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Abstract 
The binding strength of the Helicobacter pylori adhesin–receptor complex 

BabA-ABO/Lewis b has been analyzed by means of Dynamic Force Spectroscopy. 

High-resolution measurements of rupture forces were performed in situ on single bacterial 

cells, expressing the high affinity binding BabA adhesin, by use of a force measuring optical 

tweezers. The resulting force spectra revealed the mechanical properties of a single BabA-Leb 

bond. It was found that the bond is dominated by one single energy barrier and that it is a 

slip-bond. The bond length and thermal off–rate were assessed to 0.86 0.07±  nm and 

0.015 0.006±  s
–1

, respectively. 

 

 

 

Keywords: Optical tweezers, Single bond dissociation, Receptor–ligand interaction, Bond 
strength, Lewis b receptor 
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1. Introduction 

Helicobacter pylori (H. pylori) is a Gram–negative bacterium that causes gastritis and peptic 

ulceration, which can lead to gastric cancer. H. pylori cells are found both in the slimy mucus 

layer lining the gastric epithelium, and tightly attached to the epithelial cells. Some of the H. 

pylori outer membrane proteins are involved in adhesion to host tissue. The fucosylated 

ABO/Lewis b (Leb) blood group antigen, found in the gastric mucosa and at the gastric 

epithelium layer, has been well characterized as a specific receptor for the BabA adhesin. The 

affinity for multivalent BabA–Leb/HSA complexes, determined by Scatchard analysis during 

equilibrium conditions in bacterial suspensions, can be as high as 11 15 10 M−×  [1]. 

The details underlying the molecular interaction and the mechanisms of the BabA–Leb bond 

are still largely unknown due to the high–affinity protein–carbohydrate binding combined 

with the solubility and conformational folding issues inherent with membrane proteins. This 

special complexity is in part due to lack of appropriate high–resolving measurement 

techniques with capacity to probe single adhesin–receptor interactions. Standard methods for 

affinity measurements, based on equilibrium in binding, such as Scatchard analyses, 

hemagglutination, and various ELISA–based methods [2], are used for assessment of interactions on 

bulk samples. Moreover, in high–affinity systems it is difficult to accurately establish true 

equilibrium in binding since the on–rate in receptor–ligand association is high, whereas the off–rate, 

or dissociation, is low (in experimental terms negligible). Thus, the time until true equilibrium is 

achieved becomes extensively long and experimentally impractical for analyses of biological 

systems. So, whereas several techniques for accurate measurements of affinity are available, the 

tools for analyses of dissociation, i.e. off–rate, have been limited. However, during recent years, 

Dynamic Force Spectroscopy (DFS) has been employed for the investigation of single 

molecule interactions [3-6]. In this method, the minute force required to rupture a single 

molecular bond is measured as the bond is exposed to a gradually increasing external force. 

The force drastically reduces the life–time of the bond, typically on the second–to–

millisecond time–scale. A spectrum of rupture forces, obtained from repeated measurements 

with different loading rates, provide information of important properties of the bond, e.g. the 

binding energy, the thermal off–rate, the bond length and whether it is a slip– or a catch–

bond. Different types of instrumentations have been implemented in DFS-studies. These 

instrumentations include atomic force microscopy [7-10], biomembrane force probes [11-13] 

and force measuring optical tweezers [14-16]. 

In the present study, we used a force measuring optical tweezers (FMOT) for precise, in 

situ, measurements of the rupture forces between a single BabA adhesin on the surface of 

single H. pylori bacterial cells and its receptor. We present novel results with detailed 

analyses of the H. pylori BabA–Leb binding strength that classifies and defines the bond. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 
4 

2. Materials and Methods 

2.1 Force Measuring Optical Tweezers 

The optical tweezers system is based on an inverted Olympus IX71 microscope with a 

high numerical aperture oil–immersion objective lens (Olympus UPlanF1 100x). The trapping 

laser is a continuous–wave 1064 nm Nd:YVO4 laser (Spectra–Physics, Millennia IR10). A 

HeNe–laser serves as a probe laser (1137, Uniphase, Manteca), and is directed into the optical 

path of the trapping beam to detect the position of a trapped bead. If the trapped bead is 

displaced a short distance due to an external force it redirects the probe laser beam which is 

monitored in the far–field with a position–sensitive detector (SiTek Electro Optics, Partille, 

Sweden). A two–step calibration method is implemented to quantify the exerted force (in pN) 

on the trapped bead. First, the response of the position-sensitive detector is determined, i.e. a 

calibration factor that converts the voltage of the detector signal to a position (in nm) of the 

trapped bead. This is done by means of a sequence of controlled trap displacements. Second, 

the stiffness of the trap is determined from the power spectrum of the thermal fluctuation of 

the trapped bead. The fluctuation of the bead is described theoretically by the Brownian 

motion from the surrounding medium under the constraint set by the trap. The trap stiffness is 

thereby assessed by fitting the theoretical curve, derived from the Langevin equation [17], to 

the measured data. A detailed description of the system is given Fällman et al. and Andersson 

et al. [18, 19]. 

2.2 Bacterial Strains and Lewis b Receptor 

The H. pylori strains used in this study are 17875/Leb and 17875babA1::kan babA2::cam 

(abbreviated 17875babA1A2). The 17875/Leb strain used for BabA–dependent measurements 

is a spontaneous mutant of strain CCUG 17875 and binds Leb [20]. As a relevant control for 

accurate specificity of the BabA–Leb binding, the 17875babA1A2–mutant, devoid of the 

BabA adhesin, was used to assess non–specific binding. Bacteria were grown on Brucella 

agar supplemented with 10% bovine blood and 1% IsoVitalex (Svenska LABFAB, Ljusne 

Sweden), for 30–40 h at 37 °C in 10% CO2 and 5% O2 before harvest in phosphate–buffered 

saline (PBS) containing 0.05% Tween 20 and 1% bovine serum albumin (BSA) (Sigma–

Aldrich, Stockholm, Sweden). 

The glycoconjugate used is Leb/HSA, i.e. human serum albumin to which the adhesin 

Lewis b glycans were chemically attached (IsoSep AB, Tullinge, Sweden). 

2.3 Biological Model System and Measurement Procedure 

The biological model system was compounded by the following components: a cover glass 

with large poly–L–lysine–coated beads (~9 µm) attached to its surface (Sigma–Aldrich, 

Stockholm, Sweden/Interfacial Dynamics Corporation, Portland, Oregon), the bacterial cells 

diluted to a low concentration (~10
5
 µl

–1
) and small Leb/HSA coated beads (~3.2 µm), 

suspended in PBS [21]. The sample of ~25 µl was confined in between two glass coverslips, 

separated by ~ 1 mm, which constituted a closed chamber. This chamber was placed in a 

custom made aluminium slide holder under the microscope in the optical tweezers system. A 

piezo-eletrical stage (Physik Instrumente, Karlsruhe, Germany) was used for precise 

translation of the chamber with the sample. The experiments were performed at ~25 °C and at 
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pH 7.4, which corresponds to the close to neutral pH conditions in the epithelial lining, with a 

buffer of PBS (1x) with 1% BSA. The presence of the blocking agent BSA efficiently reduces 

non–specific interactions. 

In the force measurement procedure, a free–floating bacterium was trapped by the 

tweezers and brought into contact with a fixed large bead, so as to form strong electrostatic 

bindings between the positively charged poly–L–lysine and negatively charged bacterium cell 

membrane. To minimize the risk of damage to the trapped bacterium, the power of the 

trapping laser was reduced by a factor of 10 when a bacterium was trapped which resulted in 

an exposure of the sample of ~10 mW laser power. Next, a small Leb coated bead was 

trapped, with normal power of the trapping laser, and the two–step calibration procedure was 

performed. A single BabA–Leb binding was then formed by bringing the bacterial cell and 

the trapped bead into initial contact. To minimize the formation of multiple bindings, the 

contact time was short (~ 0.1 s). Next, the large bead, with the bacterium, was retracted with a 

constant velocity and the force in the system was recorded until the binding ruptured, see 

Figure 1A. This procedure gives rise to a linearly increased force on the bond. A detailed 

description of the measurement procedure is given by Björnham et al. [21]. 

 

  Figure 1 here 

 

2.4 Bond Kinetics 

The assessment of the BabA–Leb bond properties is based on the Bell–Evans theory of bond 

kinetics [22, 23]. The thermal off–rate for a binding, th

offk , can be described by the relation 

Bth

off

E

k T
k eυ

−

= ,     (1) 

where υ  is the attempt rate, E  is the height of the energy barrier, Bk  is the Boltzmann’s 

constant and T  is the absolute temperature. In the presence of an external force, f, the off–rate 

for a binding, offk , is increases exponentially as 

b

Bth

off off

fx

k T
k k e= ,     (2) 

where bx  is the distance to the activation barrier, here referred to as the bond length. A 

schematic energy landscape as well as the effective linear tilting thereof, which originates 

from an external force, is given in Figure 1B. An external force that increases with a constant 

rate, r, induces a maximum in the rupture force distribution, *f , defined as the bond strength 

in this work, which is given by 

bB

th

b off B

* ln
rxk T

f
x k k T

 
=  

 
.    (3) 

Equation (3) predicts that the bond strength scales logarithmically with the loading rate. This 

relationship is used to explore the properties of the bond. The bond strength at different 

loading rates reveals both the bond length and the thermal off–rate. 
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The shape of the theoretical distribution of forces is not symmetric around the bond 

strength which implies that the mean value of the distribution of rupture forces diverges from 

the bond strength. For low forces, the error of the thermal off–rate when the mean value of the 

rupture forces is used, approaches an astonishing 70% [24]. For an accurate assessment of the 

bond parameters in this work, we therefore use the exact solution for the rupture probability 

density function, ( )fρ , [25] 

( )

b

th B B
b off

b
B

1th

off

fx

k Tk Tfx k e
rx

k Tk
f e e

r
ρ

 
 − −  
 = .    (4) 

2.5 Processing of Experimental Data 

The rupture force data results in a distribution, assembled by means of a kernel density 

estimator, which is subjected to a fitting procedure where the maximum of the fitting function 

corresponds to the bond strength, *f . Even though the measured rupture probability density 

is not expected to be symmetric around the maximum value, a Gaussian fit is often applied to 

measured distributions in order to find the peak [12, 26-30]. However, the theoretical 

distribution function, Eq. (4), represents the expected shape of the measured rupture force 

distribution and returns far more accurate bond strengths than a Gaussian does. For this 

reason, Eq. (4) was used for assessment of the bond strength in this work. 

The uncertainties of the fitting parameters to experimental data gave rise to errors in the 

final parameters such as bond lengths and thermal off–rates. The 95%–confidential intervals 

of these parameters, presented below, were calculated by monitoring the propagation of the 

fitting uncertainties throughout the complete analyses. 

3. Results and Discussion 
An example of a force–curve for the Leb–BabA interaction is presented in Figure 2A. The 

FMOT–system measures forces with high resolution, the noise level amounts approximately 

to ~2 pN peak–to–peak. Rupture forces were extracted from a large number of measurements 

on single cells at four different loading rates (2 700, 480, 68 and 6.8 pN/s). These loading 

rates are the effective loading rates for the binding when the influence from the stiffness of 

the bacterium body [21] has been compensated for. The results presented below are based on 

855 single measurements on strain 17875/Leb, and 722 negative control measurements on the 

17875babA1A2–mutant. The data provide a spectrum with four bond strengths which enables 

precise analyses of the bond length and the thermal off–rate of the BabA–HSA/Leb binding 

pair. 

  Figure 2 here 

 

Figure 2B displays continuous rupture probability density estimator for the 17875/Leb 

(solid gray area) and for the 17875babA1A2–mutant (dashed gray area) for the loading rate of 

2 700 pN/s. A fit, based on Eq. (4), is applied to the force distribution (dashed line) in order to 

assess the bond strength, here 50.6 pN. The rupture force distribution is well reproduced by 

the fit although the measured data exhibit a relatively extended tail at high forces. This tail is 

attributed to occasional occurrences of multiple bindings as virtually no unspecific 
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interactions were observed in this interval. Similar continuous density estimations and fits, to 

assess the bond strengths, were carried out for the other three loading rates. The resulting 

bond strengths for different loading rates are presented in Figure 3 together with the best 

linear fit with respect to the mean square error. 

 

  Figure 3 here 

 

For assessment of the binding properties, we analyze the relation between the bond 

strengths and the loading rate. Figure 3 reveals that the bond strengths increase linearly 

with the logarithm of the loading rate, which is in accordance with the analytical expression 

Eq. (3). The bond length was obtained from the slope of the linear fit and is 

b 0.86 0.07 nmx = ± . In addition, the thermal off–rate is also retrieved from the intersection of 

the extrapolated linear fit with the horizontal axis and is th 1

off =0.015 0.006 sk −± . The binding 

energy is obtained by inserting the thermal off–rate into Eq. (1) and amounts to 26.5 Bk T . 

Here we have assumed an attempt rate of 9 15 10 s−×  which is in the middle of the interval of 
9 10 110 –10 s−  reported by Evans et al. and Merkel et al. [12, 27]. 

The thermal off–rate for the Leb–BabA binding is similar to other binding systems [3, 28, 

31] but also significantly higher than the well examined streptavidin–biotin complex [5, 32]. 

The fact that the thermal off–rate presented here is not as low as might be expected from the 

very high affinity, suggests that H. pylori bind with a high degree of multivalence. The bond 

length for the Leb–BabA bond presented here is in the same interval as that for other 

receptor–ligand systems [3, 5, 12, 33-35]. Examples of data of off–rates and bond lengths 

obtained by dynamic force spectroscopy in other specific protein–ligand complexes are given 

in Table 1. 

 

  Table 1 here 

 

The fact that the rupture probability density estimators exhibit local maxima implies that 

the BabA–Leb binding is a slip–bond within the range of the forces applied here, i.e. the off-

rate increases with the external force. Further on, the linearity of the bond strength with 

respect to the logarithm of the loading rate suggests that the BabA–Leb bond is well described 

by Bell’s kinetic theory with a single transition state in this interval of loading rates. 

What are the in vivo implications of the binding properties obtained in this work? It is 

reasonable to assume that the forces due to shear flow are higher further out from the mucus 

layer which implies that the off–rate will increase when the bacterium approach the corpus 

since it is a slip–bond. This property is advantageous in this context since it suggests a 

functional regulation mechanism of H. pylori adherence in vivo that allows a bacterium 

attached to a shedded cell in the corpus to detach and swim back and reattach to the epithelial 

cells. 
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Figure Captions 

 

Figure 1. Panel A, a conceptual illustration of the force measuring procedure with the optical tweezers 

system. Panel B, a schematic drawing of the energy landscape. An external force, f, tilts the landscape 

linearly which increase the probability for rupture. 

 

 

Figure 2. Panel A shows data from a typical force measurement. The force increases linearly until the 

bond ruptures whereafter the force drops immediately to zero. Panel B shows measured rupture data for 

the effective loading rate 2 700 pN/s. The continuous density estimators refer to the 17875/Leb (solid grey) 

and to the 17875babA1A2–mutant (dashed grey), respectively. The two density estimators have individual 

vertical axes. A fit, based on Eq. (4), is applied to the distribution for the 17875/Leb which provides the 

bond strength, 50.6 pN. The area under the curves corresponds to the number of measurements that sums 

up the density estimators for the 17875babA1A2–mutant and the 17875/Leb, respectively. 

 

 

Figure 3. The dynamic force spectra for the BabA–Leb binding where the error bars represent 95% 

confidential intervals. The best linear fit, with respect to the mean square error, is illustrated by a dashed 

line. 
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Table 1. Comparison between different bindings in a similar range of loading rates. 

Binding bx  [nm] th
offk  

3 1[ 10 s ]− −×  Reference 

Digoxigenin/anti–digoxigenin 1.15 15 Neuert et. al [3] 

Streptavidin/Biotin 0.49 0.0167 Yuan et. al [5] 

Lysozyme/FV–antibody 1.0 1.0 Berquand et. al [24] 

PapG/Galabiose 0.50 2.6 Bjornham et. al [26] 

Protein A/ImmunoglobulinG 1.12 14.3 Salomo et. al [21] 

LexA/recA 0.54 45 Kuhner et. al [27] 

BabA/Lewis b 0.86 15 Presented here 

 
 




