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ABSTRACT Type IV pili are major bacterial virulence factors supporting adhesion, surface motility, and gene transfer. The
polymeric pilus fiber is a highly dynamic molecular machine that switches between elongation and retraction. We used laser
tweezers to investigate the dynamics of individual pili of Neisseria gonorrheae at clamped forces between 8 pN and 100 pN
and at varying concentration of the retraction ATPase PilT. The elongation probability of individual pili increased with increasing
mechanical force. Directional switching occurred on two distinct timescales, and regular stepping was absent on a scale > 3 nm.
We found that the retraction velocity is bimodal and that the bimodality depends on force and on the concentration of PilT
proteins. We conclude that the pilus motor is a multistate system with at least one polymerization mode and two depolymerization
modes with the dynamics fine-tuned by force and PilT concentration.
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INTRODUCTION

Type IV pili are major bacterial virulence factors that

mediate adhesion to host cells and abiotic surfaces. The

length of the polymeric cell appendages is dynamic, and

the dynamics depend on the expression of the pilus retraction

protein PilT (1,2) or its homologs. Dynamic properties and

mechanical force generation via pili control a variety of func-

tions such as host cell response (3,4), twitching motility (5),

horizontal gene transfer (6,7), and biofilm formation (8).

Infectivity is decreased in enteropathogenic Escherichia
coli strains with nondynamic pili (9). During infection of

endothelial cells by Neisseria meningiditis, the PilT level

has been reported to be upregulated (10), suggesting that

the PilT concentrations are altered during infection. There-

fore, it is important to understand the interplay between

PilT concentration, external mechanical force, and pilus

dynamics.

Type IV pili form helical filaments with a pitch of 4 nm in

which the effective length of a single subunit is on the order

of 1 nm (11). The length of a pilus is controlled by two

ATPases: PilF supports pilus elongation by polymerization

of pilin subunits stored in the cell inner membrane, and

PilT is required for pilus retraction, most likely in conjunc-

tion with organelle depolymerization. PilT has ATPase

activity (12) and can form a hexamer in vitro (13). Both

ATP binding and hydrolysis are necessary to support twitch-

ing motility (14).

Laser tweezers experiments demonstrated that pili

generate remarkably high force by retraction (1). Variation

of the pilus concentration did not alter the stalling force of

100 pN, indicating that individual pili generate force on

the order of 100 pN (15); therefore, to our knowledge, the
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pilus motor is the strongest linear motor reported in the liter-

ature to date. Pilus bundling supports force generation in the

range of 1 nN (16). Mechanical force near the stalling force

induces switching from pilus retraction to pilus elongation at

reduced PilT concentration (17). The velocity versus force

relationship shows a characteristic profile in which the

retraction velocity is constant at 1 mm/s at low forces and

decreases exponentially at forces > 50 pN. Theoretical

models using small ensembles of Brownian motors, but

not isolated motors, can retrieve these characteristics in

agreement with a hexameric structure of the PilT complex

(18). Different molecular models have been proposed to

explain the pilus motor mechanism (19–22). To elucidate

the working mechanism of the pilus machine, it is essential

to characterize the influence of force and the PilT concentra-

tion of the kinetic scheme to generate the characteristic shape

of the velocity versus force relationship for both pilus retrac-

tion and pilus elongation.

In this study, we investigated directional switching of pilus

dynamics while the force was clamped at different values

between 8 pN and 100 pN for several seconds. We found

that directional switching occurred at two distinct timescales

and that the probability for pilus elongation increased with

force and decreased with PilT concentration. Unexpectedly,

we found that pilus retraction velocity was bimodal and that

the existence of the high velocity mode as a function of

increasing force was dependent on PilT concentration. These

findings demonstrate that the type IV pilus system is a multi-

state system in which the free energy states are controlled by

both PilT concentration and mechanical force. We hypothe-

size that this multistate system enables the bacterium to

rapidly adjust its dynamics, i.e., directionality and velocity,

to adjust the tension applied by pili. This finding is likely to

be important for coordination of twitching motility and the

interaction with mammalian host cells.
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MATERIALS AND METHODS

Bacterial strains and media

We used strains N. gonorrheae MS11 (WT), an isogenic derepressible strain

MS11pilT ind (15,29), and an isogenic pilT-overexpressing MS11pilT oe strain

(10). Bacteria were maintained on agar containing 5 g/L NaCl (Roth, Darm-

stadt, Germany); 4 g/L K2HPO4 (Roth); 1 g/L KH2PO4 (Roth); 15 g/L

protease peptone (no. 3; BD Biosciences, Bedford, MA); 0.5 g/L starch

(Sigma Aldrich, St. Louis, MO); 10 mL/L IsoVitaleX enrichment and

10 mL/L VCN (both purchased at BD Biosciences); and 0 or 0.25 mM

isopropyl b-D-thiogalactoside (IPTG; Biomol, Hamburg, Germany) and

were grown overnight at 37�C and 5% CO2.

Experimental setup

Retraction experiments were performed in phenol red-free Dulbecco’s modi-

fied Eagle’s medium (Gibco, Grand Island, NY) with 2 mM L-glutamine

(Gibco), 8 mM sodium pyruvate (Gibco), 5 mM ascorbic acid (Roth),

30 mM HEPES (Roth), and 0 or 0.25 mM IPTG (Biomol) at 37�C. The

bacteria were immobilized by attachment to a polystyrene-coated cover

slide. For retraction experiments, a suspension of gonococci and 2 mm

carboxylated bovine serum albumin–treated latex beads (Polysciences, War-

rington, PA) was mounted on a microscope slide and sealed.

Performance of the setup

The detector assembly was calibrated by moving it by a linear actuator

(M-403.12S; Physik Instrumente (PI), Karlsruhe, Germany) at a constant

speed and holding a bead in the laser trap without applying any force to

it. Using the drag force method, the linear range of detector and trap was

measured to be 5 450 nm (data not shown).

The total performance of the apparatus was determined by the following

procedure: A bead was bound to a pilus of an MS11pilT� bacterium (a

mutant that does not perform pilus retraction), and the sample was moved

with the motorized microscope table. The force clamp was thereby trig-

gered, and the track was recorded. We determined the randomness from

the average of 20 tracks with an average duration of ~1 s for a velocity

of 2.5 mm/s to be 0.2127 5 0.0006 for an assumed step size of 1 nm.

No peak in the histogram of pairwise distances was observed down to

1 nm for a track of 1 s duration with the same speed. In the range from

0.2 nm to 1 nm, variations with a peak-to-peak amplitude of 512%

were measured. A line fit to 4 tracks with durations in the second range

resulted in residuals with a standard deviation (SD) of 3.5 5 0.7 nm.

Please note that this value depends on the length of the selected tracks.

To determine the step size, the performance of the apparatus on short time-

scales is more relevant. From 10 track parts of 100 ms duration each, we

determined the SD of the residuals to be 2.1 5 0.5 nm. The algorithm

for the dissection of the tracks provided single data pieces for each motor

movement. A measurement with a stuck bead on a cover glass and a motor

velocity of ~200 nm/s resulted in a randomness of 0.06 5 0.02. In these

data sets, no peak in the histogram of pairwise distances was observed

(see Fig. 2).

Randomness calculation

The randomness was calculated according to Svoboda et al. (23). A line fit

was subtracted from the track. The track and an in-time shifted copy were

subtracted from each other, and the squared values were averaged. Data

from different retraction events were averaged with a weight correspond-

ing to the root of the number of datapoints contributed to each point by

each event. A linear fit weighted by the SD obtained from averaging

was then applied between 5 and 100 ms. The slope represented the

randomness divided by the step size. The error was obtained from the

linear fit.
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RESULTS

Type IV pili switch between retraction
and elongation

We improved a previously established assay for character-

izing retraction kinetics and force generation by single

pili (15) by implementing a force clamp (Fig. 1 a) to laser

tweezers. Individual N. gonorrheae bacteria were immobi-

lized on a polystyrene-coated coverslip. Using laser twee-

zers, a 2 mm polystyrene bead was approached to the

bacterium. Eventually, a pilus bound to the bead and,

upon pilus retraction, displaced it by a distance d from

the center of the laser trap. After reaching a preset force

threshold, a computer-controlled feedback was triggered

that displaced the bacterium by a distance x(t) to keep the

force (i.e., the distance d between the center of the laser

trap and the bead) constant. The assay enabled us to follow

the dynamics of a single pilus for up to several seconds

while applying a constant force. Due to the force clamp,

no elastic effects interfered with the determination of veloc-

ities and length.

The movement of the bacterium with respect to the bead is

a measure for the length change of the pilus, i.e., negative

displacement (xt � xt � t < 0) indicated pilus retraction

and positive displacement indicated pilus elongation (xt �
xt�t > 0) (Fig. 1, b–d). The data were dissected into periods

of pilus retraction, elongation, and pausing using parameters

explained in detail in the Supporting Material (see Fig. S1 in

the Supporting Material).

Analysis of stepping

We calculated the pairwise displacement histogram (Fig. 2)

of pilus retraction at 100, 80, and 60 pN, and we found no

peaks that were significantly different from control measure-

ments in which a bead stuck to the cover glass was moved

using an electric motor. Because the resolution of our appa-

ratus was determined to be 2.1 5 0.5 nm for a 100 ms

window (Materials and Methods), our data show no regular

stepping on a scale > 3 nm.

Unresolved switching may occur at a shorter lengthscale.

To circumvent these limitations, we analyzed the data

statistically using the randomness parameter r ¼ (h(x(t) �
hx(t)i)2i � 2hh2i)/dhx(t)i, where x(t) is the displacement

at the time t, d is the step size, and hh2i is the Brownian

displacement of the bead (23). As expected, we found

that the randomness increased with external force and

decreasing PilT concentration as the probability for direc-

tional switching increased (Fig. 3). At 8 pN, the random-

ness was independent of PilT concentration in the range

of r ¼ 3. Because we found that the elementary step size

is < 3 nm, this observation suggests additional dynamics

(back steps and pauses) at the millisecond timescale or

shorter.
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Probability for pilus elongation increases
with increasing force and decreasing PilT
concentration

We analyzed how external force affected the probabilities for

pilus retraction, elongation, and pausing after pilus retraction

FIGURE 1 Experimental setup. (a) Sketch of the setup. A bacterium was

immobilized on a polystyrene-coated cover glass. When a pilus was bound

to the bead in the laser trap and retracted, the bead was displaced by

a distance d from the center of the trap. At a predefined distance d corre-

sponding to a force F, a feedback was triggered that moved the piezo table to

keep d constant. (b) Typical length change x of a single pilus of MS11pilT ind

as a function of time at 60 pN; (c and d) MS11pilT oe at 100 pN. The curves

b to d were broken down into retraction intervals (black), elongation inter-

vals (green), and pauses (red).
triggered the measurement. The probability for a pilus to

retract, elongate, or pause was defined as the contribution of

the state to the total duration of all tracks under the specified

conditions. At low forces, pilus retraction was clearly domi-

nant; the probability for elongation and pausing was low but

nonzero, i.e., 0.5% elongation and 2.5% pausing (Fig. 4,

a and c). At high forces (i.e., in the range of 100 pN), the prob-

ability for elongation and pausing increased strongly to 17%

and 8%, respectively (Fig. 4, b and c).

We next investigated the influence of PilT concentration

on pilus dynamics at varying forces. To this end, we used

a PilT-overproducing strain in which the PilT concentration

was increased and a pilT-inducible strain with decreased PilT

concentration compared to the wild-type strain. Relative PilT

concentrations were determined by Western blotting and

demonstrated a ~25-fold variation of PilT concentration

between the different mutant strains (Fig. S4). When pilT
was overexpressed, retraction probability was largely unaf-

fected; however, the elongation probability decreased to

FIGURE 2 Pairwise displacements of pilus retraction. This example

shows the normalized probability p of pairwise displacements Dx from

a pilus retraction event of MS11pilT oe at 100 pN with an average velocity

of 251 nm/s (solid line) and a test in which the microscope stage moved

a stuck bead on a cover glass with a velocity of 283 nm/s (dotted line).

FIGURE 3 Randomness parameter r normalized to step size: (gray) MS11;

(white) MS11pilT ind; and (black) MS11pilT oe. Error bars represent SD.
Biophysical Journal 96(3) 1169–1177
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FIGURE 4 External force enhances the probability for pilus elongation.

(a) Length change of a single pilus at 15 and (b) at 100 pN. Negative length

change corresponds to pilus retraction. (c–e) Probability for pilus elongation
Biophysical Journal 96(3) 1169–1177
6% at 100 pN, whereas the pausing probability increased to

16% (Fig. 4 d). Decreasing the PilT concentration strongly

affected the retraction/elongation probability ratio. Although

the values are comparable with the wild-type at 8 pN, the

elongation probability increased dramatically to 55% at

60 pN compared to 3% for the wild-type (Fig. 4 e). Due to

the decreased frequency of retraction events, we did not

extend the measurements to greater forces.

Switching between retraction and elongation
occurs at two distinct timescales

The individual tracks show two time intervals in which the

pilus motor changes direction. In the example shown in

Fig. 1, c and d, a stretch of retraction was disrupted by short

stretches of elongation at a timescale of several milliseconds

and a lengthscale of several nanometers, whereas switching

also occurred at a much larger timescale of hundreds of milli-

seconds and hundreds of nanometers after 4 s (Fig. 1 b). To

quantify the timescales at which switching occurred, we

plotted the cumulative distribution of retraction durations

and elongation durations (Fig. 5, a and b). The underlying

time resolution was 10 ms. The distribution could be fitted

by a double exponential function, whereas the fit to a single

exponential function was poor. We restricted the analysis to

the derepressible mutant (low PilT) because the elongation

was best characterized in this mutant. The average track

length was ~1 s. At reduced PilT concentration, the best fit

by the double exponential function showed a timescale of

tens of milliseconds and a distinct timescale of hundreds of

milliseconds, with a tendency for decreasing values with

increasing force for pilus retraction (Fig. 5, c and d). Note

that the absolute values of the timescales depend on the

time resolution set to dissect the data and that t1 is likely

to be overestimated since our temporal resolution is 10 ms

(Figs. S1 and S2). The fact that switching occurs at distinct

timescales and the orders of magnitude are independent of

data dissection. For high forces, during which switching

occurs most frequently, the pilus retraction velocity is

700 nm/s; thus, the different scales correspond to a few pilin

monomers or several hundreds of monomers, respectively.

Pilus retraction velocity is bimodal

To investigate how the velocity of pilus retraction was

affected by external force, we plotted the velocity histograms

(Fig. 6 a). The distribution was bimodal, with average veloc-

ities of 745 5 42 nm/s and 2165 5 253 nm/s up to forces of

15 pN; at higher forces, the high velocity mode disappeared.

The position of the low velocity peak did not shift as

(white), pausing (gray), and pilus retraction (black) for (c) MS11, (d)

MS11pilT oe (increased PilT), and (e) MS11pilT ind (decreased PilT). The cor-

responding data set contains 465 retraction curves. Error bars represent SD

obtained from statistical resampling.
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FIGURE 5 Different timescales of pilus elongation and retraction intervals. (a) Cumulative histogram of pilus retraction intervals (MS11pilT ind, 60 pN;

circles). (dashed line) Best fit to a single exponential function and (solid line) best fit to a double exponential function with tret1 ¼ 9 5 1 ms, tret2 ¼
118 5 2 ms. (b) Cumulative histogram of pilus elongation intervals (MS11pilT ind, 60 pN; circles). (dashed line) Best fit to a single exponential function

and (solid line) best fit to a double exponential function with text1¼ 11.5 5 0.5 ms, text2¼ 134 5 3 ms. (c) Pilus retraction intervals obtained from the double

exponential fit of cumulative histogram (MS11pilT ind) of pilus retraction intervals. (d) Pilus elongation intervals obtained from the double exponential fit of

cumulative histogram of pilus elongation intervals.
a function of external force up to forces of 100 pN, indicating

that the retraction velocity of this mode was independent of

force (Fig. 6 c). In the strain with reduced PilT concentration,

the high velocity mode was only detectable at 8 pN but not at

higher forces (Fig. 6 b). In the PilT-overproducing strain, the

high velocity mode was detectable at F < 100 pN, and the

average velocity of both modes decreased with increasing

force (Fig. 6, c and d). We rarely observed switching of

retraction speed within one curve (Fig. 7), indicating that

the average switching frequency between different velocity

modes is < 0.1 Hz. Because switching between the two

modes occurred within one retraction event, cellular individ-

uality (e.g., ATP levels) cannot exclusively account for the

bimodality of pilus retraction.

DISCUSSION

Our results lead to a better understanding of the control and

molecular mechanism of type IV pilus dynamics and narrow

down potential molecular motor mechanisms. First, the

elementary step length is < 3 nm. Second, we found that
directional switching of pilus length change occurred at

forces between 8 pN and 100 pN and at 5-fold increased

or 5-fold decreased PilT concentration as compared to the

wild-type. Elongation and retraction intervals showed two

distinct timescales—one timescale corresponding to a few

monomers assembled into or disassembled from the pilus

within 10 ms or less, and another timescale of more than

~100 ms corresponding to hundreds of monomers—suggest-

ing different underlying processes. Third, we found that pilus

retraction velocity is bimodal, suggesting that two different

compositions of the motor complex support pilus retraction.

These observations strongly suggest that the type IV pilus

system is a multistate system in which the dynamics can

be fine-tuned by switching between different states.

Velocity versus force relationship of pilus
retraction is determined by directional switching
probability

In preliminary experiments, we characterized the velocity

versus force relationship of type IV pilus retraction at varying

force and low temporal and spatial resolution. We found that
Biophysical Journal 96(3) 1169–1177
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FIGURE 6 Velocity of pilus retraction is bimodal. (a) Histogram of retraction velocities at varying force (MS11) of in total 149 events from 29 bacteria (b)

Histogram of retraction speeds at varying PilT concentrations at 30 pN. (c) Average velocity of the low velocity mode: (gray) MS11 and (black) MS11pilT oe.

(d) Average velocity of the high velocity mode: (gray) MS11 and (black) MS11pilT oe.
the velocity was constant at forces < 50 pN and, when the

force was increased above this level, the velocity decayed

exponentially with a stalling force of 110 pN (15). At the stall-

ing force, we observed that pili often elongated at reduced

PilT concentration (17). In this study, we improved the assay

in two respects: We increased the spatial and temporal resolu-

tion, and we clamped the force to distinguish between force-

induced effects and events occurring on a timescale> 100 ms.

For these reasons, we could detect directional switching at

timescales of 10 ms and 100 ms with the wild-type and at

decreased or increased PilT concentrations. Our refined data

cannot be reconciled with a simple Arrhenius-like scheme

in which backward steps are neglected; two new aspects

must be taken into account. First, the average velocity at

low force is determined by an average value of the high

velocity and the low velocity mode. At forces >30 pN, the

high velocity mode disappears in a wild-type background,

and the location of the low velocity mode is independent of
Biophysical Journal 96(3) 1169–1177
force up to forces of 100 pN. In contrast, the probability for

elongation increases continuously with increasing force;

therefore, the average velocity of pilus retraction decreases.

Please note that it is not possible in this setup to determine

the stalling force because ‘‘stalled’’ pili would not trigger

the force clamp.

Why does the probability for pilus elongation depend on

force? The fact that the probability for pilus elongation

depends both on force and on PilT concentration may be

explained by force-dependent PilT binding constant to

a complex at the base of the pilus. Diminished PilT function

under tension may be compensated by elevated PilT levels,

leading to a stabilization of the pilus retraction process at

high PilT levels. In contrast, the elongation intervals increased

with increasing force. Because we did not observe force

dependence of the low velocity mode for retraction, the prob-

abilities cannot be governed by a lowered energy barrier for

the addition of a subunit due to the applied force. At increased
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PilT concentration and at high forces, the probability of

pausing increased sharply, and the low velocity mode shifted

toward lower values. This finding might indicate that, at high

forces, the pilus retraction machinery often gets trapped or

locked in a state that cannot support pilus dynamics. At

wild-type levels of PilT, the pilus system may escape,

releasing tension to enable PilT and, eventually, associated

proteins to regain their working position and restart retraction.

The elementary steps of pilus retraction
and elongation are < 3 nm

Different models have been proposed to explain the molec-

ular mechanism of pilus elongation and retraction. It has

been suggested that PilT directly binds to the pilus and

acts as a cyclic molecular motor that displaces the pilus fiber

with respect to the membrane by a powerstroke mechanism

(19). In this scenario, the elementary step may be the trans-

location of either one subunit (~1 nm) or one helical turn

(~4 nm). Studies based on structural and yeast two-hybrid

experiments (21,24) have proposed a piston-like mechanism

with an elementary step length of 1 nm in which the PilG

protein would act as a scaffold for binding of either PilT or

PilF. To address the question of whether the elementary

step size was 1 helical turn or 4 nm, we carried out a pairwise

subtraction of displacements and found no indication of steps

on this order (i.e., 4 nm or higher).

FIGURE 7 Velocity switching events during a single pilus retraction

event. (a) Example of length change of the pilus of a MS11pilT oe bacterium

at 100 pN over time with distinct velocities modes. (b) Corresponding histo-

gram of the retraction speed of a.
Analysis of retraction curves at high forces and low veloc-

ities provided no evidence for steps larger than the resolu-

tion of our setup of 3 nm (i.e., in the range of 3 subunits).

We conclude, therefore, that the elementary step is <1

helical turn.

Even at very low forces and high PilT concentration, the

randomness r was still significantly higher than r ¼ 1, the

value expected for a motor with a Poisson waiting time distri-

bution and without back steps. The high randomness value

thus indicates unresolved steps at or below the millisecond

timescale, potentially through significant backstepping.

Pilus dynamics is controlled by switching
between multiple states

Assuming that a single process induced directional switching,

we would expect an exponential distribution of elongation

and retraction intervals as observed for run lengths of kinesin

and myosin V (25,26). Our experiments, however, are clearly

at odds with single exponential behavior; yet, they are in good

agreement with a double exponential fit, indicating that direc-

tional switching occurred on two different timescales that are

separated by 1 order of magnitude. Furthermore, switching

probability increased with decreasing PilT concentration.

In summary, we tentatively suggest that the pilus system

can switch between at least three different energy landscapes

(Fig. 8). We propose that binding of PilT to the base of the

pilus sets the system into a retraction-competent state; in addi-

tion, binding and unbinding (or activation and deactivation)

of PilT probably occurred on a timescale of 100 ms to 1 s

(Fig. 8, a and b). Also, the duration of long-time retraction

intervals decreased with increasing force, and the duration

of long-time elongation intervals increased with increasing

force; both these findings are consistent with the force-depen-

dent binding/activation constant of PilT. In contrast, the

duration of the short-time retraction and elongation did not

demonstrate any strong dependence on force or PilT concen-

tration. Therefore, we suggest that these short timescale direc-

tional changes may be attributed to backward steps within

a preset state of the motor. In other words, when the motor

is in the retraction state through PilT binding, eventual elon-

gation may occur because the motor steps backward.

Conversely, when the motor is in the elongation-competent

state, the motor may occasionally retract several pilins.

Our results demonstrated that the velocity of type IV pili

retraction shows bimodal behavior. Could multiple pili be

responsible for bimodality? Previous experiments with

varying concentrations of pili per cell showed that, even

with wild-type bacteria retraction, events resulting from

more than one pilus are negligible. The histogram of stalling

force showed only one mode (15). Moreover, if multiple

motors were to pull via multiple pili in parallel, the velocity

would be reduced only because of the reduced load on each

motor. In the case of two pili, the high velocity mode at

30 pN would equal the low velocity mode at 15 pN, and
Biophysical Journal 96(3) 1169–1177
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the high velocity mode at 15 pN would equal the low

velocity mode at 8 pN. However, we found a threefold

discrepancy, again arguing against the pilus bundling being

responsible for the occurrence of two velocity modes.

Thus, our results indicate that the type IV pilus system is

a multistate system and that the probability for switching

between, and remaining in, a certain state determines the

dynamics and force generation by type IV pili (Fig. 8, a–c).

How can bimodality of pilus retraction be explained at the

molecular level? The average velocity of the high velocity

mode shifted to lower values with increasing force and dis-

appeared at high force. With increasing PilT concentration,

the high velocity mode persisted at higher forces. One simple

explanation may be that more than one binding site exists at

the base of the pilus and that the binding constant of PilT to

the pilus depends on force. At low force, either one or two

PilT hexamers could bind to the base of the pilus and

generate different velocities. Another explanation could be

that the ability of PilT to generate pilus movement is fine-

tuned by other proteins and that titration of PilT changes

their relative concentrations. Obvious candidates would be

PilT-like proteins, such as PilU (27,28), which may even

form heterohexamers with PilT.

FIGURE 8 Hypothetical kinetic model describing the experimental data.

Switching between different energy landscapes may explain different

velocity modes and different timescales of switching. (a) Free energy of

depolymerized state is energetically lower than polymerized state. Thus,

the retraction rate k� is higher than the elongation rate kþ. (b) With

increasing external force, the free energy of the polymerized state decreases

compared to the depolymerized state. The switching rate k between the land-

scapes depends on force. (c) The high velocity mode may be described by an

energy landscape in which the free energy difference between polymerized

and the depolymerized states increases compared to a.
Biophysical Journal 96(3) 1169–1177
CONCLUSION

We found that pilus dynamics (i.e., velocity and directional

switching probability) is fine-tuned by the external force

on the pilus and the concentration of PilT retraction proteins.

In particular, we found that PilT concentration controls the

occupation of a high velocity state and the probability of

force-induced pilus elongation. What may be the biological

role of the multistate system? We suggest that differential

regulation of factors that determine the dynamics enables

the bacterium to adjust to different adhesion surfaces and

thereby regulate the tension of individual pili during twitch-

ing motility and infection of host cells.

SUPPORTING MATERIAL

Additional Materials and Methods are available at http://www.biophysj.org/

biophysj/supplemental/S0006-3495(08)00087-8.
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