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ABSTRACT Uropathogenic Escherichia coli express pili that mediate binding to host tissue cells. We demonstrate with in situ
force measuring optical tweezers that the ability of P and type 1 pili to elongate by unfolding under exposure to stress is a shared
property with some differences. The unfolding force of the quaternary structures under equilibrium conditions is similar, 286 2 and
3062pN for Ppili and type 1pili, respectively. However, type 1pili are found to bemore rigid thanPpili through their stronger layer-
to-layer bonds. It was found that type 1 pili enter a dynamic regime at elongation speeds of 6 nm/s, compared to 400 nm/s for P pili;
i.e., it responds faster to an external force. This possibly helps type 1 towithstand the irregular urine flow in the urethra as compared
to the more constant urine flow in the upper urinary tract. Also, it was found that type 1 pili refold during retraction at two different
levels that possibly could be related to several possible configurations. Our findings highlight functions that are believed to be of
importance for the bacterial ability to sustain a basic antimicrobial mechanism of the host and for bacterial colonization.

INTRODUCTION

P pili and type 1 pili are surface organelles anchored to the

outer membrane and commonly found on uropathogenic iso-

lates of Escherichia coli bacteria. They facilitate adherence

to host cells and are important in the first step of colonization

and necessary for biofilm formation (1,2). Depending on the

environment, different types of pili are involved in the in-

fection process. Bacteria expressing P pili are most fre-

quently associated with infections in the upper urinary tract

and kidney region causing pyelonephritis, whereas bacteria

expressing type 1 pili are commonly found in the lower

urinary tract and bladder causing cystitis (3). Both P and type

1 pili are ;1-mm long and 6–7 nm in diameter composed

of .1000 subunits of similar size and a comparable higher

order structure, in a right-handed helical arrangement with

3.28 and 3.36 subunits per turn, respectively (4,5). At the end

of the helix-like rods, a short thin thread (tip fibrillum) is

expressed, which anchors the adhesin that binds to the re-

ceptors expressed by host cells (6).

Since bacteria in the urinary tract are exposed to mech-

anical host defenses, primarily urine flow, that expose the

bacteria to shear forces, it is suggested that their pili possess

elongation properties that are of importance for the ability of

bacteria to adhere to host cells and for colonization of tissue

at different locations. Bacterial adhesion mediated by a large

number of pili acting in parallel would, if the attachment or-

ganelles are nonflexible, presumably be considerably weaker

than the sum of the individual bonds when a bacterium is

exposed to shear forces, since the adhesion bonds then will

rupture in a serial mode (like a zipper). If the pili instead have

a significant degree of flexibility (mainly an ability to elon-

gate under the presence of a force), shear forces can be dis-

tributed among a larger number of pili, thereby exposing

each adhesion bond to a smaller force, even if the bacterium-

host distance is widely dissimilar at different parts of the

binding area (4,7–10).

We have previously shown by the use of force measuring

optical tweezers that P pili have the ability to unfold and

refold in different modes of elongation and thereby distribute

the load over numerous pili (7–10). The elongation can be

divided into three distinct regions: region I shows a linear

increase in force that corresponds to an elastic stretching of

all bonds, region II shows a constant force that represents a

sequential unfolding of the quaternary structure, and finally

region III, which is represented by a reconfiguration of the

head-to-tail bond. Miller et al. recently reported on similar

force measurements using atomic force microscopy (AFM)

on P and type 1 pili, measurements that confirmed the con-

clusions reached on the basis of our results on P pili and

pointed out biomechanical similarities of the two pili or-

ganelles (11). Furthermore, Forero et al. investigated the

dynamic properties of the layer-to-layer bond of type 1 pili

with AFM (12). However, the limited force resolution of the

AFM technique restricted their measurement to assessment

of the general biomechanical function of type 1 but did not

allow for analysis of its detailed force characteristics, details

that can be assessed by the use of force measuring optical

tweezers due to its higher force resolution. We have there-

fore, in this work, used force measuring optical tweezers

(7,13) to compare the biomechanical properties of individual

P pili expressed from E. coli strain HB101/pPAP5 with the

properties of type 1 pili from strain HB101/pPKL4. Our

findings show that the differences in their biomechanical

properties can be correlated to the host environment in which

the pili structures and their role presumably have evolved.
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MATERIALS AND METHODS

Bacterial strains and growth conditions

To avoid possible interference of other similar (i.e., fimbrial) surface struc-

tures, P pili and type 1 pili were expressed by the otherwise afimbriated

E. coli strain HB101 from the plasmid pPAP5 and pPKL4, respectively. The

E. coli strain HB101/pPAP5 carries the entire pap gene cluster on the vector
pBR322 and expresses normal P pili (14) and the E. coli strain HB101/

pPKL4 expresses functional type 1 pili (15). The bacteria were cultured on

trypticase soy agar at 37�C and the expression of functional pili was assessed

by hemagglutination assays (10).

Optical tweezers force measuring system and
measurement procedures

Individual bacteria were mounted on 9.0 mm in diameter polystyrene beads

that were immobilized (by heating) to the coverslip and functionalized with

poly-L-lysine (7). A typical sample volume (30 ml) for a measurement

consists of 13 PBS (pH 7.4), 3.2-mm diameter hydrophobic polystyrene

beads and diluted bacteria.

Force measurements were performed by the use of an optical tweezers

system, with a force resolution of ;0.4 pN, which is described in detail

elsewhere (7,13). Before each measurement the force constant of the trap

was calibrated with the power spectrum method described in Fällman et al.

(9). Therefore, the trap stiffness, k; was individually calibrated in each

experiment (;150 pN/mm). The force responses of the two pili systems

were assessed at elongation speeds of 0.05–120 mm/s as well as under a

stationary relaxation process described below. The force measurements were

combined with a number of control measurements involving measurements

on purified P pili as well as on nonpili-producing strain HB101/pBR322 so

as to assess irrefutably the measured response to individual pili, and, for

example, not the deformation of the bacterial membrane.

Rate theory for unfolding and refolding of a
helix-like polymer

The constant force-versus-elongation response in region II is a direct result

of the configuration of the quaternary structure of the pilus. As mentioned

above, units are appended in a long backbone filament forming a helix-like

rod that is connected by;3 layer-to-layer bonds per turn. Each bond within

the rod will experience one-third of the applied force, the outermost unit will,

however, experience the total force. Moreover, opening a bond in the interior

of the rod requires that three bonds open simultaneously, which is very

unlikely. These two effects lead to a sequential bond breaking of the rod that

is mathematically described below.

The rate at which the outermost bond opens can be described by the rate

equation,

dNB

dt
¼ kABðFÞ � kBAðFÞ; ð1Þ

where NB is the number of open layer-to-layer bonds, kAB and kBA are the

bond opening and closure rates under an applied force F. The rates are

described by Bell (16),

kABðFÞ ¼ k
th

ABe
FDxAT=kT; ð2Þ

kBAðFÞ ¼ k
th

ABe
ðDVAB�FDxTBÞ=kT; ð3Þ

where kthAB is the thermal bond opening rate in the absence of force, DVAB the

energy difference between the open and close state, DxAT and DxTB the

distance between the closed state A and the transition state T and the distance

between the transition state T and the open state B, respectively. Finally, k is
the Boltzmann factor and T the temperature. A schematic description of the

energy landscape is given in Fig. 1.

Equation 1 gives at equilibrium, i.e., when the two rates are at balance

(kAB ¼ kBA ¼ kbalAB) an expression for the stationary unfolding force, FUF; as;

FUF ¼ DVAB=DxAB; ð4Þ
where DxAB ¼ DxAT 1DxTB; i.e., the bond opening length (8). The effective

bond opening rate can also be related to the elongation speed, _L; as

dNB=dt ¼ _L=DxAB: Using this relation and neglecting the refolding rate,

which is appropriate for speeds above the corner velocity _L� (7), results in an
expression that relates the force and elongation speed,

FUFð _LÞ ¼ kT

DxAT
ln

_L

DxABk
th

AB

� �
: ð5Þ

It is thereby possible to use the unfolding force-versus-elongation speed

data to assess DxAT and kthAB; a method referred to as dynamic force

spectroscopy (DFS) (7,12,17,18). This method was used for assessment of

DxAT and kthAB in P pili. However, due to the low corner velocity of type

1 pili, DFS is not suitable for assessment of its parameters (see Discussion

below). These parameters can instead preferably be assessed by an alter-

native technique, which is built upon the monitoring of the decay in force

that follows when the elongation to which the pilus is exposed is suddenly

halted.

The decaying force, measured with a force transducer, is related to the

elongation speed and the stiffness of the trap, dFUF=dt ¼ _Lk: Using this

FIGURE 1 Schematic energy landscape diagram of the interactions

between neighboring units elongated along the long axis of the pilus rod

(the reaction coordinate, denoted by x). State A represents the closed layer-to-

layer bond, state B the head-to-tail interaction that makes up the backbone of

the rod. The position of the maximum of the energy landscape curve between

the statesA andB are referred to as the transition state, and is denoted by t. The

uppermost curve represents the energy landscape for a pilus not exposed to

any force, whereas the lower curve refers to the casewhen the pilus is exposed

to a force equal to the unfolding force of the quaternary structure of the rod,

FUF: DxAT represents the distance from the minimum of state A (in the

presence of a force) to the transition state, whereas DxAT is the distance from

the transition state to the minimum of state B. DxAB represents the bond

opening length along the reaction coordinate. The energies DVAT and DVAB

are those of the energy barrier and the difference between state A and B,

respectively. StateC represents an alternative configuration of the head-to-tail

bond.
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relation and _L ¼ dNB=dtDxAB in combination with Eqs. 1–3 gives an

expression for the time-dependent unfolding force,

dFUFðtÞ
dt

¼�DxABkk
th

AB e
FUFðtÞDxAT=kT� e

ðDVAB�FUFðtÞDxTBÞ=kT|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
refolding

0
@

1
A:

ð6Þ
At high forces the refolding rate can be neglected (7) and Eq. 6 becomes a

separable differential equation from which an analytical expression of the

unfolding force can be derived,

FUFðtÞ ¼� kT

DxAT
ln e

�F9DxAT=kT1
DxABDxATk

th

ABk

kT
t

� �
; ð7Þ

where F9 is the initial force.
Region III is governed by random transitions from state B to C that give a

soft wave-like shape in the force-versus-elongation curve, i.e., an entropic

softening. Since all bonds are involved in the length regulation of region III

and not just the last bond of the rod, which is the case of region II, region III

reacts much faster. Therefore, region III is in its steady-state region for all

elongation speeds used. This implies that energy landscape parameters, such

as DxBT and DVBT; cannot be readily assessed.

The force measured during elongation of a biopolymer is a direct result of

the energy landscape of the bonds and the applied elongation speed as shown

in Eqs. 1–7. Therefore, a trustworthy comparison of similar biopolymers

requires measurements either at steady state or an assessment of their dy-

namic behavior. We have therefore in this work investigated both P and type

1 pili under as equal conditions as possible, both regarding sample pre-

paration and force measurements.

RESULT

Typical single pilus responses to
elongation forces

Several in situ measurements on both P and type 1 pili have

been performed using force measuring optical tweezers. Fig. 2

shows, by the two panels, a typical unfolding and refolding

response of (A) P pili and (B) type 1 pili, respectively. Both

measurements were performed at an elongation speed of 0.1

mm/s with the same optical tweezers setup. For P pili, it has

been shown that elongation speeds below ;0.4 mm/s is in

the steady-state force regime (7). Moreover, the steady-state

unfolding (black curve) and refolding force (gray curve) is
28 6 2 pN and the bond opening length of the quaternary

structure is 3.5 nm (8). As mentioned above, region III was

only measured at steady-state conditions with an average

force level,;65 pN, at the middle of the inclined plateau (8),

further elongation gives rise to a force that increases linearly

up to a few hundred piconewton (11,12).

As can be seen in Fig. 2 B, type 1 pili have a characteristic
response largely similar to that of P pili, i.e., same unfolding

sequence (black curve); elastic elongation, unfolding at a

constant force (opening of the quaternary structure in a se-

quential manner), and an overstretching of the linearized

form, which has partly been shown in recent studies by the

use of atomic force microscopy (11). The elastic elongation

(almost a constant increasing force, i.e., no entropic behav-

ior) of region I, is very similar to P pili, which indicates that

the pili are very straight (long persistence length) (19). Re-

gion II shows, for this particular speed, an unfolding force of

50 pN, which is significantly higher than for P pili. Finally,

the transition of individual units in region III has a ‘‘center of

the plateau’’ value of ;68 pN that is close to that of P pili.

Fig. 3 show a single type 1 pilus elongated at two different

speeds, 0.05 and 0.5 mm/s, respectively. The difference in the

unfolding force at region II for such an increment in speed

indicates that the response was caused by a dynamic effect.

Since the lowest possible speed of our piezo stage is 0.05

mm/s, which is above the steady-state elongation speed of

type 1 pili, it was not possible to measure the elongation of

type 1 pili under equilibrium condition. Instead, to assess the

equilibrium force that appears when there is a balance be-

tween the unfolding and refolding rate, several measurements

(.40) were performed in which the elongation was stopped

at a fixed elongation in the middle of region II.

FIGURE 2 Panels A and B show a typical force-versus-elongation response

of a single P pili and type 1 pili during unfolding (black curve) and refolding

(gray curve) at an elongation speed of 0.1 mm/s.

FIGURE 3 Comparison of the force-versus-elongation response of a type

1 pilus extended at a speed of 0.1 and 0.5 mm/s, respectively. It is clearly

seen that the unfolding of region II is in dynamic regime whereas region III

is unaffected by the difference in elongation speed.
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Fig. 4 shows typical relaxation data of P and type 1 pili.

Starting at 50 pN type 1 pili typically reach the steady-state

force after ;7 s whereas P pili reach it within ;0.2 s. The

mean steady-state force of type 1 pili was assessed to 306 2

pN, which is about half of what Miller et al. measured (11)

and very close to 28 pN assessed for P pili (7).

For type 1 pili the two fitted lines are the logarithmic

decline according to Eqs. 6 and 7 (where the dashed line
corresponds to the cases without refolding). The good agree-

ments of the fit (without refolding) to the data show that the

force decline is well described by the theory and that the

refolding rate can be neglected at forces ;2 pN above equi-

librium. Through a fit of Eq. 7 to 24 relaxation sequences

from 15 different pili and by the use of DxAB ¼ 5 nm (12),

the distance to the transition barrier, DxAT; and the thermal

bond opening rate, kthAB;were assessed to 0.596 0.06 nm and

0.016 6 0.009 Hz, respectively. For the P pilus in this par-

ticular plot, the corresponding parameter values were found

to be 0.65 nm and 0.8 Hz, respectively. These values show

good agreement with the values previously assessed with

DFS measurements, 0.76 6 0.11 nm and 0.8 6 0.5 Hz,

respectively (7).

To further elucidate the implication of DxAT and kthAB on

the force response, the unfolding force-versus-elongation
speed was derived and plotted in Fig. 5. At relaxation ex-

periments the elongation speed is set by the properties of the

pilus wherefore the elongation speed is based on the param-

eter assessed by the fit in Fig. 4,

_L¼ ðdFUFðtÞ=dtÞ=k; ð8Þ

where ðdFUFðtÞ=dtÞ is given by Eq. 6. Fig. 5 shows a typical

dynamic response, i.e., a constant unfolding force up to the

corner velocity, where after the unfolding force increases

logarithmically, in agreement with Eq. 5.

Two levels of refolding

Type 1 pili can, in contrast to P pili, refold at two different

force levels, separated by ;5 pN as can be seen in the

refolding curve in Fig. 6. The upper level had an average

stationary force level of 30 pN, whereas the lower level is

located at 25.5 pN, for this particular set of data.

DISCUSSION

The pili structures expressed by uropathogenic E. coli have
evolved to delicate organelles with many important and in-

teresting properties that seems to be optimized for bacterial

adhesion. It has recently been proposed that a pilus is a

flexible structure that plays an important role when it comes

to extending the adhesion time by acting as a damper of

external forces (11,12). Also, its unfolding and refolding

capabilities help the bacterium to keep a close contact to host

cells during and after the rinsing action of urine flow (9).

This study shows that the biomechanical properties of the

type 1 pili are in many perspectives similar to those of P pili

but also that there are distinct differences, which possibly can

be related to the differences in the local environment. To

further elucidate the similarities/differences of the two pili

structures a summary of the measured/calculated structure

parameters are summarized in Table 1.

FIGURE 4 Typical force-versus-time responses for relaxation of P and

type 1 pili from an initial force of;50 pN to steady state. An initial force of

50 pN was set through elongation at a fixed speed, 40 mm/s for P pili and

0.3 mm/s for type 1 pili. When the elongation was stopped the pili relaxed

to steady state. Type 1 pili reached steady state in;7 s and P pili in;0.2 s.

The dashed line is a fit of Eq. 7 over the force interval 35–50 pN. The solid

line corresponds to a numerical simulation of Eq. 6 using the assessed

parameters. The overlap of the two curves justifies that 35 pN is high enough

to neglect refolding.

FIGURE 5 Force-versus-elongation speedwhere the elongation speedwas

derived through vðtÞ ¼ ðdFUF=dtÞ=k using the parameters assessed via the fit

in Fig. 4. The solid curve is a simulation of the force data, based on Eq. 6.

FIGURE 6 A refolding sequence of a type 1 pilus that shows a force drop,

which almost always is permanent whenever it occurs.
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In general, the model agrees well with the experimental

data and the fitted values showed little spread from the mean

value. The parameter values that best fitted all data for type

1 pili, as presented in Fig. 4, gave an estimate of the bond

length of the quaternary structure, of 0.596 0.06 nm, slightly

larger than what has been reported using AFM (11,12), but

shorter than for P pili, previously assessed to 0.766 0.11 nm

(7). The small difference of the bond lengths of type 1 and

P pili confirms their structural similarities found through

scanning transmission electron microscopy (5).

The thermal bond opening rate for type 1 pili, kthAB; was
assessed to 0.016 6 0.009 Hz, which is significantly lower

than what was found for P pili, 0.8 Hz (7). Since the thermal

rate, kthAB ¼ n expð�DVAT=kTÞ; (where n is the attempt rate),

directly depends on the energy of the transition barrier, it can

be concluded that a layer-to-layer bond in type 1 pili is bound

harder. A ratio of 50 of the thermal bond opening rates of P

pili and type 1 pili corresponds to a difference in barrier

height of 4 kT. Assuming an attempt rate of 1010 Hz leads to

a DVAT of 23 kT for P and 27 kT for type 1 pili, respectively.

The value for type 1 pili is in good agreement with those

found by others, 26 kT (17 kT with an attempt rate of 106) by

Miller et al. (11) and 29 kT reported by Forero et al. (12).

The higher transition barrier in combination with a shorter

bond length in the energy landscape for type 1 pili in

comparison to P pili has a large influence on the pilus’

response to stress. Also, the form of the type 1 pili energy

landscape is in agreement with a hypothesis that the shape of

the energy landscape reflects the bond functioning, i.e., that a

bond with a sharp potential can hold a high force for a short

time whereas a bond with a soft potential can hold a small

force for a long time. Therefore, the steeper and higher

transition barrier implies that unfolding is more unlikely and

that the rate of unfolding is slower at a particular force, i.e.,

that it requires a higher force to unfold the type 1 pili with the

same speed as the P pili. Furthermore, the steeper potential

can be seen as a consequence that the type 1 pili structure has

evolved to support higher forces at shorter time events,

originating from the irregular urine flow in the bladder and

the urethra as compared to the constant urine flow in the

upper urinary tracts. It is therefore possible that the much

stiffer bond potential for type 1 pili is optimized for a fast

shock damping effect.

Moreover, a higher transition barrier implies that the bond

opening/closing rate in region II under balanced conditions,

kbalAB; is lower for type 1 pili. We assessed the rate to 1.2 Hz,

whereas Forero et al. assessed it to 2.2 Hz using AFM in a

force feedback mode (12). Both these values are much lower

than the rate balance of P pili (120 Hz), which is in line with

the fact that P pili reaches its stationary force balance much

faster than type 1 pili; see Fig. 4. The good agreement be-

tween the values obtained for P pili from the relaxation fit,

and the previously assessed thermal bond opening rate and

bond opening length through DFS, shows that the model cor-

rectly describes the unfolding of the quaternary structure and

that it is justified to use Eq. 7 as a model of force relaxation.

Measurements at stationary elongation showed that the

steady-state unfolding force of P and type 1 pili are com-

parable, 28 6 2 pN and 30 6 2 pN, respectively. That im-

plies that the ratio of the bond opening energy and bond

opening length, DVAB=DxAB; are similar for the two struc-

tures. A direct comparison of unfolding forces requires that

both measurements are performed at equilibrium speed or at

stationary conditions (below the corner velocity _L� which is

400 nm/s for P pili and 6 nm/s for type 1 pili). This implies

that our value for the unfolding force of the type 1 pilus

cannot directly be compared to the unfolding force of 60 pN

reported by Miller et al. (11) since their assessment was done

at an elongation speed of 1–3 mm/s. However, according to

our model parameters and Eq. 5, a measurement at an

elongation speed of 1 mm/s should result in a force of 65 pN,

which is in line with their data.

The energy difference DVAB of P and type 1 pili is 24 kT
and 37 kT, respectively, i.e., the energy level of the unfolded

state is higher than the transition barrier, DVAT; wherefore
neither type 1 pili nor P pili possesses a bound unfolded

state. Therefore, whenever a bond is open it will close with

the attempt rate, i.e., none of the structures will be found in

an unfolded state unless an external force is applied. Con-

sequently, images of unfolded pili shown in the literature are

most likely a result of the treatment during sample prepa-

ration before imaging.

TABLE 1 Parameter values of P and type 1 pili

Type 1 Type 1 Type 1 P pili

Parameters Our results Miller et al. (11) Forero et al. (12) Andersson et al. (7,8)

FUF (pN) 30 6 2 60* 22 28 6 2

DxAB (nm) – – 5 6 0.3 3.5 6 0.1

DxAT (nm) 0.59 6 0.06 0.2 0.26 6 0.01 0.76 6 0.11

kthAB (Hz) 0.016 6 0.009 0.05 0.5 0.8 6 0.5

kbalAB (Hz) 1.2 6 0.9 0.8 2.2 120 6 75

DVAB (kT) 37 6 2 16y 25 24 6 1

DVAT (kT) 27 6 2 26y 29 23 6 1
_L� (nm/s) 6 – – 400

*Measured at 1–3 mm/s, which is according to our measurements not at steady state.
yAt an attempt rate of 1010 Hz.
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Small force fluctuations revealed by
optical tweezers

Optical tweezers have soft spring constants that provide a

better force resolution than the stiffer cantilever used in AFM

systems. Therefore, small force variations, ,10 pN, that are

hidden in the noise of the AFM data are revealed by optical

tweezers. The last part of the force-versus-elongation re-

sponse measured with optical tweezers, clearly shows the

linearized phase transition as a soft wave-like force-versus-

elongation region with an inclining plateau at ;65 pN, i.e.,

at the same level as for P pili. This part is not visible in the

response data collected in AFM measurements due to their

higher loading rates (11,12). Moreover, region III involves

random transitions of all bonds, which requires elongation

speeds that are ;1000 times higher to enter the dynamic

region (7). Such elongation speeds are, however, not achievable

with our instrumental setup due to technical limitations (7).

The two force traces shown in Fig. 3, taken at 0.1 and 0.5mm/s,

respectively, illustrate this dynamic phenomenon. It shows

the dynamic effect at region II where the unfolding speed

affects the unfolding force, whereas the unfolding of region

III is independent of the elongation speed. The similar re-

sponse of region III for both studied types of pili is what one

would expect since the sequence of PapA in P pili and FimA

in type 1 pili are very similar and that both types of subunits

are connected via a donor strand complementation (19,20).

The fact that region III does not show any dynamic effect

at moderate elongation speeds implies that whenever the

unfolding force of region II reaches the level of transition of

region III, i.e., ;65 pN, units will immediately jump from

state A to state C. This implies that, if the bond length DxAT
is to be assessed, the elongation speed has to be low enough

to prevent direct transitions. To measure the bond length of

type 1 pili without this effect, the elongation speed has to be

,1 mm/s. The low useable elongation speed interval 0.05–1

mm/s results in large inaccuracies in DFS assessment of

DxAT: Our assessment of DxAT using relaxation measure-

ments from ;50 pN down to the steady-state force is

therefore believed to give a more accurate value of the bond

length. The larger speed interval of P pili, 0.05–100 mm/s,

however, makes DFS appropriate (7).

The presence of the refolding dip in the force curves,;15

pN, at the transition from region III to II in all measurements

on both P and type 1 pili, is a clear indication that the

refolding process requires the formation of a nucleation

kernel that can only be formed at lower force levels, i.e., the

pilus must have a large amount of slack before the formation

of the first layer-to-layer bond can take place. In our P pili

measurements similar dips were sometimes found in the

middle of the refolding sequences and the number increased

with refolding speed, which could be a consequence of

misfoldings. The number of misfoldings is typically 1–3 per

refolding sequence, i.e., 1 out of ;700 subunits misfold.

Misfoldings are not repeated in consecutive measurements

on a single pilus, which indicates that misfoldings are not

caused by a fatigue of the structure but rather a sporadic

blockage of layer-to-layer bonds (21).

These misfoldings are, however, seldom found in refold-

ing sequences of type 1 pili. A hypothetical explanation

could be that its quaternary structure is mediated by more

than one binding site whereas that of the P pili is mediated by

a single site, i.e., if one bond/site is blocked the folding

would be interrupted in P pili and would require a refor-

mation of a nucleation kernel. Type 1 pili, on the other hand,

would only misfold if all sites are blocked at the same time,

which presumably is less likely. Small spikes, where the

force goes down and up (,5 pN) are, however, frequently

seen and this is interpreted as an indication of blockage of

one of the sites, a blockage that does not necessarily require

reformation of the nucleation kernel.

Another indication of multiple or complex binding sites in

the type 1 pilus layer-to-layer bond is that the refolding force

occasionally changed ;5 pN with a distinct step response,

i.e., type 1 pili have the ability to refold its quaternary

structure at two different force levels,;30 and;25 pN. This

behavior is believed to reflect the possibility of reassembling

the structure in two different ways, one where all interactions

are aligned and another where the units do not go back to the

original orientation. Such a force change was almost always

permanent and prolonged until the whole pili structure was

refolded, which is a clear indication of an alternative con-

figuration and that the position of each subunit is set by its

neighbor (Fig. 6). This alternative configuration was never

observed in the case of P pili, which retract with a constant

force during the complete refolding of the quaternary struc-

ture except for some short misfoldings that do not contribute

to any changes in their mechanical properties over time (13).

The ability to study the unfolding-refolding mechanism of

pili structures in real time allows further dissection of pilus

biogenesis (21). Our detailed assessment of the biomechan-

ical properties of the pili structures and its significance in

the context of specific adhesion and its catch-bond effect (22–

24) elucidate the importance of the biomechanical function

of the rod on the efficiency of the bacteria to withstand

host defense mechanism. The flexibility of the pilus has not

only evolved for shock absorption but presumably it has

coevolved with the adhesin function to optimize its bond

lifetime in its particular host environment (12). This gives a

clear indication that the flexibility of the pilus is of much

greater importance to the bacteria’s ability to infect than earlier

has been recognized and also thereby suggests a novel candi-

date target for the development of new antiinfectious agents.
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