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Type IV pili (T4P) are ubiquitous bacterial cell surface structures that undergo cycles of extension, adhesion, and retraction. T4P
function depends on a highly conserved envelope-spanning macromolecular machinery consisting of 10 proteins that localizes
polarly in Myxococcus xanthus. Using this localization, we investigated the entire T4P machinery assembly pathway by systemat-
ically profiling the stability of all and the localization of eight of these proteins in the absence of other T4P machinery proteins as
well as by mapping direct protein-protein interactions. Our experiments uncovered a sequential, outside-in pathway starting
with the outer membrane (OM) PilQ secretin ring. PilQ recruits a subcomplex consisting of the inner membrane (IM) lipopro-
tein PilP and the integral IM proteins PilN and PilO by direct interaction with the periplasmic domain of PilP. The PilP/PilN/
PilO subcomplex recruits the cytoplasmic PilM protein, by direct interaction between PilN and PilM, and the integral IM protein
PilC. The PilB/PilT ATPases that power extension/retraction localize independently of other T4P machinery proteins. Thus, as-
sembly of the T4P machinery initiates with formation of the OM secretin ring and continues inwards over the periplasm and IM
to the cytoplasm.

Type IV pili (T4P) are important virulence factors in bacterial
pathogens, such as Neisseria gonorrhoeae, Neisseria meningiti-

dis, Pseudomonas aeruginosa, and Vibrio cholerae, and are among
the most widespread filamentous cell surface structures in bacteria
(1). T4P are involved in a variety of processes including attach-
ment to eukaryotic host cells during pathogenesis (2), biofilm for-
mation (3, 4), cellular motility (5), protein secretion (6), and DNA
uptake (7). Key to this versatility, and a distinguishing feature of
T4P compared to other bacterial surface structures, is their ability
to undergo cycles of extension and retraction (8, 9). Therefore, the
assembly and function of T4P represent potential targets for novel
antibacterial drugs (10). T4P are several micrometers in length,
have a diameter of 5 to 8 nm, and are composed of the PilA pilin
subunit and in some cases also of minor pilins (11). The extended
T4P may adhere to an appropriate surface, and due to this adher-
ence, retractions pull a cell forward (8, 9). During retractions,
forces of up to 150 pN per pilus are generated (12, 13), making the
T4P machinery the strongest molecular motor characterized.

T4P can be divided into the T4aP and T4bP subgroups, which
are distinguished based on pilin size and assembly systems (1, 14).
Here, we focus on T4aP and refer to these as T4P. T4P function
depends on a set of 11 highly conserved proteins that localize to
the cytoplasm, inner membrane (IM), periplasm, and outer mem-
brane (OM) (1). All these proteins, with the exception of PilT,
share sequence and/or structural similarity to proteins of type II
secretion systems (T2SS), which are involved in the translocation
of proteins from the periplasm over the OM to the extracellular
environment, suggesting that the two machineries share func-
tional characteristics (15–18). Consistently, T2SS have been
hypothesized to depend on the formation of pseudopili that
would function as a piston to “push” secretory proteins over the
OM (18–20). In the case of T4P, PilA is the T4P pilin subunit and
is synthesized as a preprotein with an N-terminal type III signal
peptide and secreted via the Sec system (21, 22). The signal peptide
is removed by the prepilin peptidase PilD (23), leaving the mature
pilin anchored in the IM by an N-terminal hydrophobic �-helix
(24). During T4P extension, PilA is incorporated at the base of a

T4P from this IM reservoir; T4P retraction involves the removal of
PilA subunits from the base of the T4P and their reinsertion into
the IM (25). The remaining nine proteins can be divided into three
subcomplexes based on localization, function, and protein-pro-
tein interactions (Fig. 1A) (from here on, these nine proteins and
PilA are collectively referred to as the T4P system [T4PS]). In the
OM, the secretin PilQ assembles into a highly stable oligomer
suggested to consist of 12 to 15 subunits, which form a channel
that serves as a conduit for T4P (26–30). Generally, insertion of
PilQ monomers into the OM and possibly also oligomer forma-
tion depend on an OM lipoprotein, referred to as a pilotin (31–
34). Based on analyses mostly of T4PS in P. aeruginosa and N.
meningitidis, the PilM, -N, -O, -P, and -Q proteins are thought to
form a complex that connects from the cytoplasm to PilQ in the
OM. Based on bacterial two-hybrid system analyses, direct pro-
tein-protein interaction analyses, and protein structure determi-
nation, the bitopic IM proteins PilN and PilO interact directly by
means of their periplasmic domains, possibly forming a het-
erodimer (35–37). PilN/PilO, in turn, interacts with the periplas-
mic domain of the IM lipoprotein PilP (38, 39). The periplasmic
domain of PilP also interacts directly with the periplasmic do-
mains of PilQ (37, 40–42). The short cytoplasmic N terminus of
PilN interacts with the cytoplasmic actin-like protein PilM (35, 40,
43). Accordingly, the PilM/N/O/P complex has been suggested to
align motor complexes (see below) in the IM/cytoplasm with the
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PilQ secretin channel in the OM and to regulate gating of the PilQ
secretin channel (40, 44).

The cytoplasmic secretion ATPases PilB and PilT provide the
energy for T4P extension and retraction, respectively (45–47). Re-
cently, two different cytoplasmic domains in the polytopic IM
protein PilC were suggested to interact directly with PilB and PilT
(48), forming motor complexes for extension and retraction of
T4P, respectively (30). Moreover, PilC and PilO have been sug-
gested to interact based on bacterial two-hybrid system analyses
(35). Therefore, in the current model, the T4PS forms a macro-
molecular complex that spans all subcellular compartments. With
the exception of PilT, all proteins of the T4PS are involved in T4P
extension, whereas PilT is specifically required for T4P retraction
(8). T2SS contain only one ATPase, which is a homolog of PilB
(15, 17).

The rod-shaped deltaproteobacterium Myxococcus xanthus has
emerged as a model system to study the function and assembly of

T4P. M. xanthus contains all the conserved T4PS proteins (49). In
M. xanthus, T4P power a type of surface motility equivalent to
twitching motility in P. aeruginosa and Neisseria spp. (5, 50). Cells
of M. xanthus assemble 5 to 10 T4P at the leading cell pole, which
generate cell movement in the direction of the long axis of cells
(51). Occasionally, cells stop and then reverse their direction of
movement (52). During a reversal, the T4P disassemble at the old
leading pole and reassemble at the new leading cell pole (53–55).
The mechanism underlying the switch in polarity of T4P during
reversals is relatively well understood. Specifically, PilC, PilM, and
PilQ localize in clusters at both cell poles and do not change local-
ization during reversals (33, 54), and PilA is localized along the
entire length of cells (56). In contrast, the ATPases PilB and PilT
primarily localize to the leading and lagging cell poles, respec-
tively, and PilT only occasionally accumulates at the leading cell
pole (54). Based on the localization pattern of PilB and PilT, it has
been argued that the spatial separation of PilB and PilT allows the
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FIG 1 PilN, PilO, PilP, and Tgl are required for T4P-dependent motility in M. xanthus. (A) Model of the T4P machinery. The color code for the proteins is similar
to the one used for the genes in the genetic map. PilD is not included in the model of the machinery. Genes and proteins are not drawn to scale. OM, outer
membrane; IM, inner membrane. All the pil genes are clustered at the same locus, but not all pil genes are shown (49). tgl is not part of the pil cluster. (B) Motility
phenotypes of the indicated mutants and complementation strains. Strains in the same column all contain the same in-frame deletion. Strains were incubated at
32°C for 24 h on 0.5% agar– 0.5% CTT. Scale bar, 1 mm. (C) Immunoblots of T4PS protein accumulation. Total cell lysates from exponentially growing cultures
were separated by SDS-PAGE (proteins from 7 � 107 cells loaded per lane) and analyzed by immunoblotting using specific antibodies as indicated. For PilQ, only
the heat- and detergent-resistant oligomer is shown. The middle lane in each blot contains lysate from the relevant in-frame deletion mutant, and the last lane
contains lysate from the relevant complementation strain.
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temporal separation of T4P extension and retraction and that the
occasional accumulation of PilT at the leading cell pole coincides
with T4P retractions (54). During a reversal, PilB and PilT disso-
ciate from their respective poles and then associate with the new
leading and lagging poles, respectively, thus laying the foundation
for the assembly of T4P at the new leading pole (54). Based on
these observations, it has been suggested that several T4PS pro-
teins form preassembled complexes at both poles that are comple-
mented by the dynamically localized proteins PilB or PilT.

Although the components of the T4PS are known and the
functions of several of these proteins have been investigated, the
precise mechanisms of how and in which order the individual
components are assembled to generate a macromolecular ma-
chinery that spans from the cytoplasm to the outside remain to be
elucidated. Here, we took advantage of cell biology tools for study-
ing T4PS in M. xanthus and analyzed the assembly process of the
T4PS. By systematically profiling the stability and localization of
T4PS proteins in the absence of other T4PS proteins in combina-
tion with mapping of direct protein-protein interactions, we un-
covered that the T4PS assembles in an outside-in manner starting
with the PilQ secretin ring in the OM. PilQ provides an assembly
platform for a periplasmic/IM subcomplex composed of PilP,
PilO, and PilN by direct interactions between PilP and PilQ as well
as between PilO and PilN. The PilP/PilO/PilN subcomplex, in
turn, recruits the cytoplasmic protein PilM, by direct interaction
between PilN and PilM, and the IM PilC protein, likely by direct
interaction between PilO and PilC. Moreover, we demonstrate
that assembly of this complex does not require PilB and PilT and
that PilB and PilT localize independently of all other T4PS pro-
teins to the cell poles.

MATERIALS AND METHODS
Cell growth and construction of strains. Strain DK1622 was used as the
wild-type (WT) M. xanthus strain throughout, and all M. xanthus strains
used are derivatives of DK1622. The M. xanthus strains used are listed in
Table 1. Plasmids are listed in Table S1 in the supplemental material, and
primers used in this work are listed in Table S2 in the supplemental ma-
terial. Plasmid constructions are described in Materials and Methods in
the supplemental material. All plasmids were verified by sequencing. M.
xanthus strains were grown at 32°C in 1% CTT broth (57) and on CTT
agar plates supplemented with 1.5% agar. Kanamycin (50 �g/ml) or
oxytetracycline (10 �g/ml) was added when appropriate. Plasmids were
introduced into M. xanthus by electroporation. Site-specific integration of
plasmids at the Mx8 attB site on the chromosome was confirmed by PCR.
In-frame deletions were generated as described previously (58).

Motility assays. Cells from exponentially growing cultures were har-
vested and resuspended in 1% CTT to a density of 7 � 109 cells/ml.
Five-microliter volumes were spotted on 0.5% agar supplemented with
0.5% CTT and incubated at 32°C for 24 h. Colony edges were documented
using a Leica MZ75 stereomicroscope equipped with a Leica DFC280
camera.

Immunoblot analysis. For immunoblot analysis, cells from exponen-
tially growing cultures were harvested and resuspended in SDS lysis
buffer, and proteins from 7 � 107 cells were separated by SDS-PAGE.
Immunoblotting was done using standard procedures (59) with poly-
clonal anti-PilA (60), anti-PilT, anti-PilB (47), anti-PilC, anti-PilM, anti-
PilQ (54), anti-PilN, anti-PilO, anti-PilP, anti-Tgl, and anti-mCherry
(Roche) antibodies and secondary anti-rabbit immunoglobulin G perox-
idase conjugate (Sigma). For detection of yellow fluorescent protein
(YFP)- or green fluorescent protein (GFP)-tagged proteins, monoclonal
anti-GFP mouse antibodies (Roche) and peroxidase-conjugated rabbit
anti-mouse immunoglobulin G secondary antibodies (DakoCytomation)

were used. Blots were developed using Luminata Western HRP Substrate
(Merck Millipore).

Protein purification for pulldown experiments. For overexpression
and purification of PilN�42

-His6, PilO�37
-His6, PilP�20

-His6, PilQ20 – 656-
His6, MalE-PilN�42

, MalE-PilO�37
, and MalE-PilP�20

, the plasmids pSC5,

TABLE 1 M. xanthus strains used in this work

M. xanthus strain Relevant characteristicsa
Reference
or source

DK1622 Wild type 51
DK8615 �pilQ 81
DK10409 �pilT 82
DK10410 �pilA 83
SA3002 �pilM 54
DK10416 �pilB 82
DK10417 �pilC 82
DK10405 Tcr::�tgl 33
SA3046 �pilM/PpilA-yfp-pilM (pSC8) 54
SA3045 �pilT yfp pilT (pIB75) 54
SA3001 �pilO This work
SA3005 �pilP This work
SA3006 �pilQ/PpilA-pilQ (pIB55) This work
SA3007 �tgl/PpilA-tgl (pIB54) This work
SA3044 �pilN This work
SA3053 �pilM/PpilA-pilM (pSC2) This work
SA4028 �pilO/PpilA-pilO (pSC38) This work
SA4029 �pilP/PpilA-pilP (pSC39) This work
SA4041 �pilM/PpilA-yfp-pilMR388A (pSC56) This work
SA4058 �pilM/PpilA-yfp-pilMD204A (pSC97) This work
SA4059 �pilM/PpilA-yfp-pilMV204D (pSC98) This work
SA4060 �pilMNOPQ This work
SA4061 �pilN/PpilA-piN (pSC37) This work
SA4067 WT/PpilA-pilP-sfGFP (pSC102) This work
SA4070 �pilP/PpilA-pilP-sfGFP (pSC102) This work
SA4076 �tgl/ PpilA-tgl-sfGFP (pSC104) This work
SA4077 �pilA/PpilA-pilP-sfGFP (pSC102) This work
SA4078 �pilB/PpilA-pilP-sfGFP (pSC102) This work
SA4079 �pilC/PpilA-pilP-sfGFP (pSC102) This work
SA4080 �pilM/PpilA-pilP-sfGFP (pSC102) This work
SA4081 �pilN/PpilA-pilP-sfGFP (pSC102) This work
SA4082 �pilO/PpilA-pilP-sfGFP(pSC102) This work
SA4083 �pilT/PpilA-pilP-sfGFP (pSC102) This work
SA4086 WT/PpilA-pilO-sfGFP (pSC106) This work
SA4088 �pilO/PpilA-pilO-sfGFP (pSC106) This work
SA4094 �pilQ/PpilA-pilP-sfGFP (pSC102) This work
SA4095 �pilM/PpilA-pilO-sfGFP (pSC106) This work
SA4096 �pilN/PpilA-pilO-sfGFP (pSC106) This work
SA4097 �pilP/PpilA-pilO-sfGFP (pSC106) This work
SA4098 �pilQ/PpilA-pilO-sfGFP (pSC106) This work
SA6001 �pilA/PpilA-pilO-sfGFP (pSC106) This work
SA6002 �pilB/PpilA-pilO-sfGFP (pSC106) This work
SA6003 �pilC/PpilA-pilO-sfGFP (pSC106) This work
SA6005 �pilT/PpilA-pilO-sfGFP (pSC106) This work
SA6024 �pilBTCMNOPQ This work
SA6025 �pilBTCMNOPQ/PpilA-yfp-pilT (pIB75) This work
SA4073 �pilTCMNOPQ This work
SA6026 WT/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6027 �pilQ/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6028 �pilA/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6029 �pilB/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6030 �pilN/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6031 �pilP/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6033 �pilC/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6034 �pilM/PpilA-tgl pilQ-sfGF P (pSC120) This work
SA6035 �pilO/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6036 �pilT/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6053 �tgl This work
SA6056 �tgl/PpilA-pilP-sfGFP (pSC102) This work
SA6057 �tgl/PpilA-pilO-sfGFP (pSC106) This work
SA6058 �tgl/PpilA-yfp-pilT (pIB75) This work
SA6060 �aglZ/PpilA-tgl pilQ-sfGFP (pSC120) This work
SA6061 �tgl/PpilA-pilQ-sfGFP (pSC110) This work
a In constructs with PpilA, genes were transcribed from the pilA promoter. Plasmids
containing the indicated expression constructs are in parentheses and were integrated at
the Mx8 attB site.
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pSC6, pSC43, pSC108, pSC44, pSC45, and pSC46 were separately trans-
formed into Escherichia coli Rosetta 2 [F� ompT hsdSB(rB

� mB
�) gal dcm

pRARE2] (Novagen). Cells were grown in 500 ml LB medium with appro-
priate antibiotics at 37°C to an optical density at 550 nm (OD550) of 0.6.
Overexpression was induced with 0.1 mM IPTG (isopropyl-�-D-thioga-
lactopyranoside). Cells were shifted to 18°C and grown overnight. Cells
were harvested, resuspended in lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 10 mM imidazole, pH 8.0) containing protease inhibitors (Roche),
and disrupted by sonication. Cell debris was removed by centrifugation at
4,000 � g for 10 min at 4°C. Subsequently, the lysate was centrifuged at
160,000 � g for 1 h at 4°C. All proteins used for in vitro analyses were
purified under native conditions except for PilO�37

-His6. His-tagged pro-
teins were purified on an Ni2�-nitrilotriacetic acid (NTA)-agarose col-
umn as described by the manufacturer (Qiagen) using lysis buffer and
elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole, pH
8.0). PilO�37

-His6 was purified under denaturing conditions using lysis
buffer B (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 8.0) and
elution buffers D and E (100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea,
pH 4.5). Elution fractions were dialyzed stepwise against lysis buffer.
MalE-tagged proteins were purified on an amylose matrix (New England
BioLabs) using buffer CB1 (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 1
mM dithiothreitol [DTT], 1 mM EDTA). Bound proteins were eluted
using buffer CB2 (20 mM Tris-HCl [pH 7.4], 200 mM NaCl, 1 mM DTT,
1 mM EDTA, 10 mM maltose).

Pulldown experiments. After purification of individual proteins, they
were split and dialyzed against lysis buffer for Ni2�-NTA chromatography
or CB1 buffer for amylose chromatography. In the pulldown experiments,
proteins in the same buffer were added to the same final equimolar
concentration, incubated for 1 to 2 h at 4°C, and applied to an Ni2�-
NTA-agarose (Qiagen) or an amylose column (New England BioLabs).
Equivalent volumes of the flowthrough, wash, and elution fractions
were separated by SDS-PAGE and visualized by Coomassie blue G-250
staining.

Fluorescence microscopy. Phase-contrast, differential inference con-
trast (DIC), and fluorescence microscopy was done as described previ-
ously (61). Briefly, cells from exponentially growing cultures were trans-
ferred to a thin 1.5% agar pad with A50 buffer (10 mM MOPS
[morpholinepropanesulfonic acid] [pH 7.2], 10 mM CaCl2, 10 mM
MgCl2, 50 mM NaCl) on a glass slide and covered with a coverslip. Cells
were immediately visualized with a Leica DM6000B microscope using a
Leica Plan Apo 100�/numerical aperture (NA) 1.40 phase-contrast oil
objective and imaged with a Roper Photometrics Cascade II 1024 camera
or a Leica DFC350FX camera. Images were recorded and processed with
Metamorph (Molecular Devices). For time-lapse recordings, cells were
applied directly on a 0.1% CTT agarose pad on a coverslip at 32°C, images
were recorded every 20 min using a temperature-controlled Leica
DMI6000B microscope with an adaptive focus control and a motorized
stage and a Hamamatsu Flash 4.0 camera, and images were processed
using the Leica MM AF software package. Immunofluorescence micros-
copy was done essentially as described previously (55). Briefly, exponen-
tially growing M. xanthus cells were fixed with 3.2% (anti-PilC, anti-PilM,
anti-PilN, and anti-PilP) or 1.6% (anti-PilB and anti-Tgl) paraformalde-
hyde and 0.008% glutaraldehyde. Fixed cells were spotted on a poly-L-
lysine-treated 12-well diagnostic slide (Thermo Scientific) and permeab-
ilized with glucose-Tris-EDTA (GTE) buffer (50 mM glucose, 20 mM
Tris-HCl, 10 mM EDTA, pH 7.5) for 5 min. After blocking with 2%
bovine serum albumin (BSA) in phosphate-buffered saline (PBS) buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4)
for 20 min, primary antibody was added in 2% BSA–PBS overnight at 4°C.
After washing with PBS, secondary antibody Alexa Fluor 594 goat anti-
rabbit IgG (Molecular Probes, Life Technologies) was added for 2 h. After
washing with PBS, Slow Fade Anti Fade Reagent (Molecular Probes, Life
Technologies) was added to each well, and cells were covered with a cov-
erslip. Cells were imaged as described above. For each protein, polar flu-

orescent clusters were defined in the WT, assessing the signal-to-noise
ratio, and all other strains were compared to the WT.

Operon mapping. Total RNA was isolated using a hot phenol extrac-
tion method (62). RNA was treated with DNase I (Ambion) and purified
with the RNeasy kit (Qiagen). PCR analysis was used to confirm that the
RNA was DNA free. One microgram of RNA was used to synthesize cDNA
with the High capacity cDNA Archive kit (Applied Biosystems) using
random hexamer primers. For the operon mapping, different primer
combinations were used to amplify intragenic and intergenic regions.
Genomic DNA was used to confirm that all primer pairs worked. RNA
was used as a negative control to exclude DNA contamination of the RNA
used for cDNA synthesis. The following primer pairs were used to amplify
internal or intergenic regions (see Table S2 in the supplemental material):
intragenic pilM (opilM-6, opilM-7), intergenic pilM-pilN (opilM-8,
opilN-5-o), intragenic pilN (opilN-6-o, opilN-7-o), intergenic pilN-pilO
(opilN-8-o, opilO-5-o), intragenic pilO (opilO-6-o, opilO-7-o), inter-
genic pilO-pilP (opilO-8-o, opilP-5-o), intragenic pilP (opilP-6-o, opilP-
7-o), intergenic pilP-pilQ (opilP-8-o, opilQ-12), and intragenic pilQ
(opilQ-13, opilQ-14).

RESULTS
PilN, PilO, PilP, and Tgl are required for T4P-dependent motil-
ity. pilN, pilO, pilP, and tgl have been suggested to be important
for T4P-dependent motility in M. xanthus based on analysis of
transposon insertions and point mutations (33, 49, 63). pilN, pilO,
and pilP are part of an operon and cotranscribed with pilM and
pilQ (Fig. 1A; see Fig. S1 in the supplemental material). Tgl is an
OM lipoprotein and was suggested to function as a pilotin to stim-
ulate PilQ OM insertion and, in this way, PilQ oligomer formation
in the OM (33, 63). As a starting point, we sought to confirm these
observations and to rule out polar effects of previously analyzed
mutants. Therefore, in-frame deletions of pilN, pilO, pilP, and tgl
were generated and characterized. For assessment of T4P-depen-
dent motility in the four in-frame deletion mutants, cells were
spotted on 0.5% agar, which is favorable to T4P-dependent mo-
tility (64). The WT strain DK1622 formed the long flares charac-
teristic of T4P-dependent motility, whereas the �pilM and �pilQ
control strains, which are unable to assemble T4P (54), generated
smooth colony edges without flares (Fig. 1B). Similarly, all four
new in-frame deletion mutants were unable to move by T4P-de-
pendent motility (Fig. 1B). Importantly, the defect in T4P-depen-
dent motility in all six mutants was complemented by ectopic
expression of the relevant WT gene from the constitutively active
pilA promoter at the Mx8 attB site (Fig. 1B). Immunoblots using
specific antibodies confirmed that the proteins accumulated at
levels comparable to those in WT in the complementation strains
(Fig. 1C), with the exception of Tgl, which accumulated at in-
creased levels. Moreover, in the absence of Tgl, only PilQ mono-
mers accumulated whereas PilQ oligomers were undetectable
(Fig. 2A), confirming that Tgl stimulates the formation of PilQ
oligomers in the OM.

We also aimed at testing the importance of the PilD prepilin
peptidase for T4P motility. However, all attempts to generate an
in-frame deletion or an insertion mutant in pilD were unsuccess-
ful. pilD is the only M. xanthus gene that encodes a full-length
prepilin peptidase, whereas MXAN_3105 encodes a truncated
prepilin peptidase (65). Because none of the other T4PS proteins
are essential, we speculate that PilD is involved in processing other
proteins with a type III signal sequence that are either required for
survival or are toxic to the cells when they accumulate as unpro-
cessed proteins. Because we were unable to generate a pilD mu-
tant, we did not include pilD in further analyses.
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Stability of T4PS proteins in the absence of each individual
other T4PS protein. To begin to understand how the T4PS pro-
teins interact, we systematically determined the accumulation of
every T4PS protein in the absence of each individual other T4PS
protein using immunoblot analysis (Fig. 2A and B). If the stability
of one protein depends on the presence of another protein, this is
an indication that the two proteins interact directly or indirectly as
part of a complex. This approach has been successfully used in the
case of proteins of the T4PS in P. aeruginosa (44).

PilQ and Tgl accumulated at WT levels in all nine relevant
deletion mutants, and only the absence of Tgl blocked the forma-
tion of PilQ oligomers. In the absence of Tgl or PilQ, PilM, PilN,
PilO, and PilP either were not detectable or accumulated at
strongly reduced levels. In the absence of the IM lipoprotein PilP,
accumulation of PilM, PilN, and PilO was strongly reduced. PilN
and PilO were mutually dependent for accumulation and both
essential for PilM accumulation. In contrast, lack of PilM did not
affect the accumulation of any of the analyzed proteins. PilB, PilT,
PilC, and PilA accumulated in all nine relevant in-frame deletion
mutants. Also, lack of PilB, PilT, PilC, or PilA did not interfere
with the accumulation of any other T4PS protein. These effects on
protein accumulation are not due to polar effects, because the
motility defect in each of the in-frame deletion mutants is com-
plemented by the ectopic expression of the relevant WT gene (Fig.
1B) (47, 54).

PilN, PilO, and PilP localize in a bipolar pattern. PilQ, PilM,
and PilC localize in a bipolar, symmetric pattern (33, 54; see also
Fig. S4 in the supplemental material), and PilA localizes dis-

persedly in the IM (56). Moreover, it has been suggested that Tgl
localizes in a unipolar pattern (33). To visualize the remaining
components of the T4PS, we performed immunofluorescence mi-
croscopy with specific antibodies against PilN, PilO, and PilP. In
the case of PilN and PilP, weak nonpolar signals were detected in
the WT as well as in the �pilN and �pilP mutants; importantly,
bipolar clusters were observed only in the WT, suggesting that the
bipolar signals are specific (Fig. 3). In contrast, specific PilO sig-
nals could not be detected (data not shown). To be able to follow
PilN, PilO, and PilP by live-cell microscopy, C-terminal fluores-
cent fusions to superfolder GFP (sfGFP), which folds correctly in
the periplasm when exported via the Sec system (66, 67), were
generated for PilN, PilO, and PilP. Ectopic expression of the fu-
sion proteins from the pilA promoter restored the motility defects
in the �pilO and �pilP mutants (Fig. 1B), whereas the PilN-sfGFP
was unable to complement the �pilN mutant. Therefore, the
PilN-sfGFP protein was not considered further. PilO-sfGFP and
PilP-sfGFP accumulated at levels comparable to those of the na-
tive proteins in the WT and with some degradation in the case of
PilP-sfGFP (see Fig. S2A and B in the supplemental material),
suggesting that the fusion proteins are active. As shown in Fig. 3,
PilO-sfGFP and PilP-sfGFP formed clusters that localized sym-
metrically to both cell poles. In total, PilN localizes in a bipolar
symmetric pattern as determined using immunofluorescence mi-
croscopy, PilO localizes in a bipolar symmetric pattern as deter-
mined using the PilO-sfGFP fusion, and PilP localizes in a bipolar
symmetric pattern as determined using immunofluorescence mi-
croscopy as well as the PilP-sfGFP fusion.

WT 
Δp

ilA
Δp

ilB

Δp
ilC

Δp
ilM

Δp
ilN

Δp
ilO

Δp
ilP

Δp
ilQ

Δp
ilT
Δtg

l

α-PilC

α-PilT

α-PilB
α-PilA

α-PilM
α-PilN
α-PilO
α-PilP

α-PilQ multimer

α-PilQ monomer

α-Tgl

PilB

PilT

PilC

PilA

PilM
PilN
PilO
PilP
PilQ

Tgl

Δp
ilA
Δp

ilB

Δp
ilC

Δp
ilM

Δp
ilN

Δp
ilO

Δp
ilP

Δp
ilQ

Δp
ilT

FIG 2 T4PS protein accumulation in in-frame deletion mutants. (A) Cells were grown and analyzed as described for Fig. 1C using specific antibodies as
indicated. (B) Summary of observed effects on protein stability. Green and red indicate no effect or negative effect, respectively.

P
h

ΔpilO/
pilO-sfGFP

ΔpilP/
pilP-sfGFP

WT/
tgl,pilQ-sfGFP

Δtgl/
tgl-sfGFP

WT Δtgl Δtgl/tgl
α-Tglα-PilN

WT ΔpilN
α-Tgl α-Tglα-PilN

Fl
uo

re
sc

en
ce

α-PilP
WT ΔpilP

α-PilP

FIG 3 Localization of PilN, PilO, PilP, PilQ, and Tgl. Cells from exponentially growing cultures were transferred to a 1.5% agar pad on a microscope slide and
imaged by fluorescence microscopy in the case of the fluorescent fusion proteins of PilO, PilP, PilQ, and Tgl. For native PilN, PilP, and Tgl, cells were fixed and
imaged by immunofluorescence microscopy using anti-PilN, anti-PilP, and anti-Tgl antibodies, respectively. Upper and lower rows show fluorescence and
phase-contrast (Ph) microscopy images, respectively. Scale bar, 5 �m.

Friedrich et al.

382 jb.asm.org Journal of Bacteriology

http://jb.asm.org


To determine the localization of Tgl, immunofluorescence mi-
croscopy using anti-Tgl antibodies as described previously (33)
was performed. Using this method, we were unable to detect a
specific Tgl signal in the WT (Fig. 3); however, in the �tgl/tgl
strain, which overexpresses Tgl (Fig. 1C), we observed a fluores-
cence signal along the entire cell circumference, suggesting that
Tgl in the OM is localized along the entire cell length. Because this
observation is at odds with the suggested unipolar Tgl localization,
we analyzed the localization of a Tgl-sfGFP fusion protein. Ectopic
expression of the fusion protein from the pilA promoter in a �tgl
mutant resulted in Tgl-sfGFP accumulation at a slightly higher
level than in the native protein in the WT, and moreover, Tgl-
sfGFP was partially degraded, resulting in the accumulation of a
protein with the size of Tgl (see Fig. S2C in the supplemental
material). Expression of Tgl-sfGFP restored the motility defect in
the �tgl mutant (Fig. 1B), suggesting that the fusion is active.
Importantly, Tgl-sfGFP also showed a uniform localization to the
cell periphery and along the length of cells (Fig. 3). Nudleman et
al. detected polar Tgl localization in approximately one-third of
the cells, whereas the remaining cells had a uniform localization of
Tgl along the cell periphery. It has been reported that overexpres-
sion of proteins of the T2SS may result in their polar localization
whereas the same proteins expressed at native levels are localized
at the cell periphery along the length of cells (68, 69). Despite our
use of strains overexpressing Tgl or Tgl-sfGFP, we observed only
the circumferential localization pattern. The unipolar localization
suggested for Tgl implies that the protein relocates between the
poles during cellular reversals as reported for cytoplasmic motility
proteins (54, 55). Cellular reversals occur on a time scale of 15 to
30 s; we find it unlikely that an OM lipoprotein would be able to
relocate from one pole to the other within 15 to 30 s. Alternatively,
a unipolar localization of Tgl could be accomplished by a mecha-
nism in which newly synthesized Tgl specifically localizes to one
cell pole and is then fully degraded within one cell cycle. To test
this idea, we determined the half-life (t1/2) of Tgl by blocking pro-
tein synthesis in WT M. xanthus cells using chloramphenicol and
then monitored Tgl levels by immunoblotting. This experiment
showed that Tgl has a t1/2 of 	360 min (see Fig. S3 in the supple-
mental material). Because one M. xanthus cell cycle is approxi-
mately 330 min, we conclude that this hypothesis cannot explain a
unipolar localization of Tgl. Therefore, we suggest that Tgl local-
izes uniformly throughout the OM.

The PilQ secretin was previously shown to localize in a bipolar,
symmetric pattern using immunofluorescence microscopy (33,
54). To be able to follow PilQ localization over time, we took
advantage of the approach that was used to determine the local-
ization of the PulD secretin of the T2SS in Escherichia coli (70).
Therefore, we expressed a PilQ-sfGFP fusion together with its
pilotin Tgl from the pilA promoter. PilQ-sfGFP accumulated at a
reduced level compared to native PilQ in the WT (see Fig. S2D in
the supplemental material). In motility assays, expression of PilQ-
sfGFP together with Tgl in the �pilQ mutant partially restored
motility, suggesting that the fusion protein is partially active (Fig.
1B). Expression of PilQ-sfGFP together with Tgl did not have a
dominant negative effect on motility in the WT (Fig. 1B). More-
over, PilQ-sfGFP formed monomers as well SDS-resistant
oligomers when expressed in an otherwise WT strain (see Fig. S2D
and E in the supplemental material), suggesting that the fusion
protein formed mixed multimers with native PilQ and that the
fusion protein is efficiently incorporated into functional secretin

complexes. Consistently, we observed that PilQ-sfGFP localized
in a bipolar, symmetric pattern in an otherwise WT strain (Fig. 3)
as reported for native PilQ using immunofluorescence micros-
copy.

From these and previous analyses (33, 54, 56), we conclude
that eight T4PS proteins (PilQ, PilP, PilN, PilO, PilM, PilC, PilB,
and PilT) (see also Fig. S4 in the supplemental material) localize to
the cell poles and that the T4P subunit PilA and likely also the
pilotin Tgl localize uniformly in the cell envelope along the cell
length. Because M. xanthus only assembles T4P at one pole at a
time (51) and the pole at which T4P are assembled switches within
15 to 30 s during cellular reversals, we suggest that the fluorescent
clusters observed at the poles correspond to preassembled T4PS
complexes and that the specific localization of PilB and PilT de-
termines at which pole T4P are assembled.

Assembly of the T4PS starts from multimeric PilQ in the OM
and proceeds inwards. The observation that eight of the T4PS
proteins localize to clusters at the cell poles and likely correspond
to preassembled T4PS complexes offered the opportunity to deci-
pher the assembly pathway of the T4PS. Therefore, we systemati-
cally investigated the localization of all eight polarly localized
T4PS protein in the WT as well as in the absence of each individual
other T4PS protein using the array of mutants containing nonpo-
lar in-frame deletions.

PilQ localization was investigated using PilQ-sfGFP coexpressed
with Tgl. In WT as well as in nine in-frame deletion mutants, PilQ-
sfGFP accumulated (see Fig. S2D and E in the supplemental material)
and displayed bipolar localization indistinguishable from that in the
WT in all these strains (Fig. 4A; see Fig. S4 in the supplemental ma-
terial). When PilQ-sfGFP was expressed in the absence of extra Tgl in
a �tgl mutant, the polar localization was abolished and PilQ-sfGFP
localized throughout the cells (Fig. 4A; see Fig. S4 in the supplemental
material). Because Tgl is the only protein required for PilQ oligomer
formation in the OM, we conclude that only oligomeric PilQ in the
OM is polarly localized. Because Tgl likely localizes throughout the
OM, these data also suggest that Tgl is not a polar targeting determi-
nant for PilQ but functions to stimulate OM insertion and in this way
PilQ oligomer formation and polar localization.

To determine PilP localization, we expressed the active PilP-
sfGFP fusion in the WT and in the 10 in-frame deletion mutants.
Although native PilP is unstable in the �tgl and �pilQ mutants,
PilP-sfGFP accumulated in both mutants (see Fig. S2B and F in the
supplemental material) suggesting that the C-terminal sfGFP tag
protects PilP from proteolytic degradation in the absence of Tgl
and PilQ and that the fusion protein can be used to follow PilP
localization in the absence of Tgl and PilQ. PilP-sfGFP formed
faint polar clusters in the absence of Tgl and showed diffuse local-
ization or faint polar clusters in a few cells in the �pilQ, �pilN, and
�pilO mutants. In all other mutants, PilP localized in a symmetric
bipolar pattern (Fig. 4A; see Fig. S4 in the supplemental material).
These data suggest that polar localization of PilP-sfGFP and, by
implication, incorporation into the T4PS complex depend on Tgl,
PilQ, PilN, and PilO.

Immunoblot analyses revealed that active PilO-sfGFP accumu-
lated in the WT as well as in all in-frame deletion mutants, although
accumulation was slightly lower in the �pilN and �pilP mutants (see
Fig. S2A and G in the supplemental material), suggesting that the
C-terminal sfGFP tag stabilizes PilO in the �tgl, �pilQ, �pilP, and
�pilN mutants and that the fusion protein can be used to follow PilO
localization in the absence of Tgl, PilQ, PilO, and PilN. Despite its
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accumulation, PilO-sfGFP did not form polar clusters in the �tgl,
�pilQ, �pilP, and �pilN mutants (Fig. 4A; see Fig. S4 in the supple-
mental material). Bipolar PilO-sfGFP clusters were detected in all
other mutants as in the WT (Fig. 4A; see Fig. S4). These data suggest
that PilO-sfGFP incorporation into the T4PS complex depends on
Tgl, PilQ, PilP, and PilN.

Because we were unable to generate an active fluorescently
tagged PilN protein, we determined the localization of PilN using

immunofluorescence microscopy. PilN does not accumulate in
the �pilO, �pilP, �pilQ, and �tgl mutants (Fig. 2A and B); there-
fore, we determined PilN localization only in the remaining in-
frame deletion mutants. In all these mutants, PilN formed bipolar
clusters (Fig. 4A; see Fig. S4 in the supplemental material). We
conclude that incorporation of PilN into the T4PS complex is
independent of PilB, PilT, PilC, PilM, and PilA.

To localize PilM, we performed immunofluorescence micros-
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FIG 4 Localization of proteins of the T4PS. (A) Cells were analyzed as indicated for Fig. 3. Immunofluorescence microscopy was used to analyze the localization
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images of the indicated strains; scale bar, 2 �m. Cells were treated as indicated for Fig. 3.
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copy. PilM does not accumulate in the �pilN, �pilO, �pilP, �pilQ,
and �tgl mutants (Fig. 2A and B). Therefore, these mutants were
excluded from the localization experiment. In the remaining four
mutants, polar PilM localization was observed as in the WT (Fig.
4A; see Fig. S4 in the supplemental material). We conclude that
PilB, PilT, PilC, and PilA are dispensable for incorporation of
PilM into the T4PS complex.

PilC localization was investigated by immunofluorescence mi-
croscopy. Because PilC accumulates in all mutants (Fig. 2), PilC
localization was determined in the WT as well as in all the in-frame
deletion mutants. Polar PilC clusters were observed in the absence
of PilB, PilT, PilA, and PilM (Fig. 4A; see Fig. S4 in the supplemen-
tal material). Interestingly, although PilC was stable in the absence
of Tgl, PilQ, PilP, PilO, and PilN, lack of any one of these five
proteins resulted in a decreased number of cells with polar clusters
and the clusters formed were fainter than those formed in the WT
(Fig. 4A; see Fig. S4 in the supplemental material). We conclude
that incorporation of PilC into the T4PS complex depends on Tgl,
PilQ, PilP, PilO, and PilN.

PilB localization was investigated using immunofluorescence
microscopy as previously described (54). Weak nonpolar signals
were detected in all strains tested; however, in the single-deletion
mutants, polar PilB signals indistinguishable from those in the
WT were observed only in pilB� strains (Fig. 4A; see Fig. S4 in the
supplemental material), suggesting that none of the T4PS proteins
are essential for polar PilB localization. Consistently, polar PilB
clusters were also observed in a mutant lacking PilT, PilC, PilM,
PilN, PilO, PilP, and PilQ (Fig. 4A; see Fig. S4).

To investigate the localization of PilT, a functional YFP-PilT
fusion expressed at native levels (54) was used. YFP-PilT accumu-
lated (see Fig. S2H in the supplemental material) and localized
polarly in the �pilT mutant as well as in a strain lacking PilB, PilT,
PilC, PilM, PilN, PilO, PilP, and PilQ (Fig. 4A; see Fig. S4 in the
supplemental material). Moreover, YFP-PilT localized polarly in-
dependently of Tgl (Fig. 4A; see Fig. S4). These data suggest that
YFP-PilT, similarly to PilB, localizes independently of all other
T4PS proteins. A summary of the observed effects on protein lo-
calization is shown in Fig. 4B.

PilN recruits PilM to the T4P machinery. To establish a clear
connection between PilM and the remaining T4PS complex, we
took advantage of the recently solved X-ray structure of PilM of
Thermus thermophilus (43). In this structure, PilM binds a 15-
amino-acid peptide that corresponds to the conserved, cytoplas-
mic N terminus of PilN. Similarly, PilM of P. aeruginosa binds the
conserved N terminus of PilN (40). The N terminus of PilN of T.
thermophilus and P. aeruginosa is conserved in PilN of M. xanthus
(see Fig. S5A in the supplemental material). Similarly, the amino
acid residues in PilM of T. thermophilus involved in binding the
PilN peptide are conserved in PilM of M. xanthus (see Fig. S5B),
suggesting that PilM in M. xanthus also interacts with the N ter-
minus of PilN. To test in vivo whether the interaction between the
cytoplasmic N terminus of PilN is important for recruiting PilM
to the T4PS in M. xanthus, three single-amino-acid substitutions
(D203A, V204D, and R388A [see Fig. S5B]) of residues involved in
PilN peptide binding by PilM of T. thermophilus (43) were sepa-
rately introduced into a functional YFP-PilM fusion that accumu-
lates at native levels (54). All three mutant variants accumulated
similarly to the WT YFP-PilM protein (see Fig. S2I in the supple-
mental material). As opposed to YFP-PilM, none of the three mu-
tant proteins were able to restore motility in the �pilM strain

(Fig. 4C). Furthermore, all three mutant variants displayed diffuse
localization as opposed to the bipolar localization of the YFP-PilM
WT protein (Fig. 4C). On the basis of these data, we suggest that
the interaction between PilM and the cytoplasmic N terminus of
PilN results in the recruitment of PilM to the T4PS complex.

PilN and PilO as well as PilP and PilQ interact directly. Our
data suggest that T4PS assembly initiates with formation of the
PilQ oligomer in the OM and then proceeds inwards over the
periplasm and the IM to the cytoplasm. To corroborate this as-
sembly pathway, we tested for direct protein-protein interactions
among T4PS proteins with a special focus on PilN, PilO, PilP, and
PilQ. Because all four proteins are membrane proteins, only the
periplasmic parts were purified as His6-tagged proteins corre-
sponding to PilN�42

-His6, PilO�37
-His6, PilP�20

-His6, andPilQ20–656-
His6 (see Fig. S6A in the supplemental material). In size exclusion
chromatography, PilN�42

-His6 and PilP�20
-His6 eluted in two

peaks with masses corresponding to dimers and tetramers.
PilO�37

-His6 eluted in a single peak corresponding by mass to
tetramers, while PilQ20 – 656-His6 eluted with a mass correspond-
ing to dimers (see Fig. S6B, C, D, and E in the supplemental ma-
terial). In comparison, the periplasmic domain of PilO of P.
aeruginosa forms a dimer in solution while the periplasmic do-
main of PilN of P. aeruginosa is insoluble (36). To our knowledge,
multimeric forms of PilP and PilQ of T4PS have not been reported
previously. The periplasmic domain of the XcpD secretin of the P.
aeruginosa T2SS was reported to form a dimer (71).

To test for direct protein interactions, we purified N-termi-
nally MalE-tagged PilN (MalE-PilN�42

), PilO (MalE-PilO�37
), and

PilP (MalE-PilP�20
) (see Fig. S6A in the supplemental material).

As shown in Fig. 5A, MalE-PilO�37
bound to an amylose matrix

interacted with PilN�42
-His6. Similarly, PilN�42

-His6 bound to an
Ni2�-NTA-agarose matrix interacted with MalE-PilO�37

. In con-
trol experiments, PilN�42

-His6 and MalE-PilO�37
did not sepa-

rately bind to the amylose matrix and the Ni2�-NTA-agarose ma-
trix, respectively. Using a similar experimental approach, we
observed that MalE-PilP�20

and PilQ20 – 656-His6 interacted (Fig.
5B). Because purified PilQ20 – 656-His6 contains an additional pro-
tein with a size similar to that of MalE-PilP�20

(see Fig. S6A in the
supplemental material), we performed immunoblot analyses us-
ing PilP-specific antibodies on the PilQ20 – 656-His6/MalE-PilP�20

elutions. These analyses confirmed that MalE-PilP�20
coelutes

with PilQ20 – 656-His6 (see Fig. S6F).
We did not detect interactions between MalE-PilN�42

and PilP-
His6�20

or PilN�42
-His6 and MalE-PilP�20

. Similarly, we did not
detect interactions between MalE-PilO�37

and PilP�20
-His6 or

PilO�37
-His6 and MalE-PilP�20

(see Fig. S6G in the supplemental
material). We conclude that the periplasmic parts of PilN and
PilO, as well as the periplasmic parts of PilP and PilQ, interact
directly. A summary of the protein-protein interactions observed
is shown in Fig. 5C.

Timing of polar PilQ localization. Because our data suggest
that assembly of the T4PS complex begins with oligomeric PilQ in
the OM, we investigated when PilQ becomes polarly localized us-
ing time-lapse fluorescence microscopy on M. xanthus cells ex-
pressing PilQ-sfGFP and extra Tgl and with images captured every
20 min. As shown in Fig. 6 and in Fig. S7 in the supplemental
material, PilQ-sfGFP was present at the old cell poles and accu-
mulated at the division site in cells with a deep constriction or
immediately after cell division. We conclude that oligomeric PilQ-
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sfGFP becomes polarly localized late during or immediately after
cell division.

DISCUSSION

The dynamic cycles of T4P extension and retraction depend on a
molecular machine that includes at least 10 proteins and that
spans from the cytoplasm, over the IM and the periplasm, and to
the OM. Here, we report that this nanomachine is assembled in an
outside-in manner and that multimeric PilQ in the OM functions
as an assembly platform for this machine and with additional
components being added sequentially from the outside in. Addi-
tionally, the two ATPases PilB and PilT, which provide the energy
for T4P extension and retraction, respectively, localize indepen-
dently of all other T4PS proteins.

To gain insights into functional interactions between T4PS
proteins and the assembly process, we initially profiled in vivo the
stability of the 10 T4PS proteins in the absence of each individual
other T4PS protein and we tested in vitro for direct interactions
between PilN, PilO, PilP, and PilQ in various binary combina-
tions. The OM pilotin lipoprotein Tgl, the secretin PilQ, the inte-
gral IM protein PilC, the cytoplasmic ATPases PilB and PilT, and
the pilin subunit PilA stably accumulate independently of all other

T4PS proteins. Moreover, Tgl is the only analyzed protein re-
quired for PilQ oligomer formation in the OM. On the other
hand, the stability of PilM, PilN, PilO, and PilP depend on other
T4PS proteins. Specifically, Tgl and PilQ are required for the sta-
bility of all of these four proteins. PilP, in turn, is required for the
stability of PilM, PilN, and PilO. Finally, PilN and PilO mutually
stabilize each other as well as PilM. The observation that Tgl and
PilQ in the OM affect the stability of PilM in the cytoplasm dem-
onstrates that this experimental approach does not distinguish
between direct and indirect effects. Lack of Tgl or PilQ has similar
effects on the stability of other T4PS proteins. Because Tgl func-
tions as a pilotin for PilQ, we suggest that the effects of lack of Tgl
are indirect and caused by the lack of the PilQ secretin oligomer in
the OM. In total, the protein stability profiling experiments sug-
gest the existence of a complex consisting of PilQ, PilP, PilN, PilO,
and PilM. Consistently, we observed that the periplasmic domain
of PilQ interacts with the periplasmic domain of PilP and that the
periplasmic domains of PilN and PilO interact. These observa-
tions are in agreement with observations from N. meningitidis and
P. aeruginosa in assays using purified proteins, i.e., the periplasmic
domains of PilN and PilO interact directly to form heterodimers
in P. aeruginosa (36), and the periplasmic domains of PilQ and
PilP interact directly in both organisms (40–42). We did not ob-
serve an interaction between PilP and PilN or PilO. In P. aerugi-
nosa, the periplasmic domain of PilP was found to interact with a
PilN/PilO complex (38). Of note, Li et al. (37) recently provided
evidence using yeast two-hybrid system analyses that PilO and
PilP of M. xanthus interact directly. We speculate that PilP in M.
xanthus may also interact with the PilN/PilO complex and that we
did not observe this interaction because we tested only for binary
interactions.

Our observation that PilM accumulation depends on Tgl, PilQ,
PilP, PilN, and PilO is in agreement with the observation that PilM
interacts with the cytoplasmic N terminus of PilN (35, 40, 43). In
total, these data are consistent with a model in which PilP con-
nects multimeric PilQ in the OM and PilN/PilO in the IM and that
PilN interacts with PilM in the cytoplasm, as also suggested for the
T4PS in P. aeruginosa and N. meningitidis (35, 36, 40, 44).

To elucidate the T4PS assembly pathway, we determined the
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localization of all T4PS proteins using immunofluorescence mi-
croscopy and/or fluorescent fusion proteins. Based on previous
data and the data reported here, oligomeric PilQ, PilP, PilN, PilO,
PilM, and PilC localize to both cell poles. On the other hand, PilA
localizes dispersedly in the IM (56) and our data suggest that Tgl
localizes dispersedly in the OM. Finally, PilB and PilT localize
mostly unipolarly (54). Because the dependency for polar local-
ization of T4PS proteins largely (but with some informative ex-
ceptions) parallels their stability dependency as well as direct in-
teractions, and because M. xanthus assembles T4P at one pole at a
time (51) and the pole at which T4P are assembled can switch
within 15 to 30 s, we suggest that the protein clusters observed at
both poles correspond to preassembled T4PS complexes consist-
ing of oligomeric PilQ, PilP, PilN, PilO, PilM, and PilC and that
the mostly unipolar localization of PilB and PilT to opposite cell
poles determines at which pole T4P are assembled.

We observed that oligomeric PilQ in the OM is polarly local-
ized whereas monomeric PilQ is not. Insertion and oligomer for-
mation by PilQ in the OM depends on Tgl (33). Because Tgl is
likely localized throughout the OM, we suggest that Tgl does not
recruit PilQ to the cell poles but functions in the formation of PilQ
oligomers, which then localize polarly. In this scenario, the PilQ
secretin complex localizes polarly independently of all other T4PS
proteins. PilP and PilO localization is mutually dependent and
also depends on Tgl, PilQ, and PilN. These observations together
with the protein stability profiling experiments and direct pro-
tein-protein interaction analyses suggest that PilP, PilN, and PilO
form a subcomplex that is incorporated into the T4P machinery
by interaction with oligomeric PilQ. Interestingly, PilP interacts
directly with PilQ; however, this interaction is not sufficient to
incorporate PilP into the T4P machinery. PilP incorporation also
depends on PilN and PilO. We speculate that the PilQ-PilP inter-
action is transient or of low affinity, precluding stable complex
formation. In the presence of the integral IM proteins PilN and
PilO and with the formation of the PilP/PilN/PilO subcomplex,
PilP dynamics could be restrained in this way, allowing stable
complex formation with PilQ and incorporation into the T4P ma-

chinery. Our data also suggest that PilM incorporation into the
T4P machinery depends on a direct interaction with the cytoplas-
mic N terminus of PilN. Finally, despite PilC accumulating inde-
pendently of all other T4PS proteins, PilC incorporation into the
T4P machinery depends on Tgl, PilQ, PilP, PilO, and PilN. In N.
meningitidis, PilG (the PilC homolog in N. meningitidis) was sug-
gested to interact directly with PilO based on bacterial two-hybrid
analyses (35). Therefore, we hypothesize that PilO is the direct
interaction partner of PilC and that all other effects on PilC local-
ization are indirect by affecting the stability of PilO.

Combining the observations from the stability and localization
profiling experiments with observations on direct interactions, we
suggest that the assembly pathway for the T4P machinery follows
an outside-in route (Fig. 7). Assembly is initiated by formation of
the oligomeric PilQ secretin ring in the OM (Fig. 7i). Oligomeric
PilQ, by directly interacting with PilP, recruits a subcomplex con-
sisting of the IM lipoprotein PilP and the integral IM proteins PilN
and PilO; in this subcomplex, PilN and PilO interact directly and
PilP interacts with PilN, PilO, or both (Fig. 7ii). PilN by direct
interactions recruits PilM in the cytoplasm; and PilO, likely by
direct interactions, recruits the integral IM protein PilC (Fig. 7iii).
An outside-in assembly pathway in which components are added
sequentially has at least two advantages: (i) the individual parts of
the machinery are automatically connected and aligned; and (ii)
because T4P extension depends on PilC and PilM, T4P assembly is
not initiated until the T4P machinery assembly process has been
completed, thus avoiding the formation of T4P that would be
unable to pass the OM.

In addition to being part of the T4P machinery, secretins also
make up an OM ring structure in T2SS and type III secretion
systems (T3SS) serving as OM conduits for the pseudopilus and
injection needle, respectively (72). Interestingly, the assembly of
the T3SS in Yersinia enterocolitica also initiates with the formation
of the OM secretin ring and proceeds with the sequential addition
of components in an outside-in direction (73). Similarly, in V.
cholerae, incorporation of EpsC, the structural homolog of PilP,
and EpsM, the homolog of PilO, into the T2SS depends on the

ATP ADP+Pi ATP ADP+Pi

(i) (ii) (iii)

FIG 7 Model of assembly of the M. xanthus T4P machinery. See the text for details. The color code is as described for Fig. 1A.
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secretin homolog EpsD, suggesting that EpsD is crucial for assem-
bly of the T2SS (68). Thus, an outside-in assembly pathway is
emerging as a conserved feature in secretin-containing trans-en-
velope machines. Also, for the T2SS and T3SS, an outside-in as-
sembly pathway would preclude the formation of the pseudopilus
and needle until the trans-envelope machine has assembled. An
outside-in assembly pathway is in stark contrast to the flagellum
assembly pathway in bacteria, which proceeds in an inside-out
direction (74). A notable difference between flagella and T4PS,
T2SS, and T3SS is that flagellar gene expression is coupled to fla-
gellar assembly (74). We speculate that in the case of the T4PS,
T2SS, and T3SS, synthesis of T4P, pseudopili, and needle struc-
tures, respectively, is delayed until the relevant nanomachines
have been assembled whereas in the case of the flagellar system,
premature flagellum synthesis does not pose a significant problem
because the relevant genes are not transcribed until the hook-basal
body structure has been completed.

The PilB and PilT ATPases, which are the only two members of
the T4P machinery that primarily localize unipolarly, localize and
accumulate independently of all tested T4PS proteins. Clearly,
PilB and PilT must interact with one or more of the T4PS proteins
to fulfill their function. Consistently, evidence supporting the idea
that PilB interacts with an N-terminal cytoplasmic domain of PilC
and that PilT interacts with a more C-terminally located cytoplas-
mic domain of PilC in P. aeruginosa has been provided (48). Sim-
ilarly, a bacterial two-hybrid analysis of N. meningitidis T4PS pro-
teins suggests an interaction between PilT and PilG (the PilC
homolog in N. meningitidis) (35). In agreement, in the T2SS of V.
cholerae, ATPase activity of EpsE (the PilB homolog) is stimulated
by the cytoplasmic domain of EpsL (the PilM and PilN homolog)
(75), and the proteins GspE (the PilB homolog), GspF (the PilC
homolog), GspL (the PilM and PilN homolog), and GspM (the
PilO homolog) of the T2SS of Erwinia chrysanthemi interact to
form a complex (76). These observations suggest that PilB and
PilT functionally interact with other T4PS proteins to stimulate
T4P extension and retraction. However, our data suggest that this
interaction(s) is neither required (because both proteins localize
polarly in the absence of other T4PS proteins) nor sufficient (see
below) for their polar localization.

Recently, it was shown that the small Ras-like GTPase SofG and
the bactofilin BacP are required for the polar localization of PilB
and PilT even in the presence of all other T4PS proteins (77). SofG
and filamentous BacP interact directly, and this interaction brings
about the localization of PilB and PilT at the same pole. Subse-
quently, the small Ras-like GTPase MglA and its cognate GTPase-
activating protein (GAP) MglB sorts PilB to the leading cell pole
and PilT to the lagging cell pole (78–80). Given that the T4PS
proteins analyzed here, with the exception of Tgl and PilA, localize
to both poles, it is not surprising that none of them are required
for the mostly unipolar PilB and PilT localization. We would pre-
dict that if PilB and PilT were recruited by one or more T4PS
proteins, then they would be bipolarly localized. Also, this local-
ization would be difficult to reconcile with the pole switching of
PilB and PilT during reversals.

We have provided evidence that the T4PS in M. xanthus assem-
bles in an outside-in manner starting with the secretin ring in the
OM, similarly to T2SS in V. cholerae (68) and T3SS in Y. enteroco-
litica (73). However, these T2SS and T3SS are not polarly localized
whereas the T4PS in M. xanthus is. Using time-lapse microscopy,
we observed polarly localized PilQ late during cell division or im-

mediately after cell division, suggesting that PilQ becomes incor-
porated in the OM during the late stages of cell division. Future
work will be directed at understanding how polar localization of
oligomeric PilQ is accomplished in M. xanthus.
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