swimming 44 

in liquids and swarming on semisolid surfaces or the extension/retraction of type IV pili (T4P) to 45 

enable translocation on solid surfaces1,2. Some bacteria also move on surfaces by gliding, but 46 

the involved nanomachines are more diverse, each with a narrow taxonomic distribution1,2. 47 

Here, we focus on T4P, which are not only important for motility but also for adhesion to host 48 

cells and abiotic surfaces, natural transformation with horizontal gene transfer, biofilm formation, 49 

virulence, predation, and surface sensing3,4. 50 

The versatility of T4P depends on their ability to undergo cycles of extension with 51 

adhesion to a surface, and retractions that generate a force sufficient to pull a cell forward5-8. 52 

These cycles are driven by the T4P machine (T4PM), which is composed of ~15 conserved 53 

proteins forming a large macromolecular complex that spans from the outer membrane across 54 

the periplasm and inner membrane (IM) to the cytoplasm9-11. T4P extension and retraction are 55 

powered by the ATPases PilB and PilT, respectively that bind to the cytoplasmic base of the 56 

T4PM in a mutually exclusive manner3,10,12. All ~15 proteins are essential for T4P extension 57 

except for PilT, which is only necessary for retraction3. The T4P are flexible, thin, up to several 58 

microns in length, and composed of thousands of copies of the major pilin subunit as well as a 59 

tip complex comprising minor pilins and sometimes also the PilY1 adhesin11,13-16. During T4P 60 

extension, major pilin subunits are extracted from a reservoir in the IM and inserted at the base 61 

of the growing pilus; during T4P retractions, this process is reversed, and the major pilin 62 

subunits are removed from the base of the T4P and reinserted into the IM3.  63 

Major pilins are synthesized as prepilins with an N-terminal type III signal peptide 64 

(T3SP), which is cleaved off by the PilD prepilin peptidase between the Gly and Phe residues in 65 

the consensus GFxxxE motif to generate the mature major pilin (hereafter simply referred to as 66 

the major pilin)17. Sequence and structural analyses of major pilins in isolation and structural 67 

studies of intact T4P filaments have shown that major pilins share the same overall structure 68 

with a semi-conserved N-terminal α-helix (α1) and a highly variable C-terminal, largely β-69 

stranded, globular domain4,13. In Gram-positive bacteria, the C-terminal domain can be all α-70 

helical18, while in Geobacter sulfurreducens it has now been shown that the two domains are 71 
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encoded by two different genes19, resulting in a pilin subunit containing two polypeptide chains. 72 

Proteins homologous to major pilins are also the building blocks of the endopilus (previously 73 

called pseudopilus) of the type II secretion system as well as archaeal T4P and flagella4. Since 74 

in archaea both T4P pilins and flagellins have homology with only the N-terminal bacterial pilin 75 

domain, the suggestion has been made that all pilins have arisen from a gene fusion of 76 

ancestral genes encoding the N- and C-terminal domains separately20. The α1-helix can be 77 

divided into the mainly hydrophobic highly-conserved N-terminal part (α1-N), which is essential 78 

for anchoring the pilin in the IM before its incorporation into the pilus, and the less conserved 79 

amphipathic C-terminal part (α1-C) that connects to and packs against the globular C-terminal 80 

domain4,13. 81 

The structures of eight bacterial T4P filaments, including an endopilus of a type II 82 

secretion system, have been solved to a resolution of 3.2-8.0 Å, from Neisseria gonorrhoeae 83 

(PDB 5VXX)21, N. meningitidis (PDB 5KUA)22, Pseudomonas aeruginosa (PDB 5VXY)21, 84 

Escherichia coli (PDB 6GV9)23, G. sulfurreducens (PDB 6VK9 and 7TGG)19,24, Klebsiella 85 

oxytoca (PDB 5WDA; endopilus)25 and two different ones from Thermus thermophilus (PDB 86 

6XXD and 6XXE)26. These structures revealed, not surprisingly, that all T4P filaments share the 87 

same overall architecture. Specifically, the major pilins are helically arranged and tightly packed, 88 

giving rise to pili with widths of ~60-75 Å, a rise of ~9-11 Å per subunit, and ~4 subunits per 89 

turn, with ~1000 subunits per micron length of the T4P. The pilus core comprises the 90 

extensively interacting α1-helices while the variable globular domains decorate the T4P surface. 91 

In this conserved structural blueprint, the α1-helices establish the backbone of the T4P, while 92 

the divergent globular domains determine the shape, surface charge, and functional properties 93 

of T4P21-23,25-27. While the C-terminal globular domain remains largely unchanged upon the 94 

incorporation of a major pilin into the pilus, the α1-helix undergoes a partial loss of α-helical 95 

structure of variable length around the highly conserved Pro22 residue19,21,22,26. It was 96 

suggested that the melting of this segment is essential for the tight packing of the major pilins21. 97 

The extensive interactions between major pilins make T4P highly robust, and in the case of N. 98 

gonorrhoeae and M. xanthus, T4P were shown to withstand pulling forces of 110 to 150pN, 99 

respectively, during retractions7,8. In addition, T4P of N. gonorrhoeae, N. meningitidis and P. 100 

aeruginosa have been shown to be highly extensible, undergoing force-induced conformational 101 

changes to elongate in response to pulling forces28-31. Moreover, in N. gonorrhoeae, these 102 

conformational changes were shown to be reversible29. Whether this resilience is a conserved 103 

feature of T4P is not known. It was proposed21 that further melting of the N-terminal α-helix is 104 
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responsible for the extensibility of these filaments, and the restoring force after extension would 105 

be provided by the refolding of the α-helix.  106 

Major pilins are not only diverse in sequence but also in size4. Among the solved T4P 107 

structures, the major pilins vary in size from 111-161 residues21-23,26, while the two polypeptide 108 

chains forming the G. sulfurreducens pilin have a combined size of 165 residues19,24. M. xanthus 109 

is a model system for understanding the architecture and mechanism of the T4PM10,11. Of note, 110 

the major pilin PilA of M. xanthus contains 208 residues32 and is, thus, significantly larger than 111 

those of solved T4P structures. Moreover, the M. xanthus T4P (henceforth T4PMx) is highly 112 

robust and can withstand a pulling force of 150pN during retractions7. M. xanthus is a predatory 113 

soil bacterium and belongs to the myxobacteria, prolific secondary metabolite producers33. M. 114 

xanthus has a biphasic nutrient-regulated lifestyle in which cells organize to form spreading, 115 

predatory colonies in the presence of nutrients and spore-filled fruiting bodies in the absence of 116 

nutrients34,35. In both phases of the lifestyle, motility has a key function. M. xanthus has two 117 

motility systems for translocation across surfaces, one for gliding and one that depends on 118 

T4P34,35. These two motility systems enable M. xanthus cells to translocate on highly diverse 119 

surfaces36. 120 

 To understand the properties conferred by large major pilins to T4P filaments, we 121 

determined the structure of T4PMx using cryo-EM to a resolution of 3.0 Å, which allowed us to 122 

build de novo an atomic model of the entire major pilin, and analyzed its biophysical properties 123 

in vitro. This structure revealed a T4P that differed from all existing T4P structures since it had 124 

much more extensive contacts between the globular domains. Consistent with such a structure, 125 

the stiffness of T4PMx is significantly higher than that of N. gonorrhoeae and P. aeruginosa T4P. 126 

Structure-guided mutagenesis of PilA showed that disruption of subunit interfaces caused a 127 

reduction in the axial stiffness of the T4P, and these variant T4P were less efficient in 128 

supporting motility on surfaces of different stiffness. 129 

  130 
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Results 131 

Major pilins vary significantly in size 132 

To systematically assess the size of major pilins, we first extracted all sequences of the 133 

K02650 group (type IV pilus assembly protein PilA) from the KEGG Orthology (KO) database37. 134 

After filtering out sequences with >90% sequence identity, sequences lacking a T3SP, and/or 135 

sequences lacking a classified taxonomy, we obtained a set of 1,955 prepilins of T4P. After 136 

removal of the T3SP, the major pilins vary in length from 42 to 297 aa, with a mean of 141±25 137 

aa, in good agreement with a previous estimate based on fewer sequences13 (Fig. 1A, Table 138 

S1). Because the largest structurally characterized major pilin has a size of 161 aa (and 165 aa 139 

for the heterodimeric G. sulfurreducens major pilin), we arbitrarily defined large major pilins as 140 

proteins with a size ≥166 aa. Among our set of 1,955 sequences, 226 proteins, representing 141 

12%, fulfilled this criterion. These proteins are widespread and present in 13 of the 21 phyla with 142 

major pilins, and largely group according to phylogeny (Fig. 1A; Fig. S1; Table S1). However, 143 

their distribution in phyla and classes is highly skewed, and at the phyla and class levels, they 144 

are overrepresented in Betaproteobacteria (20%), Cyanobacteria (23%), Myxococcota (93%) 145 

and Bdellovibrionota (100%) (Fig. 1A, Table S1). Moreover, while the length distribution of major 146 

pilins in Betaproteobacteria (42-279 aa) and Cyanobacteria (105-243 aa) is broad (Fig. 1A), it is 147 

more narrow in the predatory Myxococcota (153-217 aa) and Bdellovibrionota (170-204 aa) 148 

(Fig. 1A). Interestingly, in the Betaproteobacteria, the large major pilins are enriched explicitly in 149 

the order Burkholderiales (66 of 75) (Table S2), an ecologically diverse order that includes plant, 150 

animal and human pathogens38, and especially in the B. cepacia complex, which is associated 151 

with cystic fibrosis39,40. Similarly, in the Firmicutes, the large mature major pilins are highly 152 

enriched in the order Eubacteriales (19 of 25), which includes several species of the gut 153 

microbiome (Table S2) in which T4P are ubiquitous41,42. 154 

To understand the size variation among the mature major pilins, we performed sequence 155 

analyses and secondary structure predictions based on a multiple sequence alignment of the 156 

1,955 major pilins and the major pilins of previously solved T4P structures (Fig. 1B, C). The 157 

secondary structure consensus revealed an N-terminal α1-helix with an average length of 51 aa 158 

(Fig. 1B), in agreement with a previous study4. The amino acid consensus revealed that the N-159 

terminal portion is predominantly hydrophobic and more highly conserved than the C-terminal 160 

portion of the α1-helix. The N-terminal portion of α1-helix is inserted in the IM before pilus 161 

assembly, which accounts for the hydrophobicity. Comparison of these two regions to the major 162 

pilins of solved T4P structures shows that they correspond well to the hydrophobic α1-N and the 163 
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amphipathic α1-C (Fig. 1B, C). Thus, the size difference among major pilins arises from size 164 

differences in the globular domain. 165 

Cryo-EM structure of the M. xanthus T4P reveals unusual packing 166 

To understand the properties of T4P built from a large major pilin, we focused on T4PMx. 167 

The mature PilA (MXAN_5783) has a length of 208 aa with a predicted α1-N highly similar in 168 

sequence to the major pilins of the solved T4P structures, but with the predicted amphipathic 169 

α1-C containing more basic and less hydrophobic residues than those other major pilins (Fig. 170 

1B). For structure determination of T4PMx, we purified T4P from the hyper-piliated ∆pilT strain, in 171 

which T4P are extended but not retracted (Fig. 2A, S2A, B). We used cryo-EM to determine the 172 

structure of the T4PMx and obtained the structure at 3.0 Å resolution, the highest resolution so 173 

far reported for a T4P structure (Fig. 2B, S2C).  174 

The subunits in the filament are related to each other by an azimuthal rotation of 100.7° 175 

and an axial rise per subunit of 10.0 Å, generating a right-handed 1-start helix with a pitch of 176 

~36 Å and 3.6 subunits per turn. The filaments are ~7 nm in diameter and, in contrast to all 177 

previous T4P structures, resemble a rather solid cylinder without the modulation of the surface 178 

due to smaller C-terminal domains (Fig. 2C, S3A). The individual PilA subunits within the cryo-179 

EM reconstruction follow the overall blueprint of major pilins in solved T4P structures with the N-180 

terminal α1 generating the core of the pilus and the globular C-terminal domain decorating the 181 

surface (Fig. 2D). We also note that the solved structure of the T4PMx with its diameter of ~7 nm 182 

readily fits into the overall architecture of the M. xanthus T4PM, which we previously solved 183 

using cryo-electron tomography10 (Fig. 2E).  184 

 The 3.0 Å-resolution of the T4PMx structure allowed for building de novo an atomic model 185 

of individual PilA subunits (Fig. 2D, Fig. 3A). The N-terminal α1-helix of PilAMx extends from 186 

residues 3-54 and contains the hydrophobic α1-N (aa 3-18) and the amphipathic α1-C (aa 24-187 

54) separated by an unfolded stretch of five residues around the conserved P22 (Fig. 1B, 2D, 188 

3A, B, S3B). This is similar to the local melting of this helix seen in major pilins in previous T4P 189 

structures20 (Fig. 1C, S3B).  190 

 The large globular domain (aa 55-208) contains two antiparallel β-sheets, one four-191 

stranded sheet composed of β1-4 and one three-stranded sheet composed of β1’-3', as well as 192 

three α-helices (α2-4) (Fig. 3A, B). These regular structural elements (α-helices, β-strands), 193 

which are interrupted by loops, account for ~26% of the globular domain (Fig. S3B). Compared 194 

to the major pilins of the other solved structures, the extra residues in PilAMx are largely found in 195 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 22, 2023. ; https://doi.org/10.1101/2023.07.22.550172doi: bioRxiv preprint 

https://doi.org/10.1101/2023.07.22.550172


8 
 

a region between β1 and α3 and a region forming β3, β2' and β3' (Fig. S3C), and while those 196 

previous structures all have a contiguous antiparallel four-stranded β-sheet19,21-23,25-27, the two 197 

antiparallel β-sheets in PilAMx are non-contiguous (Fig. 3A, B, S3B, C).  198 

 Two disulfide bridges are present in the large globular domain. C95/C102 connects and 199 

likely stabilizes the region between β1 and α3. C183/C203 connects the β’-sheet to the C-200 

terminal part of the globular domain (Fig. 3A, B), somewhat similar to the C-terminal D-region 201 

known from other pilins that attaches the β-sheet to the C-terminal portion of the globular 202 

domain4.  203 

The large globular domain is involved in extensive intersubunit interactions  204 

 Within the T4PMx the globular domain of an individual PilA monomer extensively interacts 205 

with neighboring subunits (Fig. 3C), including six different subunit-subunit interfaces, three large 206 

(N:N-3, N:N-4, N:N-1) and three small (N:N-7, N:N-2, N:N-6) (Fig. 3C, D). In total, these 207 

interfaces add up to ~ 3000 Å2 of buried surface area (Fig. 3D). Because a pilin subunit interacts 208 

with pilins above and below, every individual pilin subunit has a total of 12 interaction partners, 209 

adding up to a total of ~6000 Å2 of buried surface area per pilin. 210 

 The structure of the wide T4P of T. thermophilus (T4PTt-w) composed of the 125 aa PilA4 211 

pilin was also solved at a high resolution (Fig. S3A)26, allowing a direct comparison of subunit 212 

interface areas between the T4PMx and T4PTt-w. T4PTt-w also has six subunit interfaces and 213 

similarly to the T4PMx, the largest interfaces occur between N:N-3, N:N-4 and N:N-1 (Fig. 3D). In 214 

comparison to the T4PTt-w, there is a ~50% increase in the buried interfacial area per subunit in 215 

the T4PMx (Fig. 3D), deriving largely from more extensive interactions in the N:N-3 and N:N-1 216 

interfaces. Similarly, a comparison of the N:N-3, N:N-4, and N:N-1 interfaces of T4PMx with 217 

those of the lower resolution T4P structures of the E. coli EHEC (major pilin, 140aa), N. 218 

gonorrhoeae (major pilin, 158aa), N. meningitidis (major pilin, 161aa), and P. aeruginosa PAK 219 

(major pilin, 143aa) shows that these three interfaces in these four structures vary from ~1500-220 

2000 Å2 23, and are thus also significantly smaller than in the T4PMx. 221 

A structural model of the complete T4PMx including the tip complex 222 

 M. xanthus encodes three sets of each four minor pilins and one PilY1 adhesin11,14,15. At 223 

least two of these three sets, i.e. those encoded by gene cluster_1 and gene cluster_3, not only 224 

form a priming complex for pilus assembly but also a tip complex involved in adhesion11,14,15. 225 

Similar to major pilins, minor pilins are composed of an N-terminal α1-helix and a globular C-226 
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terminal domain4; PilY1 proteins share a conserved C-terminal domain while the N-terminal 227 

domain is more variable43. 228 

For the complex formed by the cluster_3 proteins, it was proposed that the less conserved N-229 

terminal domain of PilY1.3 sits at the top while the conserved C-terminal domain interacts with a 230 

complex composed of four minor pilins below, which, in turn, interact with PilA below11. 231 

Specifically, based on pull-down experiments and direct interaction analyses, the minor pilin 232 

PilX3 was placed directly below PilY1.3, followed by PilW3, FimU3, PilV3 and PilA 11. To 233 

generate the first complete structural model of a T4P, we first generated a structural model 234 

using AlphaFold-Multimer of the tip complex composed of one copy each of the major pilin, the 235 

four minor pilins and PilY1 using the proteins of cluster_311.  236 

A high confidence AlphaFold-Multimer model (Fig. S2D), largely confirmed the suggested 237 

organization of this complex with PilY1.3 at the top followed by PilX3, PilV3, PilW3, FimU3 and 238 

PilA at the base, i.e. the only difference is the placement of PilV3 between PilW3 and PilX3 (Fig. 239 

S2E). In the AlphaFold-Multimer model only α1 of PilA is slightly kinked (around the conserved 240 

P22) (Fig. S2E), while the four minor pilins lack that residue11. Interestingly, a stretch of eight 241 

amino acids residues of the C-terminal end of PilY1.3 is modeled to form a β-strand, which, 242 

together with two β-strands of PilX3, forms an three-stranded antiparallel β-sheet (Fig. S2F), 243 

suggesting that PilX3 and PilY1.3 interact by β-strand addition, more precisely by β-sheet 244 

augmentation44. Interestingly, despite substantial sequence diversity between cluster_3 and 245 

cluster_1 components11,14, the same order of components as well as the proposed β-sheet 246 

augmentation between PilX1 and PilY1.1 is predicted for the high confidence AlphaFold-247 

Multimer model of the cluster_1 proteins (Fig. S2G, H, I). Protein-protein interactions by β-248 

strand addition are also involved in the assembly and stabilization of the Type 1 pilus45, and are 249 

reported to be extraordinarily stable against dissociation and unfolding46. To generate the 250 

complete model of the T4PMx including the tip complex, we fitted the model of the tip complex of 251 

the cluster_3 proteins into the T4PMx structure by superposing the top PilA of the T4PMx with the 252 

PilA of the AlphaFold-Multimer model (Fig. 2F). Importantly, these two PilA molecules could 253 

readily be superposed giving rise to a structure in which the four minor pilins tops the T4PMx 254 

followed by the PilY1.3 adhesin firmly attached through its C-terminal domain to PilX3 via β-255 

sheet augmentation. 256 

 257 

T4PMx has increased bending and axial stiffness compared to less compact T4P 258 
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Since the resistance to bending will scale as the fourth power of the radial mass 259 

distribution, we expected that the increased contacts between the outer domains near the 260 

outside of the pilus would make the T4PMx filament more rigid than previously studied ones. We 261 

quantified its bending stiffness with the persistence length (PL). Because the persistence length 262 

is derived from an analysis of fluctuations in curvature from filaments at thermodynamic 263 

equilibrium, cryo-EM is ill-suited for making such measurements, due to the large forces present 264 

from both fluid flow during blotting and the compression of long filaments into a thin film47,48. 265 

Consequently, we used purified T4PMx visualized by negative stain transmission electron 266 

microscopy (TEM) and determined a PL of 21µm for T4PMx (Fig. S3A, S4A). In parallel 267 

experiments, we determined the PL of the less compact T4P of N. gonorrhoeae (major pilin, 268 

158aa; Fig. S3A) and P. aeruginosa PAK (major pilin, 144aa; Fig. S3A) as 11µm and 13µm, 269 

respectively (Fig. S3A, S4A). We conclude that the more extensive C-terminal domain contacts 270 

in the T4PMx do indeed result in increased bending stiffness. 271 

 We also expected that these increased contacts would reduce the axial compliance, 272 

resulting in a greater force needed to extend these filaments. We therefore analyzed the force-273 

extension behaviour and adhesive properties of T4PMx in live cells using atomic force 274 

microscopy (AFM) force spectroscopy (FS) as described for T4P in P. aeruginosa PAO1 and 275 

PA14 (major pilin length:143 & 173 aa, respectively)28,30,49. Those studies reported two distinct 276 

force-extension profiles when single T4P on live cells were pulled: (i) a tensile force that initially 277 

increased in an approximately linear fashion with pilus stretching before rupturing of the contact 278 

between the pilus and the AFM tip; and (ii) an initial increase in force followed by a constant 279 

force plateau before rupture occurred. Because of the approximate linearity of the first type, 280 

these profiles were called linear nanosprings, and their spring constant kpilus, which is a measure 281 

of pilus axial stiffness, was quantified as ~2 pN/nm28,30. We applied the AFM-FS methodology 282 

used in30 to characterize T4PMx on live cells (Methods). Briefly, we covalently modified a gold 283 

AFM tip to make it hydrophobic. Subsequently, single M. xanthus cells adhering to a polystyrene 284 

surface were visualized with an inverted microscope and force probed in buffer with the 285 

hydrophobic AFM tip. Specifically, because T4PMx are localized to one of the cell poles50, the 286 

AFM probe, initially at a specified height above the sample, is displaced downwards close to a 287 

piliated cell pole until a T4P, which is freely moving in the buffer, by chance adheres via 288 

hydrophobic interactions to the AFM tip (Fig. 4A, i). Then the probe is moved upwards at a 289 

constant velocity, thereby also lifting the relaxed pilus (Fig. 4A, ii) until it reaches its initial height 290 

(Fig. 4A, iii). During this movement, a bound T4P is loaded with tension causing its extension 291 

and resulting in the downward bending of the cantilever, thereby allowing the quantification of 292 
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the tensile force (Fig. 4A, iii). Once the tensile force exceeds the strength of the interactions 293 

between the pilus and the AFM tip, the contact between the pilus and the AFM tip ruptures and 294 

the cantilever relaxes (Fig. 4A, iv). The T4P extension until rupture of the pilus-AFM tip contact 295 

is recorded as force-distance (F-d) curves (Fig. 4A). From such F-d curves over a raster grid in 296 

force volume mode (Methods), we constructed correlated topographic and adhesion maps, 297 

thereby pinpointing the exact location of pilus signatures (Fig. S4B). As previously observed for 298 

P. aeruginosa T4P, we observed both nanospring (Fig. 4B) and force plateau signatures (Fig. 299 

S4C) almost exclusively close to one of the cell poles for wild-type (WT) M. xanthus cells. By 300 

contrast, such signatures were nearly absent in M. xanthus ΔpilA cells (Fig. S4D). The 301 

measured rupture forces in the pilus nanosprings (~120pN) (Fig. 4C) and force plateaus 302 

(~220pN) (Fig. S4C) were similar to those reported for P. aeruginosa T4P28,30,49, indicating no 303 

differences in the adhesive properties between M. xanthus and P. aeruginosa pili. The spring 304 

constant kpilus of T4PMx at low (1µm/s as in30) and at moderate (5µm/s as in28,49) pulling speeds 305 

was ~4.0pN/nm and ~5.5pN/nm, respectively (Fig. 4C). Importantly, these values are at least 306 

two-fold higher than those reported for T4P in P. aeruginosa PAO1 and PA1428,30, indicating a 307 

greater average axial stiffness of the T4PMx and that T4PMx are more resistant to stretching than 308 

T4P of P. aeruginosa. 309 

 We also note that even though the mean rupture forces in the pilus nanosprings (Fig. 310 

4C) and force plateaus (Fig. S4C) were in close agreement with the reported values for P. 311 

aeruginosa T4P, T4PMx can resist pulling forces up to 400-500 pN before the contact between 312 

the pilus and the AFM tip ruptures (Fig. S4C) while T4P of P. aeruginosa resisted forces only up 313 

to 250 pN30. Nevertheless, T4PMx have elastic properties and undergo a force-induced 314 

elongation in response to pulling forces as previously described for T4P of N. gonorrhoeae, N. 315 

meningitidis and P. aeruginosa28-31 consistent with the previous hypothesis that the extensibility 316 

arises from further melting of the N-terminal α-helix21.  317 

Disruption of PilA subunit-subunit interfaces reduce persistence length 318 

 Among the six interfaces between PilA subunits in the T4PMx, N:N-3, N:N-4 and N:N-1 319 

are not only the largest contributors to the subunit interface but also significantly more extensive 320 

than those in the T4PTt-w (Fig. 3C-D), and the T4P of E. coli EHEC, N. gonorrhoeae, N. 321 

meningitidis, and P. aeruginosa PAK. To assess how these three interfaces contribute to pilus 322 

bending stiffness and to T4P function in vivo, we mutagenized charged residues engaged in salt 323 

bridge formation in these three interfaces (Fig. 5A-C). Specifically, we targeted the residues 324 

R30, K37, E53 at the N:N-3 interface, D55, R73, R109 at the N:N-4 interface, and K48, E69, 325 
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R70 at the N:N-1 interface and substituted these residues separately with residues with either a 326 

polar side chain (Asn or Gln) or Ala. These nine residues are either localized in α1-C (R30, K37, 327 

K48, E53) or in the globular domain (D55, E69, R70, R73, R109) (Fig. 3B), and are forming salt 328 

bridges connecting either α1-helices (R30, K37, E53 at the N:N-3 interface), globular domains 329 

(D55, R73, R109 at the N:N-4 interface, R70, E175 at the N:N-1 interface), or α1-helices and 330 

globular domains (K48, E69 at the N:N-1) of the corresponding subunits (Fig. 5A-C). The 331 

corresponding 18 mutations were introduced into the pilA gene at the native locus of the WT 332 

and in the retraction-deficient ∆pilT mutant to distinguish between T4P extension and hyper-333 

retraction defects caused by these substitutions. 334 

 We first examined the accumulation of the PilA variants in total cell extracts and their 335 

ability to support T4P formation. Substitutions of four of the nine residues (K37, E53 of α1-C and 336 

R70, R73 of the globular domain) (Fig. 5A-C) caused strongly reduced or abolished PilA* 337 

accumulation in total cell extracts of both strain backgrounds (Fig. 5D, E). Consistently, in a T4P 338 

shear-off assay in which pili are sheared off the surface of cells, these PilA variants did not 339 

support T4P formation in either strain background (Fig. 5D, E). Thus, these residues are 340 

important for PilA stability and lack of T4P formation is neither due to an extension defect nor a 341 

hyper-retraction defect. 342 

 Mutagenesis of the remaining five residues allowed PilA* accumulation in total cell 343 

extracts in both strain backgrounds at the same or slightly lower level than PilAWT (Fig. 5D, E). 344 

Except for the D55A variant, they supported T4P formation in both strain backgrounds at 345 

essentially the same level as PilAWT (Fig. 5D, E). Paradoxically, the D55A variant, while 346 

accumulating in both strain backgrounds, only supported T4P formation in the WT but not in the 347 

∆pilT mutant. From here on, we focused on the nine variants that accumulated and supported 348 

T4P formation in both strain backgrounds. 349 

 To assess the mechanical properties of the nine variant T4P, we purified them from the 350 

∆pilT background and determined their PL (Fig. 5F). All nine variants had a moderately to 351 

strongly reduced PL (Fig. 5F, S5). In particular, substitutions in the N:N-4 interface caused 352 

dramatic reductions in PL (Fig. 5F), while substitutions in the N:N-3 and N:N-1 interfaces 353 

generally only caused a ~50% reduction in PL (Fig. 5F). We conclude that the substitutions do 354 

not interfere with the extension of T4P; however, the T4P assembled by the PilA variants have 355 

decreased bending stiffness. 356 

Disruption of PilA subunit-subunit interfaces reduces T4P-dependent motility 357 
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To analyze whether PilA subunit interface disruption affects T4P-dependent motility, we 358 

analyzed the M. xanthus pilT+ strains synthesising these nine variants. M. xanthus moves by 359 

T4P-dependent motility, which is favoured on soft, moist surfaces, and by gliding motility, which 360 

is favoured on hard agar36. Surface stiffness was reported to stimulate T4P-dependent motility 361 

in P. aeruginosa51. Therefore, we tested WT as well as the strains expressing the nine PilA 362 

variants on soft agar of different stiffness by using a range of agar concentrations (0.4-0.7%) 363 

and the increase in colony diameter at 24 hrs as a readout for T4P-dependent motility. The 364 

∆pilA strain, which only moves by gliding motility, served as a negative control for T4P-365 

dependent motility and to verify that gliding motility did not significantly contribute to the 366 

increase in colony diameter under these conditions. 367 

 The WT displayed T4P-dependent motility on all four agar surfaces generating the 368 

characteristic flares at the colony edge, and the colony diameter increased ~2.5-fold with the 369 

agar concentration, while the ∆pilA mutant, as expected, generated smooth-edged colonies and 370 

only displayed a minor increase in colony diameter (Fig. 5G). These findings are consistent with 371 

the observation that surface stiffness stimulates T4P-dependent motility in P. aeruginosa. All 372 

strains expressing a PilA variant had strongly reduced T4P-dependent motility at all agar 373 

concentrations (Fig. 5G). Like the WT, they generally showed improved T4P-dependent motility 374 

with increasing agar concentrations; however, none reached the WT level even at 0.7% agar 375 

(Fig. 5G). We conclude that WT T4PMx supports T4P-dependent motility on surfaces of different 376 

stiffnesses and more efficiently at higher agar concentrations. In contrast, the T4P of the 377 

variants are less efficient at supporting motility under all the tested conditions and are only 378 

slightly stimulated on stiffer surfaces. 379 

  380 
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Discussion 381 

Here, we elucidate the structure of the T4PMx using cryo-EM at a resolution of 3.0 Å and 382 

demonstrate that, in contrast with all previous T4P structures, the T4PMx structure is highly 383 

compact. The PL of T4PMx is ~2-fold higher than those of P. aeruginosa and N. gonorrhoeae, 384 

consistent with the greatly increased contacts at higher radius in the T4PMx. Similarly, the spring 385 

constants of T4PMx at low and moderate pulling speeds are at least 2-fold higher than those 386 

reported for P. aeruginosa T4P, indicating a greater axial stiffness of T4PMx. Also, T4PMx can 387 

resist pulling forces up to 400-500 pN, in agreement with the observation that T4PMx can resist 388 

forces up to 150pN generated during retractions7. These data make the T4PMx the strongest and 389 

most rigid T4P yet described. Nevertheless, T4PMx have elastic properties and undergo a force-390 

induced elongation in response to pulling forces as previously described for T4P of N. 391 

gonorrhoeae, N. meningitidis, and P. aeruginosa28-31. 392 

 The T4PMx is more compact, more rigid, and stronger than other T4P due to the larger 393 

globular domains, which are involved in more extensive intermolecular interactions than seen in 394 

other T4P structures. The larger C-terminal globular domains provide surfaces for extensive 395 

interactions, causing a measurable increase in total interface area, and allow every individual 396 

pilin to interact with six pilins above and six below. Among these six interfaces, the three largest 397 

are the N:N-3, N:N-4, and N:N-1, and all three interfaces contain residues that engage in 398 

intersubunit salt bridges, i.e. R30N and/or K37N and E53N-3 in N:N-3, R73N and/or R109N and 399 

D55N-4 in N:N-4, and E69N and K48N-1, R70N and E175N-1in N:N-1 (Fig. 5A-C). Disruption of 400 

these three subunit interfaces reduced the bending stiffness of the corresponding T4PMx 401 

variants but the disruption of the salt bridge connecting two globular domains in the N:N-4 402 

interface had the strongest effect, supporting the hypothesis that the large globular domains 403 

contribute significantly to the increased bending stiffness.  404 

 We also observed that the PilA variants K37Q/A, E53Q/A, R70Q/A, R73Q/A had 405 

reduced stability (Fig. 5D, E), suggesting that these residues are important for intramolecular 406 

interactions before the incorporation of PilA into the T4P and that mutagenesis of these residues 407 

causes misfolding and degradation of PilA*. This is similar to earlier findings, showing that 408 

mutagenesis of A18, I19 and A20 of PilAMx (I19 and A20 are part of the melted region, Fig. 3A, 409 

B) can strongly affect PilA accumulation52,53. Interestingly, mutagenesis of other major pilins also 410 

support the notion that intra- and intersubunit salt bridges contribute to the stability of the pilin, 411 

assembly of the T4P, and T4P function21,23,25,54-56. 412 
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 T4P-dependent motility was stimulated by increased substrate stiffness. A similar 413 

observation was made in P. aeruginosa, and it was suggested that this stimulation involves an 414 

increased probability of T4P retraction on the stiffer agar surface51. Interestingly, the PilA 415 

variants in which subunit interfaces were disrupted supported T4P extension as efficiently as 416 

native PilA. However, the T4P made from these PilA variants were less efficient at supporting 417 

T4P-dependent motility than PilAWT at all substrate stiffnesses. The T4P made from the PilA 418 

variants had a reduced PL, indicating decreased bending stiffness or flexural rigidity. However, 419 

the PL did not correlate with the ability to support motility suggesting that it is not the decreased 420 

bending stiffness per se that results in the motility defect. Also, even variant T4P with PLs 421 

similar to those of T4P of P. aeruginosa and N. gonorrhoeae did not support motility. During the 422 

extension/adhesion/retraction cycles, only retractions generate a force sufficient to pull a cell 423 

forward5,6, suggesting that the variant T4P likely have retraction defects. The hexameric PilB 424 

and PilT ATPases that power extension and retraction, respectively, bind at the base of the 425 

T4PM in a mutually exclusive manner10. The swap from PilB to PilT, and thus initiation of 426 

retraction, was suggested to be a stochastic event57, or, alternatively, it was suggested that it is 427 

induced by adhesion of the pilus tip to the substratum in a process in which tip adhesion causes 428 

conformational changes in the pilus that are communicated to the base of the T4PM58. N. 429 

gonorrhoeae and P. aeruginosa T4P, as also reported here for T4PMx, undergo force-induced 430 

conformational changes to elongate28-30. Therefore, we speculate that the motility defect of the 431 

T4P variants could be caused by (1) less efficient transmission of conformational changes from 432 

the tip to the base of the T4PM to stimulate the swap from PilB to PilT, (2) reduced ability to 433 

undergo force-induced conformational changes during retraction, or (3) even breakage of the 434 

T4P when it is pulled taut during retraction. 435 

Our results advance our understanding of how sequence divergence of major pilins shapes the 436 

functional properties of T4P. Moreover, the information gained from the first complete T4P 437 

model, composed of major pilins, four minor pilins, and a large PilY1 adhesin, provides insights 438 

into the interactions between major and minor pilins, as well as between minor pilins and 439 

PilY1.In future studies of T4P, it will not only be interesting to obtain the structure of T4P formed 440 

by large major pilins from different bacteria to further reveal their ecological relevance but also 441 

to obtain detailed insights into the interactions between the tip complex and the remaining T4P. 442 

  443 
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Methods 444 

Bioinformatics. Sequences of the K02650 (type IV pilus assembly protein PilA) were extracted 445 

from the KEGG SSDB database59. To filter out highly homologous sequences we used the cdhit 446 

program with a threshold of 90% sequence identity60. The 2308 obtained sequences were 447 

analyzed for presence of T3SP and subsequently processed into the mature pilin form using 448 

SignalP (6.0)61. The taxonomic classification of the remaining 2071 pilin sequences was 449 

collected from KEGG SSDB database and sequences without a bacterial classification as well 450 

as sequences from bacterial phyla, only represented by one genome, were excluded from the 451 

analysis. The 1955 remaining pilin sequences were analyzed with the PROMALS3D multiple 452 

sequence and structure alignment server62 to obtain aa and secondary structure consensus 453 

sequences on the base of the previously solved T4P structures. 454 

Alignments were generated using T-Coffee63 and the ClustalW output format64. They were 455 

shaded using the BoxShade Server or the BioEdit sequence alignment editor (7.2.5)65. For the 456 

phylogenetic tree, the ANCESCON tool66 of the MPI bioinformatics Toolkit67 was used. The 457 

phylogenetic tree was annotated using iTol (v6)68. 458 

Bacterial strains, plasmids and growth media. Strains and plasmids are listed in Supplementary 459 

Tables 3 and 4, respectively. All M. xanthus strains are derivatives of the DK1622 WT strain50. 460 

In-frame deletion mutants were generated as described69. All plasmids were verified by 461 

sequencing. All strains were confirmed by PCR and sequencing. Oligonucleotides are listed in 462 

Supplementary Table 5. M. xanthus strains were grown at 32°C in 1% casitone broth (CTT) (1% 463 

casitone, 10mM Tris-HCl pH 8.0, 1mM KPO4 pH 7.6, 8mM MgSO4) or on 1% CTT, 1.5% agar 464 

plates supplemented with kanamycin (40µg ml-1) when required70. Growth was followed by 465 

measuring optical density at 550nm (OD550). E. coli strains were grown in lysogeny broth (LB)71. 466 

Plasmids were propagated in E. coli Mach1. 467 

T4P purification and T4P shearing assays. T4P were sheared off from the hyper-piliated ∆pilT 468 

strain using a protocol based on the procedure of72. Briefly, cells grown on 1% CTT, 1.5% agar 469 

plates for 2-3 days were gently scraped off the agar and resuspended in 4 ml/plate pili 470 

resuspension buffer (100mM Tris-HCl pH 7.6, 150mM NaCl). The pooled suspension was 471 

centrifuged for 20 min at 13,000 g at 4°C to remove cell debris. The supernatant was 472 

centrifuged twice for 10 min at 13,000 g at 4°C. T4P in the cell-free supernatant were 473 

precipitated by adding 10× pili precipitation buffer (final concentrations: 100mM MgCl2, 500mM 474 

NaCl, 2% PEG 6000) for at least 2 hrs at 4°C. The solution was centrifuged for 30 min at 13,000 475 

g at 4°C, and the pellet resuspended 1ml pili resuspension buffer. The pili solution was loaded 476 
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on top of a centrifuge tube containing a 10-70% sucrose gradient (29 ml) of pili resuspension 477 

buffer. After 15 hrs centrifugation at 115,000xg in a swing bucket rotor (SW72Ti) at 4°C, the 478 

tube was punched at the bottom, and 1.5 ml fractions harvested and analyzed by SDS-PAGE 479 

using SDS-lysis buffer (10% (v/v) glycerol, 50mM Tris-HCl pH 6.8, 2mM EDTA, 2% (w/v) SDS, 480 

100mM DTT, 0.01% bromphenol blue). To remove the sucrose, PilA-containing fractions were 481 

diluted 13.5 fold in pili resuspension buffer, and the solutions precipitated again with pili 482 

precipitation buffer (s.a.). The pili were resuspended in pili resuspension buffer. 483 

For T4P shearing assays, 60 mg cells grown on 1% CTT, 1.5% agar plates for 2-3 days were 484 

gently scraped off the agar and resuspended in pili resuspension buffer. Cell suspensions were 485 

vortexed for 10 min at the highest speed. Cells from a 100 µl aliquot were harvested, the pellet 486 

solved in 100 µl SDS lysis buffer, and immediately denatured at 95°C for 5 min. This represents 487 

the cellular fraction. The remaining suspension was centrifuged for 20 min at 13,000 g at 4°C. 488 

The supernatant was removed and centrifuged twice for 10 min at 13,000 g at 4°C to remove 489 

cell debris. T4P in the cell-free supernatant was precipitated by adding 10× pili precipitation 490 

buffer for at least 2 hrs at 4°C. The solution was centrifuged for 30 min at 13,000 g at 4°C, and 491 

the pellet was resuspended in SDS lysis buffer (1µl per mg vortexed cells). T4P sheared and 492 

purified from the same amount of cells were loaded and separated by SDS-PAGE.  493 

Transmission electron microscopy. Resuspended solutions of sheared T4P were applied on 300 494 

mesh Formvar/carbon copper-grids. After 10 min, grids were washed twice with water and 495 

negative-staining was done with a solution based on an Organotungsten compound (Nano-W, 496 

Nanoprobes). Grids were inspected with a JEM-1400 electron microscope (JEOL) at 100 kV. 497 

Cryo-EM sample preparation and data collection. 2 μl of a T4PMx sample was applied to plasma-498 

cleaned lacey carbon grids, followed by plunge-freezing in liquid ethane using a Leica EM GP. 499 

Data collection was carried out at liquid nitrogen temperature on a Titan Krios microscope 500 

(Thermo Fisher Scientific) operated at an accelerating voltage of 300 kV. Using a K3 camera 501 

(Gatan), 40 movie frames were collected with a total dose of ~55 electron/Å2and sampling of 502 

1.08Å/pixel. The movies were collected with defocus values ranging between -1 to -2.5 μm. 503 

Cryo-EM image processing and reconstruction. All the subsequent data processing was 504 

performed in CryoSPARC. Raw movie frames were used in the motion correction, followed by 505 

CTF estimation. Images with poor CTF estimation were eliminated. Filament tracer was used for 506 

filament picking and a total of 6,155,222 256 px-long segments were extracted from 13,006 507 

CTF-corrected images. After final round of 2D classification, 1,312,119 segment remained and 508 
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was subjected to homogenous refinement, which yield a map of recognizable secondary 509 

structure features when imposing the 1-start helical symmetry. The helical parameters 510 

converged to a twist of 100.7° and a rise of 10Å per subunit. The resolution of the final 511 

reconstruction was determined by two-independent half maps showing a resolution of 3.0Å at 512 

FSC=0.143.  513 

Model building and refinement. An initial homologous model generated via SWISS-MODEL was 514 

docked into the cryo-EM map by rigid body fitting in Chimera73 and manually edited the model in 515 

Coot74. The modified monomeric model was then real-space refined using Phenix75 to improve 516 

the stereochemistry as well as the model-map correlation coefficient. The refined monomeric 517 

model was re-built by RosettaCM with helical symmetry, followed by another three rounds of 518 

real-space refinement to reduce subunit clashes. The refined symmetrical model was validated 519 

with MolProbity76, and the coordinates were deposited to the Protein Data Bank with the 520 

accession code 8TJ2. The corresponding cryo-EM map was deposited in the EMDB with 521 

accession code EMD-41298.  522 

AlphaFold-Multimer model building. Structures were predicted using AlphaFold-Multimer 523 

modeling via ColabFold (Version 1.5.0)77-79. The predicted Local Distance Difference Test 524 

(pLDDT) and predicted Alignment Error (pAE) graphs of the five models generated were made 525 

using a custom Matlab R2020a (The MathWorks) script80. Per residue model accuracy was 526 

estimated based on pLDDT values (>90, high accuracy; 70-90, generally good accuracy; 50-70, 527 

low accuracy; <50, should not be interpreted)78. Relative domain positions were validated by 528 

pAE. The pAE graphs indicate the expected position error at residue X if the predicted and true 529 

structures were aligned on residue Y; the lower the pAE value, the higher the accuracy of the 530 

relative position of residue pairs and, consequently, the relative position of 531 

domains/subunits/proteins78. PyMOL version 2.4.1 (Schrödinger LLC) was used to analyze and 532 

visualize the models. Structure superposition of the top PilA of the T4PMx with the bottom PilA of 533 

the AlphaFold-Multimer model was done using the align function in PyMol (root mean square 534 

deviation=0.841). The protein sequences of the mature minor pilins and PilY1 proteins without 535 

their signal peptides as reported earlier11, were used for generating the models. 536 

Determination of subunit interface areas. The interfacial areas were determined by PDBePISA 537 

(https://www.ebi.ac.uk/pdbe/pisa/)81. 538 

Persistence length determination. To determine the flexibility of different T4P, persistence length 539 

measurements were performed using micrographs of negatively stained T4P from indicated 540 
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strains. For each strain 30-50 filaments were traced using the ImageJ analysis tool82. 541 

Persistence length (L) is determined by the statistical relationship of cos (θ) and contour length 542 

(λ), according to exp(-λ/L)=<cos(θ)>.  543 

AFM tip functionalization and FS. Gold AFM probes (PNP-TR, NanoWorld) were incubated 544 

overnight in a 1mM ethanolic 1-dodecanethiol solution to modify them with methyl groups and 545 

render them hydrophobic, then rinsed with ethanol and sterile water and kept in milliQ water at 546 

4°C until use (no longer than 48 hrs). Early exponential-phase M. xanthus cultures (OD550 ~ 0.5) 547 

grown in CTT at 32°C in the dark, were diluted in MC7 buffer (10 mM MOPS pH 7.6, 1 mM 548 

CaCl2) and passaged gently through a 26 gauge needle to dissolve cell aggregates before 549 

seeding cells in a 35mm untreated polystyrene Petri dish (Corning). After 30 min incubation to 550 

allow cells to adhere, they were adequately adhering for high-quality AFM-FS, gently rinsed with 551 

MC7 buffer and immediately used for AFM. Prior to any AFM measurements, the spring 552 

constant of the probe's cantilever was determined as reported previously83 allowing for the 553 

accurate correlation between measured cantilever deflection with tensile force in stretched T4P. 554 

AFM recordings were done at room temperature using a NanoWizard® 4 NanoScience AFM 555 

(JPK Instruments) in force mapping (volume) mode, which allows the recording of F-d curves in 556 

a pixel-by-pixel fashion over a defined surface area in a raster array. Sample height could be 557 

determined from the approach section of each F-d curve, while the retract portion provided pilus 558 

forced extension and adhesive information and hence correlated images of sample topography 559 

and pilus mechanical properties allowing mapping of pilus signatures with respect to the cell 560 

body. For each tip-cell pair, a large (10×10 µm, 32 × 32 pixels) force map was first recorded to 561 

generate a topographical image of a whole cell and to find pilus signatures. Subsequently, a 562 

smaller (3×3 µm, 32×32 or 16×32 pixels) map was recorded over a piliated pole. Cells were 563 

visualized using an inverted microscope prior to commencement of AFM force mapping. F-d 564 

curve analysis was performed using the JPK data processing software. The nanospring 565 

constant (given as kpilus below) was calculated using the serial spring equation: 
1

𝑘𝑒𝑓𝑓
=  

1

𝑘𝑝𝑖𝑙𝑢𝑠
+

1

𝑘𝑠
, 566 

with keff (effective spring constant) equal to the slope of the linear region of a nanospring 567 

extension profile in an F-d curve and ks (spring constant of the cantilever sensor). Graphs 568 

pertaining to AFM data was generated using R Studio. 569 

T4P-dependent motility assays. Cells from exponentially growing M. xanthus cultures were 570 

harvested and resuspended in 1% CTT to a calculated density of 7×109 cells ml-1. 5µl of cell 571 

suspension were spotted on soft agar CTT plates (0.5% casitone, 10mM Tris-HCl pH 8.0, 1mM 572 

KPO4 pH 7.6, 8mM MgSO4, with the indicated concentrations of select agar (Invitrogen)) and 573 
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incubated at 32°C for 24 hrs. Colony edges were imaged using a Leica MZ75 stereomicroscope 574 

with a Leica MC120 HD camera. 575 

Antibodies and immunoblot analysis. Immunoblotting was done with rabbit, polyclonal α-PilA 576 

and α-LonD antibodies11. As secondary antibodies goat, anti-rabbit immunoglobulin G 577 

peroxidase conjugate (Sigma-Aldrich, A8275) was used. Blots were developed using 578 

Luminata™ Western HRP substrate (Millipore).  579 

Data availability. The authors declare that all data supporting this study are available within the 580 

article, the Supplementary Information file or are available from the corresponding authors upon 581 

request. The source data underlying Fig. 1A, B; 2F; 5D, E, F; S2E, H; S4A; S5 are provided as 582 

a Source Data file.  583 
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 789 

 790 

Figure 1. Length and phylogenetic distribution of major pilins 791 

A. The length distribution of major pilins of the KEGG orthology group K02650 (type IV pilus 792 

assembly protein PilA) in the complete dataset of 1,955 sequences (light blue, all) grouped 793 

according to taxonomy at the phylum (light green) and class level (light yellow); the "other" 794 

category (light grey) includes sequences from phyla/classes with <2% of all 1,955 sequences 795 

and in which major pilins are not enriched. Grey dots, major pilins ≤165 aa; purple dots, large 796 

major pilins (≥166 aa), and blue dots, major pilins of solved T4P of the K02650 group (PilE from 797 

N. meningitidis (Nm PilE; 5KUA)22; PilA from P. aeruginosa PAK (Pa PilA; 5VXY)21; PilE from N. 798 

gonorrhoeae (Ng PilE; 5VXX)21; PilA4 from T. thermophilus (Tt PilA4; 6XXD)26; PilA-N from G. 799 

sulfurreducens (Gs PilA-N; 6VK9)19). Error bars, mean length ± standard deviation (STDEV). 800 

Black numbers (n) above the x-axis, total number of sequences in a phylum/class. Purple 801 

numbers (n), number of large major pilins, and their % of the total number in a phylum/class. 802 

Please note that PpdD from enterohemorrhagic E. coli (Ec PpdD; 6GV9)23, PulG from K. 803 

oxytoca (Ko PulG; 5WDA)25 and PilA5 from T. thermophilus (Tt PilA5; 6XXE)26 are not depicted. 804 

PpdD belongs to K02682 (prepilin peptidase dependent protein D), which is composed of 805 
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predominantly enterobacterial PpdD homologous sequences with a full length <150aa, PulG 806 

belongs to K02456 (GspG, general secretion pathway protein G) and PilA5 is not yet assigned 807 

to a KEGG group. 808 

B. Consensus sequence (con. aa) and consensus secondary structure (con. ss-α) of α1-helix 809 

based on 1,955 mature major pilin sequences and major pilins of previously solved T4P 810 

structures. The sequences comprising the α1-helix of major pilins of the solved T4P structures 811 

as in A are included for comparison. For comparison, the sequence comprising the α1-helix of 812 

PilA from M. xanthus (Mx PilA) is also included11.  813 

C. Schematic of overall architecture of major pilins of solved T4P structures. Red boxes, α1-N 814 

and α1-C, with the melted stretch in-between in light red. Numbers, total length of the α1-helix, 815 

and the end as well as start of α1-N and α1-C. The sequences used are as in A. Note that the 816 

major pilin of G. sulfurreducens is heterodimeric and composed of PilA-N (61 aa) and PilA-C 817 

(104 aa)19. 818 
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 820 

 821 

Figure 2. Cryo-EM structure of the T4PMx.  822 
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A. Representative micrograph of negatively stained T4PMx. Scale bar, 200nm. 823 

B. Representative cryo-EM micrograph of T4PMx. Scale bar, 500nm. 824 

C. Comparison of cryo-EM reconstructions of T4P and ribbon models of pilins from M. xanthus 825 

(left), N. gonorrhoeae (center), and the 2-chain G. sulfurreducens (right), where the transparent 826 

surfaces are the cryo-EM density maps, and one pilin subunit is shown in red in each.  827 

D. Cross section of the cryo-EM reconstruction of the T4PMx with a single PilA subunit shown in 828 

red. 829 

E. Placement of the T4PMx structure into the central slice of the subtomogram average of the 830 

piliated M. xanthus T4PM revealed by cryo-electron tomography10. The T4P, the outer 831 

membrane pore (OM pore), OM, and IM are indicated. Scale bar, 10nm.  832 

F. Complete T4PMx structure composed of T4PMx and a tip complex. The top PilA of the T4PMx is 833 

shown in red and PilA subunits of T4PMx below are shown in yellow, the AlphaFold-Multimer 834 

model containing the four minor pilins (FimU3, PilV3, PilW3, PilX3) and PilY1.3 is shown in the 835 

indicated colors. The complete T4PMx structure was generated by superposing the top PilA (red) 836 

of the T4PMx with the bottom PilA (wheat) of the AlphaFold-Multimer model (RMSD=0.841, 837 

Fig.S2E). The superposed PilA from the AlphaFold-Multimer model is not shown in the complete 838 

T4PMx structure. 839 
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 841 

 842 

Figure 3. Atomic model of PilAMx and subunit interface analysis within the T4PMx filament. 843 

A. Ribbon representation of PilAMx, with helical elements (α1-4) shown in red, β-stranded 844 

elements (β 1-4, β1'-3') shown in blue, less-structured areas in grey, disulfide bridges shown in 845 

green and free cysteines shown with green stars. The first and last residues of the helices of α1-846 

N and α1-C are shown as well as the localization of the conserved Pro 22 within the melted 847 

region. 848 

B. Sequence of PilA depicting structural elements, disulfide bridges, and free cysteines as in A.  849 
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C. Ribbon representation of the six different subunit interfaces with the largest three on top and 850 

the three smaller ones at the bottom. The color code of the subunits is shown above. 851 

D. Areas of the six different subunit interfaces of T4PMx in comparison to the interfaces in the 852 

wide T4P of T. thermophilus and percentage of those different areas of the total sum shown with 853 

a green to white color scale. The color code of the subunit interface corresponds to the subunit 854 

interacting with N as in C. 855 
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 857 

 858 

Figure 4. T4PMx have increased axial stiffness and elastic properties and undergo force-859 

induced elongation in response to pulling forces by AFM-FS. 860 

A. Schematic of AFM-FS approach to collect force-extension profiles of M. xanthus T4P. (i) 861 

Cells in buffer were adhered to a polystyrene surface. The hydrophobic AFM probe on the 862 

cantilever approached towards the surface near one of the cell poles until it touches and pushes 863 

on the surface of the dish or cell, causing the upwards bending of the cantilever that is recorded 864 

as a positive force in the approach Force-distance (F-d) curve (blue). By chance, a T4P freely 865 

floating in the buffer adheres to the hydrophobic tip (i.e. hydrophobic contacts are established 866 

between the solvent accessible surface of the pilus fiber and the CH3 groups exposed on the 867 

AFM tip). (ii) The AFM tip is retracted away from the surface lifting the relaxed T4P until (iii) the 868 

T4P becomes loaded with tension resulting in downwards bending of the cantilever, thereby 869 

allowing quantification of the tensile force (red F-d curve). (iv) When the tensile force within the 870 

T4P exceeds that of the bonds between the pilus and the hydrophobic AFM tip, the contact 871 

between the two is ruptured and the cantilever relaxes resulting in a zero-force measurement 872 

(baseline) in the F-d curve. Two types of signatures are expected for T4P, linear (Hookean) 873 

nanosprings and constant force plateaus (indicated with an asterisk in the F-d curve). 874 
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B. Three representative F-d curves obtained for WT M. xanthus cell showing nanospring 875 

signatures. The rupture/adhesion force (Fadh) is indicated by a blue arrow, the dotted line 876 

indicates the slope of the nanospring profile used to determine its spring constant (kpilus).  877 

C. Histograms showing the distribution of nanosprings kpilus (left) and Fadh (right) as determined 878 

from F-d curves generated at a probe retraction velocity of 1µm/sec (top, n= 57 nanosprings in 879 

82/1312 curves from 5 tip-cell combinations) or 5µm/sec (bottom, n= 109 nanosprings in 880 

44/5400 curves from 5 tip-cell combinations). Numbers indicate mean ± STDEV. 881 
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 884 

Figure 5. Mutagenesis of selected charged residues in PilA subunit interfaces. 885 

A-C. Ribbon representation of interacting subunits N:N-3 (A), N:N-4 (B) and N:N-1 (C) as 886 

overviews (left parts) with orange boxes indicating the position of the magnified views (right 887 

parts) depicting the charged residues in these areas. The depicted residues, except for E175, 888 

were all targeted for mutagenesis. The subunit color code is as in Fig. 3C. 889 

D-E. Effect of amino acid substitutions on PilA* accumulation and T4P formation. T4P sheared 890 

off from the surface of cells (top rows), and total cell extracts (middle rows) were separated by 891 

SDS-PAGE and probed with α-PilA antibodies. The membrane used for cell extracts was 892 

stripped, and probed with α-LonD antibodies as a loading control (bottom rows). Material from 893 

the same amount of cells was loaded per lane. The PilA variants were analyzed in WT (D) and 894 

the ∆pilT mutant (E). Proteins with their calculated molecular masses and positions of molecular 895 

markers are indicated. Gaps between lanes indicate lanes that were deleted for presentation 896 

purposes. 897 

F. Negative staining micrographs of sheared T4P. PL values in µm are shown below the 898 

images. Scale bar, 250 nm. Note that these pili, in contrast to those in Fig. 2A, were imaged 899 

directly after the precipitation and not further purified by sucrose gradient centrifugation. 900 

G. Substitutions at intersubunit interfaces perturb T4P-dependent motility. Cells were incubated 901 

24 hrs before imaging. The ∆pilA mutant served as a negative control. Scale bar, 1 mm. 902 

Numbers indicate mean±STDEV of increase in colony diameter in 24hrs from two independent 903 

experiments. 904 
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