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Summary

Type IV pili (T4P) are surface structures that undergo
extension/retraction oscillations to generate cell
motility. In Myxococcus xanthus, T4P are unipolarly
localized and undergo pole-to-pole oscillations syn-
chronously with cellular reversals. We investigated
the mechanisms underlying these oscillations. We
show that several T4P proteins localize symmetrically
in clusters at both cell poles between reversals, and
these clusters remain stationary during reversals.
Conversely, the PilB and PilT motor ATPases that
energize extension and retraction, respectively, local-
ize to opposite poles with PilB predominantly at the
piliated and PilT predominantly at the non-piliated
pole, and these proteins oscillate between the poles
during reversals. Therefore, T4P pole-to-pole oscilla-
tions involve the disassembly of T4AP machinery at
one pole and reassembly of this machinery at the
opposite pole. Fluorescence recovery after pho-
tobleaching experiments showed rapid turnover of
YFP-PIlT in the polar clusters between reversals.
Moreover, PilT displays bursts of accumulation at the
piliated pole between reversals. These observations
suggest that the spatial separation of PilB and PilT in
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combination with the noisy PilT accumulation at the
piliated pole allow the temporal separation of exten-
sion and retraction. This is the first demonstration
that the function of a molecular machine depends on
disassembly and reassembly of its individual parts.

Introduction

Type IV pili (T4P) are among the most widespread bac-
terial cell-surface structures (Pelicic, 2008) and have
essential functions in pathogenesis caused by several
human pathogens by mediating attachment to and micro-
colony formation on host cells (Craig et al., 2004), cell
motility (Mattick, 2002), biofilm formation (O’Toole and
Kolter, 1998; Klausen et al., 2003) and natural transfor-
mation (Dubnau, 1999). T4P are highly dynamic and
undergo cycles of extension and retraction (Merz et al.,
2000; Sun et al., 2000; Skerker and Berg, 2001). The
extension/retraction oscillations are central to the diverse
functions of T4P. Moreover, in Myxococcus xanthus the
cell pole at which T4P assemble oscillates in parallel with
cellular reversals (Sun et al., 2000; Mignot et al., 2005).
Here, we have investigated the mechanisms underlying
these two types of T4P oscillations in M. xanthus.

Type IV pili are thin (5—-8 nm) filaments, several microns
in length and typically only composed of the PilA pilin
subunit (Craig et al., 2004). T4P systems share a core set
of 10 proteins (Pelicic, 2008) and bioinformatic, genetic
and biochemical data suggest that T4P proteins form a
membrane-spanning protein complex with components in
the cytoplasm, inner membrane, periplasm and outer
membrane (Ramer etal.,, 2002; Hwang etal., 2003;
Peabody et al., 2003; Crowther et al., 2004; Carbonnelle
etal., 2006; Balasingham et al., 2007; Pelicic, 2008).
Extension of T4P involves the incorporation of pilin sub-
units at the base of a pilus (Craig et al., 2006) from a
reservoir in the inner membrane (Skerker and Berg, 2001;
Morand et al., 2004) and retraction involves the removal
and transfer of pilin subunits from the pilus base into the
inner membrane (Morand et al., 2004).

Regulation of the T4P extension/retraction oscillations
centres on the two motor proteins, PilB and PilT, which are
members of the superfamily of secretion ATPases (Craig
and Li, 2008). Secretion ATPases are dynamic, hexameric
proteins which convert the energy from ATP hydrolysis
into translocation of protein and/or DNA over membranes
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(Savvides, 2007). With the exception of PilT, all T4P pro-
teins are required for T4P extension in otherwise wild-type
strains (Craig and Li, 2008). Conversely, PilT is the only
protein required for T4P retraction (Merz etal., 2000;
Craig and Li, 2008). Genetic and biochemical evidence
suggest that PilB and PilT function antagonistically and
that the energy for the mechanical work of extending T4P
is provided by PilB ATP hydrolysis (Sakai et al., 2001;
Chiang et al., 2008; Jakovljevic etal., 2008) and the
energy for T4P retraction is provided by ATP hydrolysis by
the T4P retraction motor PIlT (Satyshur etal., 2007;
Chiang et al., 2008; Jakovljevic et al., 2008). How the
activities of PilB and PilT are regulated to allow the tem-
poral separation of extension and retraction is not known.

Type IV pili-dependent cell motility, referred to as
twitching motility in Neisseria species and Pseudomonas
aeruginosa and as S-motility in M. xanthus (Mattick,
2002), occurs when cells are located on a surface and
includes three steps: T4P extension, surface adhesion
and retraction. While extension does not generate a
force sufficient to move a cell, a force exceeding 100 pN
per T4P is generated during retractions (Maier etal.,
2002; Clausen et al., 2009), and this force is sufficiently
large to pull a bacterial cell forward (Merz et al., 2000;
Sun etal., 2000; Skerker and Berg, 2001). Individual
T4P retract independently of each other (Skerker and
Berg, 2001).

Mpyxococcus xanthus cells display two types of mor-
phogenetic cell movements depending on their nutri-
tional status (Leonardy et al., 2008). In the presence of
nutrients, colonies form in which cells at the edge
spread co-ordinately outward. In the absence of nutri-
ents, the spreading behaviour is constrained and cells
aggregate to construct spore-filled fruiting bodies. Both
types of morphogenetic cell movements depend on the
ability of cells to move and to regulate their motility
behaviour. M. xanthus cells are rod-shaped and move in
the direction of their long axis using two distinct motility
systems (Hodgkin and Kaiser, 1979). The S-motility
system depends on T4P (Wu and Kaiser, 1995).
Although several models have been proposed (Wolge-
muth et al., 2002; Mignot et al., 2007; Leonardy et al.,
2007), it is currently not known how the second system,
referred to as the A-motility system, generates mechani-
cal force. As M. xanthus cells move over a surface, they
occasionally stop and then resume gliding in the oppo-
site direction, with the old lagging pole becoming the
new leading pole (Blackhart and Zusman, 1985). Regu-
lation of the cellular reversal frequency is critical for
establishing both types of morphogenetic cell move-
ments (Blackhart and Zusman, 1985). The reversal fre-
quency is regulated by the Frz chemosensory system
(Blackhart and Zusman, 1985). In the A-motility system,
a cellular reversal involves the Frz-dependent relocation

of two polarly localized proteins (Leonardy et al., 2007;
Mignot et al., 2007).

Myxococcus xanthus contains 5-10 T4P per cell
(Kaiser, 1979), which are localized at the leading pole of
the cell (Sun et al., 2000; Mignot et al., 2005). A cellular
reversal in the T4P-dependent motility system involves a
Frz-dependent switch of the pole at which T4P assemble
(Sun et al., 2000; Mignot et al., 2005). The mechanism
underlying T4P pole-to-pole oscillations has been inves-
tigated by localizing three proteins that are required for
T4P function: the secretin PilQ forms a gated, multimeric
channel for T4P in the outer membrane (Wall and Kaiser,
1999) and was found to localize to both poles using immu-
nofluorescence microscopy (Nudleman etal., 2006).
Similarly, Tgl, an outer membrane lipoprotein (Rodriguez-
Soto and Kaiser, 1997) required for assembly of PilQ
multimers (Nudleman et al., 2006), is present at only one
cell pole (Nudleman et al., 2006). Finally, FrzS is located
in a cluster at the leading pole and, during a reversal, FrzS
relocates to the new leading pole in a Frz-dependent
manner (Mignot etal., 2005). A frzS mutant still
assembles functional T4P (Mignot et al., 2005). Thus, the
function of FrzS remains unknown. Importantly, even
though T4P and the A-motility system operate indepen-
dently of each other (Hodgkin and Kaiser, 1979), they
generate force in the same direction (Kaiser and Crosby,
1983) and they change polarity synchronously during
reversals (Leonardy et al., 2007).

To investigate the mechanisms underlying T4P
extension/retraction and T4P pole-to-pole oscillations,
we determined the cellular localization of five conserved
T4P proteins. These proteins were found to localize in
three distinct polar patterns. The localization patterns
provide evidence that T4P pole-to-pole oscillations
involve the disassembly at the old leading pole and
reassembly at the new leading pole of the T4P extension
machinery. Moreover, we observed that the molecular
motors, PilB and PilT, localize to opposite poles with
PilB, the extension motor, predominantly at the leading
and PilT, the retraction motor, predominantly at the
lagging pole. In addition, PilT displays bursts of accu-
mulation at the leading pole. We suggest that the spatial
separation of the two motors, in combination with the
occasional accumulation of the retraction motor at the
leading pole, constitutes the basis for the temporal sepa-
ration of extension and retraction.

Results

We hypothesized that the localization of T4P proteins is a
crucial parameter in determining at which pole T4P are
assembled in M. xanthus. Therefore, we analysed the
localization of five T4P core proteins, which in combina-
tion localize to three different subcellular compartments.

© 2009 The Authors
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Fig. 1. PilQ localizes in a bipolar, symmetric pattern.
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A. Localization of PilQ by immunofluorescence microscopy. Cells were harvested from exponentially growing cultures, fixed, probed with
anti-PilQ antibodies and secondary antibodies, and imaged by fluorescence and phase-contrast microscopy. Top and bottom rows show

phase-contrast and fluorescence images respectively. Scale bar: 5 um.

B. Histogram of distribution of PilQ localization patterns. The integrated fluorescence intensities (arbitrary units) of the two
background-subtracted polar clusters in a cell were measured and fold differences calculated. Fold differences from 1.0 to 2.0 represent a
bipolar, symmetric pattern, differences between 2.1 and 12.0 represent a bipolar, asymmetric pattern, and differences > 12.1 represent a

unipolar pattern.

C. Schematic of cell indicating the three regions for which fluorescence signals were quantified. Grey ovals indicate polar clusters.

PilQ localizes in a bipolar, symmetric pattern

Attempts to construct active mCherry—PilQ fusions were
unsuccessful as judged by the inability of the constructs to
complement the motility defect of a ApilQ mutant. There-
fore, to localize the outer membrane protein PilQ, we used
immunofluorescence microscopy with anti-PilQ antibodies
(Fig. S1). As previously observed (Nudleman et al., 2006),
PilQ clusters of equal intensities were recognized at both
poles in cells fixed directly after growth in suspension
(Fig. 1A—C). As T4P-dependent motility only functions in
cells on a surface, we determined PilQ localization in cells
located on a surface and found that in these cells PilQ was
also detected in bipolar, symmetric clusters (data not
shown). This localization pattern suggested that the PilQ
clusters remain stationary at the poles during reversals. To
investigate this hypothesis, PilQ localization was deter-
mined in a hypo-reversing frz mutant. Also in this mutant,
PilQ localized in a bipolar, symmetric pattern both in cells
harvested from suspension and in cells harvested from a
surface (Fig. 1A and B). We conclude that PilQ localizes in
a bipolar, symmetric pattern and that the PilQ clusters likely
remain stationary at the poles during reversals.

PilC localizes in a bipolar, symmetric pattern

BfpE, the PilC orthologue of bundle-forming pili in Escheri-
chia coli, is an inner membrane protein (Blank and Don-
nenberg, 2001). Using anti-PilC antibodies (Fig. S2), we
confirmed that PilC in M. xanthus is also an inner mem-

© 2009 The Authors

brane protein (Fig. S3A). As in the case for PilQ, attempts
to generate active mCherry/yellow fluorescent protein
(YFP)-PIIC fusions were unsuccessful. In wild-type cells
fixed for immunofluorescence microscopy directly after
growth in suspension as well as in cells on a surface,
anti-PilC recognized PilC clusters of equal intensities at the
two poles (Fig. 2A and B). This pattern was also observed
in the hypo-reversing frz mutant (Fig. 2A and B). We con-
clude that PilC is an inner membrane protein that localizes
in a bipolar, symmetric pattern and that the PilC clusters
likely remain stationary at the poles during reversals.

PilM localizes in a bipolar, symmetric pattern

Using anti-PilM antibodies (Fig. S3B), we showed that PilM
is a soluble protein (Fig. S3A). Because PilM is predicted to
contain neither a signal peptide using SignalP (Bendtsen
et al., 2004) nor transmembrane helices using TMHMM
(Sonnhammer et al., 1998), these data suggest that PilM is
a cytoplasmic protein. To localize PilM we expressed a
yfo—pilM allele from the pilA promoter in a ApilM mutant.
YFP—PiIM fully corrected the defect in T4P-dependent
motility caused by a ApilM mutation (Fig. S3C). Immunob-
lots showed that YFP—PiIM accumulated at lower levels
than PilM protein in wild-type cells and that degradation
products corresponding in sizes to those of PilM and YFP
accumulated, suggesting that a fraction of YFP-PilM is
cleaved near the fusion site (Fig. S3B). Therefore, we
localized PilM using YFP—-PilM as well as immunofluores-
cence microscopy.

Journal compilation © 2009 Blackwell Publishing Ltd, Molecular Microbiology, 74, 691-706
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Fig. 2. PIIC localizes in a bipolar, symmetric pattern.
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A. Localization of PilC by immunofluorescence microscopy. Cells were harvested from exponentially growing cultures and analysed as
described in Fig. 1A using anti-PilC antibodies. Top and bottom rows show phase-contrast and fluorescence images respectively. Scale bar:

5 um.

B. Histogram of distribution of PilC localization patterns. Data are presented as in Fig. 1B.

In cells from suspension, YFP—PilM localized in three
patterns: bipolar, symmetric, bipolar, asymmetric and uni-
polar at approximately equal ratios (Fig. 3A and C). In
immunofluorescence microscopy of cells from suspen-
sion, PilM localized similarly to YFP-PilM (Fig. 3B and C).
Because YFP-PilM localizes similarly to that of native
PilM, we used YFP-PilM to determine the localization of
PilM in moving cells. In moving cells, YFP—-PilM localized
in a bipolar, symmetric pattern (Fig. 3D and E for a rep-
resentative cell) and during reversals (n = 20) the fluores-
cence intensity of the polar clusters remained unchanged
(Fig. 3D and E for a representative cell). In moving cells of
a hypo-reversing frz mutant, YFP—PIiIM localized as in wild
type (Fig. 3D and E for a representative cell). We con-
clude that, upon surface contact, PilM redistributes to a
bipolar, symmetric pattern and that the PilM clusters
remain stationary at the poles during reversals.

PilB localizes in three polar patterns

As reported for P. aeruginosa (Chiang etal., 2005),
attempts to construct active mCherry/YFP fusion proteins
to the cytoplasmic PilB ATPase also failed in M. xanthus.

In immunofluorescence microscopy using anti-PilB anti-
bodies (Jakovljevic et al., 2008), three distinct PilB local-
ization patterns were observed in cells harvested from
suspension and from a surface (Fig. 4A and B): unipolar
(40%), bipolar, asymmetric (35%) and bipolar, symmetric
(25%). To determine at which pole both the unipolar clus-
ters or the large cluster in cells with bipolar, asymmetric
clusters localized, we determined the localization of PilB
in a strain containing a RomR-GFP fusion, which local-
izes in a bipolar, asymmetric pattern with the large cluster
at the lagging pole (Leonardy et al., 2007). In these cells,
the large PilB cluster was localized at the pole opposite to
that containing the large RomR-GFP cluster (Fig. 4C).
Thus, as expected, the large PilB cluster is at the leading
pole.

The PilB localization patterns are consistent with a
model in which PilB is dynamically localized and after a
reversal localizes unipolarly at the leading pole. During a
reversal period, PilB begins also to build up at the lagging
pole giving rise to bipolar, asymmetric and, later, bipolar,
symmetric patterns. Finally, during a reversal, PilB at the
old leading pole relocates to the new leading pole. This
model predicts that in a hypo-reversing frz mutant, PilB

Fig. 3. PilM localizes in a bipolar, symmetric pattern.

A. Localization of YFP—PilM. Cells were transferred from exponentially growing cultures to a thin 0.7% agar pad on a microscope slide, and
imaged by fluorescence and phase-contrast microscopy. Top and bottom rows show phase-contrast and fluorescence images respectively.

Scale bar: 5 um.

B. Localization of PilM by immunofluorescence microscopy. Cells were harvested from exponentially growing cultures and analysed as
described in Fig. 1A using anti-PilM antibodies. Top and bottom rows show phase-contrast and fluorescence images respectively.
C. Histogram of distribution of PilM localization patterns. The data for DK1622 are from immunofluorescence microscopy and for SA3046 from

YFP-PIilM localization. Data are presented as in Fig. 1B.

D. YFP-PIilM localization in moving cells. Cells of SA3046 and SA3059 were grown exponentially in CTT, transferred to a thin 0.7% agar pad
on a microscope slide, and imaged by fluorescence microscopy at 30 s intervals. Representative cells are shown. The SA3046 cell stopped
and reversed from 2:30 to 3:30. Arrows indicate the direction of movement. Scale bar: 5 um.

E. Quantitative analysis of polar YFP—-PilM fluorescence signals. Integrated fluorescence intensities (arbitrary units) of the two
background-subtracted polar clusters in the cells in (D) plotted as a function of time.

© 2009 The Authors
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localization should shift towards a bipolar, symmetric
pattern. As predicted, in a hypo-reversing frz mutant, a
change towards bipolar, symmetric PilB localization was
observed in cells in suspension as well as in cells on a
surface (Fig. 4A and B).
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To determine whether ATPase activity is important for
PilB localization, we determined the localization of the
PilBE**'A mutant protein, which carries a substitution of the
highly conserved Glu-391 residue in the Walker B box to
Ala. Based on the structures of several secretion

Journal compilation © 2009 Blackwell Publishing Ltd, Molecular Microbiology, 74, 691-706
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Fig. 4. PilB localizes in three polar patterns.

A. Localization of PilB by immunofluorescence microscopy. Cells were harvested from exponentially growing cultures and samples were
analysed as in Fig. 1A using anti-PilB antibodies. Top and bottom rows show phase-contrast and fluorescence images respectively. Scale bar:

5um.

B. Histogram of distribution of PilB localization patterns. Data are presented as in Fig. 1B.
C. The large PilB cluster localizes opposite to RomR-GFP. Cells were grown, fixed and visualized as in (A).

ATPases, Glu-391 is important for ATP hydrolysis,
whereas ATP binding is predicted to be unaffected by this
substitution (Savvides, 2007). Consistently, PilBE*'A does
not complement the motility defect in a ApilB mutant and
has a strong defect in ATP hydrolysis in vitro (Jakovljevic
et al., 2008). In strain SA2415 (ApilB/pilBE*®'4), PilBE®1A
accumulates at levels similar to that of PilB in wild type
(Jakovljevic et al., 2008) and is localized in clusters dis-
tributed over the entire cell body, including occasionally at
the cell poles (Fig. 4A). From these data, we conclude
that polar PilB localization depends on ATPase activity.

PIlT relocates between poles during reversals

To localize PilT, a yfp—pilT allele was expressed from the
pilA promoter in a ApilT mutant. YFP-PIIT fully corrected
the defect in T4P-dependent motility caused by the ApilT
mutation (Fig. S4A). Immunoblot analysis showed that
YFP-PIIT accumulated at a level similar to that of PilT
protein in wild-type cells (Fig. S4B); however, a degrada-
tion product was also detected (Fig. S4B, grey arrow)
suggesting that a fraction of YFP-PIIT is cleaved. There-

fore, we localized PilT using YFP-PIIT as well as by
immunofluorescence microscopy. In cells analysed
directly from suspension YFP-PIIT (Fig. 5A and C) as well
as PilT by immunofluorescence microscopy (Fig. 5B and
C) predominantly localized in bipolar, symmetric clusters.
Unexpectedly, in cells with a unipolar cluster or with
bipolar, asymmetric clusters, the large PilT cluster was at
the lagging cell pole as observed using RomR-GFP as a
marker for the lagging pole (Fig. 5D). Because YFP-PIIT
and native PilT localize similarly, we determined the local-
ization of PilT in moving cells using YFP-PIIT.

In moving cells, YFP—-PIIT localized in a unipolar or in a
bipolar, asymmetric pattern (Fig. 5E and F for represen-
tative cells). Importantly, the large YFP-PIIT cluster in
these cells was also localized at the lagging pole. The
YFP-PIIT signal at the leading cell pole varied greatly over
time in individual cells and occasionally disappeared
completely. Thus, PilT shifts localization from a predomi-
nantly bipolar, symmetric pattern in cells in suspension to
an asymmetric polar pattern in moving cells.

To resolve whether PilT localization changes during
reversals, YFP-PIlT localization was followed in 20

© 2009 The Authors
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reversing cells. All reversals were accompanied by relo-
cation of the large YFP—PIIT cluster from the old lagging
pole to the new lagging pole (Fig. 5E and F panel Il for a
representative cell; Fig. S4C and D for a cell displaying
several reversals). Dynamic localization of YFP-PIIT was
also observed during reversals in the presence of
25 ug ml~" chloramphenicol (data not shown). Thus, YFP—
PilT relocation involves transfer of YFP—PIIT between the
cell poles. In a hypo-reversing frz mutant (Fig. 5E and F
for a representative cell), YFP-PIIT also localized with the
large cluster at the lagging pole and with bursts of accu-
mulation at the leading cell pole (Fig. 5E and F). These
cells did not reverse, and the large YFP—PIIT cluster did
not relocate between the poles. Thus, Frz is required for
relocating the PIlT clusters during reversals.

To determine whether ATPase activity is important for
PilT localization, the localization of a YFP—PIIT protein
that carries the substitution Glu-205 to Ala in the Walker B
box was examined. As in the case of Glu-391 in PilB,
Glu-205 is important for ATP hydrolysis whereas ATP
binding is predicted to be unaffected. Consistently,
PilTE2%A does not complement the motility defect in a
ApilT mutant and has a strong defect in ATP hydrolysis in
vitro (Jakovljevic etal.,, 2008). In SA3026 (ApilT/yfp—
PIlTE205A) " YFP—PIITE20%A gccumulated at levels similar to
that of YFP—PIIT in SA3045 (ApilT/yfo—pilT) (Fig. S4B).
YFP—PilTE2%%A |ocalized diffusely over the entire cell body
(Fig. 6A). Thus, polar localization of PilT depends on
ATPase activity.

The observations that PilB predominantly localizes to the
leading cell pole and PilT predominantly to the lagging cell
pole suggested that correct PilB and PilT localization could
involve a mutually exclusive mechanism in which PilB
would at least partially inhibit accumulation of PilT at the
leading cell pole and PilT would at least partially inhibit PilB
accumulation at the lagging cell pole. To test this hypoth-
esis, we determined the localization of PilB in DK10409
(ApilT) using immunofluorescence and YFP-PIIT in
SA3043 (ApilB, ApilT/yfp—pilT). In DK10409 PilB localized
in a pattern similar to that in wild type (Fig. 4A and B).
Likewise, YFP—PIIT in moving cells of SA3043 localized in
a pattern similar to that of YFP-PIIT in moving cells of
SA3045 (ApilT/yfpo—pilT) (Fig. 6A and B). Thus, PilB and
PilT localize to the cell poles independently of each other.

PIlT turns over in the polar PIlT clusters

Given that the PilT ATPase is the motor that powers T4P
retraction, it was surprising that the large PilT cluster was
at the lagging pole in moving cells. Between reversals the
YFP-PIIT signal at the leading cell pole varies giving
rise to either a unipolar or a bipolar, asymmetric pattern
(Fig. 5E and F). We hypothesized that turnover of PilT
molecules in the PilT clusters between reversals and on a

© 2009 The Authors
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timescale much shorter than that of an average reversal
period (15 min under our conditions) could result in the
noisy accumulation of PilT at the leading pole. At the
leading pole, PilT would be able to interact with the T4P
machinery at the base of a T4P, thus forming a retraction
machinery.

To investigate PilT turnover in the polar YFP-PIIT clus-
ters we conducted a Fluorescence Recovery After Pho-
tobleaching (FRAP) experiment with cells on a surface. In
anti-PilT immunofluorescence microscopy of wild-type
cells 58 = 8% of the total fluorescence is detected in polar
clusters (Fig. 5B), whereas in ApilT/yfo—pilT cells, only
24 = 4% of the total fluorescence is detected in polar
clusters (Fig. 5A). We attribute the increased cytoplasmic
signalin the ApilT/yfo—pil T cells to degradation of YFP—-PIlT
with the formation of a fluorescent degradation product that
does not localize polarly (Fig. S4B). Therefore, in the
FRAP experiments, the background fluorescence was
reduced by pre-bleaching the cytoplasmic region between
the polar clusters (Fig. 1C). Subsequently, an area encom-
passing a polar region was bleached for 1 s and then
fluorescence recovery and fluorescence loss followed for
120 s. In these experiments, we specifically analysed cells
with two PIilT clusters to determine if the two clusters were
in a dynamic equilibrium. After bleaching of a polar region,
the fluorescence signal at the bleached pole showed
recovery and stabilized after 50 = 10 s. Importantly, the
fluorescence signal at the non-bleached pole was lost in a
manner resembling the increase in the fluorescence signal
at the bleached pole (Fig. 7A-C). The results were similar
regardless of whether a large cluster (Fig. 7A and B) or a
small cluster (Fig. 7A and C) was bleached. Consistently,
the total polar signal and the fluorescence signal from the
cytoplasmic region in both types of experiments remained
relatively constant (Fig. 7B and C). Similar data were
obtained without pre-bleaching of the cytoplasm (data not
shown). Thus, there is a correlation between recovery of
fluorescence at the bleached pole and loss of fluorescence
at the non-bleached pole. From these analyses we con-
clude that PilT molecules undergo turnover in both PilT
clusters and that PilT is in a dynamic equilibrium and is
continuously exchanged between the two polar clusters.

If T4P retraction depends on the noisy accumulation of
PilT at the leading cell pole, we predicted that increased
accumulation of PilT at the leading pole should result in
cells with fewer T4P. To test this prediction, strains that
overproduced PilT were constructed by expressing pilT*
or yfp—pilT from the pilA promoter in wild-type cells. Immu-
noblot analysis showed that PilT accumulated at a twofold
higher level in pilT*/pilT* cells compared with wild type
and that PilT plus YFP-PIIT in the pilT*/yfo—pilT cells
accumulated at a twofold higher level than PilT in wild
type (Fig. S4B). In moving pilT*/yfo—pilT cells, YFP-PIlT
localized in a bipolar, symmetric pattern suggesting an
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increased accumulation of PilT at the leading pole
(Fig. 5E and F). Using transmission electron microscopy
to visualize T4P, we found that wild type (n=20) as well
as pilT*/pilT* cells (n=20) assembled T4P in unipolar
patterns (Fig. 8 for representative cells). Importantly, wild-

Time, min

type cells contained significantly more T4P than pilT/
pilT* cells (6.5 += 3.0 and 3.4 = 2.0 T4P per piliated pole
respectively; P=0.0005). Thus, an increase in the con-
centration of PilT at the leading pole correlates with a
decrease in the number of T4P.
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Fig. 5. PilT localization is dynamic.
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A. Localization of YFP—PIIT. Cells were transferred from exponentially growing cultures to a thin 1.0% agar pad on a microscope slide, and
imaged by fluorescence and phase-contrast microscopy. Top and bottom rows show phase-contrast and fluorescence images respectively.

Scale bar: 5 um.

B. Localization of PilT by immunofluorescence microscopy. Cells were harvested from exponentially growing suspension cultures and samples
analysed as in Fig. 1A using anti-PilT antibodies. Top and bottom rows show phase-contrast and fluorescence images respectively.
C. Histogram of distribution of PilT localization patterns. The data for DK1622 are from immunofluorescence microscopy and for SA3045 from

YFP—-PIIT localization. Data are presented as in Fig. 1B.

D. The large PilT cluster colocalizes with the large RomR-GFP cluster. Cells were grown, fixed and visualized as in (B).

E. YFP—-PIIT localization in moving cells. Cells of SA3045, SA3029 and SA3064 were grown exponentially in CTT, transferred to a thin 0.7%
agar pad on a microscope slide, and imaged by fluorescence microscopy at 30 s intervals. Representative cells are shown. The SA3045 cell
in panel Il reversed from 1:30 to 2:30 and the SA3064 cell reversed from 3:30 to 4:00. White arrows indicate the direction of movement.

Scale bar: 3 um.

F. Quantitative analysis of polar YFP—PIIT fluorescence signals. Integrated fluorescence intensities (arbitrary units) of the two
background-subtracted polar clusters in the cells in (E) were plotted as a function of time.

Discussion

Type IV pili undergo two types of oscillations in
M. xanthus, extension/retraction oscillations between
reversals and pole-to-pole oscillations during reversals.
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To address the mechanisms underlying these oscillations,
we determined the localization of five core T4P proteins.
The localization patterns of these five proteins provide
evidence that both types of oscillations depend on
dynamic disassembly/reassembly of the T4P machinery.
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Fig. 6. PIilT localization is independent of PilB and dependent on ATPase activity.
A. Cells of SA3043 and SA3026 were grown exponentially in CTT, transferred to a thin 0.7% agar pad on a microscope slide, and imaged by
fluorescence microscopy at 30 s intervals. Representative cells are shown. The SA3043 cell reversed from 3:00 to 3:30. White arrows indicate

the direction of movement. Scale bar: 3 um.

B. Quantitative analysis of polar YFP-PIIT fluorescence signals. Integrated fluorescence intensities (arbitrary units) of the two
background-subtracted polar clusters in the SA3043 cell in (A) plotted as a function of time.
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Fig. 7. Polar PilT clusters are in a dynamic equilibrium.
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Time, s

A. Successive fluorescence images of YFP—PIIT cells (SA3045) before (0 s) and after bleaching (3 s to 120 s) of a polar region. Bleaching
was for 1 s. Bleached polar regions are indicated by arrows. In the cell on the left, the polar region with the large YFP—PIIT cluster was
bleached, and in the cell on the right, the polar region with the small YFP—-PIIT cluster was bleached.

B and C. Quantitative analysis of recovery and loss of YFP—PIIT fluorescence signals. Integrated fluorescence intensities (arbitrary units) of
the polar clusters, the total polar signal (sum of the two polar cluster signals) and the total cytoplasmic signal in the cells in (A) were plotted as
a function of time. Data in (B) and (C) are from the cell in the left and right panels in (A) respectively.

Our data provide evidence that three of these proteins,
PilQ in the outer membrane, PilC in the inner membrane
and PilM in the cytoplasm, localize in bipolar, symmetric
clusters and that these clusters remain stationary at the
cell poles during reversals (Fig. 9C).

In contrast, the localization patterns observed for the
PilB ATPase in wild-type and hypo-reversing frz mutant
cells using immunofluorescence microscopy suggest a
model in which PilB localization is dynamic between, as

well as during, reversals (Fig. 9A). According to this
model, PilB is localized unipolarly at the leading pole after
a reversal. During a reversal period, PilB begins to accu-
mulate at the lagging pole initially giving rise to a bipolar,
asymmetric and later to a bipolar, symmetric pattern.
Finally, when a cell reverses, PilB at the old leading pole
relocates to the new leading pole, thus, giving rise to a
unipolar pattern. Because a reversal period (15 min under
our conditions) is much shorter than the generation time
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pilT* pil T} pilT"

Fig. 8. Overexpression of PilT reduces the number of T4P. Cells
from exponentially growing cultures of the indicated strains were
directly transferred to a grid, stained with 2% (w/v) uranyl acetate
and visualized using transmission electron microscopy. Scale bar,
1.0 um. Wild-type cells contain 6.5 = 3.0 T4P per piliated pole and
pilT*/pil T+ cells 3.4 = 2.0 T4P per piliated pole (P = 0.0005).

of M. xanthus (4-5 h under our conditions), only ~5% of
the total PilB protein is synthesized during a reversal
period. Moreover, the half-life of PilB is on the order of
200 min (data not shown). These observations suggest
that most of PilB that accumulates at the lagging pole
would derive from PilB released from the cluster at the
leading pole. According to this model, the Frz system,
which regulates the reversal frequency, functions to reset
PilB localization from a bipolar, symmetric to a unipolar
pattern. In a frz mutant, this resetting mechanism would
be absent, and therefore the bipolar, symmetric localiza-
tion pattern of PilB is predominantly observed in the hypo-
reversing frz mutant. Accordingly, the Frz system is not a
direct pole-targeting determinant of PilB, but it is required
to reset the system to asymmetry.

We directly observed that PilT localization is dynamic
between and during reversals (Fig. 9B). The PilT ATPase
localizes in two polar patterns in moving cells: unipolar
and bipolar, asymmetric. Unexpectedly, the large PilT
cluster localizes to the lagging pole. In individual cells, the
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cluster at the leading pole was highly variable and
appeared and disappeared over time (this observation is
discussed further below). Notably, in a hypo-reversing frz
mutant, PilT asymmetry was maintained. Thus, PilT does
not progressively accumulate at the leading pole during a
reversal period as suggested for PilB at the lagging pole.
Importantly, during reversals, the large YFP—PIIT cluster
relocates from the old lagging to the new lagging cell pole
in a Frz-dependent manner.

The localization patterns of PilQ, PilC, PilM, PilB, PilT
and FrzS (Mignot et al., 2005) suggest that T4P proteins
can be divided into two groups (Fig. 9C). One group is
represented by PilQ, PilC and PilM, and these proteins
are localized in bipolar, symmetric clusters, which remain
stationary at the poles during reversals. The second group
is represented by PilB, PilT and FrzS, and these proteins
oscillate between the poles during reversals. PilB and
FrzS are predominantly found at the leading pole and PilT
predominantly at the lagging pole. On the basis of these
data, we suggest that pole-to-pole oscillations of T4P
involve the disassembly at the leading pole of the T4P
extension machinery with the release of PilB and FrzS
and reassembly at the new leading pole of the T4P exten-
sion machinery with the binding of PilB and FrzS to the
pre-assembled stationary T4P proteins. In parallel, PilT is
released from the old lagging pole and relocates to
the new lagging pole. PilQ, PilC and PilM are localized to
the outer membrane, inner membrane and cytoplasm
respectively. We speculate that these T4P proteins inter-
act to generate stationary membrane-spanning protein
complexes that may include other T4P proteins. The com-
plexes at opposite poles would be activated in an alter-
nating pattern depending on the localization of the PilB
and PilT motor proteins. To our knowledge, this is the first
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Fig. 9. T4P function depends on disassembly and reassembly processes.

~

A. Model for PilB localization. Immediately after a reversal, PilB is unipolarly localized at the T4P pole. During a reversal period, PilB also
builds up at the non-piliated pole giving rise to a bipolar, asymmetric and a bipolar, symmetric pattern. In response to Frz activity, PilB

localization is reset to a unipolar pattern with PilB at the new leading pole.

B. Model for PilT localization. The majority of PilT is localized to a large cluster at the lagging cell pole with some PilT in the cytoplasm. PilT is
rapidly turned over in the cluster resulting in the stochastic accumulation of PilT at the leading cell pole followed by retraction of T4P. In the
absence of PilT at the leading cell pole, T4P extension is catalysed by PilB. In response to Frz activity, the PilT cluster at the lagging cell pole

relocalizes to the new lagging cell pole.

C. Pole switching of T4P involves the disassembly and reassembly of the T4P molecular machine. PilQ, PilC and PilM are present in
symmetric clusters that remain stationary at the poles during cell reversals. PilB and FrzS are predominantly at the leading pole, PilT
predominantly at the lagging pole, and these three proteins relocalize during a reversal in response to Frz activity.
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time that the function of a molecular machine has been
shown to depend on the dynamic disassembly and reas-
sembly of its individual parts.

PilB, PilT and FrzS may not be the only T4P proteins
that oscillate between the poles during a reversal.
Notably, in cells lacking PilT, PilB localizes as in wild-type
cells and some of these cells have PilB clusters at both
poles. Nevertheless, these cells only contain T4P at one
pole (Wu et al., 1997; Jakovljevic et al., 2008), suggesting
that an as yet to be identified protein(s) required for T4P
assembly also relocates during reversals. These obser-
vations also demonstrate that PilT does not simply func-
tion to retract T4P at the lagging pole. The outer
membrane lipoprotein Tgl localizes in a unipolar pattern
(Nudleman et al., 2006); however, it is not known whether
Tgl localization is dynamic. We are currently analysing at
which pole Tgl is localized and if Tgl localization is
dynamic. Likewise, it remains an open question whether
the PIlA pilin subunits relocate between the poles during a
reversal. The dynamic localization of FrzS, PilB and PilT
during reversals is induced by the Frz system; however, it
remains to be elucidated how Frz induces relocation of
these proteins.

Type IV pili function depends on the temporal sepa-
ration of extension and retraction. It has remained an
open question how the activities of the PilB and PilT
ATPases are regulated to allow the temporal separation
of extension and retraction. Our PilB and PilT localiza-
tion data provide a solution to this question. As
expected, PilB asymmetry was strongly biased towards
the leading pole where it would energize T4P extension.
Unexpectedly, the large PilT cluster was localized at the
lagging pole with bursts of accumulation at the leading
pole. In FRAP experiments we determined that PilT mol-
ecules in the polar clusters are rapidly turned over and
that the PIlT molecules in the polar clusters are in a
dynamic equilibrium on a timescale that is much shorter
than a reversal period. Based on a detailed quantitative
analysis of the FRAP data (see below), we propose that
the dynamic exchange of PilT proteins between the
poles allows PilT to occasionally accumulate at the
leading pole. Once at the leading pole, PilT would inter-
act with a T4P machinery to energize retraction. One
scenario for how PilT may promote retractions is that it
could displace PilB at the base of a T4P. Alternatively,
PiIT and PilB could interact in parallel with a T4P
machinery. The observation that targeting of PilB and
PilT to opposite poles does not involve a mutually exclu-
sive mechanism suggests that PilB and PilT interact in
parallel with the T4P machinery.

In the absence of evidence supporting active transport
of PilT between the poles, we analysed the diffusion of
PilT in the cytoplasm and the binding transitions to the
leading and lagging pole. For a freely diffusible cytoplas-

mic protein with a molecular mass of 72 kDa, the experi-
mentally determined diffusion coefficient D, is 2.5 =
0.6 um s™' (Elowitz et al., 1999). YFP—PIIT has a molecu-
lar mass 67.6 kDa and, thus, is expected to have a diffu-
sion coefficient on the order of 2.5 um?s™'. From the
Stokes-Einstein relation it then follows that the diffusion
coefficient for a YFP—PIlIT hexamer is 1.5 um? s~'. Using
these diffusion coefficients, PilT monomers and hexamers
would need ~7s and ~12s, respectively, to relocate
between the poles by diffusion. However, a quantitative
analysis of the FRAP data show that the mean waiting
time for binding of PilT is on the order of 80 s (see Sup-
porting information). Therefore, after release from one of
the poles PilT protein takes, on average, 80 s until it binds
again to one of the poles. Thus, the dynamic exchange of
PilT between the two poles is not diffusion-limited but is
likely limited by the on- and off-events, i.e. binding and
unbinding from the poles. In fact, as shown in Supporting
information, dissociation from the poles is slower than
association. The half-life of the small or large cluster,
defined as the time needed for 50% of the bound PilT to
be replaced by PilT from the opposite pole, is 40 = 20 s.
Thus, the clusters are highly dynamic structures. From
quantitative PilT immunoblots (data not shown), we esti-
mate that individual cells contain 1800 PilT molecules
which is equivalent to 300 PilT hexamers. Given that
58 = 8% of PilT is bound at the poles, approximately 1080
molecules (180 hexamers) are at the poles and 720 mol-
ecules (120 hexamers) are in the cytoplasm. It is not
known whether PIlT in the polar clusters and in the cyto-
plasm is present as monomers or hexamers. Regardless,
given these low numbers of protein and slow binding and
unbinding dynamics of PilT at the poles, the accumulation
of PilT at the leading pole is expected to be heavily influ-
enced by the stochasticity of the single protein-binding
processes. Therefore, PilT accumulation at the leading
pole is expected to be noisy and show variation over time.

A prediction from this model is that the overproduction of
PilT should result in cells with fewer T4P. Consistently, we
observed that a twofold increase in the accumulation of
PilT results in cells with approximately twofold fewer T4P.
Therefore, we suggest that the spatial separation of PilB
and PilT in combination with the noisy accumulation of PilT
at the leading pole allows the temporal separation of
extension and retraction. According to this model, PilB in
the absence of PilT at the leading pole is able to energize
T4P extension. The occasional accumulation of PilT at the
leading pole would allow PilT to intermittently cause retrac-
tions. Consistent with this model, it was observed that T4P
are retracted at a reduced frequency in a Neisseria gonor-
rhoea mutant that accumulates reduced levels of PilT
(Maier et al., 2004). Interestingly, an M. xanthus mutant
lacking PilT contains the same number of T4P as wild type
(Jakovljevic et al., 2008), suggesting that in wild-type T4P
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Table 1. M. xanthus strains used in this work.

Strain or plasmid Relevant characteristics®

Type IV pili oscillations 703 p———

Source or reference

DK1622 Wild type Kaiser (1979)

DK8615 ApilQ Wall et al. (1999)

DK8505 frzCD::Tnblac Q536 Sager and Kaiser (1994)

DK10417 ApilC Wu and Kaiser (1997)

DK10416 ApilB Wu and Kaiser (1997); Jakovljevic et al. (2008)
DK10409 ApilT Wu and Kaiser (1997); Jakovljevic et al. (2008)
SA2271 romR::nptll/P na—romR—gfp (pSH1208) Leonardy et al. (2007)

SA2415 ApilB/Pyin—pilBE**™ (pSL105BWalkerB) Jakovljevic et al. (2008)

SA3002 ApilM This work

SA3026 APIlT/Ppin—yfo—pil TE5A (pIB74) This work

SA3027 frzCD::Tn5lac Q536 ApilT This work

SA3029 frzCD::Tnblac Q536 ApilT/Puia—yfo—pil T (pIB75) This work

SA3043 ApilB, ApilT/Pyin—yfo—pilT (pIB75) This work

SA3045 ApilT/Pin—yfo—pil T (pIB75) This work

SA3046 ApilM/P gin—yfo—pilM (pCS8) This work

SA3049 Wild type/Pin—pil T (pSL104) This work

SA3057 frzCD::Tnblac Q536 ApilM This work

SA3059 frzCD::Tnblac Q536 ApilM/Pyin—yfo—pilM (pCS8) This work

SA3064 Wild type/Puia—yfo—pil T (pIB75) This work

a. All plasmids were integrated at the Mx8 attB site. In Pyia constructs the pilM and pilT alleles were transcribed from the pilA promoter.

assembly activity is occurring close to the maximum rate
and that retraction (PilT activity) is low.

Polar localization appears to be a shared property of
T4P secretion ATPases. In bundle-forming pili of entero-
pathogenic E. coli, the PilT orthologue BfpF was shown by
immunofluorescence microscopy to localize unipolarly
(Hwang et al., 2003). A non-active PiIB-YFP and an active
YFP—-PIIT both localize in bipolar symmetric patterns in
P. aeruginosa, whereas an active YFP—PIilU fusion (PilU is
a paralogue of PilT and required for T4P retraction in
P. aeruginosa) localizes in a unipolar pattern at the pili-
ated pole (Chiang et al., 2005). In these analyses, cells
were observed under conditions where they would not
display T4P-dependent motility. In M. xanthus, PilT local-
izes in a bipolar, symmetric pattern under similar condi-
tions but redistributes into the asymmetric pattern when
cells are placed on a surface that allows T4P-dependent
motility. Thus, it remains unclear whether the model sug-
gested for M. xanthus which allows the temporal se-
paration of PilB and PilT activities is applicable to
P. aeruginosa.

Secretion ATPases form hexameric structures that
undergo large nucleotide-dependent conformational
changes upon ATP binding and hydrolysis (Savvides,
2007; Craig and Li, 2008). We found that mutant PilB and
PilT proteins that can bind, but not hydrolyse ATP, no
longer localize to the cell poles suggesting either that
polar targeting of PilB and PilT depends on a particular
protein conformation or that polar localization is actively
maintained and depends on ATP hydrolysis. Interestingly,
in P aeruginosa, mutant PilT and PilU proteins that
contain amino acid substitutions similar — but not identical
— to those described here for PilB and PilT still display

© 2009 The Authors

normal polar localization (Chiang et al., 2008), suggesting
that the mechanisms by which these proteins are targeted
to the poles are different in different species.

In bacteria, pole-to-pole oscillations of proteins are
involved in processes as diverse as regulation of cell
division (Raskin and de Boer, 1999; Thanbichler and
Shapiro, 2006), monitoring of cytokinesis (Matroule et al.,
2004) and polarity of motility machines (Mignot et al.,
2005; 2007; Leonardy et al., 2007). These processes all
relate to the spatial organization of bacterial cells suggest-
ing that pole-to-pole oscillations of proteins is a highly
capable method to regulate and monitor processes that
concern the spatial organization of bacterial cells.

Experimental procedures

Strain and plasmid constructions, growth and motility
assays, transmission electron microscopy, cell
fractionation, antibody generation and immunoblotting

These methods are described in Supporting information.
M. xanthus strains are listed in Table 1.

Live-cell imaging and data analysis

For phase-contrast and fluorescence microscopy, exponential
cultures of M. xanthus were grown to a density of 7 x 108 cells
per mlin liquid CTT medium at 32°C, transferred to a micro-
scope slide and immediately observed in a Leica DM6000B
microscope using a Leica Plan Apo 100x/NA 1.40 phase-
contrast oil objective and visualized with a Roper Photomet-
rics® Cascade Il 1024 camera. For fluorescence microscopy, a
Leica YFP filter (excitation range 490-510 nm, emission range
520-550 nm) was used. Images were recorded and pro-
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cessed with Image-Pro® 6.2 (MediaCybernetics). Processed
images were arranged in Adobe Photoshop 6 (Adobe
Systems). For time-lapse recordings, cells were spotted on a
thin 0.7% agar-pad buffered with A50 starvation buffer (10 mM
MOPS, pH 7.2, 10 mM CaCl,, 10 mM MgCl,, 50 mM NaCl) on
a glass slide and immediately covered with a coverslip. After
30 min at room temperature, cells were imaged at 30 s inter-
vals. Quantification of fluorescence was performed as follows.
The average fluorescence intensities (arbitrary units) of polar
clusters (Fig. 1C) and of the cytoplasmic region between the
polar clusters (Fig. 1C) were measured using the region mea-
surement tool in Metamorph 7.0r.2 (Molecular Devices). The
average fluorescence intensity of the cytoplasmic region was
subtracted from the average fluorescence intensities of the
polar clusters. The background-subtracted values were cor-
rected for area size generating integrated intensities, which
were used to calculate ratios between polar signals or plotted
as a function of time. For each strain, at least 100 cells were
analysed.

Immunofluorescence microscopy and data analysis

Immunofluorescence microscopy was performed essentially
as described (Mignot et al., 2005). Briefly, M. xanthus cells
were either fixed directly from suspension or harvested,
re-suspended in 1% CTT medium to a calculated density of
7.0 x 10° cells per ml, and placed (10 ul aliquots of cells) on
1.0% agar supplemented with 0.5% CTT in order to analyse
cells on a surface. After 3—4 h incubation at 32°C, cells were
harvested from the plate by washing with 1% CTT medium
mixed with fixing solution. Cells were fixed with 3.2% (PilC
and PilM) or 1.6% paraformaldehyde (PilQ, PilB and PilT)
and 0.008% glutaraldehyde for 20 min on freshly prepared
poly L-Lysine-treated 12-well diagnostic slides (Thermo
Scientific). Cells were permeabilized with GTE buffer (50 mM
glucose, 20 mM Tris, 10 mM EDTA, pH 7.5) for 4 min and
probed with relevant affinity-purified polyclonal antibodies at
4°C overnight in PBS buffer (137 mM NaCl, 2.7 mM KCl,
10 MM Na,HPO,, 1.8 mM KH,PO,, pH 7.4) supplemented
with 2% BSA. DyLight 547-conjugated goat anti-rabbit anti-
bodies (Perbio Science) were used as a secondary antibody.
Slow Fade Anti Fade Reagent (Molecular Probes) was added
to each well. Cells were observed in a Leica DM6000B micro-
scope using a Leica Plan Apo 100x/NA 1.40 phase-contrast
oil objective and visualized with a Leica DFC 350FX camera.
For fluorescence microscopy, a Leica Y3 filter (excitation
range 530-560 nm, emission range 570-650 nm) and a
Leica GFP filter (excitation range 450—490 nm, emission
range 500-550 nm) were used. Processed images were
arranged in Adobe Photoshop 6. Quantification of fluores-
cence signals was performed as described for YFP—PilM/T.
For each strain, at least 100 cells were analysed.

FRAP experiments and data analysis

For FRAP experiments M. xanthus cells were grown as
described, transferred to a microscope slide, covered with a
polystyrene-covered cover glass and sealed. After 30—60 min
at room temperature, cells were observed in a Nikon Eclipse
TE 2000-E microscope (Nikon) with a Nikon CFI Plan Fluor

100x/NA 1.30 oil immersion objective. For photobleaching, a
514 nm laser beam of an argon ion laser (Melles Griot Laser
Group) was focused in the image plane of the microscope.
The cytoplasmic region (Fig. 1C) was pre-bleached for 3 s in
order to decrease non-polar fluorescence signals. Subse-
quently, an entire polar region was bleached for 1's, and
recovery of the fluorescence signal followed for 120 s, with
time intervals of 3 s between frames. Images were recorded
with a Roper Photometrics® Cascade Il 512 camera. Images
were processed with NIS Elements AR 2.30 (Nikon). Data
analysis was performed as follows. Integrated fluorescence
intensities (arbitrary units) of polar YFP—PIIT clusters and of
the cytoplasmic region (Fig. 1C) were measured using the
region measurement tool in Metamorph 7.0r.2. Integrated
intensities were plotted as a function of time. Because the
total fluorescence signal over individual cells did not change
over time after bleaching of a polar region (Fig. 7B and C),
the data were not corrected for continuous bleaching. A total
of 10 cells were analysed.

Acknowledgements

We thank Dale Kaiser for providing strains, Simone Leonardy
for many helpful discussions and advice and Penelope Higgs
for many helpful comments on the manuscript. The Max
Planck Society and the graduate programme ‘Intra- and Inter-
cellular Transport and Communication’ of the German
Research Council supported this work.

References

Balasingham, S.V., Collins, R.F., Assalkhou, R., Homberset,
H., Frye, S.A., Derrick, J.P., and Tonjum, T. (2007) Inter-
actions between the lipoprotein PilP and the secretin PilQ
in Neisseria meningitidis. J Bacteriol 189: 5716-5727.

Bendtsen, J.D., Nielsen, H., von Heijne, G., and Brunak, S.
(2004) Improved prediction of signal peptides: SignalP 3.0.
J Mol Biol 16: 783-795.

Blackhart, B.D., and Zusman, D.R. (1985) ‘Frizzy’ genes of
Myxococcus xanthus are involved in control of frequency of
reversal of gliding motility. Proc Natl Acad Sci USA 82:
8771-8774.

Blank, T.E., and Donnenberg, M.S. (2001) Novel topology of
BfpE, a cytoplasmic membrane protein required for type IV
fimbrial biogenesis in enteropathogenic Escherichia coli.
J Bacteriol 183: 4435—-4450.

Carbonnelle, E., Helaine, S., Nassif, X., and Pelicic, V. (2006)
A systematic genetic analysis in Neisseria meningitidis
defines the Pil proteins required for assembly, functionality,
stabilization and export of type IV pili. Mol Microbiol 61:
1510-1522.

Chiang, P., Habash, M., and Burrows, L.L. (2005) Disparate
subcellular localization patterns of Pseudomonas aerugi-
nosa Type IV pilus ATPases involved in twitching motility.
J Bacteriol 187: 829-839.

Chiang, P., Sampaleanu, L.M., Ayers, M., Pahuta, M.,
Howell, P.L., and Burrows, L.L. (2008) Functional role of
conserved residues in the characteristic secretion NTPase
motifs of the Pseudomonas aeruginosa type IV pilus motor
proteins PilB, PilT and PilU. Microbiology 154: 114-126.

© 2009 The Authors

Journal compilation © 2009 Blackwell Publishing Ltd, Molecular Microbiology, 74, 691-706



Clausen, M., Jakovljevic, V., Sogaard-Andersen, L., and
Maier, B. (2009) High force generation is a conserved
property of type IV pilus systems. J Bacteriol 191: 4633—
4638.

Craig, L., and Li, J. (2008) Type IV pili: paradoxes in form and
function. Curr Opin Struct Biol 18: 267-277.

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

Craig, L., Volkmann, N., Arvai, A.S., Pique, M.E., Yeager, M.,
Egelman, E.H., and Tainer, J.A. (2006) Type IV pilus struc-
ture by cryo-electron microscopy and crystallography:
implications for pilus assembly and functions. Mol Cell 23:
651-662.

Crowther, L.J., Anantha, R.P., and Donnenberg, M.S. (2004)
The inner membrane subassembly of the enteropatho-
genic Escherichia coli bundle-forming pilus machine. Mol
Microbiol 52: 67-79.

Dubnau, D. (1999) DNA uptake in bacteria. Annu Rev Micro-
biol 53: 217-244.

Elowitz, M.B., Surette, M.G., Wolf, P.-E., Stock, J.B., and
Leibler, S. (1999) Protein mobility in the cytoplasm of
Escherichia coli. J Bacteriol 181: 197-208.

Hodgkin, J., and Kaiser, D. (1979) Genetics of gliding motility
in Myxococcus xanthus (Myxobacterales): two gene
systems control movement. Mol Gen Genet171: 177-191.

Hwang, J., Bieber, D., Ramer, S.W., Wu, C.Y., and
Schoolnik, G.K. (2003) Structural and topographical
studies of the type IV bundle-forming pilus assembly
complex of enteropathogenic Escherichia coli. J Bacteriol
185: 6695-6701.

Jakovljevic, V., Leonardy, S., Hoppert, M., and Sggaard-
Andersen, L. (2008) PilB and PilT are ATPases acting
antagonistically in type IV pili function in Myxococcus
xanthus. J Bacteriol 190: 2411-2421.

Kaiser, D. (1979) Social gliding is correlated with the pres-
ence of pili in Myxococcus xanthus. Proc Natl Acad Sci
USA 76: 5952-5956.

Kaiser, D., and Crosby, C. (1983) Cell movements and its
coordination in swarms of Myxococcus xanthus. Cell Motil
3: 227-245.

Klausen, M., Aaes-Jorgensen, A., Molin, S., and Tolker-
Nielsen, T. (2003) Involvement of bacterial migration in the
development of complex multicellular structures in
Pseudomonas aeruginosa biofilms. Mol Microbiol 50:
61-68.

Leonardy, S., Freymark, G., Hebener, S., Ellehauge, E., and
Sggaard-Andersen, L. (2007) Coupling of protein localiza-
tion and cell movements by a dynamically localized
response regulator in Myxococcus xanthus. EMBO J 26:
4433-4444.

Leonardy, S., Bulyha, I., and Segaard-Andersen, L. (2008)
Reversing cells and oscillating proteins. Mol Biosyst 4:
1009-1014.

Maier, B., Potter, L., So, M., Long, C.D., Seifert, H.S., and
Sheetz, M.P. (2002) Single pilus motor forces exceed 100
pN. Proc Natl Acad Sci USA 99: 16012-16017.

Maier, B., Koomey, M., and Sheetz, M.P. (2004) A force-
dependent switch reverses type IV pilus retraction. Proc
Natl Acad Sci USA 101: 10961—10966.

Matroule, J.Y., Lam, H., Burnette, D.T., and Jacobs-Wagner,

© 2009 The Authors

Type IV pili oscillations 705

C. (2004) Cytokinesis monitoring during development:
rapid pole-to-pole shuttling of a signaling protein by local-
ized kinase and phosphatase in Caulobacter. Cell 118:
579-590.

Mattick, J.S. (2002) Type IV pili and twitching motility. Annu
Rev Microbiol 56: 289-314.

Merz, AJ., So, M., and Sheetz, M.P. (2000) Pilus retraction
powers bacterial twitching motility. Nature 407: 98—102.
Mignot, T., Merlie, J.P., and Zusman, D.R. (2005) Regulated
pole-to-pole oscillations of a bacterial gliding motility

protein. Science 310: 855-857.

Mignot, T., Shaevitz, J.W., Hartzell, P.L., and Zusman, D.R.
(2007) Evidence that focal adhesion complexes power
bacterial gliding motility. Science 315: 853—856.

Morand, P.C., Bille, E., Morelle, S., Eugene, E., Beretti, J.L.,
Wolfgang, M., etal. (2004) Type IV pilus retraction in
pathogenic Neisseria is regulated by the PilC proteins.
EMBO J 23: 2009-2017.

Nudleman, E., Wall, D., and Kaiser, D. (2006) Polar assembly
of the type IV pilus secretin in Myxococcus xanthus. Mol
Microbiol 60: 16-29.

O'Toole, G.A., and Kolter, R. (1998) Initiation of biofilm for-
mation in Pseudomonas fluorescens WCS365 proceeds
via multiple, convergent signalling pathways: a genetic
analysis. Mol Microbiol 28: 449—-461.

Peabody, C.R., Chung, Y.J., Yen, M.-R., Vidal-Ingigliardi, D.,
Pugsley, A.P., and Saier, M.H., Jr (2003) Type Il protein
secretion and its relationship to bacterial type IV pili and
archaeal flagella. Microbiology 149: 3051-3072.

Pelicic, V. (2008) Type IV pili: pluribus unum? Mol Microbiol
68: 827-837.

Ramer, S.W., Schoolnik, G.K., Wu, C.Y., Hwang, J., Schmidt,
S.A., and Bieber, D. (2002) The type IV pilus assembly
complex: biogenic interactions among bundle-forming pilus
proteins of enteropathogenic Escherichia coli. J Bacteriol
184: 3457-3465.

Raskin, D.M., and de Boer, P.A.J. (1999) Rapid pole-to-pole
oscillation of a protein required for directing division to the
middle of Escherichia coli. Proc Natl Acad Sci USA 96:
4971-4976.

Rodriguez-Soto, J.P., and Kaiser, D. (1997) Identification and
localization of the Tgl protein, which is required for Myxo-
coccus xanthus social motility. J Bacteriol 179: 4372—4381.

Sager, B., and Kaiser, D. (1994) Intercellular C-signaling and
the traveling waves of Myxococcus. Genes Dev 8: 2793—
2804.

Sakai, D., Horiuchi, T., and Komano, T. (2001) ATPase activ-
ity and multimer formation of PilQ protein are required for
thin pilus biogenesis in plasmid R64. J Biol Chem 276:
17968-17975.

Satyshur, K.A., Worzalla, G.A., Meyer, L.S., Heiniger, E.K,,
Aukema, K.G., Misic, A.M., and Forest, K.T. (2007) Crystal
structures of the pilus retraction motor PilT suggest large
domain movements and subunit cooperation drive motility.
Structure 15: 363-376.

Savvides, S.N. (2007) Secretion superfamily ATPases swing
big. Structure 15: 255-257.

Skerker, J.M., and Berg, H.C. (2001) Direct observation of
extension and retraction of type IV pili. Proc Natl Acad Sci
USA 98: 6901-6904.

Sonnhammer, E.L., von Heijne, G., and Krogh, A. (1998) A

Journal compilation © 2009 Blackwell Publishing Ltd, Molecular Microbiology, 74, 691-706



706 I Bulyhaetal. M

hidden Markov model for predicting transmembrane
helices in protein sequences. Proc Int Conf Intell Syst Mol
Biol 6: 175-182.

Sun, H., Zusman, D.R., and Shi, W. (2000) Type IV pilus of
Myxococcus xanthus is a motility apparatus controlled by
the frz chemosensory system. Curr Biol 10: 1143—-1146.

Thanbichler, M., and Shapiro, L. (2006) MipZ, a spatial regu-
lator coordinating chromosome segregation with cell divi-
sion in Caulobacter. Cell 126: 147-162.

Wall, D., and Kaiser, D. (1999) Type IV pili and cell motility.
Mol Microbiol 32: 1-10.

Wall, D., Kolenbrander, P.E., and Kaiser, D. (1999) The
Myxococcus xanthus pilQ (sglA) gene encodes a secretin
homolog required for type IV pilus biogenesis, social motil-
ity, and development. J Bacteriol 181: 24-33.

Wolgemuth, C., Hoiczyk, E., Kaiser, D., and Oster, G. (2002)
How myxobacteria glide. Curr Biol 12: 369-377.

Wu, S.S., and Kaiser, D. (1995) Genetic and functional evi-

dence that type IV pili are required for social gliding motility
in Myxococcus xanthus. Mol Microbiol 18: 547—-558.

Wu, S.S., and Kaiser, D. (1997) Regulation of expression of
the pilA gene in Myxococcus xanthus. J Bacteriol 179:
7748-7758.

Wu, S.S., Wu, J., and Kaiser, D. (1997) The Myxococcus
xanthus pilT locus is required for social gliding motility
although pili are still produced. Mol Microbiol 23: 109-121.

Supporting information

Additional supporting information may be found in the online
version of this article.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

© 2009 The Authors

Journal compilation © 2009 Blackwell Publishing Ltd, Molecular Microbiology, 74, 691-706



