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ABSTRACT Type IVa pili (T4aP) are important for bacterial motility, adhesion, biofilm 
formation, and virulence. This versatility is based on their cycles of extension, adhesion, 
and retraction. The conserved T4aP machine (T4aPM) drives these cycles; however, 
the piliation pattern varies between species. To understand how these patterns are 
established, we focused on the T4aPM in Myxococcus xanthus that assembles following 
an outside-in pathway, starting with the polar incorporation of the PilQ secretin forming 
a multimeric T4aP conduit in the outer membrane. We demonstrate that PilQ recruit
ment to the nascent poles initiates during cytokinesis, but most are recruited to the new 
poles in the daughters after the completion of cytokinesis. This recruitment depends on 
the peptidoglycan-binding AMIN domains in PilQ. Moreover, the pilotin Tgl stimulates 
PilQ multimerization in the outer membrane, is transiently recruited to the nascent 
and new poles in a PilQ-dependent manner, and dissociates after the completion of 
secretin assembly. Altogether, our data support a model whereby PilQ polar recruitment 
and multimerization occur in two steps: the PilQ AMIN domains bind septal and polar 
peptidoglycan, thereby enabling polar Tgl localization, which then stimulates secretin 
multimerization in the outer membrane. Using computational analyses, we provide 
evidence for a conserved mechanism of T4aPM pilotins whereby the pilotin transiently 
interacts with the unfolded β-lip of the secretin monomer, i.e., the region that eventually 
inserts into the outer membrane. Finally, we suggest that the presence/absence of AMIN 
domain(s) in T4aPM secretins contributes to the different T4aPM localization patterns 
across bacteria.

IMPORTANCE Type IVa pili (T4aP) are widespread bacterial cell surface structures with 
important functions in motility, surface adhesion, biofilm formation, and virulence. 
Different bacteria have adapted different piliation patterns. To address how these 
patterns are established, we focused on the bipolar localization of the T4aP machine in 
the model organism Myxococcus xanthus by studying the localization of the PilQ secretin, 
the first component of this machine that assembles at the poles. Based on experiments 
using a combination of fluorescence microscopy, biochemistry, and computational 
structural analysis, we propose that PilQ, and specifically its AMIN domains, binds septal 
and polar peptidoglycan, thereby enabling polar Tgl localization, which then stimulates 
PilQ multimerization in the outer membrane. We also propose that the presence and 
absence of AMIN domains in T4aP secretins contribute to the different piliation patterns 
across bacteria.

KEYWORDS secretin, pilotin, type IV pili, AMIN domain, PilQ, peptidoglycan, Myxococ
cus xanthus

I n bacteria, motility is important for a wide range of processes, including viru
lence, colonization of habitats, and biofilm formation (1, 2). Two large non-homol

ogous envelope-spanning machines drive the two most common bacterial motility 
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mechanisms, i.e., the extension/retraction of surface-exposed type IVa pili (T4aP) that 
enable cells to translocate across solid surfaces and the rotation of surface-exposed 
flagella that enable cells to swim through liquids or swarm across semisolid surfaces 
(2). Interestingly, the patterns in which these machines are positioned in cells vary 
between species (2–4). For both flagella and T4aP, these distinct patterns are important 
for efficient motility, biofilm formation, and virulence (3, 5, 6). How these patterns are 
established is poorly understood.

T4aP are highly versatile and not only important for motility but also for surface 
sensing, adhesion to and colonization of host cells and abiotic surfaces, biofilm 
formation, virulence, predation, and DNA uptake (4, 7). The versatility of T4aP is based 
on their cycles of extension, surface adhesion, and retraction that are driven by the T4aP 
machine (T4aPM), a multiprotein complex that consists of at least 15 different proteins 
and spans from the outer membrane (OM) to the cytoplasm (Fig. 1) (4, 8–12). Cryo-elec
tron tomography of the piliated and non-piliated forms of the T4aPM of Myxococcus 
xanthus and Thermus thermophilus revealed that both forms are multilayered structures 
(8, 9) (Fig. 1). However, while the architecture of the T4aPM is conserved, bacteria have 
adapted different piliation patterns. Specifically, in the rod-shaped cells of Pseudomonas 
aeruginosa (13, 14) and M. xanthus (15, 16), T4aP localization alternates between the two 
cell poles, in the rod-shaped Neisseria elongata cells, T4aP are unipolarly localized (17), 
while in the rod-shaped Thermosynechococcus vulcanus cells, they localize at both cell 
poles simultaneously (18). They localize in a “line along the long cell axis” (from hereon, 
lateral pattern) in the coccobacillus-shaped Acinetobacter baylyi cells (6), to the junctions 
between cells in the hormogonium of Nostoc punctiforme (19), and peritrichously in the 
rods of Burkholderia cepacia (20) and in the coccoid-shaped cells of Neisseria meningitidis 
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FIG 1 Architectural model of the T4aPM. Architectural model of the cell envelope-spanning non-piliated 

(A) and (B) piliated T4aPM (B) of M. xanthus with the 15 core proteins (8). The T4aPM is divided into five 

parts: (i) The OM secretin channel is formed by PilQ and stabilized by the LysM domain protein TsaP (29). 

(ii) The PilN/-O/-P periplasmic alignment complex is anchored in the inner membrane (IM) and interacts 

with PilQ. (iii) The IM/cytoplasmic platform complex is composed of PilC/-M. (iv) The extension/retraction 

ATPases PilB/-T bind to the cytoplasmic base of the T4aPM in a mutually exclusive manner (8, 31, 32). 

(v) The pilus fiber is formed by PilA subunits and a priming complex, composed of PilY1 and four minor 

pilins (blue: PilX, green: PilW, orange: PilV, and yellow: FimU), that remains at the tip of the extended T4aP 

(8, 12). Tgl is an OM lipoprotein that is required for PilQ secretin assembly (28, 30). Bent arrows indicate 

incorporation of and removal from the pilus base of PilA during extension and retraction, respectively. 

Proteins labeled with single letters have the Pil prefix.
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(21), Neisseria gonorrhoeae (22), Moraxella catarrhalis (23), and Synechocystis sp. PCC6803 
(24). Accordingly, the T4aPM has specifically been shown to localize to both poles in 
P. aeruginosa (14, 25, 26) and M. xanthus (27–30), laterally in A. baylyi (6), and to the 
intercellular junctions in N. punctiforme (19). To address how and when these T4aPM 
localization and piliation patterns are established, we focused on its bipolar localization 
in the model organism M. xanthus.

As noted, M. xanthus assembles T4aPM at both poles, but the T4aPM are only 
active at one pole at a time and this pole changes on average every 10–15 min (33, 
34). The assembly of the T4aPM at the two poles in M. xanthus depends on the OM 
secretin PilQ (Fig. 1) and follows an outside-in pathway (8, 28). Without the secretin, 
the remaining components either do not accumulate or are not incorporated into the 
T4aPM (28). Moreover, assembly of the T4aPM was suggested to occur at the nascent 
and new cell pole during and immediately after the completion of cytokinesis (28). 
The secretin forms the conduit for the T4aP in the OM (8, 9) (Fig. 1). In contrast 
to canonical OM β-barrel proteins in which a single polypeptide forms the β-barrel, 
the β-barrel formed by a secretin is generated from 12 to 15 subunits and most of 
the secretin pore is periplasmic (8, 35–39). Secretin protomers comprise two major 
subdomains, an N-terminal species-specific region and the C-terminal conserved 
pore-forming region (35). The N-terminal region contains at least two N-domains 
and, in the case of T4aPM secretins, also occasionally one or more peptidoglycan 
(PG)-binding AMIN domains (25, 35, 37). The C-terminal region comprises the secretin 
domain and the β-lip region and forms most of the barrel and a gate that closes the 
pore (37, 40). The periplasmic part of the secretin oligomer forms a large vestibule, 
which is open toward the periplasm and closed toward the OM by the gate (35). 
Secretins also facilitate substrate translocation across the OM in other T4P systems, 
in type II secretion systems (T2SS) and in type III secretion systems (T3SS) (35, 36). 
For their assembly in the OM, secretins rely on a cognate pilotin protein that assists 
in (i) secretin monomer transport to OM (41–43), (ii) secretin insertion in the OM 
(40, 44), (iii) secretin oligomerization in the OM (28, 30, 40, 42, 45), and/or (iv) 
protection of the secretin monomer from proteolytic degradation (46, 47). Pilotins 
are OM periplasmic lipoproteins (36). In M. xanthus, the OM lipoprotein Tgl is the 
cognate PilQ pilotin (48–51). Lack of Tgl causes a defect in PilQ multimerization (28, 
30). Consequently, in the absence of Tgl, the remaining parts of the T4aPM do not 
accumulate or not assemble (28). Interestingly, the lack of PilQ assembly in Δtgl 
cells can be extracellularly complemented by Tgl+ cells in a process referred to as 
OM-exchange, in which OM proteins are exchanged between cells (48, 51–53).

To understand how T4aPM becomes polarly localized in M. xanthus, we investiga
ted when and how the PilQ secretin is recruited to the poles. We show that PilQ 
recruitment to the nascent pole initiates during cytokinesis, but most is recruited 
to the new poles in the daughter cells after completion of cytokinesis. We also 
demonstrate that Tgl is transiently recruited to the nascent and new poles during and 
after cytokinesis in a PilQ-dependent manner, and that Tgl dissociates after secretin 
assembly is completed. Based on a structure-function analysis of PilQ, our data 
support that its N-terminal PG-binding AMIN domains are crucial for its septal and 
polar recruitment, likely via binding to PG specific to the septum and cell poles. Our 
data support a model whereby PilQ monomers are recruited to the nascent and new 
cell poles by specific septal and polar PG via their AMIN domains, thereby enabling 
Tgl localization and, consequently, secretin assembly in the OM. Additionally, we 
propose a conserved mechanism for the T4aPM pilotin/secretin interaction, in which 
the pilotin transiently interacts with the unfolded β-lip of the secretin monomer, i.e., 
the region that eventually inserts into the OM.
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RESULTS

The secretin PilQ is stably recruited to the nascent and new poles

Previously, PilQ was suggested to be recruited to the nascent and new poles of M. 
xanthus cells during and immediately after the completion of cytokinesis (28). In those 
experiments, a partially active PilQ-sfGFP fusion that accumulated at a reduced level was 
used (28). To reassess PilQ recruitment to the nascent pole, we used a strain in which 
pilQ at the native site is replaced by pilQ-sfGFP by double homologous recombination (5). 
In immunoblots, the active heat- and SDS-resistant PilQ-sfGFP multimer accumulated at 
close to native levels, while the monomer was only detected at a very low level (Fig. 2A; 
Fig. S1A). Of note, a small fraction of PilQ-sfGFP was cleaved to PilQ and sfGFP (Fig. 2A).

In agreement with previous observations that the M. xanthus T4aPM assembles at 
both cell poles (8, 27–30), PilQ-sfGFP overall localized in a bipolar pattern (Fig. 2B) 
and ~19 ± 6% of the fluorescent signal is polar (5). However, we noticed that long cells 
had more symmetric bipolar PilQ-sfGFP clusters, while short cells had a higher degree of 
asymmetry and a few short cells even only had a unipolar signal (Fig. 2B and C). We did 
not reliably identify dividing cells with PilQ-sfGFP at the nascent poles at the constriction 
site at mid-cell.

To determine whether PilQ-sfGFP can be recruited to the nascent cell poles during 
cytokinesis, we treated cells with cephalexin to inhibit FtsI that catalyzes PG cross-linking 
at the septum (55) and blocks cytokinesis after the initiation of constriction in M. xanthus 
(56, 57). In cells treated with cephalexin for 4–5 h, largely corresponding to one doubling 
time, the cell length had increased, the bipolar PilQ-sfGFP signals were more symmet
rical, unipolar PilQ-sfGFP localization was not observed, and, importantly, PilQ-sfGFP 
localized at the constriction site at mid-cell in two-thirds of the cells (Fig. 2B). The 
cluster at the constriction site was stable when treated cells were followed by time-lapse 
fluorescence microscopy (Fig. 2D). These observations demonstrate that PilQ-sfGFP can 
be stably incorporated into the nascent poles during cytokinesis. Consistent with these 
findings, we observed by time-lapse fluorescence microscopy of untreated PilQ-sfGFP-
expressing cells that ~20% of cells had a very faint PilQ-sfGFP cluster at the constriction 
site at mid-cell up to 50 min prior to completion of cytokinesis (Fig. 2E). However, most of 
the clusters only became clearly visible at the new poles after completion of cytokinesis, 
and on average, a polar cluster became reliably visible 20 min after completion of 
cytokinesis. In the daughter cells, the PilQ-sfGFP clusters at the new poles increased in 
intensity over time, and mostly during the first 60–90 min after completion of cytokine
sis, ultimately resulting in the more symmetric bipolar localization pattern (Fig. 2E and F).

We conclude that recruitment of PilQ to the nascent poles initiates during cytokinesis, 
but most of PilQ is recruited over the first 60–90 min after completion of cytokinesis 
resulting in a symmetric bipolar localization of PilQ. We speculate that we did not detect 
a PilQ-sfGFP signal at the site of division in the analysis of snapshots (Fig. 2B) because 
the PilQ-sfGFP signal before completion of cytokinesis is too faint to be reliably detected 
and only becomes reliably detected when cells are followed in time-lapse microscopy 
experiments.

The pilotin Tgl is transiently recruited to the nascent and new poles

Next, we investigated the localization of the pilotin Tgl. We previously analyzed Tgl 
localization using a strain overexpressing an active Tgl-sfGFP protein and found that 
it localized to the cell envelope but not specifically at the cell poles or the division 
site (28). By contrast, Nudleman et al. found by immunostaining that Tgl localized 
unipolarly in ~30% of the cells (30). To resolve the localization of Tgl, we generated a 
strain expressing the active Tgl-sfGFP fusion (Fig. S1A) from the native site and at native 
levels (Fig. 3A) by integrating the tgl-sfGFP fusion construct at the tgl locus by double 
homologous recombination. Subsequently, we reevaluated its localization.

In all cells, Tgl-sfGFP localized along the entire cell periphery in a pattern typical of 
proteins localizing to the cell envelope (Fig. 3B). Moreover, in 14% of the cells, Tgl-sfGFP 
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FIG 2 Accumulation of PilQ variants and localization of PilQ-sfGFP. (A) Immunoblot detection of PilQ/PilQ-sfGFP. Protein from 

the same number of cells from exponentially growing suspension cultures was loaded per lane. Blot was probed with the 

indicated antibodies. The blot was stripped before applying a new antibody. LonD served as a loading control. Monomeric 

and oligomeric forms of PilQ/PilQ-sfGFP are marked with an asterisk. Calculated molecular weights of proteins without signal 

peptide (if relevant) are indicated. (B) Localization of PilQ-sfGFP in the presence and absence of cephalexin. Left panels, 

representative epifluorescence images of cells expressing PilQ-sfGFP. The percentage of cells with a unipolar (blue), bipolar 

(orange) cluster localization pattern, or no cluster (gray) is indicated. Blue, orange, and white arrowheads indicate unipolar, 

bipolar, and mid-cell clusters. Percentage of cells with a mid-cell cluster is indicated in white. Scale bar, 5 µm. Right panels, 

normalized fluorescence profiles of cells, for which a cluster was detected, as a function of the relative cell length. Mean (black 

line) and standard deviation (SD) (orange) of the relative fluorescence along the normalized cell are depicted. Cell length was 

normalized from 0 to 1, where 0 is assigned to the pole with the highest fluorescent value. (C) Localization of PilQ-sfGFP in 

short (<6.5 µm) and long (≥6.5 µm) cells. Same cells analyzed as in untreated cells in (B). Signals are shown as in (B), right 

panel. (D) Time-lapse microscopy of a PilQ-sfGFP expressing cell treated with cephalexin. Epifluorescence and phase-contrast

(Continued on next page)
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also localized in a unipolar cluster, and these cells were typically short in length (Fig. 3B 
and C). Additionally, in 4% of the cells, Tgl-sfGFP localized at the constriction site, and 
these were typically long cells (Fig. 3B and C). In the remaining cells, Tgl-sfGFP did not 
form clusters (Fig. 3B). We note that Tgl-sfGFP localization is very different from the 
bipolar localization of the T4aPM in M. xanthus cells. We speculate that in our previous 
analysis of Tgl-sfGFP localization, its overexpression and the resulting strong cell 
envelope signal likely masked the weak Tgl-sfGFP clusters at the nascent and new poles.

Treatment of Tgl-sfGFP-expressing cells with cephalexin caused a significant increase 
in the fraction of cells with a mid-cell cluster, and while the fraction of cells with a 
unipolar signal remained unchanged, this signal was substantially weaker than in 
untreated cells (Fig. 3B). Of note, the fraction of cells with Tgl-sfGFP at mid-cell was 
significantly lower than in the case of PilQ-sfGFP in cephalexin-treated cells (Fig. 2B). 
When cephalexin-treated cells were followed by time-lapse fluorescence microscopy, we 
observed Tgl-sfGFP clusters appear at mid-cell in cells with constrictions, and these 
clusters disintegrated after ~100 min (Fig. 3D). Similarly, time-lapse fluorescence 
microscopy of untreated Tgl-sfGFP-expressing cells showed that the protein on average 
appeared at mid-cell in constricting cells ~10 min before completion of cytokinesis but in 
a few cells the cluster appeared up to 50 min prior to completion of cytokinesis (Fig. 3E). 
Upon completion of cytokinesis, the two daughters each inherited a cluster at the new 
pole that eventually disintegrated (Fig. 3E). The lifetime of a cluster from its first appear
ance until it permanently disintegrated was ~70 min (Fig. 3E). Given a generation time of 
5–6 h, this lifetime correlates well with the percentage of cells with unipolar and mid-cell 
clusters quantified in snapshots of cells expressing Tgl-sfGFP (Fig. 3B). Interestingly, the 
lifetime of a Tgl-sfGFP cluster coincides with the time (60–90 min) required for polar 
incorporation of PilQ-sfGFP at the nascent and new poles (Fig. 2E and F).

The observations that the PilQ-sfGFP cluster stably remains at mid-cell in cephalexin-
treated cells (Fig. 2D), while the Tgl-sfGFP cluster disintegrates in the presence or absence 
of cephalexin, support that Tgl is transiently localized to the nascent and new poles to 
promote secretin assembly in the OM and is not part of the fully assembled T4aPM.

Tgl is important for multimerization and stability of PilQ and PilQ is impor
tant for polar recruitment of Tgl

Our fluorescence microscopy analyses showed that Tgl-sfGFP on average formed a visible 
cluster at mid-cell slightly earlier than PilQ-sfGFP (Fig. 2E vs Fig. 3E). We, therefore, 
hypothesized that Tgl could be responsible for recruiting PilQ to mid-cell during 
cytokinesis. To this end, we analyzed the protein accumulation and localization of each 
fluorescent fusion in the absence of the other.

In agreement with previous observations (28, 30), only the monomer fraction of PilQ 
and PilQ-sfGFP accumulated in the Δtgl mutant (Fig. 2A and 3A), confirming that Tgl is 
important for multimerization of PilQ. We also noticed that the total level of the PilQ 

FIG 2 (Continued)

images are shown. Arrow indicates first time point at which the PilQ-sfGFP cluster is clearly visible at mid-cell. Time indicates 

time point after the addition of cephalexin (t = 0). (E) Polar recruitment of PilQ-sfGFP during the cell cycle. Left panels, 

epifluorescence and phase-contrast images from time-lapse microscopy of cells expressing PilQ-sfGFP. PilQ-sfGFP clusters are 

visible at the nascent poles during (upper panel) or after completion (lower panel) of cytokinesis. Arrowheads indicate first 

time point at which the PilQ-sfGFP cluster is clearly visible. Right panel, analysis of appearance of the PilQ-sfGFP cluster relative 

to completion of cytokinesis for each daughter cell. The first time point after completion of cytokinesis is defined as t = 0 and 

indicated by the gray vertical bar. The black line and error bars represent the mean ± SD. The appearance of PilQ-sfGFP clusters 

was studied in 196 daughter cells. (F) Analysis of polar incorporation of PilQ-sfGFP after completion of cytokinesis. The cellular 

fluorescence was quantified at different time points after completion of cytokinesis and the relative fluorescence along a 

normalized cell was plotted. Mean (black line) and SD (orange) are indicated. Cell length was normalized from 0 to 1, where 0 

was assigned to the old pole. n = 25. In (D–F), to follow cells on hard agar by time-lapse microscopy for extended periods of 

time and avoid that they move out of the field of view, all strains contain an in-frame deletion of gltB (ΔgltB), which encodes a 

component of the M. xanthus gliding motility machine (54).
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variants, and especially of PilQ-sfGFP, was reduced in the absence of Tgl (Fig. 2A and 3A), 
arguing that Tgl is also important for PilQ stability. Accordingly, the PilQ-sfGFP fluores-
cent signal was strongly reduced, and as reported (28), polar and mid-cell clusters were 
not detected (Fig. 4A). In previous immunofluorescence studies using a Δtgl::tetr strain, 
PilQ was reported to localize to the poles in the absence of Tgl (30); however, we also did 
not observe PilQ-sfGFP clusters in this strain background (Fig. S1B and C).

In the inverse experiment, we observed that Tgl and Tgl-sfGFP accumulated at the 
same level in the presence and absence of PilQ (Fig. 2A and 3A ) and that Tgl-sfGFP 
localized at the cell envelope (Fig. 4A). However, Tgl-sfGFP neither formed unipolar nor 
mid-cell clusters in the absence of PilQ (Fig. 4A). Because Tgl-sfGFP accumulates at native 
levels but does not form polar or mid-cell clusters in the absence of PilQ, these data 
support that PilQ recruits Tgl to mid-cell and the poles rather than the other way around. 
We note that the time-lapse fluorescence microscopy analyses showed that Tgl-sfGFP 
on average formed a visible cluster at mid-cell slightly earlier than PilQ-sfGFP (Fig. 2E vs 
Fig. 3E). Because cells expressing PilQ-sfGFP also accumulate a fraction of untagged PilQ 
monomer (Fig. 2A), we speculate that the slight delay (30 min) in the average timing of 

FIG 3 (Continued)

panels, analysis of appearance of a Tgl-sfGFP cluster relative to completion of cytokinesis for each daughter cell and lifetime 

of the Tgl-sfGFP cluster relative to completion of cytokinesis for each daughter cell. The first time point after completion of 

cytokinesis is defined as t = 0 and indicated by the gray vertical bar. The black line and error bars represent the mean ± SD. The 

appearance of Tgl-sfGFP clusters was studied in 190 daugther cells. In (D and E), strains analyzed contain the ΔgltB mutation.
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PilQ-sGFP recruitment to the nascent/new poles relative to the average recruitment of 
Tgl-sfGFP could originate from a preference of untagged PilQ for the constriction site.

PilQ recruitment to the nascent and new poles depends on the AMIN 
domains

Next, we addressed how PilQ is recruited to the nascent poles. In P. aeruginosa, localiza
tion to the nascent poles of the inner membrane (IM) protein PilO (Fig. 1), and therefore 
the T4aPM, depends on the PG-binding AMIN domains of PilQ (25). The M. xanthus PilQ 
contains three AMIN domains, one of which is sufficient for the correct assembly and 
polar localization of the T4aPM (8). Therefore, we speculated that deleting all three AMIN 
domains would prevent PilQ from being recruited to the nascent and new poles.

To this end, we generated a strain expressing a PilQ variant lacking all three AMIN 
domains fused to sfGFP (PilQΔAMIN×3-sfGFP) (Fig. 4B) by deleting the region encoding the 
AMIN domains in pilQ-sfGFP at the native site. In immunoblots with α-GFP antibodies, 
monomeric PilQΔAMIN×3-sfGFP accumulated at a moderately lower level than the full-
length protein, although a significant fraction of the protein was also cleaved to generate 
free sfGFP, and no heat-resistant multimers were detected (Fig. 4C). Consistently, cells 
expressing PilQΔAMIN×3-sfGFP were non-motile (Fig. S1A). Because PilQΔAMIN×3-sfGFP was not 
detected by the PilQ antibodies (Fig. 4C), we suggest that the epitopes detected by these 
antibodies are within the AMIN domains. Consistent with the three AMIN domains being 
essential for polar PilQ recruitment, PilQΔAMIN×3-sfGFP did not generate mid-cell and polar 
clusters (Fig. 4A). We conclude that the three AMIN domains are required for recruitment 
of PilQ to the poles and may play a role in multimer formation.

Next, to test whether the three AMIN domains are sufficient for polar recruitment, 
we generated a fusion in which the three AMIN domains were fused to sfGFP (PilQAMIN×3-
sfGFP) (Fig. 4B) and replaced pilQ with pilQAMIN×3-sfGFP by double homologous recom
bination. However, immunoblot analysis and fluorescence microscopy revealed that 
PilQAMIN×3-sfGFP did not accumulate, thus precluding further analyses (Fig. 4C; Fig. S1D).

Cell division-independent polar recruitment of PilQ

Generally, septal and polar PG contains fewer stem peptides, is considered metabolically 
mostly inert, and modifications acquired during cytokinesis are retained at the poles 
indefinitely (58, 59). Moreover, it has been shown that the AMIN domain of the cell 
division protein AmiC in Escherichia coli binds to septal PG during cytokinesis (60–62). 
Based on these considerations, and because the three PilQ AMIN domains are required 
for polar recruitment of PilQ, we hypothesized that the old cell poles would have the 
properties needed to recruit and incorporate the PilQ secretin in the OM independently 
of a cell division event. To test this hypothesis, we expressed PilQ-sfGFP in a ΔpilQ 
mutant under the control of the vanillate-inducible promoter (Pvan) and then followed 
its polar recruitment (Fig. 5A; Fig. S2A). Remarkably, we observed for 100% of cells 
that PilQ-sfGFP was recruited to both poles independently of cell division as well as to 
mid-cell when cells started constricting (Fig. 5A and B). As expected, neither polar nor 
mid-cell PilQ-sfGFP recruitment was observed in the absence of Tgl (Fig. 5A and B; Fig. 
S2A). Consistently, we also observed that upon induction of untagged PilQ synthesis 
in the ΔpilQ strain additionally expressing Tgl-sfGFP from the native site, Tgl-sfGFP 
transiently formed clusters at both poles in 93% of cells (Fig. 5C and D; Fig. S2B). Finally, 
to determine whether PilQ recruited to the poles independently of cell division was 
competent to guide the assembly of the remaining components of the T4aPM, we 
repeated the PilQ induction experiment in a strain in which pilM at the native site is 
replaced by mCherry-pilM by double homologous recombination (12). The cytoplasmic 
PilM protein (Fig. 1) is the last component to be incorporated into the polar T4aPM 
in M. xanthus (28). Before induction of PilQ synthesis, the active mCherry-PilM fusion 
(12) localized diffusely to the cytoplasm; importantly, upon induction of pilQ expression, 
mCherry-PilM also localized in a bipolar pattern in 93% of cells (Fig. 5C and D; Fig. S2C).
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Based on these observations, we conclude that the polar recruitment and OM 
incorporation of PilQ can occur at both poles independently of cell division, and that 
these secretins support the assembly of the remaining components of the T4aPM. 
Because this incorporation depends on Tgl, we also conclude that the cell division-
independent PilQ incorporation into the OM follows the same mechanism as in the case 
of its incorporation at nascent and new poles.

Tgl is not important for PilQ transport across the periplasm

To evaluate whether OM localization of Tgl is important for its function, we generated a 
strain expressing TglC20G-sfGFP (using the numbering of the full-length protein), in which 
the conserved Cys residue (+1 in the mature protein) (Fig. S3A) was substituted to Gly to 
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prevent its acylation and, therefore, transport to and anchoring in the OM. Additionally, 
because an Asp in position +2 of mature lipoproteins in E. coli can cause their retention 
in the IM (63), we also generated a strain expressing TglS21D-sfGFP. Expression of TglC20G-
sfGFP from the native site or under the control of Pvan as well as TglS21D-sfGFP under the 
control of Pvan only resulted in very low levels of accumulation of the proteins (Fig. S3B), 
thus precluding their further analyses.

Therefore, to obtain more insights into the function of Tgl, we determined the 
subcellular localization of PilQ in cell fractionation experiments in the presence and 
absence of Tgl. In wild-type (WT) cells, the PilQ monomer and multimer were enriched 
in the membrane fraction (Fig. 6A). Similarly, in Δtgl cell extracts, monomeric PilQ was 
enriched in the membrane fraction. Control proteins previously shown to localize to the 
IM or OM were enriched in the membrane fraction and a cytoplasmic control protein was 
enriched in the soluble fraction documenting that the fractionation procedure worked 
properly (Fig. 6A).

To determine whether monomeric PilQ is integrated into the IM or OM, we isolated 
the OM of WT and Δtgl cells after osmotic shock with sucrose and EDTA treatment. 
Monomeric PilQ was detected in the OM fraction of both strains (Fig. 6B). As expected, 
in WT extracts, the heat- and detergent-resistant oligomers were also enriched in the 
OM fraction, while control proteins fractionated as expected (Fig. 6B). These results 
demonstrate that Tgl is not required for the transport of monomeric PilQ across the 
periplasm to the OM, and that monomeric PilQ is at the OM.

A computational structural model of the Tgl/PilQ complex

To evaluate how Tgl interacts with monomeric PilQ to promote its stability and multime
rization in the OM, we analyzed the two proteins in silico. While the sequences of T4aPM 
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pilotins are not well conserved (42) (Fig. S3A), it was previously suggested that they 
all share a similar superhelix structure composed of six TPR motifs (48, 66), which are 
typically involved in protein-protein interactions (67). In agreement with this suggestion, 
a high-confidence AlphaFold-based structure of monomeric Tgl includes 13 anti-parallel 
α-helices, among which helices 1- to 12-fold into six TPR motifs forming a superhelix (Fig. 
7A; Fig. S3C). Additionally, the Tgl structural model could readily be superimposed on the 
solved structures of PilF and PilW (pilotins of the secretin of the T4aPM in P. aeruginosa 
and N. meningitidis, respectively (66, 68)) (Fig. 7B). While PilF does not contain disulfide 
bridges and PilW contains one, which is crucial for its function and connects TPR domains 
3 and 4 (Fig. S3A) (66, 69), Tgl is predicted to contain three disulfide bridges that link TPR 
domains 5 and 6 as well as TPR 6 and α-helix 13 (Fig. 7A; Fig. S3A). Conservation analysis 
of the amino acid sequence of Tgl homologs using ConSurf revealed two conserved 
hydrophobic surfaces, one in the N-terminal TPR1 (from hereon CS1) and one within the 
concave groove of Tgl close to CS1 (from hereon CS2) (Fig. 7C).

In secretins, the two or more conserved N-terminal N-domains are involved in 
oligomerization (70), interaction with IM components of the T4aPM (71), and also form 
part of the periplasmic vestibule, while the AMIN domains, if present, bind PG (25, 35, 37) 
(Fig. 7D). In the C-terminal region, the secretin domain (PF00263) forms β-sheets, which 
in the secretin oligomer form the gate, part of the periplasmic vestibule, and the 
amphipathic helical loop (AHL) (37, 40) (Fig. 7D). The hydrophobic surface of the AHL 
associates with the inner leaflet of the OM (Fig. 7D and E) (40). The amphipathic β-lip 
region in the C-terminal region forms part of the β-barrel (37), but mainly forms the β-
stranded region with which the secretin spans the OM (Fig. 7D and E) (40).

Similar to other T4aPM secretins, PilQ from M. xanthus (PilQMxa) is divided into four 
main regions: the three AMIN domains connected by flexible linkers, the N0- and N3-
domains, the β-lip region, and the C-terminal secretin domain (Fig. 7F). Monomeric 
PilQMxa was modeled with high confidence using AlphaFold (Fig. 7F; Fig. S3C) and could 
readily be superimposed on a protomer from the cryo-electron microscopy-based 
structure of P. aeruginosa PilQ (PilQPae) (38) (Fig. 7D; Fig. S4A). Similar results were 
obtained when using monomeric PilQPae modeled with AlphaFold (Fig. S3C and S4A), 
supporting that the predicted structures are modeled with high confidence.

It is currently not known how pilotins of T4aPM secretins interact with their 
cognate secretin monomer. Therefore, to gain insights into how T4aPM secretins and 
their pilotins interact, we started with the M. xanthus proteins and used AlphaFold-
Multimer to predict heterodimeric structures of Tgl and monomeric PilQMxa. Surpris
ingly, in the high-confidence heterodimer model, the amphipathic β-sheet of the β-lip 
observed in the structural model of the PilQMxa monomer (Fig. 7F; Fig. S3C) is 
unfolded into (i) a hydrophobic α-helix and (ii) an unstructured region (Fig. 7G). 
Remarkably, Tgl is modeled to specifically interact with this hydrophobic α-helix and 
this unstructured region via the conserved hydrophobic surfaces CS1 in TPR1 and CS2 
in the concave groove, respectively (Fig. 7C and G). Underscoring the validity of this 
structural model of the heterodimer, PilF and PilW are also modeled with high 
confidence to associate with their partner secretin in the same way, i.e., using the 
same interfaces as in Tgl to contact the unfolded β-lip (Fig. S4B through D). Moreover, 
these specific interactions appear to depend on the cognate pilotin-secretin pair, 
because heterodimer modeling of Tgl with the P. aeruginosa or the N. meningitidis 
secretin yielded structural models of lower confidence, and in which some of these 
interactions were lost (Fig. S4E through G).

In conclusion, we suggest that T4aPM pilotins by associating with the unfolded β-
lip of their cognate monomeric secretin keep this region, part of which will ultimately 
be inserted into the OM, in a conformation optimal for oligomerization and OM 
insertion. Once the secretin monomers multimerize and the correctly folded β-lip 
integrates into the OM, the interaction with the pilotin would be lost, thus explaining 
why the pilotin only transiently associates with the secretin.
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FIG 7 Structural characterization of Tgl alone and in complex with its PilQ secretin partner. (A) AlphaFold model of mature 

Tgl. Upper panel, TPR domains 1–6 in Tgl are indicated to scale. Lower panel, AlphaFold structure of Tgl. Cys residues (Cys152/

Cys182, Cys172/Cys195, and Cys212/Cys227, numbering for unprocessed protein) engaged in disulfide bridge formation are 

indicated in red. Amino acids are indicated using the numbering of the full-length protein. (B) Superposition of the AlphaFold 

Tgl structure with the solved structures of PilF (PDB: 2HO1) (42) and PilW (PDB: 2VQ2) (66). (C) Surface representation of 

the sequence conservation calculated with ConSurf using 279 homolog sequences (upper panel) and hydrophobicity of Tgl 

(lower panel). The conserved hydrophobic surfaces CS1 in TPR1 and CS2 in the concave groove are marked with dashed 

squares. (D) Cryo-EM structure of the tetradecameric PilQ secretin of P. aeruginosa (PDB: 6VE2) (38). Upper panel, domain 

architecture of PilQPae. Lower panel, Cryo-EM structure, in which the different domains of one PilQPae protomer are indicated 

as in reference (37) are colored as N3 (marine blue), secretin (green), and β-lip region (yellow). The N0 and two AMIN domains, 

which are not resolved in the structure, are represented by a cyan cylinder and magenta boxes, respectively. In the part of the 

secretin marked by the dashed box, the front part of the barrel structure has been removed to show the inside of the barrel 

with the gate. (E) Surface representation of the hydrophobicity of the cryo-EM solved structure of the tetradecameric PilQPae 

(Continued on next page)

Research Article mBio

September/October 2023  Volume 14  Issue 5 10.1128/mbio.01593-23 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

8 
Ja

nu
ar

y 
20

24
 b

y 
79

.2
13

.2
7.

17
1.

https://doi.org/10.1128/mbio.01593-23


Survey of the presence and absence of AMIN domains in T4aPM secretins and 
piliation pattern

As shown here, septal and polar recruitment of the PilQ secretin, and therefore the 
T4aPM, in M. xanthus depends on its AMIN domains. Because AMIN domains are not 
universally conserved in T4aPM secretins (37), we wondered whether their presence or 
absence correlated with the localization pattern of the T4aP/T4aPM in other species. To 
this end, we selected bacteria with different T4aP localization patterns and studied the 
domain architecture of their secretin.

The PilQ secretins of M. xanthus, P. aeruginosa, T. vulcanus, N. punctiforme, and N. 
elongata localize to the cell poles (17–19, 25) and contain three, two, one, one, and 
two AMIN domains, respectively (Fig. 8A through E; Fig. S3C and S5). By contrast, the 
spherical cells of Synechocystis sp. PCC6803, M. catarrhalis as well as the rod-shaped 
cells of B. cepacia have PilQ homologs without AMIN domain (Fig. 8F through H; Fig. S5) 
and these species have peritrichous T4aP localization patterns (20, 23, 24). Interestingly, 
the coccoid N. meningitidis and N. gonorrhoeae, which assemble peritrichous T4aP (21, 
22), both have PilQ homologs with two AMIN domains (Fig. 8I; Fig. S5). Finally, the PilQ 
homolog of the coccobacillus-shaped A. baylyi contains two AMIN domains (Fig. 8J; Fig. 
S5), and has the unique lateral T4aP localization pattern (6). Overall, this survey lends 
support to the notion that the presence and absence of AMIN domain(s) in the relevant 
secretin correlates with a polar and peritrichous piliation pattern, respectively. However, 
three species (N. meningitidis, N. gonorrhoeae, and A. baylyi) do not follow this overall 
correlation.

DISCUSSION

Here, we focused on the polar incorporation of the T4aPM in the rod-shaped cells of 
M. xanthus to understand how different localization patterns of T4aP are ultimately 
established. M. xanthus is an ideal system to address this question because the T4aPM 
assembly pathway is well-understood and initiates with the PilQ secretin in the OM 
(8, 28). Thus, using PilQ as a proxy for the T4aPM allowed us to examine how the 
specific localization of the T4aPM is determined. We demonstrate that PilQ is recruited 
to and begins to assemble in the OM at the nascent pole during cytokinesis, and 
these processes continue for 60–90 min in the two daughter cells after completion of 
cytokinesis. The recruitment and assembly eventually result in the symmetric localiza
tion of PilQ at the two cell poles. Consistent with the pilotin Tgl being important for 
PilQ multimer formation (28, 30), we observed that Tgl transiently associated with the 
nascent and new cell poles in a PilQ-dependent manner and largely in parallel with PilQ 
recruitment and OM assembly. Moreover, we demonstrate that PilQ recruitment to and 
assembly at the nascent and new poles depends on its PG-binding AMIN domains.

How, then, does PilQ assemble at the nascent and new poles? Several lines of 
evidence support that this assembly is a two-step process that crucially depends on 
the PG-binding AMIN domains in PilQ in concert with Tgl. First, a PilQ variant lacking all 
three AMIN domains accumulated but was not recruited to the nascent and new poles 
and did not assemble to form multimers, while a PilQ variant with only one AMIN domain 

FIG 7 (Continued)

secretin. Note the amphipathic AHL and β-lip. In the part of the secretin marked by the dashed box, the front part of the barrel 

structure has been removed to show the inside of the barrel with the gate. Regions in which the protein structure was sliced 

are colored black. (F) AlphaFold model of M. xanthus PilQ monomer. Upper panel, domain architecture of PilQ. Lower panel, 

AlphaFold model with regions colored according to the domains and as described in panel (D). For clarity, AMIN domains are 

not shown. (G) AlphaFold model of heterodimer of M. xanthus PilQ monomer and Tgl. Inset: Interaction interface between Tgl 

(surface representation) and PilQ (cartoon) colored according to hydrophobicity. The conserved hydrophobic surfaces CS1 in 

TPR1 and CS2 in the concave groove are marked with a dashed square. In (A, B, and G), the acylated N-terminal Cys residue of 

mature Tgl (residue Cys20 in the unprocessed protein) that places the protein at the inner leaflet of the OM is indicated by a 

green circle.
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is sufficient for correct assembly and polar localization of the T4aPM (8). In agreement 
with this observation, recruitment of the T4aPM in P. aeruginosa to the nascent poles 
depends on the PilQ AMIN domains (25). AMIN domains also have crucial functions in 
recruiting the amidases AmiB and AmiC to the site of cell division in E. coli (60, 72), 
and the AmiC AMIN domain specifically binds to septal PG during cytokinesis (60–62). 
Second, previous work concluded that PG modifications acquired during cytokinesis are 
retained at the poles indefinitely (59). Third, the pilotin Tgl, which is an OM lipoprotein, 
is important for PilQ stability and multimerization in the OM. Fourth, in cells lacking PilQ, 
Tgl still accumulated; however, it did not localize to the nascent and new poles. Fifth, 
the PilQ multimerization defect in Δtgl cells can be extracellularly complemented by the 
transfer of Tgl from Tgl+ cells (48, 51–53). Based on these lines of evidence, we suggest 
a model for the polar recruitment and OM incorporation of PilQ and, consequently, the 
complete T4aPM. In this model, PilQ monomers and Tgl are translocated to the OM 
independently of each other (Fig. 9, step 1). During and immediately after cytokinesis, 
PilQ monomers specifically recognize and stably bind to septal and polar PG via their 
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FIG 8 Characterization of PilQ secretins in other bacteria. (A–J) Domain architecture and AlphaFold models of secretin 

monomers from (A) M. xanthus (PilQMxa) (GenBank: ABF88494.1), (B) P. aeruginosa (PilQPae) (GenBank: AAA16704.1), (C) T. 

vulcanus (PilQTvu) (GenBank: BAY52454.1), (D) N. punctiforme (PilQNpu) (GenBank: RCJ37220.1), (E) N. elongata (PilQNel) 

(GenBank: A0A378U0K4), (F) Synechocystis sp. PCC6803 (PilQSyn) (GenBank: BAA18278.1), (G) M. catarrhalis (PilQMca) (GenBank: 

ADG61696.1), (H) B. cepacia (PilQBce) (GenBank: ALK17307.1), (I) N. meningitidis (PilQNme) (GenBank: AHW75028.1), and (J) A. 

baylyi (PilQAba) (GenBank: AAK00351.1). The domains of PilQ are colored as described in Fig. 7D. T4aPM distribution within the 

cells and cell shape are indicated (see also main text).
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AMIN domains (Fig. 9, step 2). These PilQ monomers either bring along Tgl or recruit Tgl 
to the poles (Fig. 9, step 2). The high local concentration of PilQ/Tgl complexes at the 
nascent and new poles, facilitates Tgl-dependent OM incorporation and multimerization 
of PilQ, eventually resulting in the release of Tgl (Fig. 9, steps 3 and 4). Upon assembly of 
the PilQ multimer in the OM, the remaining components of the T4aPM are incorporated 
(Fig. 9, step 5). In agreement with our model, PilQ can be recruited to both poles and 
assemble multimers in a cell-division independent manner, supporting that both cell 
poles have the properties required for recruitment and incorporation of the PilQ secretin 
in the OM independently of a cell division event. We note that not all PilQ is localized 
to the cell poles. We, therefore, suggest that PilQ monomer recruitment to the nascent 
and new poles represents an example of a diffusion-and-capture mechanism for polar 
protein localization (73, 74). In this mechanism, OM-associated PilQ monomers and Tgl 
diffuse in two dimensions until the PilQ monomers recognize and bind septal and polar 
PG that serve as a polar landmark, thereby enabling polar Tgl localization (Fig. 9, steps 1 
and 2). We speculate that the number of assembled PilQ multimers in the OM at the cell 
poles, and therefore the number of T4aPM at the cell poles, is limited by the availability 
of the specific septal and polar PG recognized by the PilQ AMIN domains. In the future, 
it will be important to determine the exact PG recognized by the PilQ AMIN domains. 
Similarly, it will be important to determine whether monomeric PilQ and Tgl are recruited 
as a complex or sequentially. The assembled T4aPM in M. xanthus has a width of 15–20 
nm (8, 12), while the average pore size of PG has been estimated to ~2 nm (75). While 
the incorporation of T4aPM in parallel with cytokinesis is compatible with these different 
dimensions, it is more difficult to understand how the T4aPM would be incorporated 
after completion of cytokinesis and independently of cell division. Thus, it will also be 
important to address how the T4aPM is assembled post-divisionally.

How then does Tgl stimulate PilQ multimer formation in the OM? Tgl is important 
for PilQ stability and multimerization in the OM. In cellular fraction experiments, we 
found that the PilQ monomer is associated with the OM in a Tgl-independent manner 
demonstrating that Tgl is not required for translocating monomeric PilQ from the IM 
across the periplasm to the OM. We note that whether PilQ is associated with the 
OM or integrated into the OM cannot be distinguished based on these experiments. 
High confidence in silico structural models of monomeric Tgl, monomeric PilQ, and 
heterodimeric Tgl/PilQ complexes, support that Tgl interacts with monomeric PilQ via 
hydrophobic interfaces. Specifically, our structural models suggest that two conserved 
hydrophobic surfaces, i.e., CS1 in TPR1 and CS2 in the concave groove, in Tgl interact with 

54321

OM

IM

AMIN N0 N3 AHL β-lip Secretin

PilQ Tgl

PG

Septal/polar PGNon-polar PGSec translocon

FIG 9 Model of polar incorporation and OM assembly of the PilQ secretin as well as polar assembly of the T4aPM in M. xanthus. See main text for details. Note 

that in step 1, PilQ monomers and Tgl away from the septal and polar PG are shown not to interact; however, it is possible that the two proteins interact prior 

to their polar localization. In steps 1 and 4, the arrows indicate that the proteins can diffuse in the OM. In steps 1–3, PilQ is shown to associate with the OM via 

its AHL domain; however, it is not known how PilQ monomers associate with/integrate into the OM. In step 3, while the secretin oligomerizes from 12 to 15 PilQ 

monomers, only two are shown for illustration purposes. In step 5, all T4aPM components except for PilQ are colored as in Fig. 1.
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the hydrophobic parts of the unfolded amphipathic β-lip of monomeric PilQ. Therefore, 
our results suggest that Tgl at the OM binds the OM-associated PilQ monomer thereby 
(i) stimulating multimerization by maintaining an oligomerization-ready conformation of 
the PilQ monomer, (ii) protecting monomeric PilQ from proteolytic degradation, and (iii) 
ensuring that the assembled secretin only forms at the OM. Because Tgl is associated 
with the OM via its acylated N-terminus, CS1 and CS2 are close to the OM and, therefore, 
ideally positioned to assist in PilQ secretin integration into the OM. Once PilQ monomers 
multimerize and integrate into the OM, the interaction with Tgl would be lost because 
the β-lip is integrated into the OM and the interaction surfaces no longer available for 
interaction with Tgl (Fig. 9, steps 3 and 4). In silico structural models of PilF/PilQ and 
PilW/PilQ heterodimers support that they form complexes similar to that of Tgl/PilQ. 
These models of the heterodimers are also supported by the observations that PilF 
interacts with the C-terminal region of monomeric PilQPae and that loss-of-function PilF 
variants have substitutions in TPR1 (76). We, therefore, propose that T4aPM pilotins 
and their cognate monomeric secretin use the same conserved mechanism in which 
the pilotin interacts with the unfolded β-lip of the monomeric secretin to aid its OM 
integration. Lending further support for this generalized mechanism of the cognate 
T4aPM pilotin/secretin pairs, cognate pilotin/secretin pairs of the T2SS and T3SS interact 
via the so-called S-domain at the C-terminus of the secretin monomer (35, 36). However, 
T4aPM pilotins are structurally different from T2SS and T3SS pilotins (77), and T4aPM 
secretins lack the S-domain (35, 36).

Interestingly, AMIN domains are not universally conserved in T4aPM secretins (37). A 
10 species survey generally supports that the presence and absence of AMIN domain(s) 
in a T4aPM secretin overall correlates with a polar and peritrichous piliation pattern, 
respectively. However, three species did not follow this overall correlation. Specifically, 
the coccoid N. meningitidis and N. gonorrhoeae assemble peritrichous T4aP and both 
have secretins that contain two AMIN domains. Notably, it has been suggested that these 
two species have a rod-shaped ancestor and that the emergence of their coccoid cell 
shape derives from relatively recent gene losses from the genome of this ancestor (17, 
78). Thus, we speculate that the AMIN domains in the N. meningitidis and N. gonorrhoeae 
T4aPM secretins are remnants from the rod-shaped ancestor. Interestingly, the rod-sha
ped cells of N. elongata have polarly localized T4aP (17) and, similar to N. meningitidis 
and N. gonorrhoeae, a secretin with two AMIN domains. However, an N. elongata mutant 
with a coccoid cell shape assembles peritrichous T4aP (17), as do N. meningitidis and 
N. gonorrhoeae, thus supporting the hypothesis that the AMIN domains in the PilQ 
secretins of N. meningitidis and N. gonorrhoeae could be remnants from a rod-shaped 
ancestor. The third species in which the piliation pattern and absence/presence of AMIN 
domain(s) correlation did not match was A. baylyi. This species has a unique lateral 
piliation pattern, and its T4aPM secretin contains two AMIN domains. Interestingly, the 
lateral localization of the T4aPM, but not the assembly of the T4aPM, depends on the 
FimV protein (6). In the future, it will be interesting to test whether the AMIN domains 
of the A. baylyi secretin are also important for the localization of the T4aPM and whether 
A. baylyi may potentially accumulate a specific form of PG laterally that is recognized by 
its T4aPM secretin. Thus, it remains possible that two pathways converge to determine 
the lateral localization of the T4aPM in A. baylyi, i.e., one that depends on FimV and 
one that depends on the AMIN domains in the secretin. Along the same lines, FimV in 
P. aeruginosa, in addition to being important for the accumulation of the PilQ secretin, 
is important, but not essential, for polar localization of PilQ (25, 79). By contrast, the 
PilQ AMIN domains are essential for the polar localization of the T4aPM in P. aeruginosa 
(25). Again, these observations suggest a scenario in which two pathways may converge 
to ensure polar localization of PilQ, and, therefore, the T4aPM, and in which the PilQ 
AMIN domains are essential. Importantly, not all bacteria with T4aPM possess a FimV 
homolog, e.g., M. xanthus is not predicted to encode a FimV homolog. Interestingly, the 
secretins of T2SS and T3SS lack AMIN domains, and these secretion systems have been 
reported to have a dispersed localization (80–82). Thus, the overall correlation between 
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the presence/absence of AMIN domains in the relevant secretin and the localization of 
the relevant macromolecular structure may extend beyond the T4aPM.

MATERIALS AND METHODS

Bacterial strains and growth media

All M. xanthus strains are derivatives of the wild type DK1622 (15) and are listed in Table 
1. In-frame deletions and gene replacements were generated as described (83) and were 
verified by PCR. Point mutation replacements were confirmed by DNA sequencing. M. 
xanthus cells were grown at 32°C in 1% CTT broth [1% (wt/vol) Bacto Casitone, 10 mM 
Tris-HCl pH 8.0, 1 mM K2HPO4/KH2PO4 pH 7.6, and 8 mM MgSO4] or on 1% CTT 1.5% agar 
(53) supplemented when required with kanamycin (50 µg mL−1) or oxytetracycline (10 µg 
mL−1).

Plasmids used in this study are listed in Table 2. Plasmids were propagated in E. coli 
Mach1 [ΔrecA1398 endA1 tonA Φ80ΔlacM15 ΔlacX74 hsdR (rK

− mK
+); Invitrogen], which 

was grown at 37°C in lysogeny broth (10 mg tryptone mL−1, 5 mg yeast extract mL−1, and 
10 mg NaCl mL−1) supplemented when required with kanamycin (50 µg mL−1).

Plasmid construction

All oligonucleotides used are listed in Table S1. All constructed plasmids were verified by 
DNA sequencing.

For pLC220 (plasmid for replacement of tgl with tgl-sfGFP in the native site): 
the tgl-sfGFP fragment was amplified from pSC104 (28) using primers tgl_fw_hin
diii/sfgfp_rv_xbaI. The downstream fragment was amplified from genomic DNA from 
M. xanthus DK1622 using the primer pair tgl_ds_fw_xbaI/ tgl_ds_rv. To generate the 

TABLE 1 M. xanthus strains used in this work

Strain Genotype Reference

DK1622 WT (15)
DK10410 ΔpilA (84)
DK8615 ΔpilQ (85)
DK10405 Δtgl::tetr (49, 52)
SA6053 Δtgl (28)
SA6024 ΔpilBTCMNOPQ (28)
SA3922 ΔgltB (54)
SA7192 pilQ-sfGFPa (5)
SA11377 Δoar This study
SA12016 tgl-sfGFPa This study
SA12017 pilQ-sfGFPa ΔgltB This study
SA12021 tgl-sfGFPa ΔgltB This study
SA12031 Δtgl::tetr pilQ-sfGFPa This study
SA12032 ΔpilQ tgl-sfGFPa This study
SA12035 tglC20G-sfGFPa This study
SA12047 Δtgl MXAN_18–19::Pvan tgl-sfGFP This study
SA12048 Δtgl MXAN_18–19::Pvan tglC20G-GFP This study
SA12049 pilQΔAMIN×3 (Δ31-475)-sfGFPa This study
SA12050 Δtgl pilQ-sfGFPa This study
SA12054 ΔpilQ ΔgltB MXAN_18–19::Pvan pilQ-sfGFP This study
SA12073 Δtgl MXAN_18–19::Pvan tglS21D-sfGFP This study
SA12074 pilQAMIN×3(1-475)-sfGFPa This study
SA12078 ΔpilQ tgl-sfGFPa ΔgltB MXAN_18–19::Pvan pilQ This study
SA12085 ΔgltB Δtgl ΔpilQ MXAN_18–19::Pvan pilQ-sfGFP This study
SA12088 ΔpilQ ΔgltB mCherry-pilMa MXAN_18–19::Pvan pilQ This study
aThe allele encoding the fusion construct was integrated by double homologous recombination to replace the WT 
allele.
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full-length insert, both DNA fragments were digested with XbaI and ligated. Next, the 
insert was digested with HindIII and EcoRI, and cloned into pBJ114.

For pMH111 (plasmid for replacement of tgl with tglC20G at the native site): up- 
and downstream fragments were amplified using genomic DNA from M. xanthus 
DK1622 as DNA template and the primer pairs tgl_CtoG_A_HindIII/tgl_CtoG_Bov and 
tgl_CtoG_Cov/ tgl_CtoG_D_BamHI, respectively. To generate the full-length insert, an 
overlapping PCR using the two fragments as DNA templates and the primer pair 
tgl_CtoG_A_HindIII/ tgl_CtoG_D_BamHI was performed. Subsequently, the fragment 
was digested with HindIII and BamHI, and cloned into pBJ114.

For pMH118 (plasmid for expression of pilQ-sfGFP from the 18–19 site under 
the control of the vanillate promoter): pilQ-sfGFP was amplified using genomic DNA 
from M. xanthus SA7192 (pilQ::pilQ-sfGFP) (5) as DNA template and the primer pair 
Pvan_PilQ_fwd_NdeI/sfGFP_rev_pilQ_EcoRI. The fragment was digested with NdeI and 
EcoRI, and cloned into pMR3690.

For pMH119 (plasmid for expression of tgl-sfGFP from the 18–19 site under the 
control of the vanillate promoter): tgl-sfGFP was amplified using genomic DNA from M. 
xanthus SA12016 (tgl::tgl-sfGFP) as DNA template and the primer pair Pvan_tgl_fw_NdeI/ 
sfGFP_rv_tgl_EcoRI. The fragment was digested with NdeI and EcoRI, and cloned into 
pMR3690.

For pMH120 (plasmid for expression of tglC20G-sfGFP from the 18–19 site under 
the control of the vanillate promoter): tglC20G-sfGFP was amplified using genomic DNA 
from M. xanthus SA12035 (tglC20G::tgl-sfGFP) as DNA template and the primer pair 
Pvan_tgl_fw_NdeI/sfGFP_rv_tgl_EcoRI. The fragment was digested with NdeI and EcoRI, 
and cloned into pMR3690.

For pMH121 (for generation of an in-frame deletion of the AMIN × 3 domains 
of native pilQ): up- and downstream fragments were amplified from genomic DNA 
from M. xanthus DK1622 using the primer pairs PilQ_dAMIN_A_XbaI/PilQ_dAMIN_B 
and PilQ_dAMIN_C/pilQ_dAMIN_D_HindIII, respectively. Subsequently, the up- and 
downstream fragments were used as a template for an overlapping PCR with the primer 
pair PilQ_dAMIN_A_XbaI/pilQ_dAMIN_D_HindIII, to generate the AD fragment. The AD 
fragment was digested with XbaI and HindIII, and cloned in pBJ114.

For pMH122 (for generation of an in-frame deletion of tgl): up- and downstream 
fragments were amplified from genomic DNA of SA6053 (Δtgl) (28) using the primer pair 

TABLE 2 Plasmids used in this work

Plasmid Description Reference

pBJ114 Kmr galK (86)
pMR3690 MXAN_18–19, Kmr, Pvan (87)
pDK25 pBJ114, for generation of a gltB in-frame deletion, Kmr (54)
pNG020 pBJ114, for generation of an oar in-frame deletion, Kmr (64)
pAP37 pBJ114, for native site replacement of pilQ with pilQ-sfGFP, Kmr (5)
pMAT123 pBJ114, for generation of a pilQ in-frame deletion, Kmr (88)
pMAT336 pBJ114, for native site replacement of pilM with mCherry-pilM, Kmr (12)
pLC220 pBJ114, for native site replacement of tgl with tgl-sfGFP, Kmr This study
pMH111 pBJ114, for native site replacement of tgl with tglC20G, Kmr This study
pMH118 pMR3690, induction construct of pilQ-sfGFP expressed from the vanillate promoter, Kmr This study
pMH119 pMR3690, induction construct of tgl-sfGFP expressed from the vanillate promoter, Kmr This study
pMH120 pMR3690, induction construct of tglC20G-sfGFP expressed from the vanillate promoter, Kmr This study
pMH121 pBJ114, for generation of an in-frame deletion of the three AMIN domains of pilQ-sfGFP (Δ31–475), Kmr This study
pMH122 pBJ114, for generation of a tgl in-frame deletion, Kmr This study
pMH125 pBJ114, for native site replacement of pilQ-sfGFP with pilQAMIN×3 (1–475)-sfGFP, Kmr This study
pMH127 pMR3690, induction construct of tglS21D-sfGFP expressed from the vanillate promoter, Kmr This study
pMP183 pMR3690, induction construct of pilQ expressed from the vanillate promoter, Kmr This study
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tgl-A_XbaI/tgl-D_EcoRI to generate the AD fragment as described in reference (83). The 
AD fragment was digested with XbaI/EcoRI and cloned in pBJ114.

For pMH125 (for replacement of pilQ with pilQAMINs×3 (1–475)-sfGFP in the native site 
of the pilQ::pilQ-sfGFP strain): up- and downstream fragments were amplified from 
pMH118 using the primer pairs PilQAMIN_A_KpnI/PilQAMIN_sfGFP_overlay_rev and 
PilQamin_sfGFP_overlay_fwd/sfGFP_rev_pilQ_EcoRI, respectively. Subsequently, the up- 
and downstream fragments were used as a template for an overlapping PCR with the 
primer pair PilQAMIN_A_KpnI/sfGFP_rev_pilQ_EcoRI, to generate the AD fragment. The 
AD fragment was digested with KpnI and EcoRI, and cloned in pBJ114.

For pMH127 (plasmid for expression of tglS21D-sfGFP from the 18–19 site under the 
control of the vanillate promoter): tglS21D-sfGFP was amplified using pMH119 as DNA 
template and the primer pairs Pvan forw/Tgl_S21G_overlay_rev and Tgl_S21G_over
lay_fwd/sfGFP_rv_tgl_EcoRI to introduce the point mutation. Subsequently, both PCR 
fragments were used as a template for an overlapping PCR with the primer pair 
Pvan forw/sfGFP_rv_tgl_EcoRI, to generate the full-length fragment. The fragment was 
digested with NdeI and EcoRI, and cloned into pMR3690.

For pMP183 (plasmid for expression of pilQ from the 18–19 site under the control 
of the vanillate promoter): pilQ was amplified using pMH118 as DNA template and the 
primer pair Pvan_PilQ_fwd_NdeI/PilQ_rev_EcoRI. The fragment was digested with NdeI 
and EcoRI, and cloned into pMR3690.

Motility assays

T4aP-dependent motility assays were performed as described (89). Briefly, exponentially 
growing M. xanthus cultures were harvested (6,000 × g, 3 min, RT) and resuspended in 
1% CTT to a calculated density of 7 × 109 cells mL−1. 5 µL aliquots were spotted on 0.5% 
CTT supplemented with 0.5% select-agar (Invitrogen). After 24 h incubation at 32°C, cells 
were imaged using an M205FA Stereomicroscope (Leica) equipped with a Hamamatsu 
ORCA-flash V2 Digital CMOS camera (Hamamatsu Photonics), and images were analyzed 
using Metamorph v7.5 (Molecular Devices).

Epifluorescence microscopy

Cells were visualized following a slightly modified protocol (90). Briefly, exponentially 
growing cells were placed on a glass coverslip attached to a metal frame. Cells were 
covered with a thick 1% agarose pad supplemented with 0.2% (wt/vol) Bacto Casitone 
and TPM (10 mM Tris-HCl pH 8.0, 1 mM K2HPO4/KH2PO4 pH 7.6, and 8 mM MgSO4), and 
supplemented with vanillate or cephalexin as indicated. For long time-lapse microscopy, 
the pad was additionally sealed with parafilm to reduce evaporation. Additionally, to 
prevent motility during time-lapse microscopy, strains contained an in-frame deletion of 
gltB (ΔgltB), which encodes a component of the M. xanthus gliding motility machine (54). 
Cells were imaged using a DMi8 inverted microscope and a Hamamatsu ORCA-Flash4.0 
V2 Digital CMOS C11440 or a DFC9000 GT (Leica) camera. Images were analyzed using 
Metamorph v 7.5 (Molecular Devices) and ImageJ (91). Image segmentation was done 
using Omnipose (92) and cell outlines were transformed to Oufti-compatible meshes 
using Matlab R2020a (The MathWorks). Segmentation was manually curated using Oufti 
(93). For signal detection and background correction, a previously published Matlab 
script was used (94). Because the Tgl-sfGFP fluorescent clusters have low fluorescence 
intensity, the script was modified to detect the strongest pixel intensity in each cell 
segment assigned by Oufti. Specifically, each pixel intensity in each segment was 
normalized to the maximum pixel intensity within the cell. Next, to identify cells with 
one or more fluorescent cluster(s), cells were only considered to have a cluster if less than 
10% of the selected pixel intensities had a normalized fluorescence above 0.75. Hence 
identifying cells with an intense and narrow fluorescent peak.
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Immunoblot analysis

Immunoblots were carried out as described (95). Rabbit polyclonal α-Tgl (dilution: 
1:2,000) (28), α-PilQ (dilution, 1:5,000) (27), α-PilB (dilution: 1:2,000) (96), α-PilC (dilu
tion: 1:2000) (27), α-Oar (1:10,000) (54), and α-LonD (dilution: 1:5,000) (12), were used 
together with a horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G 
(1:15,000) (Sigma) as a secondary antibody. Mouse α-GFP antibodies (dilution: 1:2,000) 
(Roche) were used together with horseradish peroxidase-conjugated sheep α-mouse 
immunoglobulin G (dilution: 1:2,000) (GE Healthcare) as a secondary antibody. Blots 
were developed using Luminata Forte Western HRP Substrate (Millipore) on a LAS-4000 
imager (Fujifilm).

Fractionation of M. xanthus cells

To fractionate M. xanthus cells into fractions enriched for soluble or membrane proteins, 
20 mL of an exponentially growing M. xanthus suspension culture was harvested by 
centrifugation (8,000 × g, 10 min, RT) and concentrated to an optical density at 550 nm 
(OD550) of 28 in resuspension buffer [50 mM Tris-HCl pH 7.6, 250 mM NaCl supplemented 
with Complete EDTA-free protease inhibitor (Roche)]. Cells were lysed by sonication 
with 5 × 30 pulses, pulse 60%, amplitude 60% with a UP200St sonifier and microtip 
(Hielscher), and the lysate was cleared by centrifugation (12,000 × g, 5 min, RT). As a 
sample for total cellular protein, an aliquot of the cleared lysate was taken and mixed 
with 4 × SDS lysis buffer (200 mM Tris-HCl pH 6.8, 8% SDS, 40% glycerol, 400 mM DTT, 
6 mM EDTA, and 0.4% bromphenol blue). A 200 µL aliquot of the remaining supernatant 
was subjected to ultracentrifugation using an Air-Fuge (Beckman) (100,000 × g, 20 min, 
RT). The resulting supernatant is enriched in soluble proteins and a sample was taken 
and mixed with 4 × SDS lysis buffer. The pellet was washed by resuspension in 200 µL 
resuspension buffer and was subjected to ultracentrifugation as above. The remaining 
pellet, which is enriched in IM and OM membrane proteins, was resuspended in 100 µL 
1 × SDS lysis buffer. All samples were heated for 10 min at 95°C, separated by SDS-PAGE 
and analyzed by immunoblot.

OM protein enrichment

As a sample for total cellular protein (total fraction), 2 mL of an exponentially growing 
M. xanthus cell suspension was harvested by centrifugation (8,000 × g, 3 min, RT) and 
concentrated to an OD550 of 7 in 1 × SDS lysis buffer. To isolate a fraction enriched for 
OM proteins, 50 mL of the cell suspension was harvested (4,700 × g, 25 min, 4°C), and the 
pellet was gently resuspended in TSE8-buffer [100 mM Tris-HCl pH 8, 1 mM EDTA, 20% 
(wt/vol) sucrose, protease inhibitor cocktail (Roche)] to a concentration corresponding to 
OD550 = 50. The sample was incubated for 30 min at 4°C to release the OM, followed 
by centrifugation of the samples (16,000 × g, 30 min, 4°C). The resulting supernatant 
is enriched in OM and periplasmic proteins and was recovered for the following steps, 
while the pellet, containing cells without OM or where the OM had not been released, 
was frozen at −20°C. Next, 150 µL of the supernatant was ultra-centrifuged using an 
Air-Fuge (Beckman) (~133,000 × g, 1 h, RT) to separate the OM from periplasmic proteins. 
The resulting supernatant was discarded and the OM-enriched pellet (OM fraction) was 
resuspended in 150 µL 1 × SDS lysis buffer. The frozen pellet was thawed, resuspended 
to OD550 = 50 in resuspension buffer (50 mM Tris pH 7.6, 10 mM MglCl2) and lysed 
by sonication. Cell debris was removed by centrifugation (16,000 × g, 15 min, 4°C). The 
cell-free supernatant (~150 µL) was subjected to ultra-centrifugation as described above. 
The resulting supernatant contained cytoplasmic proteins and was mixed with 4 × SDS 
lysis buffer (cytoplasmic fraction). All samples were boiled for 10 min at 95°C, separated 
by SDS-PAGE, and analyzed by immunoblot.
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Bioinformatics

Full-length protein sequences or sequences in which the signal peptide was identified 
with SignalP 6.0 (97) and removed, were used for AlphaFold and AlphaFold-Multimer 
modeling via ColabFold (1.3.0) (98–100). The predicted Local Distance Difference Test 
(pLDDT) and predicted Alignment Error (pAE) graphs of the five models generated were 
made using a custom Matlab R2020a (The MathWorks) script (101). Ranking of the 
models was performed based on combined pLDDT and pAE values, with the best-ranked 
models used for further analysis and presentation. Per residue model, accuracy was 
estimated based on pLDDT values (>90, high accuracy; 70–90, generally good accuracy; 
50–70, low accuracy; and <50, should not be interpreted) (98). Relative domain positions 
were validated by pAE. The pAE graphs indicate the expected position error at resi
due X if the predicted and true structures were aligned on residue Y; the lower the 
pAE value, the higher the accuracy of the relative position of residue pairs and, conse
quently, the relative position of domains/subunits/proteins (98). PyMOL version 2.4.1 
(http://www.pymol.org/pymol) was used to analyze and visualize the models. Structural 
alignments were performed using the PyMOL Alignment plugin with default settings. 
Hydrophobicity was calculated in PyMOL according to the hydrophobicity scale (102). 
Conservation of Tgl residues was assessed using the ConSurf server with default settings 
(103). Protein domains were identified using the Interpro server (104) and the predicted 
AlphaFold structures. The alignment of Tgl, PilF, and PilW was generated using Muscle5 
(5.1) (105).

ACKNOWLEDGMENTS

The authors thank Martin Thanbichler for helpful discussions, Luís António Menezes 
Carreira for constructing pLC220, and Anke Treuner-Lange for generating strain SA11377.

This work was generously supported by the Max Planck Society (to L.S.-A.).
The authors declare no conflict of interest.

AUTHOR AFFILIATION

1Department of Ecophysiology, Max Planck Institute for Terrestrial Microbiology, 
Marburg, Germany

AUTHOR ORCIDs

Marco Herfurth  http://orcid.org/0000-0003-4291-0283
Lotte Søgaard-Andersen  http://orcid.org/0000-0002-0674-0013

FUNDING

Funder Grant(s) Author(s)

Max Planck Society NA Lotte Søgaard-Andersen

AUTHOR CONTRIBUTIONS

Marco Herfurth, Conceptualization, Data curation, Formal analysis, Investigation, 
Methodology, Software, Validation, Visualization, Writing – original draft, Writing – 
review and editing | María Pérez-Burgos, Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft, 
Writing – review and editing | Lotte Søgaard-Andersen, Conceptualization, Funding 
acquisition, Project administration, Supervision, Writing – original draft, Writing – review 
and editing

Research Article mBio

September/October 2023  Volume 14  Issue 5 10.1128/mbio.01593-23 22

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

8 
Ja

nu
ar

y 
20

24
 b

y 
79

.2
13

.2
7.

17
1.

http://www.pymol.org/pymol
https://doi.org/10.1128/mbio.01593-23


DATA AVAILABILITY

The data that support the findings of this study are included in the manuscript or in the 
supplemental material.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (mBio01593-23-s0001.docx). Figures S1-S5 and Table S1.

REFERENCES

1. Harshey RM. 2003. Bacterial motility on a surface: many ways to a 
common goal. Annu Rev Microbiol 57:249–273. https://doi.org/10.
1146/annurev.micro.57.030502.091014

2. Wadhwa N, Berg HC. 2022. Bacterial motility: machinery and mecha
nisms. Nat Rev Microbiol 20:161–173. https://doi.org/10.1038/s41579-
021-00626-4

3. Schuhmacher JS, Thormann KM, Bange G. 2015. How bacteria maintain 
location and number of flagella? FEMS Microbiol Rev 39:812–822. https:
//doi.org/10.1093/femsre/fuv034

4. Craig L, Forest KT, Maier B. 2019. Type IV pili: dynamics, biophysics and 
functional consequences. Nat Rev Microbiol 17:429–440. https://doi.
org/10.1038/s41579-019-0195-4

5. Potapova A, Carreira LAM, Søgaard-Andersen L. 2020. The small GTPase 
MglA together with the TPR domain protein SgmX stimulates type IV 
pili formation in M. xanthus. Proc Natl Acad Sci U S A 117:23859–23868. 
https://doi.org/10.1073/pnas.2004722117

6. Ellison CK, Fei C, Dalia TN, Wingreen NS, Dalia AB, Shaevitz JW, Gitai Z. 
2022. Subcellular localization of type IV pili regulates bacterial 
multicellular development. Nat Commun 13:6334. https://doi.org/10.
1038/s41467-022-33564-7

7. Berry J-L, Pelicic V. 2015. Exceptionally widespread nanomachines 
composed of type IV pilins: the prokaryotic Swiss Army knives. FEMS 
Microbiol Rev 39:134–154. https://doi.org/10.1093/femsre/fuu001

8. Chang Y-W, Rettberg LA, Treuner-Lange A, Iwasa J, Søgaard-Andersen L, 
Jensen GJ. 2016. Architecture of the type IVa pilus machine. Science 
351:aad2001. https://doi.org/10.1126/science.aad2001

9. Gold VAM, Salzer R, Averhoff B, Kühlbrandt W. 2015. Structure of a type 
IV pilus machinery in the open and closed state. Elife 4:e07380. https://
doi.org/10.7554/eLife.07380

10. Merz AJ, So M, Sheetz MP. 2000. Pilus retraction powers bacterial 
twitching motility. Nature 407:98–102. https://doi.org/10.1038/
35024105

11. Skerker JM, Berg HC. 2001. Direct observation of extension and 
retraction of type IV pili. Proc Natl Acad Sci U S A 98:6901–6904. https://
doi.org/10.1073/pnas.121171698

12. Treuner-Lange A, Chang Y-W, Glatter T, Herfurth M, Lindow S, Chreifi G, 
Jensen GJ, Søgaard-Andersen L. 2020. Pily1 and minor pilins form a 
complex priming the type IVa pilus in Myxococcus xanthus. Nat 
Commun 11:5054. https://doi.org/10.1038/s41467-020-18803-z

13. Weiss RL. 1971. The structure and occurrence of pili (fimbriae) on 
Pseudomonas aeruginosa. J Gen Microbiol 67:135–143. https://doi.org/
10.1099/00221287-67-2-135

14. Chiang P, Habash M, Burrows LL. 2005. Disparate subcellular localiza
tion patterns of Pseudomonas aeruginosa type IV pilus ATPases involved 
in twitching motility. J Bacteriol 187:829–839. https://doi.org/10.1128/
JB.187.3.829-839.2005

15. Kaiser D. 1979. Social gliding is correlated with the presence of pili in 
Myxococcus xanthus. Proc Natl Acad Sci U S A 76:5952–5956. https://doi.
org/10.1073/pnas.76.11.5952

16. Sun H, Zusman DR, Shi W. 2000. Type IV pilus of Myxococcus xanthus is a 
motility apparatus controlled by the frz chemosensory system. Curr Biol 
10:1143–1146. https://doi.org/10.1016/s0960-9822(00)00705-3

17. Veyrier FJ, Biais N, Morales P, Belkacem N, Guilhen C, Ranjeva S, 
Sismeiro O, Péhau-Arnaudet G, Rocha EP, Werts C, Taha M-K, Boneca IG. 

2015. Common cell shape evolution of two nasopharyngeal pathogens. 
PLoS Genet 11:e1005338. https://doi.org/10.1371/journal.pgen.
1005338

18. Nakane D, Enomoto G, Bähre H, Hirose Y, Wilde A, Nishizaka T. 2022. 
Thermosynechococcus switches the direction of phototaxis by a c-di-
GMP-dependent process with high spatial resolution. Elife 11:e73405. 
https://doi.org/10.7554/eLife.73405

19. Khayatan B, Meeks JC, Risser DD. 2015. Evidence that a modified type IV 
pilus-like system powers gliding motility and polysaccharide secretion 
in filamentous cyanobacteria. Mol Microbiol 98:1021–1036. https://doi.
org/10.1111/mmi.13205

20. Sajjan US, Sun L, Goldstein R, Forstner JF. 1995. Cable (Cbl) type II pili of 
cystic fibrosis-associated Burkholderia (Pseudomonas) cepacia: 
nucleotide sequence of the cblA major subunit pilin gene and novel 
morphology of the assembled appendage fibers. J Bacteriol 177:1030–
1038. https://doi.org/10.1128/jb.177.4.1030-1038.1995

21. Stephens DS, Whitney AM, Rothbard J, Schoolnik GK. 1985. Pili of 
Neisseria meningitidis. Analysis of structure and investigation of 
structural and antigenic relationships to gonococcal pili. J Exp Med 
161:1539–1553. https://doi.org/10.1084/jem.161.6.1539

22. Marathe R, Meel C, Schmidt NC, Dewenter L, Kurre R, Greune L, Schmidt 
MA, Müller MJI, Lipowsky R, Maier B, Klumpp S. 2014. Bacterial 
twitching motility is coordinated by a two-dimensional tug-of-war with 
directional memory. Nat Commun 5:3759. https://doi.org/10.1038/
ncomms4759

23. Ahmed K, Rikitomi N, Nagatake T, Matsumoto K. 1990. Electron 
microscopic observation of Branhamella catarrhalis. Microbiol Immunol 
34:967–975. https://doi.org/10.1111/j.1348-0421.1990.tb01518.x

24. Bhaya D, Watanabe N, Ogawa T, Grossman AR. 1999. The role of an 
alternative sigma factor in motility and pilus formation in the 
cyanobacterium Synechocystis sp. strain PCC6803. Proc Natl Acad Sci U 
S A 96:3188–3193. https://doi.org/10.1073/pnas.96.6.3188

25. Carter T, Buensuceso RNC, Tammam S, Lamers RP, Harvey H, Howell PL, 
Burrows LL. 2017. The type IVa pilus machinery is recruited to sites of 
future cell division. mBio 8:e02103-16. https://doi.org/10.1128/mBio.
02103-16

26. Cowles KN, Moser TS, Siryaporn A, Nyakudarika N, Dixon W, Turner JJ, 
Gitai Z. 2013. The putative Poc complex controls two distinct 
Pseudomonas aeruginosa polar motility mechanisms. Mol Microbiol 
90:923–938. https://doi.org/10.1111/mmi.12403

27. Bulyha I, Schmidt C, Lenz P, Jakovljevic V, Höne A, Maier B, Hoppert M, 
Søgaard-Andersen L. 2009. Regulation of the type IV pili molecular 
machine by dynamic localization of two motor proteins. Mol Microbiol 
74:691–706. https://doi.org/10.1111/j.1365-2958.2009.06891.x

28. Friedrich C, Bulyha I, Søgaard-Andersen L. 2014. Outside-in assembly 
pathway of the type IV pilus system in Myxococcus xanthus. J Bacteriol 
196:378–390. https://doi.org/10.1128/JB.01094-13

29. Siewering K, Jain S, Friedrich C, Webber-Birungi MT, Semchonok DA, 
Binzen I, Wagner A, Huntley S, Kahnt J, Klingl A, Boekema EJ, Søgaard-
Andersen L, van der Does C. 2014. Peptidoglycan-binding protein TsaP 
functions in surface assembly of type IV pili. Proc Natl Acad Sci U S A 
111:E953–E961. https://doi.org/10.1073/pnas.1322889111

Research Article mBio

September/October 2023  Volume 14  Issue 5 10.1128/mbio.01593-23 23

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

8 
Ja

nu
ar

y 
20

24
 b

y 
79

.2
13

.2
7.

17
1.

https://doi.org/10.1128/mbio.01593-23
https://doi.org/10.1146/annurev.micro.57.030502.091014
https://doi.org/10.1038/s41579-021-00626-4
https://doi.org/10.1093/femsre/fuv034
https://doi.org/10.1038/s41579-019-0195-4
https://doi.org/10.1073/pnas.2004722117
https://doi.org/10.1038/s41467-022-33564-7
https://doi.org/10.1093/femsre/fuu001
https://doi.org/10.1126/science.aad2001
https://doi.org/10.7554/eLife.07380
https://doi.org/10.1038/35024105
https://doi.org/10.1073/pnas.121171698
https://doi.org/10.1038/s41467-020-18803-z
https://doi.org/10.1099/00221287-67-2-135
https://doi.org/10.1128/JB.187.3.829-839.2005
https://doi.org/10.1073/pnas.76.11.5952
https://doi.org/10.1016/s0960-9822(00)00705-3
https://doi.org/10.1371/journal.pgen.1005338
https://doi.org/10.7554/eLife.73405
https://doi.org/10.1111/mmi.13205
https://doi.org/10.1128/jb.177.4.1030-1038.1995
https://doi.org/10.1084/jem.161.6.1539
https://doi.org/10.1038/ncomms4759
https://doi.org/10.1111/j.1348-0421.1990.tb01518.x
https://doi.org/10.1073/pnas.96.6.3188
https://doi.org/10.1128/mBio.02103-16
https://doi.org/10.1111/mmi.12403
https://doi.org/10.1111/j.1365-2958.2009.06891.x
https://doi.org/10.1128/JB.01094-13
https://doi.org/10.1073/pnas.1322889111
https://doi.org/10.1128/mbio.01593-23


30. Nudleman E, Wall D, Kaiser D. 2006. Polar assembly of the type IV pilus 
secretin in Myxococcus xanthus. Mol Microbiol 60:16–29. 
https://doi.org/10.1111/j.1365-2958.2006.05095.x

31. Bischof LF, Friedrich C, Harms A, Søgaard-Andersen L, van der Does C. 
2016. The type IV pilus assembly ATPase PilB of Myxococcus xanthus 
interacts with the inner membrane platform protein PilC and the 
nucleotide-binding protein PilM. J Biol Chem 291:6946–6957. https://
doi.org/10.1074/jbc.M115.701284

32. Takhar HK, Kemp K, Kim M, Howell PL, Burrows LL. 2013. The platform 
protein is essential for type IV pilus biogenesis. J Biol Chem 288:9721–
9728. https://doi.org/10.1074/jbc.M113.453506

33. Schumacher D, Søgaard-Andersen L. 2017. Regulation of cell polarity in 
motility and cell division in Myxococcus xanthus. Annu Rev Microbiol 
71:61–78. https://doi.org/10.1146/annurev-micro-102215-095415

34. Carreira LAM, Szadkowski D, Müller F, Søgaard-Andersen L. 2022. 
Spatiotemporal regulation of switching front-rear cell polarity. Curr 
Opin Cell Biol 76:102076. https://doi.org/10.1016/j.ceb.2022.102076

35. Majewski DD, Worrall LJ, Strynadka NC. 2018. Secretins revealed: 
structural insights into the giant gated outer membrane portals of 
bacteria. Curr Opin Struct Biol 51:61–72. https://doi.org/10.1016/j.sbi.
2018.02.008

36. Silva YRO, Contreras-Martel C, Macheboeuf P, Dessen A. 2020. Bacterial 
secretins: mechanisms of assembly and membrane targeting. Protein 
Sci 29:893–904. https://doi.org/10.1002/pro.3835

37. Weaver SJ, Ortega DR, Sazinsky MH, Dalia TN, Dalia AB, Jensen GJ. 2020. 
CryoEM structure of the type IVa pilus secretin required for natural 
competence in Vibrio cholerae. Nat Commun 11:5533. https://doi.org/
10.1038/s41467-020-19389-2

38. McCallum M, Tammam S, Rubinstein JL, Burrows LL, Howell PL. 2021. 
CryoEM map of Pseudomonas aeruginosa PilQ enables structural 
characterization of TsaP. Structure 29:457–466. https://doi.org/10.1016/
j.str.2020.11.019

39. Koo J, Lamers RP, Rubinstein JL, Burrows LL, Howell PL. 2016. Structure 
of the Pseudomonas aeruginosa type IVa pilus secretin at 7.4 Å. 
Structure 24:1778–1787. https://doi.org/10.1016/j.str.2016.08.007

40. Worrall LJ, Hong C, Vuckovic M, Deng W, Bergeron JRC, Majewski DD, 
Huang RK, Spreter T, Finlay BB, Yu Z, Strynadka NCJ. 2016. Near-atomic-
resolution cryo-EM analysis of the Salmonella T3S injectisome basal 
body. Nature 540:597–601. https://doi.org/10.1038/nature20576

41. Majewski DD, Okon M, Heinkel F, Robb CS, Vuckovic M, McIntosh LP, 
Strynadka NCJ. 2021. Characterization of the pilotin-secretin complex 
from the Salmonella enterica type III secretion system using hybrid 
structural methods. Structure 29:125–138. https://doi.org/10.1016/j.str.
2020.08.006

42. Koo J, Tammam S, Ku SY, Sampaleanu LM, Burrows LL, Howell PL. 2008. 
PilF is an outer membrane lipoprotein required for multimerization and 
localization of the Pseudomonas aeruginosa type IV pilus secretin. J 
Bacteriol 190:6961–6969. https://doi.org/10.1128/JB.00996-08

43. Collin S, Guilvout I, Nickerson NN, Pugsley AP. 2011. Sorting of an 
integral outer membrane protein via the lipoprotein-specific Lol 
pathway and a dedicated lipoprotein pilotin. Mol Microbiol 80:655–665. 
https://doi.org/10.1111/j.1365-2958.2011.07596.x

44. Hardie KR, Lory S, Pugsley AP. 1996. Insertion of an outer membrane 
protein in Escherichia coli requires a chaperone-like protein. EMBO J 
15:978–988.

45. Carbonnelle E, Hélaine S, Prouvensier L, Nassif X, Pelicic V. 2005. Type IV 
pilus biogenesis in Neisseria meningitidis: PilW is involved in a step 
occurring after pilus assembly, essential for fibre stability and function. 
Mol Microbiol 55:54–64. https://doi.org/10.1111/j.1365-2958.2004.
04364.x

46. Hardie KR, Seydel A, Guilvout I, Pugsley AP. 1996. The secretin-specific, 
chaperone-like protein of the general secretory pathway: separation of 
proteolytic protection and piloting functions. Mol Microbiol 22:967–
976. https://doi.org/10.1046/j.1365-2958.1996.01539.x

47. Daefler S, Guilvout I, Hardie KR, Pugsley AP, Russel M. 1997. The C-
terminal domain of the secretin PulD contains the binding site for its 
cognate chaperone, PulS, and confers PulS dependence on pIVf1 
function. Mol Microbiol 24:465–475. https://doi.org/10.1046/j.1365-
2958.1997.3531727.x

48. Rodriguez-Soto JP, Kaiser D. 1997. The tgl gene: social motility and 
stimulation in Myxococcus xanthus. J Bacteriol 179:4361–4371. https://
doi.org/10.1128/jb.179.13.4361-4371.1997

49. Rodriguez-Soto JP, Kaiser D. 1997. Identification and localization of the 
Tgl protein, which is required for Myxococcus xanthus social motility. J 
Bacteriol 179:4372–4381. https://doi.org/10.1128/jb.179.13.4372-4381.
1997

50. Wei X, Pathak DT, Wall D. 2011. Heterologous protein transfer within 
structured myxobacteria biofilms. Mol Microbiol 81:315–326. https://
doi.org/10.1111/j.1365-2958.2011.07710.x

51. Nudleman E, Wall D, Kaiser D. 2005. Cell-to-cell transfer of bacterial 
outer membrane lipoproteins. Science 309:125–127. https://doi.org/10.
1126/science.1112440

52. Wall D, Wu SS, Kaiser D. 1998. Contact stimulation of Tgl and type IV pili 
in Myxococcus xanthus. J Bacteriol 180:759–761. https://doi.org/10.
1128/JB.180.3.759-761.1998

53. Hodgkin J, Kaiser D. 1977. Cell-to-cell stimulation of movement in 
nonmotile mutants of Myxococcus. Proc Natl Acad Sci U S A 74:2938–
2942. https://doi.org/10.1073/pnas.74.7.2938

54. Jakobczak B, Keilberg D, Wuichet K, Søgaard-Andersen L. 2015. 
Contact- and protein transfer-dependent stimulation of assembly of 
the gliding motility machinery in Myxococcus xanthus. PLoS Genet 
11:e1005341. https://doi.org/10.1371/journal.pgen.1005341

55. Eberhardt C, Kuerschner L, Weiss DS. 2003. Probing the catalytic activity 
of a cell division-specific transpeptidase in vivo with beta-lactams. J 
Bacteriol 185:3726–3734. https://doi.org/10.1128/JB.185.13.3726-3734.
2003

56. Schumacher D, Bergeler S, Harms A, Vonck J, Huneke-Vogt S, Frey E, 
Søgaard-Andersen L. 2017. The PomXYZ proteins self-organize on the 
bacterial nucleoid to stimulate cell division. Dev Cell 41:299–314. https:
//doi.org/10.1016/j.devcel.2017.04.011

57. Treuner-Lange A, Aguiluz K, van der Does C, Gómez-Santos N, Harms A, 
Schumacher D, Lenz P, Hoppert M, Kahnt J, Muñoz-Dorado J, Søgaard-
Andersen L. 2013. PomZ, a ParA-like protein, regulates Z-ring formation 
and cell division in Myxococcus xanthus. Mol Microbiol 87:235–253. 
https://doi.org/10.1111/mmi.12094

58. Priyadarshini R, de Pedro MA, Young KD. 2007. Role of peptidoglycan 
amidases in the development and morphology of the division septum 
in Escherichia coli. J Bacteriol 189:5334–5347. https://doi.org/10.1128/
JB.00415-07

59. de Pedro MA, Quintela JC, Höltje JV, Schwarz H. 1997. Murein 
segregation in Escherichia coli. J Bacteriol 179:2823–2834. https://doi.
org/10.1128/jb.179.9.2823-2834.1997

60. Bernhardt TG, de Boer PAJ. 2003. The Escherichia coli amidase AmiC is a 
periplasmic septal ring component exported via the twin-arginine 
transport pathway. Mol Microbiol 48:1171–1182. https://doi.org/10.
1046/j.1365-2958.2003.03511.x

61. Rocaboy M, Herman R, Sauvage E, Remaut H, Moonens K, Terrak M, 
Charlier P, Kerff F. 2013. The crystal structure of the cell division 
amidase AmiC reveals the fold of the AMIN domain, a new peptidogly
can binding domain. Mol Microbiol 90:267–277. https://doi.org/10.
1111/mmi.12361

62. Heidrich C, Templin MF, Ursinus A, Merdanovic M, Berger J, Schwarz H, 
de Pedro MA, Höltje JV. 2001. Involvement of N-acetylmuramyl-L-
alanine amidases in cell separation and antibiotic-induced autolysis of 
Escherichia coli. Mol Microbiol 41:167–178. https://doi.org/10.1046/j.
1365-2958.2001.02499.x

63. Grabowicz M. 2019. Lipoproteins and their trafficking to the outer 
membrane. EcoSal Plus 8. https://doi.org/10.1128/ecosalplus.ESP-0038-
2018

64. Gómez-Santos N, Glatter T, Koebnik R, Świątek-Połatyńska MA, 
Søgaard-Andersen L. 2019. A TonB-dependent transporter is required 
for secretion of protease PopC across the bacterial outer membrane. 
Nat Commun 10:1360. https://doi.org/10.1038/s41467-019-09366-9

65. Gill RE, Bornemann MC. 1988. Identification and characterization of the 
Myxococcus xanthus bsgA gene product. J Bacteriol 170:5289–5297. 
https://doi.org/10.1128/jb.170.11.5289-5297.1988

66. Trindade MB, Job V, Contreras-Martel C, Pelicic V, Dessen A. 2008. 
Structure of a widely conserved type IV pilus biogenesis factor that 
affects the stability of secretin multimers. J Mol Biol 378:1031–1039. 
https://doi.org/10.1016/j.jmb.2008.03.028

Research Article mBio

September/October 2023  Volume 14  Issue 5 10.1128/mbio.01593-23 24

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

8 
Ja

nu
ar

y 
20

24
 b

y 
79

.2
13

.2
7.

17
1.

https://doi.org/10.1111/j.1365-2958.2006.05095.x
https://doi.org/10.1074/jbc.M115.701284
https://doi.org/10.1074/jbc.M113.453506
https://doi.org/10.1146/annurev-micro-102215-095415
https://doi.org/10.1016/j.ceb.2022.102076
https://doi.org/10.1016/j.sbi.2018.02.008
https://doi.org/10.1002/pro.3835
https://doi.org/10.1038/s41467-020-19389-2
https://doi.org/10.1016/j.str.2020.11.019
https://doi.org/10.1016/j.str.2016.08.007
https://doi.org/10.1038/nature20576
https://doi.org/10.1016/j.str.2020.08.006
https://doi.org/10.1128/JB.00996-08
https://doi.org/10.1111/j.1365-2958.2011.07596.x
https://doi.org/10.1111/j.1365-2958.2004.04364.x
https://doi.org/10.1046/j.1365-2958.1996.01539.x
https://doi.org/10.1046/j.1365-2958.1997.3531727.x
https://doi.org/10.1128/jb.179.13.4361-4371.1997
https://doi.org/10.1128/jb.179.13.4372-4381.1997
https://doi.org/10.1111/j.1365-2958.2011.07710.x
https://doi.org/10.1126/science.1112440
https://doi.org/10.1128/JB.180.3.759-761.1998
https://doi.org/10.1073/pnas.74.7.2938
https://doi.org/10.1371/journal.pgen.1005341
https://doi.org/10.1128/JB.185.13.3726-3734.2003
https://doi.org/10.1016/j.devcel.2017.04.011
https://doi.org/10.1111/mmi.12094
https://doi.org/10.1128/JB.00415-07
https://doi.org/10.1128/jb.179.9.2823-2834.1997
https://doi.org/10.1046/j.1365-2958.2003.03511.x
https://doi.org/10.1111/mmi.12361
https://doi.org/10.1046/j.1365-2958.2001.02499.x
https://doi.org/10.1128/ecosalplus.ESP-0038-2018
https://doi.org/10.1038/s41467-019-09366-9
https://doi.org/10.1128/jb.170.11.5289-5297.1988
https://doi.org/10.1016/j.jmb.2008.03.028
https://doi.org/10.1128/mbio.01593-23


67. D’Andrea LD, Regan L. 2003. TPR proteins: the versatile helix. Trends 
Biochem Sci 28:655–662. https://doi.org/10.1016/j.tibs.2003.10.007

68. Kim K, Oh J, Han D, Kim EE, Lee B, Kim Y. 2006. Crystal structure of PilF: 
functional implication in the type 4 pilus biogenesis in Pseudomonas 
aeruginosa. Biochem Biophys Res Commun 340:1028–1038. https://doi.
org/10.1016/j.bbrc.2005.12.108

69. Szeto TH, Dessen A, Pelicic V. 2011. Structure/function analysis of 
Neisseria meningitidis PilW, a conserved protein that plays multiple roles 
in type IV pilus biology. Infect Immun 79:3028–3035. https://doi.org/10.
1128/IAI.05313-11

70. Huysmans GHM, Guilvout I, Pugsley AP. 2013. Sequential steps in the 
assembly of the multimeric outer membrane secretin PulD. J Biol Chem 
288:30700–30707. https://doi.org/10.1074/jbc.M113.489112

71. Tammam S, Sampaleanu LM, Koo J, Manoharan K, Daubaras M, Burrows 
LL, Howell PL. 2013. PilMNOPQ from the Pseudomonas aeruginosa type 
IV pilus system form a transenvelope protein interaction network that 
interacts with PilA. J Bacteriol 195:2126–2135. https://doi.org/10.1128/
JB.00032-13

72. Peters NT, Dinh T, Bernhardt TG. 2011. A fail-safe mechanism in the 
septal ring assembly pathway generated by the sequential recruitment 
of cell separation amidases and their activators. J Bacteriol 193:4973–
4983. https://doi.org/10.1128/JB.00316-11

73. Rudner DZ, Losick R. 2010. Protein subcellular localization in bacteria. 
Cold Spring Harb Perspect Biol 2:a000307. https://doi.org/10.1101/
cshperspect.a000307

74. Treuner-Lange A, Søgaard-Andersen L. 2014. Regulation of cell polarity 
in bacteria. J Cell Biol 206:7–17. https://doi.org/10.1083/jcb.201403136

75. Demchick P, Koch AL. 1996. The permeability of the wall fabric of 
Escherichia coli and Bacillus subtilis. J Bacteriol 178:768–773. https://doi.
org/10.1128/jb.178.3.768-773.1996

76. Koo J, Tang T, Harvey H, Tammam S, Sampaleanu L, Burrows LL, Howell 
PL. 2013. Functional mapping of PilF and PilQ in the Pseudomonas 
aeruginosa type IV pilus system. Biochemistry 52:2914–2923. https://
doi.org/10.1021/bi3015345

77. Koo J, Burrows LL, Howell PL. 2012. Decoding the roles of pilotins and 
accessory proteins in secretin escort services. FEMS Microbiol Lett 
328:1–12. https://doi.org/10.1111/j.1574-6968.2011.02464.x

78. Nyongesa S, Weber PM, Bernet È, Pulido F, Nieves C, Nieckarz M, Delaby 
M, Viehboeck T, Krause N, Rivera-Millot A, Nakamura A, Vischer NOE, 
vanNieuwenhze M, Brun YV, Cava F, Bulgheresi S, Veyrier FJ. 2022. 
Evolution of longitudinal division in multicellular bacteria of the 
Neisseriaceae family. Nat Commun 13:4853. https://doi.org/10.1038/
s41467-022-32260-w

79. Wehbi H, Portillo E, Harvey H, Shimkoff AE, Scheurwater EM, Howell PL, 
Burrows LL. 2011. The peptidoglycan-binding protein FimV promotes 
assembly of the Pseudomonas aeruginosa type IV pilus secretin. J 
Bacteriol 193:540–550. https://doi.org/10.1128/JB.01048-10

80. Buddelmeijer N, Krehenbrink M, Pecorari F, Pugsley AP. 2009. Type II 
secretion system secretin PulD localizes in clusters in the Escherichia coli 
outer membrane. J Bacteriol 191:161–168. https://doi.org/10.1128/JB.
01138-08

81. Lybarger SR, Johnson TL, Gray MD, Sikora AE, Sandkvist M. 2009. 
Docking and assembly of the type II secretion complex of Vibrio 
cholerae . J Bacteriol 191:3149–3161. https://doi.org/10.1128/JB.01701-
08

82. Diepold A, Wiesand U, Cornelis GR. 2011. The assembly of the export 
apparatus (YscR,S,T,U,V) of the Yersinia type III secretion apparatus 
occurs independently of other structural components and involves the 
formation of an YscV oligomer. Mol Microbiol 82:502–514. https://doi.
org/10.1111/j.1365-2958.2011.07830.x

83. Shi X, Wegener-Feldbrügge S, Huntley S, Hamann N, Hedderich R, 
Søgaard-Andersen L. 2008. Bioinformatics and experimental analysis of 
proteins of two-component systems in Myxococcus xanthus. J Bacteriol 
190:613–624. https://doi.org/10.1128/JB.01502-07

84. Wu SS, Wu J, Kaiser D. 1997. The Myxococcus xanthus pilT locus is 
required for social gliding motility although pili are still produced. Mol 
Microbiol 23:109–121. https://doi.org/10.1046/j.1365-2958.1997.
1791550.x

85. Wall D, Kolenbrander PE, Kaiser D. 1999. The Myxococcus xanthus pilQ 
(sglA) gene encodes a secretin homolog required for type IV pilus 

biogenesis, social motility, and development. J Bacteriol 181:24–33. 
https://doi.org/10.1128/JB.181.1.24-33.1999

86. Julien B, Kaiser AD, Garza A. 2000. Spatial control of cell differentiation 
in Myxococcus xanthus. Proc Natl Acad Sci U S A 97:9098–9103. https://
doi.org/10.1073/pnas.97.16.9098

87. Iniesta AA, García-Heras F, Abellón-Ruiz J, Gallego-García A, Elías-
Arnanz M. 2012. Two systems for conditional gene expression in 
Myxococcus xanthus inducible by isopropyl-beta-D-thiogalactopyrano
side or vanillate. J Bacteriol 194:5875–5885. https://doi.org/10.1128/JB.
01110-12

88. Carreira LAM, Tostevin F, Gerland U, Søgaard-Andersen L. 2020. Protein-
protein interaction network controlling establishment and mainte
nance of switchable cell polarity. PLoS Genet 16:e1008877. 
https://doi.org/10.1371/journal.pgen.1008877

89. Shi W, Zusman DR. 1993. The two motility systems of Myxococcus 
xanthus show different selective advantages on various surfaces. Proc 
Natl Acad Sci U S A 90:3378–3382. https://doi.org/10.1073/pnas.90.8.
3378

90. Schumacher D, Søgaard-Andersen L. 2018. Fluorescence live-cell 
imaging of the complete vegetative cell cycle of the slow-growing 
social bacterium Myxococcus xanthus. J Vis Exp, no. 136 :57860.:57860. 
https://doi.org/10.3791/57860

91. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, 
Preibisch S, Rueden C, Saalfeld S, Schmid B, Tinevez J-Y, White DJ, 
Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: An open-
source platform for biological-image analysis. Nat Methods 9:676–682. 
https://doi.org/10.1038/nmeth.2019

92. Cutler KJ, Stringer C, Lo TW, Rappez L, Stroustrup N, Brook Peterson S, 
Wiggins PA, Mougous JD. 2022. Omnipose: a high-precision morphol
ogy-independent solution for bacterial cell segmentation. Nat Methods 
19:1438–1448. https://doi.org/10.1038/s41592-022-01639-4

93. Paintdakhi A, Parry B, Campos M, Irnov I, Elf J, Surovtsev I, Jacobs-
Wagner C. 2016. Oufti: an integrated software package for high-
accuracy, high-throughput quantitative microscopy analysis. Mol 
Microbiol 99:767–777. https://doi.org/10.1111/mmi.13264

94. Schumacher D, Harms A, Bergeler S, Frey E, Søgaard-Andersen L. 2021. 
PomX, a ParA/MinD ATPase activating protein, is a triple regulator of 
cell division in Myxococcus xanthus. Elife 10:e66160. https://doi.org/10.
7554/eLife.66160

95. Sambrook J, Russell DW. 2001. Molecular cloning: a laboratory manual. 
3rd ed. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

96. Jakovljevic V, Leonardy S, Hoppert M, Søgaard-Andersen L. 2008. PilB 
and PilT are ATPases acting antagonistically in type IV pilus function in 
Myxococcus xanthus. J Bacteriol 190:2411–2421. https://doi.org/10.
1128/JB.01793-07

97. Teufel F, Almagro Armenteros JJ, Johansen AR, Gíslason MH, Pihl SI, 
Tsirigos KD, Winther O, Brunak S, von Heijne G, Nielsen H. 2022. SignalP 
6.0 predicts all five types of signal peptides using protein language 
models. Nat Biotechnol 40:1023–1025. https://doi.org/10.1038/s41587-
021-01156-3

98. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, 
Tunyasuvunakool K, Bates R, Žídek A, Potapenko A, Bridgland A, Meyer 
C, Kohl SAA, Ballard AJ, Cowie A, Romera-Paredes B, Nikolov S, Jain R, 
Adler J, Back T, Petersen S, Reiman D, Clancy E, Zielinski M, Steinegger 
M, Pacholska M, Berghammer T, Bodenstein S, Silver D, Vinyals O, Senior 
AW, Kavukcuoglu K, Kohli P, Hassabis D. 2021. Highly accurate protein 
structure prediction with AlphaFold. Nature 596:583–589. https://doi.
org/10.1038/s41586-021-03819-2

99. Evans R, O’Neill M, Pritzel A, Antropova N, Senior A, Green T, Žídek A, 
Bates R, Blackwell S, Yim J, Ronneberger O, Bodenstein S, Zielinski M, 
Bridgland A, Potapenko A, Cowie A, Tunyasuvunakool K, Jain R, Clancy 
E, Kohli P, Jumper J, Hassabis D. 2022. Protein complex prediction with 
AlphaFold-multimer. bioRxiv. https://doi.org/10.1101/2021.10.04.
463034

100. Mirdita M, Schütze K, Moriwaki Y, Heo L, Ovchinnikov S, Steinegger M. 
2022. ColabFold: making protein folding accessible to all. Nat Methods 
19:679–682. https://doi.org/10.1038/s41592-022-01488-1

101. Schwabe J, Pérez-Burgos M, Herfurth M, Glatter T, Søgaard-Andersen L. 
2022. Evidence for a widespread third system for bacterial polysacchar
ide export across the outer membrane comprising a composite OPX/
beta-barrel translocon. mBio 13:e0203222. https://doi.org/10.1128/
mbio.02032-22

Research Article mBio

September/October 2023  Volume 14  Issue 5 10.1128/mbio.01593-23 25

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

8 
Ja

nu
ar

y 
20

24
 b

y 
79

.2
13

.2
7.

17
1.

https://doi.org/10.1016/j.tibs.2003.10.007
https://doi.org/10.1016/j.bbrc.2005.12.108
https://doi.org/10.1128/IAI.05313-11
https://doi.org/10.1074/jbc.M113.489112
https://doi.org/10.1128/JB.00032-13
https://doi.org/10.1128/JB.00316-11
https://doi.org/10.1101/cshperspect.a000307
https://doi.org/10.1083/jcb.201403136
https://doi.org/10.1128/jb.178.3.768-773.1996
https://doi.org/10.1021/bi3015345
https://doi.org/10.1111/j.1574-6968.2011.02464.x
https://doi.org/10.1038/s41467-022-32260-w
https://doi.org/10.1128/JB.01048-10
https://doi.org/10.1128/JB.01138-08
https://doi.org/10.1128/JB.01701-08
https://doi.org/10.1111/j.1365-2958.2011.07830.x
https://doi.org/10.1128/JB.01502-07
https://doi.org/10.1046/j.1365-2958.1997.1791550.x
https://doi.org/10.1128/JB.181.1.24-33.1999
https://doi.org/10.1073/pnas.97.16.9098
https://doi.org/10.1128/JB.01110-12
https://doi.org/10.1371/journal.pgen.1008877
https://doi.org/10.1073/pnas.90.8.3378
https://doi.org/10.3791/57860
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/s41592-022-01639-4
https://doi.org/10.1111/mmi.13264
https://doi.org/10.7554/eLife.66160
https://doi.org/10.1128/JB.01793-07
https://doi.org/10.1038/s41587-021-01156-3
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1101/2021.10.04.463034
https://doi.org/10.1038/s41592-022-01488-1
https://doi.org/10.1128/mbio.02032-22
https://doi.org/10.1128/mbio.01593-23


102. Eisenberg D, Schwarz E, Komaromy M, Wall R. 1984. Analysis of 
membrane and surface protein sequences with the hydrophobic 
moment plot. J Mol Biol 179:125–142. https://doi.org/10.1016/0022-
2836(84)90309-7

103. Ashkenazy H, Abadi S, Martz E, Chay O, Mayrose I, Pupko T, Ben-Tal N. 
2016. Consurf 2016: an improved methodology to estimate and 
visualize evolutionary conservation in macromolecules. Nucleic Acids 
Res 44:W344–W350. https://doi.org/10.1093/nar/gkw408

104. Blum M, Chang H-Y, Chuguransky S, Grego T, Kandasaamy S, Mitchell A, 
Nuka G, Paysan-Lafosse T, Qureshi M, Raj S, Richardson L, Salazar GA, 

Williams L, Bork P, Bridge A, Gough J, Haft DH, Letunic I, Marchler-Bauer 
A, Mi H, Natale DA, Necci M, Orengo CA, Pandurangan AP, Rivoire C, 
Sigrist CJA, Sillitoe I, Thanki N, Thomas PD, Tosatto SCE, Wu CH, 
Bateman A, Finn RD. 2021. The InterPro protein families and domains 
database: 20 years on. Nucleic Acids Res 49:D344–D354. https://doi.
org/10.1093/nar/gkaa977

105. Edgar RC. 2022. Muscle5: high-accuracy alignment ensembles enable 
unbiased assessments of sequence homology and phylogeny. Nat 
Commun 13:6968. https://doi.org/10.1038/s41467-022-34630-w

Research Article mBio

September/October 2023  Volume 14  Issue 5 10.1128/mbio.01593-23 26

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 2

8 
Ja

nu
ar

y 
20

24
 b

y 
79

.2
13

.2
7.

17
1.

https://doi.org/10.1016/0022-2836(84)90309-7
https://doi.org/10.1093/nar/gkw408
https://doi.org/10.1093/nar/gkaa977
https://doi.org/10.1038/s41467-022-34630-w
https://doi.org/10.1128/mbio.01593-23

	The mechanism for polar localization of the type IVa pilus machine in Myxococcus xanthus
	RESULTS
	The secretin PilQ is stably recruited to the nascent and new poles
	The pilotin Tgl is transiently recruited to the nascent and new poles
	Tgl is important for multimerization and stability of PilQ and PilQ is important for polar recruitment of Tgl
	PilQ recruitment to the nascent and new poles depends on the AMIN domains
	Cell division-independent polar recruitment of PilQ
	Tgl is not important for PilQ transport across the periplasm
	A computational structural model of the Tgl/PilQ complex
	Survey of the presence and absence of AMIN domains in T4aPM secretins and piliation pattern

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and growth media
	Plasmid construction
	Motility assays
	Epifluorescence microscopy
	Immunoblot analysis
	Fractionation of M. xanthus cells
	OM protein enrichment
	Bioinformatics



