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Abstract Many types of bacterium express micrometer-long attachment organ-
elles (so called pili) whose role is to mediate adhesion to host tissue. Until re-
cently, little was known about their function in the adhesion process. Force-
measuring optical tweezers (FMOT) have since then been used to unravel the
biomechanical properties of various types of pili, primarily those from uropatho-
genic E. coli, in particular their force-vs.-elongation response, but lately also some
properties of the adhesin situated and the distal end of the pilus. This knowledge
provides an understanding of how piliated bacteria can sustain external shear
forces caused by rinsing processes, e.g. urine flow. It has been found that many
types of pilus exhibit unique and complex force-vs.-elongation responses. It has
been conjectured that their dissimilar properties impose significant differences in
their ability to sustain external forces and that different types of pilus therefore
have dissimilar predisposition to withstand different types of rinsing conditions.
An understanding of these properties is of high importance since it can serve as a
basis for finding new means to combat bacterial adhesion, including that caused
by antibiotic-resistance bacteria. This work presents a review of the current status
of the assessment of biophysical properties of individual pili on single bacteria ex-
posed to strain/stress, primarily by the FMOT technique. It also addresses, for the
first time, how the elongation and retraction properties of the rod couple to the ad-
hesive properties of the tip adhesin.
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X.1 Introduction

Infections remain a major cause of mortality in the world. In particular, the wide-
spread bacterial resistance to antibiotics is a ubiquitous and rapidly growing prob-
lem that needs to be addressed. There is therefore an urgent need for new anti-
microbial drugs that can combat bacterial infections. It is a general consensus that
the development of new drugs requires the identification of new targets in bacteria
which, in turn, requires detailed knowledge of microbial pathogenic mechanisms.
Since adhesion of bacterial pathogens to host tissue is a prerequisite for infection,
the adhesion mechanism is one such possible target.

A bacterial infection starts in general with the adhesion of a bacterium onto a
host cell. The adhesion mechanism has turned out to be far more complex than an-
ticipated. For example, bacteria that express their adhesins directly on the cell wall
are susceptible to shear forces. A shear flow will apply a torque onto the bacteria
that will induce a successive breakage of bonds and result in bacterial rolling [1,
2]. This often implies that the bacteria detach from the host cell, which, in turn,
makes it less likely that they can pursue their infectious task.

However, certain bacteria, and in particular those that are exposed to various
types of rinsing processes, e.g. uropathogenic E. coli (UPEC), have developed ad-
hesion organelles (pili) assembled on the cell walls to deal with shear forces.
These pili are composed of a number of subunits, arranged in a helixlike arrange-
ment in form of a rod. At the end of the helixlike rods, a short thin thread (tip fi-
brillum) is expressed, which anchors the adhesin that binds to the receptors ex-
pressed by host cells [3]. Moreover, UPEC bacteria can express different types of
pilus. For example, P pili (pyelonephritis associated pilus, PAP) are a type that are
expressed predominantly by isolates from the upper urinary tract [4, 5]; in fact,
they are expressed by ~90% of the E. coli strains that cause pyelonephritis (severe
urinary tract infection) [6]. Type 1 pili, on the other hand, are commonly found in
the lower urinary tract and the bladder and can cause cystitis [7]. Both P and type
1 pili consist of a ~1 um long and 6-7 nm diameter rod that is composed of >10
subunits of similar size, PapA and FimA for P and type 1 pili, respectively, ar-
ranged in a comparable higher order structure, viz. a right-handed helixlike ar-
rangement with 3.28 and 3.36 subunits per turn, respectively [8, 9]. P pili have an
adhesin known as PapG, which binds to galabiose, whereas the adhesin of type 1
pili is referred to as FimH, which binds to mannose [10, 11].

It was suggested in the mid-nineties that these organelles are expandable when
exposed to a force [8]. It was later shown that the pili rod cannot only be signifi-
cantly elongated by an unfolding process when exposed to force, it can also retract
by a refolding process to its original length when no longer exposed to any force
[12]. Tt has therefore been hypothesized that these adhesion systems may act as
dynamic biomechanical machineries, enhancing the ability of bacteria to withstand
high shear forces originating from rinsing flows, e.g. that of urine [1]. In particu-
lar, it has been conjectured that a large flexibility of the pili could allow for a re-
distribution of an external shear force among a large number of pili so each pilus
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is exposed to a force that can be sustained by the adhesin, making the attachment
organelles of crucial importance for the ability of bacteria to withstand rinsing ac-
tions. They thereby constitute an important virulence factor and a possible target
for future anti-microbial drugs All this makes it important to assess the biophysi-
cal and biomechanical function of different types of attachment organelle, primar-
ily their elongation and contraction properties, including the unfolding and refold-
ing of the rod.

Static pictures of the pili structure can be obtained from conventional micros-
copy studies, e.g. using AFM or electron microscopy, and from crystallographic
data, using X-ray diffraction [8, 9]. However, to obtain information about the dy-
namic properties of adhesion organelles, the biomechanical function of pili has to
be probed in real time by studies under strain or stress. Moreover, bulk studies of
bacteria will not give any detailed information about the function of an individual
pilus, but rather an averaged ensemble behavior of all the pili involved [13]. In or-
der to assess in detail the function of a given adhesion system, the elongation and
contraction properties need to be assessed on a single pilus level (thus on an indi-
vidual bacterial cell) under controlled conditions, primarily by an appropriately
sensitive force measuring technique, capable of addressing a single macromole-
cule at a time. Thanks to the rapid development of sensitive force measuring tech-
niques such studies can nowadays be performed. Several such studies have also
been conducted lately, primarily by the authors, using force measuring optical
tweezers (FMOT) [12, 14-24]. This work presents the status of the field and sum-
marizes the present knowledge about the biophysical and biomechanical proper-
ties of individual pili on single bacterial cells, in particular their elongation, un-
folding and refolding properties under strain. In addition, it addresses for the first
time, how the elongation and retraction properties couple to the adhesive proper-
ties of the tip adhesin.

X.2 Instrumentation, Procedures, and Typical Force-vs.-
elongation Response of Pili

X.2.1 Force Measuring Optical Tweezers - | nstrumentation

Optical tweezers (OT) are a technique by which micrometer sized objects (inor-
ganic as well as biological objects) can be trapped by well-focused laser light, by
transfer of light momentum [25]. The basic principles of optical trapping and the
first stable three-dimensional trap, based upon counter propagating beams, were
established in the early 1970s by Arthur Ashkin [26, 27]. This made it possible to
non-intrusively control and manipulate with great precision living biological ob-
jects in a fully controlled manner solely by light. A few years later the first single
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gradient trap was completed and the optical tweezers technique, as we know it to-
day, was born [28]. Since then, numerous groups worldwide have constructed and
developed sensitive and user-friendly optical tweezers systems for optical micro-
manipulation [29].

Optical tweezers can also be used for force measurement in biological systems
[30-34]. The basis is that the single gradient trap provides an attractive force (typi-
cally on the order of picoNewton, pN) on micrometer sized dielectrical particles
(primarily non-absorbing particles with an index of refraction larger than that of
the surrounding) that confines the particles in the focal region of the light. When
an external force is applied to a trapped particle its position in the trap will shift
due to force balance a distance F,, /k, where F,,; is the externally applied force
and x the stiffness of the trap. If the position of the bead in the trap is monitored,
the force to which the bead is exposed at any given time can be assessed instanta-
neously. For force-vs.-elongation measurements, the bead thus acts both as a han-
dle for the tweezers and a force transducer. For studies of adhesive properties, the
bead also serves the purpose of carrying the receptor sugar to which the adhesin
binds. The optical tweezers instrumentation used in this work has been described
previously in the literature [35-37] and Fig. X.1A shows a schematic illustration of
the set up.

A B PSD
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Fig. X.1. Panel A shows a schematic illustration of the force measuring optical tweezers (FMOT)
system used by the authors. An inverted microscope has been modified for introducing of laser
light for trapping (Nd:YVOy) and probing (HeNe) through two side ports. The probing laser is
fiber-coupled to reduce vibrations and to provide easy alignment. The trapping light is blocked
by laser line filters so that only light from the probe laser reaches the PSD-detector. Panel B il-
lustrates schematically the model system; a single bacterium is mounted on 9 um large bead
firmly attached to the microscope slide. A trapped bead, to which one or several pili are attached,
is used as a force transducer. The elongation is created by adjustments of the position of the mi-
croscope slide. The position of the trapped bead is probed by a probe laser. The deflection of the
probe light is monitored by a position sensitive detector (PSD) whose output is converted to a

force by a calibration process. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission from Ref. [23].
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X.2.2 Experimental Procedure

The biological model system has been described in some detail previously [12]. In
a typical experiment, an individual free-floating bacterium is trapped by the opti-
cal tweezers (run at low power, typically a few tenth of mW at the sample) and
mounted on a large (9 pm) bead that is firmly attached to the microscope slide. A
small free-floating bead (3 pm) is then trapped by the optical tweezers with nor-
mal power (a few hundreds of mW) and brought to a position close to but not in
direct contact with the bacterium. The system is then calibrated by using the
Brownian motion technique [38]. The small bead is subsequently brought close to
the bacterium in order to achieve attachment between a few pili and the bead (Fig.
X.1B). The piezo stage is then set in motion (at a constant speed) in order to pro-
vide a controlled elongation of the pilus/pili under study.

X.2.3 Typical Force-vs.-elongation Response of Pili

The experimental procedure produces in most cases multi-pili attachment, as is il-
lustrated in Fig. X.2, which shows two typical force-vs.-elongation responses of E.
coli pili. Panel A shows the response from a multitude of pili, whereas panel B il-
lustrates the behavior from a single pilus. The black curves represent the response
during elongation, whereas the grey curves correspond to contraction. Multi-pili
responses will limit the amount of information that can be retrieved from the sys-
tem since they will not give an unambiguous picture of the fundamental interac-
tions in the system, primarily due to a partly unknown interplay between various
pili. Single pilus experiments can be performed by first stretching the pili so de-
tachment sets in. By then stopping when only one pilus is attached, and finally re-
tracting the piezo-stage to the starting position, measurement on a single (and the
same) pilus can then be performed a multitude of times.
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A B
80 80
Eso_ Z 60
a o
e
540+ E 40 ]
Pty
20 | ™ 20
!
/
g T T T T T T 0
0 1 2 3 4 5 6 7 0
Elongation (um) Elongation (um)

Fig. X.2. Panel A shows by the black line the force-vs.-elongation response of a multi-pili at-
tachment. The binding is mediated by several pili for the first 0.5 um of the elongation (black
curve). From around 1 pm, the attachment is sustained by two pili elongated in region II. At
around 3 pm, one pilus enters its region III, after which one pilus detaches. At around 3.5 pm,
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only one pilus remains. The elongation is halted and reversed shortly thereafter. The retraction
(gray curve) is mediated by a single pilus being in region I. Panel B shows a second elongation

and contraction cycle of the same pilus, thus a pure single pilus force-vs.-elongation response.

Due to its structure, a pilus has an intricate force response that differs from that
of a single bond as well as those of many other types of biopolymer. As is illus-
trated in Fig. X.2.B, a force-vs.-elongation response of a single pilus can be seen
as composed of three regions; Region |, in which the response is basically linear,
like that of a normal (elastic) spring; Region 11, in which the force response is
constant (elongation independent), like that of a material that undergoes plastic de-
formation; and Region |11, in which the response has a monotonically increasing
but non-linear force-vs.-elongation response.

Whereas the first region, in which the pilus is elongated a fraction of its length,
can be understood as a general stretching of the pilus, but with no conformational
change (no opening or closure of bonds), the other regions originate from the
opening and closure of individual non-covalent bonds connecting the subunits in
the pilus. As is schematically shown in Fig. X.3 (and further discussed below), the
constant force-vs.-elongation response in region II is a direct result of an unfolding
of the helixlike quaternary structure of the pilus by a sequential opening of the
layer-to-layer bonds. The reason the opening of bonds is sequential in this region
is that each layer of the quaternary structure consists of several bonds (slightly
more than 3 subunits). Since each subunit can mediate one layer-to-layer bond,
there are ~3 layer-to-layer bonds per turn [8]. When a pilus is exposed to a force,
each bond in the interior of the rod will therefore experience approximately only
one third of the applied force. The bond connecting the outermost unit in the
folded part of the rod, on the other hand, experiences a significantly higher force,
virtually the entire force to which the pilus is exposed. This implies that the out-
ermost layer-to-layer bond of the rod will open significantly more often (or more
easily) than a bond in the interior. Moreover, for an unfolding process in the inte-
rior of the rod to occur, three successive layer-to-layer bonds have to open simul-
taneously. Since this is a very rare process, the unfolding of the rod takes place
predominantly by an opening of the outermost layer-to-layer bonds, which gives
rise to a sequential opening procedure, sometimes referred to as a zipper like un-
folding.

In contrast, the soft wave-like force-vs.-elongation behavior in region III origi-
nates from a stochastic conformational change of the bonds between consecutive
subunits of the pilus in the linearized part of the rod (referred to as head-to-tail
bonds). Since these bonds, which are composed by a donor strand interaction, can
change (open and close) in a random manner, the particular shape of this region is
governed by both properties of the individual bonds and entropy, of which the lat-
ter gives it its specific wave-like shape.



Head-to-tail bond

Layer-to-Layer bond

Fig. X.3. Schematic illustration of a pilus that is partly unfolded. The head-to-tail bonds, which
holds consecutive subunits together and constitutes the backbone of the pilus rod, are marked
with a thick arc whereas the layer-to-layer bonds, which are located between subunits in con-
secutive layers and hold the rod together, are illustrated by thin lines. Copyright Wiley-VCH
Verlag GmbH & Co. KGaA. Reproduced with permission from Ref. [23].

In order to comprehend the adhesion properties of piliated bacteria it is neces-
sary to acquire detailed information about the biophysical properties of individual
pili under various conditions, in particular their behavior in region II and III, but
also the adhesin on the tip of the pilus. Moreover, to understand the unfolding and
refolding properties of the pilus rod a good knowledge about the properties of in-
dividual bonds exposed to strain/stress is needed. A full understanding of adhesion
properties of piliated bacteria requires finally knowledge about how several pili
cooperate to deal with an external force.

X.3 Theory

X.3.1 Bonds, Energy Landscapes, and Forces

X.3.1.1 Energy L andscape Representation of a Bond

As has been described previously in the literature [39], a non-covalent bond can be
described in terms of an energy landscape, which is a representation of its energy-
vs.-length dependence, consisting of at least two minima, representing the bond
being “closed” and “open” (referred to as state A and B), respectively, and an in-
termediate local maximum, called the transition state (denoted by T). A closed
bond can open, and thus elongate, only if it, somehow, “passes” this transition
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state. The energy of the transition state, AV, schematically illustrated in Fig.
X.4, thereby represents the activation energy for bond opening. For an internal
bond in a macromolecule, such as the layer-to-layer or the head-to-tail bonds in pi-
li, state B is localized, whereas for a single external bond, e.g. that of an adhesin, it
is non-localized.

A J

Fig. X.4. Schematic energy landscape diagram of a bond. The state A represents a closed bond
whereas state B symbolizes an open. The position of the maximum of the energy landscape curve
between the states A and B is referred to as the transition state, and is denoted by T. The upper-
most curve represents the energy landscape for a bond not exposed to any force, whereas the
lower refers to the case when the bond is exposed to a force equaling the opening and closure
rates. The bond length, AXA% , represents the distance from the minimum of state A to the transi-
tion state, whereas AXT}% is the distance from the transition state to the minimum of state B.
AxAng represents the total elongation of the bonds along the reaction coordinate when it opens.

X.3.1.2 Thermal Bond Dynamics

Due to the thermal energy, a bond will vibrate and each oscillation can be seen
as an attempt to open. The bond opening rate can therefore, in general, be written
as a product of an attempt rate, v, and an Arrhenius factor, the latter encompass-
ing the activation energy for opening the bond, i.e. as exp(—AV,p /KT), where
AV, 1s the difference in energy between an closed bond and the transition state,
k is the Boltzmann constant and T the absolute temperature. A typical attempt rate
for a bond in a liquid is around 10° — 10'° Hz whereas a typical activation energy
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for a non-covalent bond can take values up to several tens of KT (which takes a
value of 4 pN nm under room conditions) [40].

An open bond in the localized B state can subsequently close. Also the closure
rate will take place with a rate given by the product of the attempt rate and an Ar-
rhenius factor, this time encompassing the difference in energy between the transi-
tion state and the open state, i.e. exp[(—(AVyr —AV,p)/KT], where AV,y is the
difference in energy between an open and closed bond.

X.3.1.3 A Single Bond Exposed to a Force

Applying a force to a bond (often called stress in the world of biophysics) alters
the activation barriers and thereby also the bond opening and closure rates, which
in turn affects the behavior of the bond [39-43]. This is the basis for force spec-
troscopy of bonds. The activation energy for bond opening is lowered by an
amount equal to the product of the force and the bond length (the latter given by
the distance from the closed state to the transition state), i.e. by an amount of
FAX,r - The activation energy for bond closure is similarly increased an amount
equal to the product of the force and the length between the transition state and the
open state, i.e. by FAxpg [39]. This is usually envisioned as if the energy land-
scape is tilted with a slope given by the force, as is illustrated by the dashed curve
in Fig. X.4. The closure rate for a single bond with a non-localized “open” state
exposed to an external force is most often negligible.

X.3.1.4 Dynamicsof a Single Bond Exposed to a Force

Due to the statistical properties of thermodynamics, a single bond, exposed to an
increasing force a number of consecutive times, will open at a broad distribution
of forces, of which the peak position is called the bond strength [40, 44]. For a soft
force transducer, the force applied to the bond can be written as ALx where AL
is the distance the force transducer has been moved. When the distance is in-
creased with a given speed, L, a single bond will be exposed to a linearly increas-
ing force, given by L, referred to as the loading rate. As is further discussed be-
low, a bond exposed to a constant loading rate will experience a progressively
increased probability for opening. The integrated history of such a time dependent
opening probability determines the fate of the bond. This implies that the strength
of a single bond will depend on the loading rate and thereby also the elongation
rate. It can be shown that, under a set of fairly normal conditions, the strength of a
single bond is proportional to the logarithm of the loading rate (or the elongation
speed) whereas the slope provides information about the bond length [39-44].
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X.3.1.5 Sequential Bond Dynamics

In contrast, if a macromolecule consists of several bonds that are arranged in a se-
quential configuration of parallel bonds, as is the case for a helixlike structure, the
width of the bond opening distribution is decreased by a force stabilizing process
and all bonds will open in succession at more or less the same force, which, in
turn, gives rise to a force plateau in the force-vs.-elongation response [12, 17, 45].
As is discussed further below, the value of this force depends, under some condi-
tions, on the elongation speed; it is fairly independent of the elongation speed for
low speeds, but proportional to the logarithm of the elongation speed for higher
speeds.

X.3.2 Rate Theory for Unfolding and Refolding of a Helixlike
Polymer Exposed to Strain or Stress— Pili Elongated in Region |1

X.3.2.1 Opening and Closure Rates of an Individual Bond

The net opening rate of the outermost layer-to-layer (LL) bond in the folded part
of a helixlike polymer exposed to a force, F, defined as the number of times a
layer-to-layer bond opens per unit time, kklé’net(F), can be written as the differ-
ence between the bond opening and the bond closure rates under the exposed
stress, i.e. as k}g{;(F) - kék(F) , which, in turn, can be expressed as [39]

LL
KLE (F) = KLLthgm4%r /KT (X.1)
and

LL ¢ LL
kék(':) — kkﬁ,the(AVAB FAxtg )/ KT ’ (X2)

where kk]];’th is the thermal bond opening rate in the absence of force. Axklf and
AX% are the distances between the closed state A and the transition state T, and
between the transition state T and the open state B for the layer-to-layer bond, re-
spectively, where the former often is called the bond length. These expressions are
sometimes referred to as Bell’s equations for unfolding and refolding [39].
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X.3.2.2 The Rate-equation for Bond Opening and Bond Closurein Region ||

Due to the sequential mode of opening and closure, the bond opening rate of re-
gion II, defined as the number of bonds that open per unit time, dNg /dt, where
Ng is the number of open layer-to-layer bonds at any given time, is identical to
the net opening rate of the outermost bond, kkll;’net(F) . This implies that the bond
opening rate of region II can be expressed as a rate-equation according to

= Kk (F) - Kk (). (X3)

X.3.2.3 TheRate-equation for the Forcein the System

Owing to the experimental procedure, the force in the system, F, can be related
to the forced elongation speed of the pili, L, and the bond opening rate, dNg / dt ,
according to

Z—T:(L—m;—tBAxkléjK. (X.4)

where Axk{; is the bond opening length, defined as AX/IQIT‘ + AX%I,g [17].

Information about the force-vs.-elongation-speed-behavior of a helixlike poly-
mer, FH’UF(I;) , unfolding at a constant force, can then be obtained by solving the
Eqgs (X.3) and (X.4) for dF /dt =0. Equation (X.4) then shows that the (forced)
bond opening rate, dNg /dt, is equal to the ratio of the elongation speed and the
bond opening length, i.e. L/ Axk]lé . Solving Eq. (X.3) under such conditions gives
rise to a force-vs.-elongation-speed-behavior that is schematically illustrated in
Fig. X.5A.

B

Force
Force

. :

Ln(L) Elongation

Fig. X.5. Panel A gives a schematic illustration of the force response of a helixlike biopolymer
(pili in region II) as a function of elongation speed. Panel B illustrates a numerical simulation of
the rate equations for elongation of a pilus under steady-state conditions.
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X.3.2.4 Unfolding and Refolding under Steady-state Conditions

A*s can be seen from the figure, for low speeds, up to the so-called corner velocity,
L , given by [12]
L

LL L
XA T /AxA

EVAG /KT
b

I = AxkEkEL B (X.5)

the force at which the rod unfolds depends only weakly on the elongation speed.
For such elongation speeds, there is a balance between the bond opening and the
bond closure rates, both being larger than the forced bond opening rate; in particu-
lar the bond closure rate is larger than the forced bond opening rate, i.e.,
ké“/];(F) > dNy / dt . This implies that each bond will open and close several times
with similar rates, kig(F)=kgk (F), which often are referred to as the balance
rate, kkllg’bal , before the neighboring bond starts to open. Measurements performed
under such conditions are therefore referred to as being done at under steady-state
conditions. Under such conditions, Eq. (X.3) gives rise to an expression for the
steady-state unfolding force of a helixlike polymer (i.e. a pilus in its elongation
region II), Fli%F , that reads

Fiur = AVAE / AXxp - (X.6)

This shows that under low-speed conditions, the force is (virtually) independent of
the elongation speed and solely given by energy landscape parameters. This also
implies that the refolding force, FE%F , 1s similar to the unfolding rate.

X.3.25 Unfolding and Refolding under Dynamic Conditions

For higher elongation speeds, on the other hand, i.e. those above L*, the forced
bond opening rate, dN /dt , becomes larger than the bond closure rate, kgk (F) .
The closure rate can therefore be neglected whereby the bond opening rate, kk]% ,
is in direct balance with the forced elongation opening rate, L/ Axklé . Solving the
Egs (X.3) and (X.4) under these conditions gives rise to an expression that relates

the unfolding force in region II under dynamic elongation conditions, Fﬁ?&% , to
the elongation speed in an logarithmic manner, viz. as
kT L
FPES (L) = In . (X.7)
O " kg

Force measurements made under these conditions are commonly referred to as
dynamic force spectroscopy (DFS). The advantage with DFS measurements is that
it is possible to assess values to physical entities that cannot be addressed by mea-
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surements under steady-state conditions, predominantly those related to the transi-
tion state, i.e. AXyr and k5L [12, 46, 47].

Under dynamic conditions, the refolding force, FIEEE , 1s lower than the unfold-
ing force under steady-state as well as dynamic conditions [45].

X.3.2.6 Unfolding under Relaxation Conditions

As an alternative to dynamic force spectroscopy, it is possible to monitor the de-
cay in force that follows when the elongation of the pilus is suddenly halted. This
is particularly useful for the cases when the corner velocity is low, as is the case
for type 1 pili (see further discussion below). An expression for the unfolding
force from an elongated pilus that is suddenly halted can be derived from the Eqs
(X.3) and (X.4) under the condition that L = 0. Again under the condition that the
refolding rate can be neglected, the resulting expression becomes a separable dif-
ferential equation from which an expression of the decaying unfolding force under

dynamic relaxation conditions (DRC), FIEII}E (t), can be derived [23],

c KT —FO Al AXKL K
FI]I?LI}F (t)=——In| @ MUFVATC ABREXAT | LLthy | (X.8)
AXAT KT

where F,?,UF is the initial force at the time when the elongation is halted and t is
the time thereafter. This expression thus describes the force-vs.-time response of a
helixlike biopolymer when the applied elongation is suddenly halted. The actual
form of this expression is shown below as fits to measurements.

X.3.3 Rate Theory for Elongation and Contraction of a Linear
Polymer Exposed to Strain or Stress— Pili Elongated in Region 111

X.3.3.1 The Rate-equation for Bond Opening and Closurein Region |11

The elongation of a linearized pilus, i.e. when the entire helixlike structure has
been unfolded and the pilus resides in Region 111, differs from that of a helixlike
structure in the respect that all bonds have the same probability to open and close,
irrespectively of their neighbors. Region III is therefore governed by a set of ran-
dom transitions between the closed and opened states of the head-to-tail bonds, re-
ferred to as states B and C, respectively. The randomness implies that the bond
opening rate is strongly affected by entropy, which gives it its soft wave-like form,
sometime referred to as entropic softening. The head-to-tail (HT) bond opening
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rate in the linearized configuration (region IIT), dN /dt , can thereby be described
by the rate equation,

e = NGk (F) - N (), x9)
where Np and N are the number of closed and opened head-to-tail bonds, re-
spectively, and where the bond opening and closure rates are similar to those de-
fined in Eq. (X.3).

Inasmuch as all bonds are involved in the length regulation of region III (and
not solely the outermost bond of the folded part of the rod as is the case for region
Il), the dynamic region is entered whenever L/ Axgg > chgg (F). Since
Nc >1 (N is in most cases ~10%), the onset of the dynamic response in region
III takes place at a significantly higher speed than in region II. Region III can
therefore be considered to be in its steady-state region for the entire range of
speeds examined.

X.3.3.2 Steady-state Conditions

Under steady-state conditions the force response of region III can be written as

HT

FSS _ A\/BC + KT In NTOT B NB (X 10)

m = AHT 7 AHT N ’ :
XBC XBC B

where AVBI,{CT and Axgg are the difference in energy between an open and closed
head-to-tail bond (in the absence of stress) and the bond opening length, respec-
tively, and Ntgp and Ny are the total number of units in the rod and the number
of closed head-to-tail bonds in the linearized pili, respectively. Since the length of
the pilus, L, can be related to Npgp and N by geometrical means, Eq. (X.10)
provides an expression for the force-vs.-elongation (as well as the force-vs.-
contraction) behavior of pili in region III under steady-state conditions [16-18].
Although not explicitly evident from the derivation given above, the expression
given in Eq. (X.10) includes the softening effect of entropy [12].

The fact that region III most often is in its steady-state regime implies that
some energy landscape parameters for the head-to-tail bond, e.g. AngT and
AVBI,{TT , cannot readily be assessed.

X.3.4 Predicted Force-vs.-elongation Response of a Single Pilus

As was illustrated above, the rate equation for the force, Eq. (X.4), can, together
with the rate equations for bond opening and closure, Eqs (X.3) and (X.9), and
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Bell’s equations for unfolding and refolding, Eqs (X.1) and (X.2), be solved ana-
lytically under steady-state conditions, for the regions II and III, respectively, giv-
ing rise to the Eqs (X.6) and (X.10). This behavior is schematically illustrated in
Fig. X.5B. As can be seen by a direct comparison with the force-vs.-elongation re-
sponse of a single pilus shown in Fig. X.2B, the agreement is good.

However, it is not as simple to provide an expression for the force-vs.-
elongation behavior under general conditions, in particular not for non-constant
elongation speeds or elongation speeds in proximity of the corner velocity (i.e. for
L= L*). The reason is that analytical solutions can only be found under steady-
state conditions or if the refolding rate is neglected, which are good approxima-
tions when L<L and L> L*, respectively [12]. Under such conditions, the
force-vs.-elongation behavior of a helixlike polymer (i.e. a pilus in region II) is
given either by Eq. (X.6) or (X.7). The dynamic response in the intermediate
range needs therefore to be solved numerically, e.g. by numerical integration, or
can be found by Monte-Carlo simulations [22].

X.3.5 Pili Detachment under Exposure to Stress

A pilus will detach from its receptor on the host cell whenever the adhesin bond
opens. As was shown by Eq. (X.1), also the opening rate for the adhesin (Ad)
bond, kﬁg( F), depends exponentially on the force to which it is exposed. Since
the adhesin is located on the tip of the pilus, the force to which it is exposed is that
exerted by the rod, which for a single pilus attachment is equal to the external
force.

It has been found that the lifetime of an adhesin is rather long (> 1 s) for forces
below the steady-state unfolding force, FII ur [48]. This implies that it is reason-
able to assume that the adhesin bond will remain closed as long as the pilus is
elongated in region I.

In elongation region II, the force to which the adhesin is exposed is equal to the
unfoldmg force, Fyjyp . This implies that the bond opening rate for the adhesm

( F) can, for the two cases with slow or fast elongation (i.e. for L < " and
L > , respectively), be written as

/k Ad LL LL
(F) kAdth HUF kAdth (Ax /Ax )AVB/kT (X.ll)

and

. 0
b DR /KT h L
kA3 (F) = ki e or =K | T | (X.12)
‘AB
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respectively, where kﬁg’th stands for the thermal bond opening rate for the adhe-
sin, and where we have used o as a short hand notation for the ratio of the
lengths of the adhesin and the layer-to-layer bonds, Axﬁ% /Axk% , respectively.

Since the probability of finding a bond exposed to a constant force in the closed
state is given by exp(—kﬁgt), the lifetime of the adhesin bond in region II,
<7 >ﬁd, defined as the time after which €' of all bonds remain in the closed
state, can be written as the inverse of the bond opening rate. This implies that it is
given by

oAl 1 —FIi%FAng KT xS axdEyaviL skt (X.13)

o= KAd.th - K Ad.th :

AB AB
and
1 —FPFSAxAd kT 1 L -

<A e LUFYAT — (X.14)

I KAd:th KAdth | AyLL| LLth > :

AB AB ‘ABKAB

for the two cases with L< L and L> L, respectively.

For the case when a pilus detaches in region II, it is possible to define an ex-
pected elongation length, < L >ﬁd, as the length a pilus can be elongated (in re-
gion II) before the adhesin bond opens. Under the condition that the pilus is elon-
gated with a constant elongation speed, this implies that < L >§d can be expressed
as the product of <7 >ﬁd and the elongation speed, i.e. as

i SS A Ad
Ad_ Ad ¢ _ L Fyiplxar (KT
<bop=<z>r L= KA
) AdAB LL\ o\ /LL (X.15)
_ L i ragp)avey kT
kAd,th
'AB
and
DFS 4, LL
FiiypAX
) DFS 4, Ad LL,th __\ILUFZVAT
< L>Ad_ L o FUrAT /KT _ Kip AXLLe(l P
1 KAdth KA AB
o A X.16
1 (X.16)
1 L=*
T Adh ;

0
AB (AXII;JL3 kym® )

again for the two cases with L < " and L>L", respectively. The expected elon-
gation length under dynamic conditions has in Eq. (X.16) been expressed alterna-
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tively in terms of the unfolding force of region II under dynamic conditions,
Fﬁ?&% , and the elongation speed, L. Obviously, these expressions are valid only
for the cases when < L >ﬁd is smaller than the maximal elongated length of the
pilus rod, NTOTAXkIB-

If the pilus remains attached into region III, in which the force increases
sharply with elongation (and thus time), the probability for detachment will rap-
idly increase and the pilus will experience a significantly reduced lifetime.

X.4 Results and Discussion

X.4.1 Typical force-vs.-elongation Response of P and Type 1 Pili

Experiments have been performed on several types of pilus. The biophysical prop-
erties of both P and type 1 pili have been assessed in some detail recently by the
authors using FMOT [12, 14-24, 36, 37], whereas studies of other types of pilus
(e.g. S and F1C) are presently ongoing. Most of the analysis presented here will
therefore concern P and type 1 pili. Figure X.6 shows a typical force-vs.-
elongation response of these two pili for an elongation speed of 0.1 um/s, with the
black and grey curves representing elongation and contraction, respectively.

100 100

A B

Elongation (um) Elongation (pum)

Fig. X.6. Panel A and B show typical single pili responses from a P and a type 1 pili, respec-
tively, for an elongation speed of 0.1 pmy/s.

The plateau in region II for P pili, which has almost identical force values for
unfolding and refolding (28 + 2 pN), agrees well with the predicted shape of the
force-vs.-elongation behavior for unfolding of a helixlike structure under steady-
state conditions given by Eq. (X.6) and shown in Fig. X.5B. The behavior of type
1 pili, on the other hand, with dissimilar plateau values for unfolding and refold-
ing, shows instead the predicted unfolding response of a helixlike polymer under
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dynamic conditions, given by Eq. (X.7). Also the P pili can unfold its quaternary
structure under dynamic conditions, although this requires higher elongation
speeds than 0.1 pm/s [12, 23].

For both types of pilus, region III agrees well with the predicted shape for the
elongation of a linear polymer under steady-state conditions, given by Eq. (X.10).
By fitting the model equations to curves like those in Fig. X.6, most of model pa-
rameters introduced in the models, e.g. AVLL, AVBHCT s Axklé s Axgg , can be as-
signed values for the two types of pilus.

However, there are two features that cannot be explained by the simple theory
given above. The first is the fully reproducible dip in force that appears during
contraction following the transition from region III and II. This is considered to be
caused by a lack of a nucleation kernel for the formation of a first layer in the qua-
ternary structure during contraction [12, 49]. Occasionally, also other dips in the
contraction data can occur, as for example is the case at around 1.5 um for the P
pilus (Fig. X.6A). As is further discussed below, such dips are not reproducible
and are considered to originate from sporadic misfoldings not included in the
model.

The second feature is the ability of type 1 pili to refold their quaternary struc-
ture at two different force levels, ~30 and ~25 pN, respectively, which is illus-
trated by the gray curve in Fig. X.6B. Although not yet proven, this suggests that
type 1 pili can refold into two dissimilar helixlike configurations [21].

Repetitive unfolding and refolding cycles of the PapA rod have furthermore
shown that a single P pilus can be elongated and contracted through its entire
elongation-and-contraction cycle a large number of times (> 10%) without any al-
teration of its properties [19]. Such experiments have thus showed that it is possi-
ble to elongate a pilus numerous times without any sign of fatigue.

X.4.2 Dynamic Force-vs.-elongation Response

Figure X.7A shows a compilation of some typical force-vs.-elongation-speed data
for P pili (circles) and type 1 pili (triangles) from measurements such as those
shown in Fig. X.6, presented as the unfolding force of region II vs. the elongation
speed in a lin—log plot. For each type of pili, the data gather in two regions, fol-
lowing two asymptotes; one that is virtually independent of the elongation speed
(for low elongation speeds) and one that is linear in a lin—log plot, thus showing an
logarithmic behavior (for large elongation speeds). All this is in agreement with
the theoretical predictions given in Fig. X.5B above. The two asymptotes meet at
the corner velocity. Studies such as these support the model given above and indi-
cate that the corner velocity for the P pili and type 1 pili are significantly different,
viz. 400 and 6 nm/s, respectively [12].

An example of a study of the dynamic response that follows a sudden halt in
elongation is shown in Fig. X.7B together with fits to Eq. (X.8) and it reveals that
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the force for P and type 1 pili relaxes to the steady-state force according to Eq.
(X.8) for both types of pilus, although with significantly dissimilar speeds for the
two types of pilus.
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Fig. X.7. Panel A gives the unfolding force in region II of P pili (circles) and type 1 pili (trian-
gles) as a function of (the logarithm of) the elongation speed. The dashed lines represent the low
and high elongation speed asymptotes, given by the Egs (X.6) and (X.7), respectively. The inter-
cept of the two asymptotes represents the corner velocity, L , whereas the intercept of the high
elongation speed asymptote with the x-axis gives an entity, L , that provides a value for the
thermal bond opening rate, kﬂ;’th. The data for P pili is replotted from Fig. X.5 in Ref. [12].
Panel B shows the response from unfolding of pili under relaxation conditions for P and type 1
pili (with an initial force of 50 pN). The data show that P pili reach their steady-state force after a
fraction of a second whereas type 1 pili reach it after ~9 s. Copyright Wiley-VCH Verlag GmbH
& Co. KGaA. Reproduced with permission from Ref. [23].

These types of curve can then serve the purpose of assessing values of the bond
length and the thermal bond opening rate for the layer-to-layer bond of the two
types of pilus, i.e. Axlglf and kkg’th . It was found, for example, that these take the
values of 0.76 nm and 0.8 Hz for P pili. The same entities take values of 0.59 nm
and 0.016 Hz for type 1 pili.

The examples given in the Figs X.6 and X.7 show that all major properties of
the force-vs.-elongation behavior of an individual pilus, with the exception of
some refolding, have been captured by the simple theory and the expressions giv-
en above.
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X.4.3 Compilation of Model Parameters and Pili Properties

Table X.1 presents a compilation of some bond parameters that have been as-
sessed for P and type 1 pili. Parameters for other types of pilus, e.g. S and FIC,
which are presently under scrutiny, will be presented elsewhere. In addition to
measurements on P and type 1 pili performed by the authors [12, 14-18, 21, 36,
37], the table includes some parameters for type 1 pili assessed by Miller et al.
[50] and Forero et al. [51] using force measuring AFM. Note though, to make a
comparison possible with the results obtained by the OT-technique, some of their
values have been recalculated to agree with the nomenclature used with OT.

Table X.1. Some bond parameters for P and Type 1 pili of E. coli.

Parameters P pili Typel
Technique FMOT FMOT® AFM [50] AFM [51]
Froe (PN) 2842 30+2 (60)™ 22
kit (Hz) 0.8+0.5 0.016 + 0.009 0.05 0.5
kiLP (Hz) 120+ 75 12+0.9 0.8 22

L (nm/s) 400 6

AV (KT) 23+1 272 26!°! 29
AV (KT) 24+ 1 372 16l 25
AXgt (nm) 0.76 £ 0.11 0.59 = 0.06 0.2 0.26 = 0.01
AXKE (nm) 3.5+0.1 5403

[a] Refs [12, 14-18, 21, 36, 37]. [b] Measured at 1-3 pm/s, which, according to FMOT measure-
ments, is not at steady-state. [c] Recalculated using at an attempt rate of 10" Hz.

It is known from scanning transmission electron microscopy that many types of
pilus have structural similarities [9]. Although measurements of their physical
properties to a certain extent have shown similar behaviors, they have also re-
vealed striking differences. It has, for example, been found that the steady-state
unfolding forces of the quaternary structure of P and type 1 pili, FI?’%F , are com-
parable, 28 = 2 pN and 30 + 2 pN, respectively.! On the other hand, presently on-
going work (unpublished results) has shown that other types of pilus, e.g. F1C,
have significantly lower steady-state unfolding forces, < 10 pN.

! The reported unfolding force of type 1 pilus by Miller et al. [50] of 60 pN was performed for gn
elongation speed of 1-3 pum/s. Since this is significantly higher than the corner frequency, L ,
their value is assumed to be an assessment of the unfolding force under dynamic conditions.
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Moreover, the thermal bond opening rate, kklé’th, for P pili has been assessed
to 0.8 £ 0.5 Hz [12] which is significantly larger (~ 50 times) than that for type 1
pili, which has been assessed to 0.016 + 0.009 Hz. This implies that the layer-to-
layer bonds for P pili open, and thereby close, thermally much more often than
those for type 1 pili. This is also in agreement with the fact that the balance rate
and the corner velocity are significantly larger for P pili than for type 1 pili
(KELP2l i5 120 vs. 1.2 Hz, whereas L is 400 vs. 6 nm/s for the two types of pili,
respectively). This indicates that that P pili reach their stationary force balance
(e Fy UF(L 0) ) much faster than type 1 pili. Moreover since the thermal bond
opening rate, kAB , can be written as Vexp(— AVAT /KT), the two-orders-of-
magnitude difference in kLL h indicates (under the condition that the attempt
rates are the same) that the layer to-layer bonds in type 1 pili have an activation
energy that is 4 KT larger than that of P pili (27 KT and 23 KT, respectively).

How a pilus reacts to stress is not only given by the height of the transition
state, also the bond length, Axk%, affects the functioning of a bond. It has been
found that the layer-to-layer bond length is longer for P pili than for type 1 pili
(0.76 £ 0.11 vs. 0.59 + 0.06 nm). 2 This implies that the transition barrier for type
1 pili is both higher and steeper than for P pili. This is in line with the fact that
type 1 pili have a slower thermal unfolding rate than P pili and suggests that they
are less sensitive to external forces.

It is interesting to note that the bond opening energy of the layer-to-layer bonds
of both P and type 1 pili, AVE | which were assessed to 24 KT and 37 KT respec-
tively, are larger than those of the transition barriers, AVAL% , 23 KT and 27 KT, re-
spectively.? This implies that neither type 1 pili, nor P pili, possesses a bound un-
folded state in the absence of force, as was schematically indicated in Fig. X.4.
There is therefore no activation energy for bond closure in the absence of force.
This implies that whenever a bond has opened spontaneously, it will close directly
(with the attempt rate). None of the structures will therefore be found in an un-
folded state unless an external force is applied. Hence, static images of unfolded
pili are most likely a result of the treatment during preparation.

X.4.5 Bacterial Detachment under Stress

As was mentioned above, experiments performed on multi-pili bacterial adhesion
under stress will not give an unambiguous picture of the fundamental interactions

2 The value of the bond length of type 1 pili assessed by FMOT (0.59 + 0.06 nm), was found to
be significantly larger than that estimated from AFM studies (0.26 + 0.01 nm) [51]. We have
presently no explanation to this discrepancy.

3 The bond opening energy of the layer-to-layer bonds for type 1 pili is in reasonable, although
not perfect, agreement with those assessed for type 1 pili by AFM, 26 KT (recalculated from 17
KT with an attempt rate of 10° to an attempt rate of 10'° Hz which has been used throughout this
work) by Miller et al. [50] and 29 KT reported by Forero et al. [51].
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in the system, primarily due to a partly unknown interplay between various pili. It
is therefore necessary to first acquire a full understanding of the combined elonga-
tion and adhesion properties of a single pilus. Whence this has been done, it is
possible to model how individual pili act cooperatively in order to sustain a shear
force and thereby contribute to the ability for a multi-pili-binding bacterium to
sustain the rinsing action of shear flow. Such models can then be compared to
findings from multi-pili experiments for verification. However, although the char-
acterization of the elongation properties of various pili has been done during the
last years, and is still under way, investigations of the properties of the adhesin
have only recently been done. There is so far only a limited amount of data about
this phenomenon available. No full description of the combined action of rod and
adhesin for the total adhesive properties of a single pilus has therefore yet been
developed. On the other hand, based upon the models of elongation-and-
contraction of pili under stress that recently have been derived, e.g. those given in
the Sects X.3.1 — X.3.3 above, it is still possible to hypothesize how the rod and
the adhesin of a single pilus jointly act in response to an external force as well as
the expected response from a multi-pili attachment. Such hypotheses can then be
verified by experiments.

X. 4.5.1 Single Pilus Detachment

Section X. 3.5 above provided expressions for the expected adhesion lifetime and
elongation length of a pilus elongated in region II. For the case with low elonga-
tion speed, i.e. when L < L, the expected adhesion lifetime is given by Eq.
(X.13), whereas the expected elongation length is given by Eq. (X.15). These ex-
pressions indicate that for low speeds, i.e. for L < L , the adhesion lifetime is in-
dependent of the elongation speed and the expected elongation length is directly
proportional to the elongation speed. This implies that the faster a pilus is elon-
gated in region II (although still for L < L ), the longer it can be elongated before
being detached.

In the high speed elongation case, L > L, on the other hand, the Eq. (X.14)
indicates that the expected lifetime of a single pilus decreases with increasing
elongation speed, which is the normal behaviour of a single bond. However, Eq.
(X.16) shows that the expected elongation length is independent of the force for
the case when the lengths of the layer-to-layer and the adhesin bonds are equal. In-
terestingly, it also shows that if the bond length for the adhesin is shorter than that
for the layer-to-layer bond (i.e. p<1), the expected elongation length increases
with force. For other cases the expected elongation length will scale exponentially
with the applied force.

It has recently been found in an ongoing work (unpublished results), performed
at three different speeds, and thereby for three different unfolding forces, that the
expected elongation length for the PapG-galabiose binding of P pili indeed in-
creases with the applied force, as suggested by this hypothesis. This implies, ac-
cording to Eq. (X.16), that the length of the adhesin bond is shorter than that of the
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layer-to-layer bond for P pili, i.e. p<1. It also implies that the higher the loading
rate, the longer the pilus will be elongated before it detaches. This increases, in
turn, the possibility for the bacterial system to adopt a multi-pili binding (since
other pili might become elongated into their region II before the adhesin of the
first pilus rupture).

It has been shown recently that the typical lifetime of a PapG-galabiose bond,
when exposed to the steady-state unfolding force (28 pN), is in the order of 10 s
[48]. Since the corner velocity for a P pilus is 0.4 pm/s, and the length of region II
is typically a few um, it can be estimated that a single P pilus exposed to the
steady-state unfolding force and elongated at an elongation speed close to the cor-
ner velocity will have a reasonable chance of detaching in region II. If the elonga-
tion is performed at a slower pace, the probability for detachment during the elon-
gation in region II will increase. On the other hand, if the pilus does not detach in
region II, it will enter region III where the force increases rapidly. This implies
that the adhesin bond will open reasonably fast (within a time <« 10 s).

X.4.5.2 Multi-pili Detachment

Multi-pili attachment is presumably of more importance than single-pilus attach-
ment since this allows for an external force, F,,,, to be distributed among a multi-
tude of pili. The exact distribution of forces will depend on a number of factors,
e.g. the number of pili as well as their lengths and surface distribution, wherefore
only some general conclusion will be drawn here.

As long as the number of pili is sufficiently large, primarily above F../Fyyp,
no pili will be elongated into region III. If the force is above Fy yp , it will redis-
tribute among several pili elongated either into region I or II. All pili in region II
( N ) will then experience the same expected lifetime, namely <7 >2dB , given by
either Eq. (X.13) or (X.14). The expected lifetime before the first pilus detaches is
then given roughly by <7 >£% / Ny . When one pilus has detached, the force will
be rapidly redistributed among the remaining pili. As long as there are a sufficient
number of pili remaining, this procedure will be repeated.

However, when the remaining pili are few, approximately below Fe / Fyy,
at least one pilus will be elongated into region III, whereby it will experience a
significantly shorter lifetime. When this takes place, there will be a rapid sequence
of pili detachments, until the entire bacterium is detached.

Moreover, multi-pili attachment is far from intuitive. For example, if the first
pilus to support the force is being elongated rapidly (i.e. into its dynamic regime),
it is possible that a second pilus can become elongated and take up some of the
force before the first pilus detaches. The force will then be distributed among the
two pili, which, in turn, leads to detachment rates for the two pili that are lower
than that of the first pilus elongated slowly. A fast elongation can therefore give
rise to a longer lifetime time for bacterial adhesion than a slow elongation.

The details of multi-pili attachment have just recently been understood, and
work is therefore presently in progress to characterize these important phenomena.
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It is clear though that multi-pili mechanism can induce a strong binding to the host
cells and may be an important key for the rinsing-resistance of a bacterium.

X.5 Summary and Conclusions

Two types of uropathogenic E. coli bacterial pili, P and type 1, which are pre-
dominantly expressed by E. coli in the upper and lower urinary tracts, have been
scrutinized in some detail using force measuring optical tweezers (FMOT). A
model for the bond opening of the layer-to-layer bond in the helixlike structure as
well as the opening of the head-to-tail bond between consecutive subunits in the
rod, based upon an energy landscape model and a kinetic model (of sticky-chain
type) for the bond opening, has been developed. It has been possible to character-
ize virtually all parameters in this model by the use of single pilus force-vs.-
elongation measurements on individual pili. This has given rise to a model for the
elongation properties of a single pilus under strain/stress. Lately, also information
about the adhesin at the tip of the attachment organelle has been assessed. The
first steps towards a combined description of the elongation and adhesion proper-
ties of pili-expressed bacterial adhesion have thereby been taken. This analysis in-
dicates that the unique properties of the pili provide the bacteria with an extraordi-
nary ability to sustain significant shear forces, forces that can widely supersede the
binding force of a single (non-piliated) adhesin. Moreover, the results for the dif-
ferent pili provide information that presumably can be correlated to the particular
environment in which they are found. For example, the steeper potential of type 1
pili may be considered a consequence of the fact that the structure has evolved to
support higher forces during shorter time events, which would correlate with the
irregular urine flow in the bladder and the urethra as compared to the more con-
stant 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.
All this indicates that different types of pilus can have significantly dissimilar bio-
physical properties and that they therefore presumably are optimized for dissimilar
environments.

Further work with other pili as well as analysis of multi-pili responses of the
studied systems is on its way. With this information at hand, a significantly im-
proved understanding of adhesion by piliated bacteria can be gained. Based upon
this knowledge the search for new targets for anti-adhesion drugs in bacteria
which possibly could lead to new means to combat bacterial infections, including
those from antibiotic resistant bacterial strains [20, 52, 53], can be initiated.
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