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Abstract Detailed analyses of the mechanisms that
mediate binding of the uropathogenic Escherichia coli to
host cells are essential, as attachment is a prerequisite for
the subsequent infection process. We explore, by means of
force measuring optical tweezers, the interaction between
the galabiose receptor and the adhesin PapG expressed by
P pili on single bacterial cells. Two variants of dynamic
force spectroscopy were applied based on constant and
non-linear loading force. The specific PapG-galabiose
binding showed typical slip-bond behaviour in the force
interval (30-100 pN) set by the pilus intrinsic biome-
chanical properties. Moreover, it was found that the bond
has a thermodynamic off-rate and a bond length of
2.6 x 1073 s ' and 5.0 A, respectively. Consequently, the
PapG-galabiose complex is significantly stronger than
the internal bonds in the P pilus structure that stabilizes the
helical chain-like macromolecule. This finding suggests
that the specific binding is strong enough to enable the P
pili rod to unfold when subjected to strong shear forces in
the urinary tract. The unfolding process of the P pili rod
promotes the formation of strong multipili interaction,
which is important for the bacterium to maintain attach-
ment to the host cells.
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UTI Urinary tract infection

FMOT Force measuring optical tweezers
AFM Atomic force microscopy

DFS Dynamic force spectroscopy
MSE Mean square error

Introduction

Uropathogenic Escherichia coli (UPEC) is the major aetio-
logical agent associated with urinary tract infection (UTI).
UPEC is accountable for 80% of the community-acquired
UTI infections (Foxman and Brown 2003), including
pyelonephritis and cystitis (Reid and Sobel 1987; Sandberg
et al. 1988). The first step in an infection is the adherence of
bacteria to uroepithelium cells. E. coli demonstrates diverse
properties at different environment, and can express a vari-
ety of attachment organelles (pili) on the outer membrane,
which mediate adhesion to specific receptors on uroepithe-
lial cells (Enami et al. 1999). Two types of pili, P and type 1
pili, are commonly associated with UPEC and with infec-
tions in the upper and the lower urinary tract, respectively.
They have similar geometrical structure, but there are dis-
tinct differences in their biomechanical properties
(Andersson et al. 2007). Both types express an adhesion
molecule at the distal end of the pili; P pilus has the PapG
adhesin whereas type 1 has the FimH adhesin (Weissman
et al. 2006). The PapG adhesin forms specific bonds with the
glycolipid galabiose (Larsson et al. 2003; Lund et al. 1987;
Ohlsson et al. 2002; Stromberg et al. 1990) and the FimH
binds specifically to mannose (Forero et al. 2004; Nilsson
et al. 2006; Thomas et al. 2006; Thomas et al. 2004).
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Specific adhesin—receptor bonds normally behave as
slip-bonds when they are subjected to an external force. A
slip-bond is defined as a bond whose life-time is shortened
by an external force that lowers the energy barrier between
the bound and the free state, and the bond can thereby
dissociate more easily (Bell 1978). However, counter-
intuitively, an external force can also prolong the life-time
of a bond (increase the binding strength). The existence of
this catch-bond behaviour was first suggested by Dembo
et al. (1988) with the hypothesis that the external force
deformed the binding molecules such that they locked
more tightly. More recently, several theories have been
proposed to model the catch-bond behaviour observed in
different binding complexes (Evans et al. 2004; Guo and
Guilford 2006; Thomas et al. 2006). Moreover, a bond
whose life-time is independent of external forces is referred
to as an ideal bond and can be regarded as the limit
between a slip-bond and a catch-bond. The type 1 pilus has
been found to possess a catch-bond mechanism through the
specific FimH-mannose binding (Thomas et al. 2002). The
catch-bond mechanism allows the bacteria to stay bound to
a surface during a temporarily increased shear flow in its
surrounding. This property could be essential for the bac-
terium to prevent being rinsed out from the urinary tract
system and still be able to unbind occasionally, when no
shear force is present. To some extent Nilsson et al. (2006)
showed that the P pilus also expresses a catch-bond prop-
erty when bonded to digalactose, in a limited shear force
interval, using the stick-and-roll approach.

Bacterial pili have previously been characterised by
means of force measuring optical tweezers (FMOT) and
atomic force microscopy (AFM) (Jass et al. 2004; Liang
et al. 2000; Maier et al. 2002; Miller et al. 2006). Lugmaier
et al. (2007) studied the specific PapG—galabiose binding
by means of AFM and assessed both the bond length and
the thermal off-rate. In contrast to that work, we probe the
specific PapG-galabiose bond by FMOT at different
loading conditions set by the intrinsic force-elongation
properties of the biopolymer. Initially, the pilus is linearly
elongated as a mechanical spring when it is exposed to a
tensile force (region I). Next, the force-elongation response
turns into a phase of constant force as the pilus undergoes a
sequential unfolding process where the quaternary helical
structure is transformed into a linear structure (region II). If
the tension is further increased, the pilus responds with
non-linear force-elongation dependence (region III). The
complex force response under tensile stress has previously
been investigated (Jass et al. 2004).

In this study, we used FMOT to assess the PapG-—
galabiose off-rate and bond length by means of dynamic
force spectroscopy (DFS). The analysis is based on mea-
sured unbinding forces, collected during the constant force
plateau (region II) and the non-linear response (region III).
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In addition, we model the force-elongation of a complete
pilus, including the specific PapG-—galabiose interaction,
with a three-state Monte Carlo simulation. The above
mentioned methods, allowed us to assess the bond length
and thermodynamic off-rate with high accuracy, but also to
conclude whether the specific interaction can be described
as a slip-bond or as a catch-bond.

Materials and methods

Measurements were performed with a FMOT system
constructed around an inverted Olympus IX71 microscope
with a high numerical aperture objective. A detailed
description of the optical tweezers and the calibration
procedure is given elsewhere (Andersson et al. 2006a;
Fillman et al. 2004). Force measurements were conducted
at three different velocities; 0.5, 5.0 and 50 pm/s. In total,
we performed 720 measurements, distributed at the three
mentioned velocities. In addition, 120 negative control
measurements were conducted.

General experimental procedure

The amino-galabiose was covalently coupled to activated
3.2 pm carboxymethyl latex beads (Interfacial Dynamics
Corp, Portland, Oregon, USA). A 30 pl suspension of
viable bacteria expressing P pili and free floating amino-
galabiose coated latex beads was prepared between two
coverslips. Large 9.6 um beads were fixed to the surface
of the lower coverslip by means of drying at 60°C for
60 min. Poly-L-Lysine (Sigma—Aldrich, Stockholm, Swe-
den) was coupled to the large beads in order to provide an
adhesive surface for attachment of single bacterial cells.
This binding is substantially stronger than the receptor—
ligand binding which ensures that the bacterium does not
unbind during experiments. Initially in the experiment,
one bacterium was trapped with the optical tweezers and
mounted to a fixed large bead. Moreover, a 3.2 um bead
was subsequently trapped and brought to close proximity
to the mounted bacterium to form a specific binding
between a single PapG adhesin (at the distal end of a
pilus) and the galabiose receptor molecule. The coverslip,
with the large bead and the mounted bacterium, was
retracted from the trapped bead using a piezo stage. The
resulting force-elongation response of the pilus was
probed and recorded until the binding ruptured. The
qualitative force-elongation response for a single P pilus
has been determined previously (Jass et al. 2004). The
constant force plateau in region II is very distinct and easy
to identify. Thus, we can determine the number of
attached pili and filter out multipili attachment from the
force level of the plateau.
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Bacterial strains

A derivative of the fully afimbriated E. coli K12 strain
HB101 was utilised in order to ensure solely P pili
expression. The strain HB101/pPAPS5 expresses P pili via a
complete pap gene cluster that has been cloned into a
pBR322 vector, thereby creating plasmid pPAPS (Lindberg
et al. 1987; Lindberg et al. 1984). The HB101/pPAP5 was
grown at 37°C on trypticase soy agar that was enriched
with 50 pg/ml carbenicillin.

Negative control

Negative control measurements were conducted to ensure
the specificity of the PapG—galabiose binding. In order to
block the PapG adhesins, solution galabiose was added to
the medium, resulting in a concentration of 3 mM. These
measurements were in all other aspects conducted at
identical conditions as the unbinding measurements.
Bindings to P pili were detected only at 2.5% of the
measurements. This should be compared to the case
without the galabiose solvent, where binding occurred in
almost every measurement. The significantly reduced
binding probability, when the adhesins were blocked,
confirmed the specificity of the measurements.

Theory

The biomechanical properties of the P pilus structure have
been thoroughly investigated previously (Andersson et al.
2006a; Bjornham et al. 2008; Jass et al. 2004). The known
pilus properties were used as a foundation for further
analysis and evaluation methods of the specific PapG—
galabiose bond. Moreover, specific results were acquired in
several ways using quantitative facts of the pilus properties.
The P pilus force response can, with advantage, be divided
into three regions, see Fig. la.

III

Force

II

Elongation

Fig. 1 a A schematic diagram of a force-elongation response of a P
pilus where the three regions are defined. b Illustration of the
probability analysis principle for two different binding procedures. In
the first case, the binding ruptures in region II and its probability

o

Binding probability

The various characteristics of the force-elongation
response of a single P pilus provide diverse loading con-
ditions when probing the unbinding forces of the PapG-
galabiose bond. There is a constant force ramp (linearly
increasing force-elongation relation) in region I, which
would allow for DFS with a constant loading rate using the
well known theory established by Evans et al. (Bell 1978;
Evans 2001; Evans and Ritchie 1997). However, in our
case, this would be very time consuming since the pilus
enters region II already at steady-state level ~28 pN,
which indicates that experiments would have to be per-
formed under extremely low loading rates to be able to
probe the most likely rupture force below the steady-state
force level. In region II, the pilus is unfolding (the helical
quaternary structure transforms into a linear structure) and
responds with constant force-elongation dependence. This
allows for measurements of the constant off-rate as long as
a significant fraction of the PapG—galabiose binding mea-
surements rupture in this region. Finally, in region III, the
pilus exhibits a complicated force-elongation response that
can be used for non-linear DFS analysis since the shape of
the force response is known (Andersson et al. 2006¢). The
analysis methods for regions II and III are described in
detail below.

Region II—DFS with a constant loading force

It has been shown by Jass et al. (2004) that the force
response in region II is a constant force plateau. The force-
elongation is in steady-state for velocities up to ~0.4 pm/
s, i.e. the force response is velocity-independent. Above
that, it enters a dynamic regime where the magnitude of the
constant force plateau depends linearly on the logarithm of
the velocity (Andersson et al. 2006a). A constant force-
elongation response implies a constant off-rate, i.e. for
different velocities the off-rates take dissimilar values but,
in each individual case, remains constant over the entire
region. For a constant off-rate, k., the probability, p, for a

The pilus with binding
2 enters region III
4

7
Rupture

of binding 1

Time tr

contribution is described by a step-function. In the second case, the
pilus enters region III, at time #y;, and the probability contribution
from the binding is from that point described by an exponentially
decreasing function
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bond, that is bound at ¢ = 0, to survive is described by an
exponentially decreasing function with time, ¢, is

p — e_ko{f[. (1)

If the expected time of survival, kgf}, is small compared
to the time spent in region II, virtually all bonds will
rupture in region II, and k¢ can be retrieved by a direct fit
of the theoretical p(¢) to the measured data. However, the
fraction of rupture events in region II is only between 30
and 50% in our measurements. Further, since the pili are of
different length, those that survive region II enter region III
at dissimilar distances. A more advanced fitting method is
therefore needed to include the data for the pili that enters
region III into the analysis. For those pili we modelled the
binding probability as if the force had remained at the same
constant level after they have entered region III. The theory
of bond kinetics used in this work assumes no memory in
the system, i.e. the kinetic probability functions for time
t > t, (where t, is an arbitrary time) depends only on state
parameters, not on the history at time ¢ < f,. This implies
that a bond that survives until it enters region III at time,
tm, would have the probability function p = exp
(—ko(t — typ)for t > typ if the force had remained
constant, since it is known to satisfy p(t = ;1) = 1. This
procedure was implemented in the analysis by replacing
the probability contribution from a pilus that enters region
I (at time ¢#y) with an exponentially decreasing
probability function for ¢ > fyy;, see Fig. 1b. The off-rate,
kogp, 18 required to introduce the probability function for
t > tyy;. Since this parameter is unknown and will be
determined by a fit to the measured data, we have an
implicit relation. The measured data includes kg for all
measurements that enters region III. This set of data is at
the same time the basis for a fit using Eq. 1, which also
includes k.. A range of different attempt values of kg
were used in a series of fits where the best fit supplied the
off-rate.

Further on, the data from region II provides an excellent
opportunity to investigate whether the PapG-galabiose
complex is a slip-bond or a catch-bond. For a given
velocity, the force, and thereby the off-rate, is constant in
region II which implies that the bond can be classified from
measurements performed at different velocities. For a slip-
bond, Bell postulated that the off-rate of a molecular bond
is exponentially dependent on the applied force, f, which
here is formulated as

Jip
th —F
kot = kogee™®T, (2)

where kf)hff is the thermal (spontaneous) off-rate, x; is the
bond length, kg is the Boltzmann’s constant and 7 is the
absolute temperature (Bell 1978). This implies that
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the slope in a diagram of In(k.g) versus f yields the bond
length,

Aln(koff)/Af = xb/kBT. (3)

The thermal off-rate can be derived from the
intersection between the linear fit and the vertical axis
where the force is equal to zero.

Region III—DFS with a non-linear loading force

The force-elongation response in region III is in steady-
state within the range of velocities used here (Andersson
et al. 2006a), and thereby independent of the velocity.
However, there are two factors that differentiate the
probabilities of rupture forces in region III for different
velocities. First, the point of entry into region III depends
on the constant force level in region II, and thereby of the
velocity. Second, higher velocities will probe region III
faster which means that the loading rate increases with the
velocity. DFS applied to slip-bonds is normally conducted
using a linear force ramp as loading condition. The theory
for analysis is well established (Bell 1978; Evans 2001;
Evans and Ritchie 1997) and has been implemented in a
variety of biological systems (Morfill et al. 2007; Odorico
et al. 2007; Yang et al. 2007). However, since the force
profile of region III is highly non-linear, this theory has
limited applicability under such conditions. For this reason,
we present a more general form of the theory that can be
used for an arbitrary loading force that is continuous with a
low second derivative with respect to time.

The change in binding probability can in general, with
no rebinding, be written as

dp/dl = —koffp. (4)

Moreover, at the time where the rupture probability has
a maximum, the requirement

dkofe /dt = K, (5)

applies. This point of time can be identified by localising
the maximum of a rupture force distribution histogram.
Equation 5 can be derived by differentiating Eq. 4, with
respect to time, and identifying the point of maximum

rupture probability. The off-rate function can be
expressed as
kot = ke, (6)

where B is a function that describes the time evolution of
the force as

B=f/ksT. (7)

Using Eq. 6, the first derivate of the off-rate with respect
to time is
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dkoff/dl = koffxde/d[, (8)

and inserting this into Eq. 5 yields
kot = xde/dt = XpA, (9)

where we introduce A = dB/dt for simplicity reason.
Equations 6 and 9 results in an expression for the thermal
off-rate,

Kb = Axpe B0, (10)

This relation only applies at the time of the most probable
rupture force, i.e. the most probable rupture time. To conclude
this derivation we take the logarithm of both sides of Eq. 10,

In (kS /x0) — In(A) = —Bxy. (11)

Note that the first term on the left hand side is a constant
and the slope of In(A) versus B equals x,. Further on, the
thermal off-rate k% is given by k% = Ax, where B = 0 on
the extrapolated linear fit.

Monte Carlo simulation

A third method to extract the thermal off-rate and bond
length for the PapG-galabiose complex is by simulating
and fitting the experimental data by a three-state Monte
Carlo method. We used the same approach as described by
Bjornham et al. (2008), with the introduction of an addi-
tional function that models the binding of the PapG-
adhesion to the galabiose receptor in order to calculate the
rupture probability. All other parameters were set to the
same values as presented in (Bjornham et al. 2008) which
generates the force-elongation response of a typically P
pilus. The probability profile could then be compared to the
measured data for different sets of the parameters ke and
Xp, in search for the best fit.

4]

Rupture probability [%]

50
Force [pN)

Fig. 2 a The measured rupture probabilities as a function of force for
the velocities 0.5, 5.0 and 50 pm/s, respectively. The negative control
measurements clearly demonstrate the specificity of the measure-
ments. As the velocity increases, the rupture force distributions are
shifted towards higher forces. This is the result of the amplified force-
level in region II as well as the strongly increased loading rate in
region III. The mean of the force levels were 32, 45 and 63 pN for the
velocities 0.5, 5.0 and 50 pm/s, respectively. These values can also be
recognised in the figure as the first peak in each histogram. b The total

Results and discussion

The measurement data were analysed by three different
methods, where the first two are categorised as DFS
methods. The first one is based on the set of unbinding
probabilities collected during the constant force-elongation
plateau (region II). The second method analyzes the
unbinding forces during the non-linear force-elongation
response (region III). Finally, in the third method we
applied Monte Carlo simulations to fit all data, i.e. data
from both regions are analysed simultaneously.

Histograms of the measured rupture probability distri-
butions at the three different velocities (0.5, 5.0 and 50 pm/
s) are presented in Fig. 2a. We clearly observe the dynamic
behaviour of the force response, i.e. the force distributions
are shifted towards higher forces as the velocity increases.
The distributions plotted in Fig. 2a have two relevant local
maxima. The maxima in the low force interval originates
from the rupture events measured during the constant force
plateau (region II), whereas the one in the high interval is
generated from the rupture events in region III. In the
former case, the mean of the force levels were 32, 45 and
63 pN for the velocities 0.5, 5.0 and 50 pm/s, respectively.
The first peak in each histogram corresponds to these force
values. Moreover, nearly no binding (97.5% rupture
probability at zero force) could be detected for the negative
control measurements with solution galabiose.

Region II—DFS with a constant loading force

The constant force plateau, region II, is typically ~5 um
long; however, it can vary within a few pm between
individual pili (Andersson et al. 2006¢). Moreover, the time
at which the system is found in region II is directly

b

= [ == M red data

£ 50 7 Ideal bond

o 40 |

e

£ 30 |

£

520 f

8

a 10 |

g

a2 0

& 0.5 5.0 50
Velocity [pm/s]

measured rupture probability in region II in comparison with that of
an ideal bond. Here, the ideal bond is set to give rise to the same
rupture probability as the measured one at the lowest speed. The
measured rupture probabilities strongly deviate from the case with an
ideal bond for the velocities 5.0 and 50 pm/s. For a catch-bond, these
probabilities are expected to be even lower than that for the ideal
bond for these velocities (i.e. higher forces). The conclusion is
therefore that the specific PapG—galabiose bond is a slip-bond in the
force interval treated here
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Fig. 3 a The thick grey line represents the measured binding
probability, including the modelled contribution for the pili that
entered region III, whereas the overlaid dashed black line is the best
numerical fit. The arrow indicates the instant at which the unfolding
length is 600 nm for the velocity of 0.5 pm/s. The inset shows the
mean square error (MSE) for a range of off-rates for the velocity
5.0 pm/s. The minimum value corresponds to the best fit. The total
number of measurements (with the number that ruptured in region II
in parenthesis) was 176 (95), 239 (100) and 305 (101) for the
velocities 0.5, 5.0 and 50 pum, respectively. b The three off-rates are

proportional to the inverse of the trap velocity. This implies
that at a velocity of 0.5 pum/s, the specific binding for a
certain pilus has a tenfold longer time to dissociate, com-
pared to the case with a velocity of 5.0 um/s. As mentioned
above, a result of the subunit assembled helix-like structure
results in a dynamic force response which depends on the
logarithm of the unfolding velocity (Andersson et al.
2006a). Therefore, the force level is significantly higher at
5.0 um/s (45 pN) than at 0.5 pm/s (32 pN), which has an
impact on the off-rate of the binding. It was found, as
displayed in Fig. 2b, that the rupture probability for the
bonds in region II was 54.0, 42.2 and 33.1% at the
velocities 0.5, 5.0, and 50 pm/s, respectively. This change
in unbinding frequency is moderate when considering the
significant difference in exposure time in region II. Let us
consider a hypothetical case with an ideal bond in region I,
i.e. a bond with an off-rate that is independent of the force.
We assign the ideal bond the same rupture probability as
the measured one at 0.5 pm/s. If we evaluate the rupture
probabilities at 5.0 and 50 pm/s for the ideal bond, using
Eq. 1, the result is that they are drastically reduced due to
the shorter time until the pilus enters region III, see Fig. 2b.
It is evident that the measured data strongly deviate from
the case with an ideal bond. The rupture probability would
be even lower for a catch-bond than for an ideal bond when
the force (i.e. the velocity) increases. The conclusion is
therefore that the specific PapG—galabiose bond behaves as
a typical a slip-bond in the force interval treated in this
study.

To ensure that the force-elongation had entered region II,
only measurements with a constant unfolding longer than
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plotted logarithmically versus their corresponding constant force
levels. The bond length was derived from the slope of the fit and is
5.2 + 0.3 A. The extrapolated intersection with the vertical axis, at
the point of zero force, supplied the thermal off-rate as
22 x 1072 £ 0.9 x 107 s~ The bond is classified as a slip-bond
in this force interval since the off-rate increases with the applied
force. The errors refer to the 95% confidence interval obtained by
error analysis of exponential functions of the lifetimes followed by
error propagation through the fitting procedure

600 nm were analysed. Therefore, the numerical fit was
adjusted so that the binding probability started to decrease
when this elongation was reached, which is marked, for the
0.5 um/s velocity data, with an arrow in Fig. 3a. As the
PapG—galabiose bond is assumed to be history independent,
similar to the pilus rod (Andersson et al. 2006b), the
exclusion of the short-plateau data does not affect the
extraction of the off-rate from the data. The measured
binding probability presented in Fig. 3a includes both rup-
ture events and the contribution from the measurements
where the pili enter region III as described earlier.

Since our measurements were conducted at three
velocities (0.5, 5.0 and 50 pm/s) we could assess three
dissimilar off-rates for the PapG—galabiose bond (Fig. 3b),
each corresponding to a constant force-level in region II.
These three off-rates differ as a result of the exponential
impact the force has on the off-rate, weighted by the bond
length and the thermodynamic energy unit kg7, see Eq. 2.
The bond length, given by the slope of the linear fit of the
logarithmic off-rate dependence on the force (the dashed
line in Fig. 3b), is found to be x, = 5.2 £ 0.3 A. The
thermodynamic off-rate is derived by the extrapolation
of the linear fit and amounts to ATy =22 x 107> +
0.9 x 1077 s,

Region III—DFS with a non-linear loading force

The optical tweezers system used in this work has a
capability to measure forces up to ~ 100 pN with high
accuracy. Above that, the optical trap is non-linear for
these particular experiments. Although the force increases
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rapidly with the elongation in region III, the upper limit of
100 pN was high enough for detection of nearly all of the
unbinding forces for the two lowest retracting velocities
(0.5 and 5.0 um/s). In contrast, for the highest velocity
(50 pm/s) the unbinding forces frequently exceeded
100 pN. This caused a problem, since the accuracy of the
probability distribution was reduced.

Following the theory presented for the non-linear
behaviour of region III we plotted the logarithm of the
parameter A, versus the parameter B and applied a linear fit
to obtain the bond length and the thermal off-rate. Histo-
grams of the measured rupture forces, which provide values
for B, are shown in Fig. 2a. The explicit time dependence of
the force-elongation response for a pilus of average length
in region III was calculated. This allowed us to derive the
most probable rupture time and scrutinise the values for A.
The time dependence of the force-elongation in region III
has been shown to be predictable (Andersson et al. 2006¢)
and only weakly dependent of the length of the pilus, which
was obtained from the length of region II. The data and the
linear fit are displayed in Fig. 4a. Note that the data from the
highest velocity is also plotted, however, since the accuracy
is reduced, it was excluded in the linear fit. The bond length
and the thermal off-rate obtained from this analysis were
calculated to be x, = 4.9 + 0.4 A and k% =3 x 1073 £
1 x 1072 57, respectively.

Monte Carlo—MSE minimisation

From previous work, it was concluded that an average P
pilus of the strain used here (HB101/pPAPS5) is composed

of ~ 1,430 PapA-subunits, which corresponds to ~5 pm
elongation in region II (Andersson et al. 2006¢c). A larger
number of subunits results in a longer elongation, which
implies that the time in region II is extended, thus the
probability for a rupture event in region II increases.
Hence, short pili have a larger probability to survive and
enter region III before rupture. From the experimental data
we observed that the actual mean number of subunits of
pili entering region III was ~900. The simulations
were modified to compensate for this phenomenon. Two
different simulations were performed for every set of
parameters; one with 1,430 subunits and one with 900
subunits. The rupture probability distribution of the data
with 1,430 subunits was used in regions I and II, whereas
the one with 900 subunits was used in region III. These two
distributions were merged after a renormalization of the
rupture probability for the region III data.

Simulations with a multitude of combinations of bond
lengths and thermal off-rates were performed to find the set
of parameters that best reproduced the experimental data.
The best fit was defined where the mean square error
(MSE) was found to be at minimum, which is illustrated in
the inset of Fig. 4b for the intervals (4.5 < x, < 5.0 A)
and (1.5 x 1072 < kM <42 x 1073 s™"). The bond
length and thermal off-rate were found to be 4.8 + 0.2 A
and 2.5 x 1072 £+ 0.5 x 107 s7', respectively.

Summary of the results and concluding remarks

From the analysis of region II we conclude that the off-rate
increases from ~0.1 to ~6 s~

! when the constant force
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Fig. 4 a A linear fit of the rupture force modes of region III reveals
both the bond length, 4.9 £ 0.4 10\, and the thermal off-rate,
3 x 107 £ 1 x 107 s7". As some of the unbinding forces for the
highest measurement velocity (50 pum/s) exceeded the linear limit of
the measurement system, the results became unreliable and were
therefore not used in the fit (the dashed square). b The binding
probability profiles are illustrated for the measurements (solid grey
line) and the Monte Carlo fits (dashed black line). The total number of

measurements was 176, 239 and 305 for the velocities 0.5, 5.0 and
50 pm/s, respectively. The best fit was found for a bond length of
4.8 + 0.2 A and thermal off-rate of 2.5 x 107> £ 0.5 x 107 57",
The inset shows the total variation of the mean square error (MSE),
for all velocities, as a function of the thermal off-rate for a set of
different bond lengths. The 95% confidence intervals were calculated
from estimations of the maximum errors in the raw data processing
and the following error propagation thereof
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increases from 32 to 63 pN. This implies that the PapG—
galabiose complex exhibits typical slip-bond behaviour in
this force interval.

Thomas et al. (2006) showed that the specific FimH-
mannose binding of type 1 pili can be classified as a catch-
bond up to a certain breakpoint where the binding property
converts into a slip-bond. This transient behaviour has also
been reported for other systems (Barsegov and Thirumalai
2005; Evans et al. 2004). In addition, Nilsson et al. (2006)
suggested the PapG—galabiose complex to is a catch-bond
when tested at a shear—stress of <4.3 pN/um® (by
observing the number of tethered cells rolling on a surface
at different shear—stresses). Goldman’s approximation
estimate the force acting on a spherical body under shear
force when tethered to a wall (Goldman et al. 1967). In
short, this approximation provides the drag force, F, on
spherical object exposed to a shear flow according to

F = 1.7 x 6murhS = 1.7 x 6mrhr, (12)

where u is the viscosity of the fluid, r is the radius of the
body, 4 is the distance between the wall and centre of the
sphere, and S is the shear rate which can be related to the
shear stress, 7, as T = uS. It is important to notice that there
are pronounced differences between the ideal conditions in
Goldman’s approximation and a practical measurement
with tethered bacteria. Issues such as the non-spherical
shape of the bacterium, the relatively rough cell surface,
presence of a multitude of pili, unknown orientation of the
cell and biomolecules covering the wall surface may all
contribute to an uncertainty of the calculated force using
Goldman’s approximation. Typical geometrical dimen-
sions of an E. coli bacterium is ~2 pm in width and
~0.8 um in diameter (Sundararaj et al. 2004). To use
Goldman’s approximation we calculated the effective
radius of a sphere by mimicing the surface area of a typical
bacterium. The drag force was computed with Eq. 12 to
~40 pN at a shear rate of 4.3 pN/um”. This force is of
similar order of magnitude as our measured forces. How-
ever, it is of great importance to recognise the differences
between their model system and the one used in this work.
Nilsson et al. (2006) performed stick-and-roll experiments
where the bacteria are expected to interact with multiple
bindings. The actual number of bindings in these types of
measurements is unknown. However, as a bacterium nor-
mally expresses a rich amount of pili, it is reasonable to
assume that numerous multiple bindings are present. The
tensile force experienced in each individual binding (sup-
ported by each single pilus) can therefore be assumed to be
significantly smaller than 40 pN, and is well below the
force interval of the measured unbinding forces in this
work. Since it is known that bonds can exhibit both slip and
catch behaviour for different force intervals, it is essential
to consider the force interval used in a study when the
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results are evaluated. For instance, it was first reported that
selectins-ligand bonds were slip bonds (Evans et al. 2001;
Fritz et al. 1998). Later it was concluded that these bonds
also exhibit catch behaviour for lower forces (Evans et al.
2004; Marshall et al. 2003).

A binding system involving multipili attachments has
inherently interesting binding properties. Let us assume
that a loading force is unevenly distributed amongst the pili
(e.g. one pilus is stretched and supports force whereas
others are unstretched and do not support force). Initially,
only one pilus supports force whilst more pili will support
force after the first one has been elongated. A low
unfolding rate (low force) can result in a rupture of the first
pilus before the second one is exposed to force. At higher
unfolding rate (higher force) the first pilus will elongate
faster and the probability that its binding survives until the
force is divided with the second binding can increase. The
off-rate for each pilus will then decrease drastically since it
depends exponentially on the applied force, see Eq. 2. This
suggests that multipili attachments with slip-bonds can
collectively exhibit apparent catch-bond behaviour, or at
least moderate the true slip-bond behaviour. This phe-
nomenon may be present in region II when the unfolding is
in the dynamic regime. The analysis is therefore more
complicated for multipili attachments than for the single
pilus case. In conclusion, the collective properties of a
multipili binding system cannot automatically be trans-
ferred to a single binding in that system.

There are two possible explanations for the contradic-
tory conclusions regarding the slip- or catch-bond property
between the present work and that reported by Nilsson
et al. First, it is plausible that the catch-bond behaviour
exists only in the low force interval which was exceeded
for the applied forces (>32 pN) in the present work. Sec-
ond, the apparent catch-bond behaviour reported by
Nilsson et al. can be attributed to a multipili phenomenon
rather than a catch-bond property of the individual PapG-
galabiose bond.

From the same set of experimental data we assessed
three pairs of bond lengths and thermal off-rates which are
presented in Table 1. The average value from the three

Table 1 Summary of the parameters for the three different analysis
methods. The error corresponds to a 95% confidence interval. The
confidence intervals for the mean values were calculated using theory
for sampling distributions

Method X, (A) e s7h

Region I 52403 0.0022 + 0.0009
Region IIT 49 £ 04 0.003 & 0.001
Monte Carlo 48 £02 0.0025 + 0.0005
Mean 5.0 + 0.2 0.0026 + 0.0005
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methods was used as estimates of the true values. This
implies that the specific PapG—galabiose binding has a
bond length of x, = 5.0 & 0.2 A and a thermal off-rate of
Khe=26x 102 +05 x 1073 s,

Lugmaier et al. (2007) reported a bond length of
704+ 1.5 A and a thermal off-rate of 8.0 x 107* +
5.0 x 107*s7! for the PapG-galabiose binding. Their
measurement setup (model system) was similar to the one
used here except for the fact that they used an AFM for
probing the unbinding forces. The unbinding data was then
fitted to a Monte Carlo model from which the parameter
values were retrieved. The reason for the differences can be
assumed to be a sum of three factors. First, FMOT has a
higher force resolution than the AFM and thereby provides
more precise data. Second, in this work we performed force
measurements with three different velocities, in contrast to
Lugmaier et al. where one single velocity (0.5 pum/s) was
used. Finally, a larger statistical basis is used here, which is
an important factor in a stochastic process such as a ther-
modynamic unbinding event.

Moreover, we conclude that the off-rate for the PapG-—
galabiose binding complex is several order of magnitudes
lower than that for the layer-to-layer bond, which stabilize
the quaternary helix-like structure of the folded pilus
(Andersson et al. 2006a; Bjornham et al. 2008). This
finding confirms that the PapG-—galabiose complex is
sufficiently strong to withstand the forces required for
unfolding the quaternary structure at physiological condi-
tions. A similar observation is reported for the type 1 pilus
when bound to monomannose (Forero et al. 2004). In an
in vivo situation, it is likely that several pili, of dissimilar
length and attachment positions, are involved simulta-
neously in the adhesion process. If a bacterium is exposed
to a sudden shear force, e.g. due to urine flow, an uneven
distribution of the force amongst the pili is expected. Ini-
tially, some pili (e.g. the shortest ones) are stretched and
exposed to tension force. Other pili (e.g. the long ones),
remain unstretched and will thereby not be exposed to
tension. As pili exposed to force start to elongate, a larger
number of pili will sequentially be stretched. Whenever a
pilus is stretched and becomes exposed to force as it enters
region I, the force supported by the other stretched pili is
then reduced. In that way, it can be argued that the pili
collectively are able to support quite large shear forces and
a prerequisite for this behaviour is the strong PapG-
galabiose binding. In conclusion, the PapG adhesin does
not only recognise and form bonds with the host receptor. It
is also important for the bacteria to maintain attachment to
the uroepithelial cells, even under influence of external
forces, e.g. shear forces due to the urine flow. The strong
specific PapG—galabiose interaction thus contributes to a
successful colonisation and invasion of the host tissue and
constitutes thereby an important virulence factor.
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