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Abstract 

Precisely regulated lymphocyte trafficking plays very important roles in immune 

surveillance and host defense. The adhesive interaction between leukocyte integrin α4β7 

and its endothelial ligand, mucosal addressin cell adhesion molecule-1 (MAdCAM-1), 

mediates the rolling and firm adhesion of leukocytes to the high endothelial venules of 

mucosal tissues. A key property of α4β7 is that it mediates rolling on resting leukocytes. 

Upon leukocyte activation, α4β7 is induced to adopt a high-affinity conformation and thus 

mediates firm adhesion. We used single-molecule force spectroscopy (SMFS) and single-

cell force spectroscopy (SCFS) to determine the mechanical strength of the low- and high-

affinity α4β7/MAdCAM-1 complexes. An atomic force microscope (AFM) was used to pull 

individual α4β7/MAdCAM-1 complexes to determine their mechanical strength and force-

dependent dissociation kinetics under ionic conditions that produce low- and high-affinity 

complexes, which mediate leukocyte rolling and firm adhesion, respectively. Integrin 

α4β7 also binds to vascular cell adhesion molecule-1 (VCAM-1) expressed in other tissues. 

To regulate the adhesion of lymphocytes to target tissues, integrin α4β7 must be able to 

distinguish different ligands. Here we used SCFS to pull individual α4β7/MAdCAM-1 or 

α4β7/VCAM-1 complexes under different chemokine stimulations and demonstrated that 

the chemokine CCL25 promotes α4β7-mediated lymphocyte adhesion to MAdCAM-1 but 

suppresses adhesion to VCAM-1, whereas the chemokine CXCL10 regulates adhesion in 

the opposite way at the single molecule level. In addition, Sin Nombre Hantavirus (SNVs) 

bind to the Plexin Semaphorin Integrin (PSI) domain of inactive, bent conformation β3 

integrins. We used SMFS to pull individual integrin αIIbβ3 and P2Y2R complexes, with or 

without SNVs binding, and demonstrated that binding of SNV to the PSI domain induces 
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an increase in the affinity of the integrin’s RGD binding site, and stimulates activation of 

several heterotrimeric G-proteins, Rho GTPases and infection. 

In conclusion, this work provides new insights into the kinetic mechanism of 

integrin-mediated leukocyte rolling and firm adhesion, but also provides a mechanism for 

lymphocyte homing through the unique ligand-specific regulation of integrin adhesion by 

different chemokines. Our findings are also fundamental to understanding integrin-GPCR 

transactivation, and Hantavirus pathogenesis.     
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1 Introduction 

 

Leukocytes in the immune system not only protect the human body from infectious 

disease and foreign invaders, but also facilitate the repair of damaged tissues. Leukocytes 

circulate in blood vessels looking for signs of inflammation or tissue damage. The 

complicated mechanism involved in recruiting leukocytes from blood vessel to 

inflammation or tissue damage sites has been investigated for more than 40 years. There is 

a recognized multistep paradigm, which describes the process of recruiting leukocytes. The 

recruitment involves leukocytes’s tethering and rolling, activation, firm adhesion, crawling 

and transendothelial migration [1] (Figure 1.1). During the process, biochemical signals 

released or produced from the tissue damage site activate leukocytes and endothelium to 

aid monocyte recruitment. Chemokines, a group of biochemical signals that induce 

leukocyte activation, increase the binding of adhesion molecules expressed on the 

leukocytes surface and their ligands expressed on the vascular endothelium [2]. These 

signals may also increase the expression of adhesion molecules on the endothelium [3]. 

Cell adhesion molecules are crucial in regulating leukocyte adhesion and movement. The 

interactions between integrins and their ligands play important roles in leukocyte migration 

in inflamed vessels of many organs. Integrins receive outside-in and inside-out 

transmembrane signals, which regulate leukocytes to perform their functions appropriately. 

Integrin are also major players in mediating leukocyte migration directly. 
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Figure 1.1 Recruitment of leukocytes in inflamed tissues. Multiple cell adhesion molecules, 

including selectins, immunoglobulin superfamily members, and integrin, mediate the 

initial tethering/rolling, firm adhesion, and transmigration of leukocytes. Leukocytes are 

captured from the circulating blood by transient α4 integrin-ligand or selectin-glycan-based 

interactions. Following activation by chemokines, the leukocytes adhere firmly to the 

endothelial cells via integrin-mediated (i.e., α4 integrin or αL β2) adhesion. 

 

1.1 Overview of leukocytes recruitment to the endothelium 

Leukocytes circulating in the bloodstream are first captured to the vascular 

endothelium by adhesion molecules named selectins expressed on the surface of leukocytes 

[4]. Selectins have very high on-(association) and off-(dissociation) rates (100 fold faster 

than antibodies), which allow leukocytes to rapidly and reversibly bind to the endothelium 

[5]. The leukocytes first overcome the shear stress exerted by blood flow, then tether and 

roll on the endothelium as the bonds between leukocytes and endothelium are constantly 

formed and broken during the rapid binding and unbinding process. Damaged vascular 

tissue can release biochemical signals to trigger leukocyte adhesion, and rolling of 

leukocytes on the endothelium allow theses adhesive signals to be detected [6]. 

Chemokines are a group of proteins released from damaged tissue that activate 

integrins [7] and may also upregulate the expression of ligands for integrins on the 

endothelium [8]. The integrin activation may involve the following: the increase of integrin 
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expression [9, 10], the increase of integrin affinity to its ligands [7, 11-13], and integrin 

clustering [14]. In general, integrins can resist larger forces than selectins, thus can strop 

leukocyte rolling and arrest them to the endothelium [5]. Once leukocytes are arrested, they 

firmly adhere to the endothelium, crawl and extravagate across the endothelium, and 

infiltrate the inflamed tissue. 

1.1.1 Integrins 

In 1986 Tamkun and co-workers named an integral membrane protein “integrin” 

because it maintained the “integrity” of the linkage between the Extra Cellular Matrix 

(ECM) and the actin cytoskeleton [15, 16]. Integrins are constitutively expressed on a wide 

variety of cells and their main function is to facilitate cell adhesion [17]. Integrins serve as 

mediators in transducing both outside-in and inside-out signals [17, 18]. Extracellular 

ligands binding to integrins trigger outside-in signals [19-23], whereas chemokine and 

cytokine stimulation trigger inside-out signals and result in intracellular regulation of 

integrin adhesiveness [2, 11, 13, 24-28]. 

Integrins are heterodimeric transmembrane molecules, held together by strong non-

covalent interactions. Integrins mediate cell adhesion by binding to components of the 

extracellular matrix or to another cell by binding to members of the IgSF. The N-terminal 

region of all integrin alpha subunits is made up of seven repeats that form a ‘beta-propeller’ 

structure. In half of the integrin, a 200-residue, Rossmann fold ‘I-domain’ is inserted 

between the beta-propeller repeats 2 and 3. A divalent cation coordination site, designated 

the metal ion-dependent adhesion site in the I-domain, binds negatively charged residues 

in ligands. A similar ‘beta I-domain’ structure is found in the N-terminal of the beta subunit, 

which is directly involved in ligand binding in integrins that lack I-domains in the alpha 
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subunits (Figure 1.2) [29]. Other domains of the alpha and beta chain are important in 

regulating the integrin’s global conformation, affinity, and the bidirectional mechanical 

signals crossing through the cell membranes [30, 31]. Affinity regulation is an important 

functional feature of all integrins. The strength of the integrin-ligand bond is drastically 

increased when the integrin molecule is activated by intracellular signals. Although the 

detailed molecular mechanism of affinity regulation is still obscure, it is shown that integrin 

activation is associated with a dramatic change of its overall global conformation [30, 31]. 

 

Figure 1.2 Different affinity conformations of integrin and their supports on leukocyte 

rolling and firm adhesion. Integrin exist in three different conformational states: (A) Bend 

low-affinity conformation, (B) Extended low affinity that regulates leukocytes rolling 

adhesion, (C) Extended high affinity that regulates leukocytes firm adhesion 

 

α4 integrin expressed on leukocyte membrane, including α4β1 and α4β7, are 

prominently important in the trafficking of leukocytes from the blood to sites of 

inflammation [32]. The biggest difference between α4 integrins and others is their multistep 
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functions in leukocyte recruitment and the ability of α4 integrins to both mediate leukocyte 

rolling and firm adhesion under different conditions. For example, integrin α4β7, also 

known as LPAM-1 (lymphocyte Peyer’s patch adhesion molecule-1), can mediate transient 

and reversible leukocyte rolling along the vascular endothelium under physiologic flow in 

vivo and in vitro. After leukocyte activation, which is induced by chemokines acting 

through G-protein coupled receptors on the cell membrane and a sequential signal cascade 

that is still not well defined, α4β7-mediated leukocyte adhesion can be enhanced. The 

increased adhesion supports the leukocyte’s stable arrest and spreading on the endothelium 

[33]. Some structural basis of the regulation of α4β7 adhesiveness has previously been 

further elucidated through biochemical study [34]. However, the kinetic properties and 

mechanical mechanism of α4β7- mediated different leukocyte adhesion have been unknown. 

 

1.2 The mechanical strength of a ligand-receptor bond 

1.2.1 Force spectroscopy 

Single-molecule force spectroscopy (SMFS) and single-cell force spectroscopy 

(SCFS) are techniques used in this study to determine the mechanical strength and the 

lifetime of a ligand-receptor bond in response to a spectrum of applied forces. By attaching 

biomolecules to atomic force microscopy (AFM) tips, AFM based SMFS has been 

intensively used to study protein-protein interactions since 1994 [35-38]. Later, SCFS was 

developed by attaching a single living cell to an AFM tip and using the AFM system to 

detect the mechanics between the cells on the tip and the other cells or molecules on the 

substrates [39-45]. These methods are widely used to study the mechanical properties of 
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single polymer proteins, or individual ligand-receptor bonds. Force spectra can reveal the 

intrinsic kinetics and mechanical strength of the ligand-receptor bond. 

1.2.2 Bell model 

All of the theories and models characterizing force spectra are derived from 

Kramers’ transitions state theory. The Bell and Bell-Evans model were used in this study 

to characterize the ligand-receptor bond force spectra. 

George Bell was one of the first scientists to apply kinetic models to study the rate 

of bond dissociation under applied forces in 1978 [46, 47]. The kinetic model Bell proposed 

describes the influence of external forces on the rate of bonds dissociation, referred to as 

the Bell model: 

}exp{)(
Tk

f
kfk

B

o

off


   [1-1] 

where f is force, ko is the dissociation rate constant in the absence of the applied force, kB 

is the Boltzmann's constant, T is absolute temperature and  is the distance between the 

bound state and the transition state along the reaction coordinate. 

The Bell model describes the lifetime of a single molecular ligand-receptor bond 

complex using a single energy barrier theory. It proposes that the dissociation rate of the 

adhesion complex increases to an external pulling force exponentially, and thus can be used 

to characterize the free energy changes in a biological single molecular adhesion bond 

under external forces (Figure 1.3). Although there is no rigorous theoretical justification 

for the exponential relationship proposed by Bell, recent experimental studies lend support 

and general acceptance of this model [48, 49]. 
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Figure 1.3 Bell-Evans model based on transition theory. Free energy plotted against 

receptor-ligand bond separation along the reaction coordinate. An external force tending 

to separate the bond will decrease the free energy linearly with distance. 

 

Based on the Bell model, a ligand and its receptor exist in the bound state at 

equilibrium because the energy configuration for the bound complex is much lower than 

that of the unbound state. Once the applied energy from the external force exceeds the 

energy barrier height, the ligand-receptor bond will dissociate. The parameters ko and  are 

referred to as the Bell model parameters. These two parameters describe the energy 

potential of the ligand-receptor bond. ko describes the depth and   describes the width of 

the energy potential. The off rate ko is equivalent to the dissociation rate of the bound 

ligand-receptor complex. The energy barrier width   dictates the minimum separation 

distance required to completely break the bound ligand-receptor bond, or the force 

resistance of the adhesion bond. The energy barrier width scaled by the external force f  
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dictates the amount of work needed to lower the energy barrier. If the  value of a bond is 

small, the external force will have little effect on the bond’s off rate koff(f) since f is small. 

But if the  value is large, the bond will be very sensitive to applied force since f adds a 

larger term to the activation energy potential. The parameter  was later named as the 

“mechanical strength’ of a receptor-ligand bond and is a function of the shape of the energy 

barrier during bond dissociation [46]. 

1.2.3 Bell-Evans model 

The Bell model describes the change of a ligand-receptor bond under constant force 

over time. However, experimentally a constant pulling force is hard to achieve in the past, 

while a linearly increasing force is more feasible by setting up a constant pulling speed of 

the force probe. The Bell-Evans model was then developed to fit the case where a linearly 

increasing force is applied to the ligand-receptor bond and expressed as: 

}ln{}ln{ f
B

B

o

B r
Tk

Tkk

Tk
f








  [1-2] 

where f* is the most probable force f and rf (rf=df/dt )is the loading rate, all other terms are 

the same as in Equation 1-1. 

The Bell-Evans model shows that the most probable unbinding force f* is a linear 

function of the natural logarithm of rf. Experimentally the most probable unbinding force 

f* is obtained from the mode of the unbinding force histogram. The loading rate is the rate 

of application of external force on the ligand-receptor bond and can be calculated from the 

pulling velocity and the system spring, which includes the mechanical stiffness of the 

ligand-receptor bond itself and the probe that pulls the bond. 
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In the plot of f* vs. ln(rf), the Bell model parameters can be obtained from the slope 

and the y-intercept of the linear fit. The plot of f* vs. ln(rf) was then named “Dynamic 

Force Spectrum” [47]. 

 

1.3 Overview of Atomic Force Microscopy 

Conventional biochemical techniques cannot extrapolate the mechanical strength 

of a ligand-receptor bond from its binding affinities. Special devices such as atomic force 

microscopy (AFM) [50], optical tweezers/optical trap [51], the biomembrane force probe 

(BFP) [52], or transient tether measurements using the flow chamber [53] can measure the 

mechanical strength of a ligand-receptor bond from the dissociation rates as a function of 

pulling force.  One of the major advantages of the AFM over the other devices is that the 

AFM can follow the trajectory of a single molecular interaction with ultra-high spatial and 

temporal resolutions. AFM can apply and measure forces over a range from 10 pico-

newtons up to several nano-newtons. AFM can also achieve sub-second temporal control 

of substrates interactions and resolve sub-second adhesion events. The major device to be 

used in this study to measure the mechanical strength is a custom built AFM. 

1.3.1 AFM components 

The custom built AFM consists of several key components: laser, piezoelectric 

element, AFM cantilever, and a 2-segment photodiode shown in Figure 1.4. A cantilever 

is positioned on the sample surface; a beam of laser light is directed onto the cantilever and 

is reflected onto a photo detector, a 2-segment photodiode. 
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Figure 1.4 AFM schematics. A beam of laser light is directed onto the cantilever and is 

reflected onto a photo detector, a split photodiode. The difference (AB) signal from the 

photodiode reports the bending of the cantilever due to forces exerted on the tip. 

 

The cantilever is the transducer through which forces are applied and measured. It 

is flexible and behaves like a spring, which tends to oscillate at a natural frequency when 

no external perturbations are exerted. The frequency of the oscillation is refereed to as 

resonant frequency. The cantilevers used in this study are V-shaped Veeco MLCT-UC and 

MLCT-O10. The factory suggested spring constant is 0.01 N/m and the resonant frequency 

is 4-10 kHz. The cantilevers are composed of a thin layer of silicon nitride (Si3N4). For the 

MLCT-UC cantilever, at the apex of a triangular cantilever lies a small pyramidal tip 

(Figure 1.5). The tip or bottom side of the cantilever comes into contact with the substrate; 

for the MLCT-O10 cantilever, there is no tip at the apex, and it is used to pick up a cell 

(Figure 1.5). A focused fiber-coupled diode laser (Pegasus Optical Systems) is positioned 
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on the top side of the cantilever and reflected through a mirror onto a photodiode to monitor 

the cantilever deflection. When a force is applied to the cantilever, the reflected laser light 

path changes and cause the displacement of the reflected laser signal. 

 

Figure 1.5 MCLT cantilever schematics. (A) MCLT-UC cantilever with a small pyramidal 

tip. (B) Overview of MCLT-UC cantilever. (C) Top and side view of an MLCT-UC 

cantilever. (Width: 20um, Thickness: 0.55umm, Length: 310um). (D) MCLT-O10 

cantilever with no tip. (E) Overview of MCLT-O10 cantilever. (Figure is adapted with 

permission from Bruker Corporation website: www.BrukerAFMProbes.com) 

 

The method to detect the displacement of the reflected laser signal is through a two-

segment, position-sensitive photo diode (PSPD). Photons from reflected laser light impart 

energy onto a silicon semiconductor material and the measured current is proportional to 

the photon power. The 2-segments photodiode is divided into segments A and B. The 

displacement of the laser can be detected by comparing the light intensity difference 

between segments A and B (A-B signal) (Figure 1.6).  The voltage difference between 

segments A and B is 0 when the laser spot is centered on the photodiode; the A-B signal 

becomes positive when the laser spot moves towards segment A and the A-B signal 

becomes negative when the laser spot moves towards segment B. 
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Figure 1.6 Detection of cantilever reflection with PSPD. The PSPD is divided into two 

segments A and B. The red circle represents the reflected laser spot. The A-B signal shows 

the displacement of the laser spot and is used to calculate the deflection of the cantilever 

tip. 

 

The piezoelectric element makes it possible to accurately move the cantilever up 

and down and control the distance between the cantilever and the sample. An electric field 

is applied to a piezoelectric material causing either the compression or expansion of the 

material based on the polarity of the electric field. The extent of compression or expansion 

is monitored with a position sensor. The sample holder was designed to hold a standard 35-

mm tissue culture dish. The whole AFM apparatus was suspended inside a refrigerator 

housing unit to minimize both the mechanical and thermal instabilities. 

1.3.2 Measurement of forces 

A force exerted on the cantilever causes the bending of the cantilever, resulting in 

the displacement of the reflected laser light spot on the 2-segment photodiode. The extent 

of cantilever bending is measured by determining the A-B signal. Because the cantilever 

obeys Hooke’s Law for small displacements, the interaction force between the cantilever 

tip and the sample can be determined from the photodiode signal after a proper calibration 

of the spring constant of the cantilever using a thermal fluctuation method. In our AFM 
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setup, both the AFM and the sample stage can be moved in the x and y directions to make 

sure the sample is directly below the cantilever tip. Figure 1.7 depicts the representative 

force scans with adhesion or without adhesion. The two interacting surfaces are the AFM 

tip functionalized with streptavidin and a cell culture Petri dish immobilized with biotin. 

The amount of force exerted on the cantilever tip can be calculated from the deflection of 

the cantilever after calibration. When the measurements start, the cantilever is far away 

from the substrate and there is no force exerted on cantilever. The piezoelectric first 

expands and lowers the cantilever toward the biotin substrate. Before the cantilever touches 

the biotin substrate, the deflection signal maintains a stable baseline level. Once the 

cantilever tip eventually comes into contact with the biotin surface, the cantilever bends 

upward and results in a change in deflection signal. The piezo stops expanding when a 

preset compression force is reached. Then the piezo contracts and the cantilever is retracted 

from the substrate to its initial position. During the contact duration, the streptavidin and 

biotin may form bond(s). If there is adhesion between the cantilever tip and biotin surface, 

further upward movement of the cantilever results in an increase of tension applied to the 

streptavidin-biotin bond(s) until the bond(s) break. A sharp vertical transition in the 

retraction trace indicates bond rupture. If there is no adhesion between the cantilever tip 

and the biotin surface, the retraction trace will overlap with the approach trace. During the 

measurement, the piezoelectric is operated under a constant expansion/retraction velocity 

and the tension that increases to break the bonds is proportional to the time. The rate of 

change of tension rf = df/dt, is the ‘loading rate’ and can be achieved by changing the 

piezoelectric retraction velocity. 
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Figure 1.7 Cantilever deflection during a reprehensive force scan of biotin-streptavidin 

interaction. Blue lines represent approach curves and red lines represent retraction curves. 

 

1.3.3 Acquisition of single molecule measurements 

The key to successful single molecule measurements is to ensure that a single 

ligand-receptor bond is being picked and measured. In order to increase the probability of 

measuring a single bond, several factors can be controlled during the experiment: 1) protein 

concentration, 2) indentation force, and 3) contact time. Changes in the protein 

concentration will affect the chance of ligand and receptor binding; changes in the 

indentation force will affect the contact area formed between the substrates; changes in the 

contact time will not only affect the contact area formed between the substrates but also 

the binding probability. The single molecule measurements generally require a lower 

amount of protein concentration, small indentation forces and shorter contact times. 

Previous arguments for single-molecule measurements were justified statistically. When 
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the frequency of interaction between a ligand and a receptor is reduced to less than 30%, 

there is more than 80% probability that the adhesion event is mediated by a single bond 

[49]. 

1.3.4 Calibration 

Two steps are required to calibrate an AFM cantilever for force measurements: 1) 

calibrate the photodiode position sensitivity of PSPD and 2) determine the spring constant 

of the cantilever tip. With the position sensitivity of PSPD, the electrical signal of the 

voltage difference can be converted into the distance of cantilever deflection. With the 

spring constant, the measured cantilever deflection can be converted to a force. 

As described before, the raw electrical signal of cantilever deflection measured 

from the two segments photodiode is the voltage difference between the two segments. 

When an AFM cantilever comes into contact with a hard surface, the displacement of the 

cantilever is equal to the displacement of the piezoelectric element. In order to calibrate the 

position sensitivity, an AFM cantilever is pressed against a hard surface (cell culture Petri 

dish) and the slope of the contact region in the force scan is calculated (Figure 1.8A). The 

inverse of the slope, also called the inverse optical lever sensitivity (InvOLS), is the factor 

to convert the voltage difference between the photodiode and the actual distance of the 

cantilever deflection. 
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Figure 1.8 Determination of the position sensitivity of PSPD and cantilever spring constant, 

(A) Two open cursors represent the contact region where the InvOLS is determined. (B) 

Oscillation of a freely cantilever in PBS approximately 50 um above the cell culture Petri 

dish. 

 

The spring constant varies from different sizes and shapes of the cantilever. The 

manufacturer reported cantilever spring constant is determined from a parallel beam 

approximation [54]. Although cantilevers are precisely made at the microscopic level 

during the manufacturing process, there is large variability between cantilevers from 

different batches. In addition, functionalization of cantilevers with molecules may also 

affect the cantilever spring constant. As a result, the thermal fluctuation method is used in 

this study to determine the spring constant of each cantilever. 
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The thermal fluctuation method is the most convenient and non-destructive method 

to experimentally determine the cantilever spring constant [55]. The oscillations or 

fluctuations of the cantilever at equilibrium with the surroundings in a free environment 

are mainly driven by thermal noise (Figure 1.8B). The cantilever spring constant (k) is 

determined by: 

𝑘 =
𝐾𝐵𝑇

<𝑞2>
   [1-3] 

where KB is Boltzmann’s constant, T is the temperature in Kelvins and (q2) is the rms 

displacement of the free oscillating cantilever, which can be determined by integrating the 

area under the power spectral density of the cantilever oscillations. 

1.3.5 Hydrodynamic force measurements 

In order to calculate the actual rupture force of the ligand-receptor bond, the 

hydrodynamic force of the AFM tips needs to be considered.  Cantilevers without adhering 

cells that were manipulated by the AFM system didn’t contact with the Petri dish surface 

at different speeds below 30 μm/s. Forces between approaching and retracting curves were 

calculated. Hydrodynamic forces were half of those forces. With a linear fitting curve in 

Figure 1.9, we obtained the hydrodynamic force value as a function of cantilever moving 

speed. 
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Figure 1.9 Linear fitting of hydrodynamic force. The forces were recorded when the 

cantilever was moving at different speeds below 30 μm/s without adhering cells. 

 

1.4 AFM cantilevers and substrate functionalization 

1.4.1 Functionalization of AFM cantilevers and substrates via a polyethylene glycol 

(PEG) linker 

Adhesion molecules are attached to an AFM cantilever via a flexible PEG linker. 

By inserting a long, flexible PEG chain between the cantilever surface and the adhesion 

molecules, the attached adhesion molecule is flexibly linked to the cantilever and can 

reorient itself to facilitate specific binding. The method to functionalize an AFM cantilever 

with flexible PEG linkers involves four steps. Firstly, amino groups (NH2) are generated 

on the AFM cantilever surface. Secondly, at one end of the PEG linker, NHS ester groups 

react with these amino groups and form amide bonds. Thirdly, the acetal groups on the 

other side of the PEG linker are converted into an aldehyde groups. Lastly, the adhesion 

molecules attach to the aldehyde groups on the free-hanging end of the PEG chain. 
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1.4.2 Attaching cells to AFM cantilevers 

The basic principle behind attaching cells to AFM cantilevers is functionalizing the 

cantilever surface with adhesion molecules such as Concanavalin A (Con A) or Poly-L-

Lysine. This makes AFM cantilevers adhesive to cells and enables cells to be picked up by 

cantilever tip. Cantilever functionalization is achieved by increasing the cantilever surface 

pH to at least 9.0 and imparting a partial negative charge to cantilever. At high pH 

conditions, the primary amine group in the adhesion molecule binds to the negatively 

charged cantilever. 

Con A specifically binds to the mannose on the cell membrane and can be used to 

functionalize the cantilever for cell capture. The process of coupling Con A to an AFM 

cantilever tip involves the following steps: First, a high pH NaHCO3 buffer is used to 

increase the cantilever surface pH. Then the cantilever is functionalized with Biotin-BSA, 

The BSA couples with the cantilever surface due to the positive charged amino group in 

BSA adhered to the cantilever surface. Once the cantilever is functionalized with Biotin-

BSA, streptavidin is introduced into the system as a linker for the Biotin-Con A coupling. 

Because streptavidin has four binding sites to biotin, the Biotin-Con A can be bound to the 

streptavidin-functionalized cantilever. Finally the cantilever is functionalized with Con A 

and is ready to pick up cells. 

Poly-L-Lysine is commonly used to coat cell culture ware or the AFM cantilever 

tip as an attachment factor that promotes cell adherence. This is due to the interactions 

between negatively charged proteins on the cell membrane and positive charged Poly-L-

Lysine. Functionalizing the cantilever with Poly-L-Lysine is achieved by treatting the 

cantilever with a high pH NaHCO3 buffer to increasing the cantilever surface pH and 
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imparting a partial negative charge to the cantilever. At high pH conditions, the Poly-L-

Lysine binds to the negatively charged cantilever. The functionalized cantilever is then 

mounted on an AFM cantilever holder and pressed against a cell to pick it up. 
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2 Biophysical mechanisms of Human integrin α4β7 mediated leukocyte rolling and firm 

adhesion 

 

2.1 Motivation 

A complicated and efficient mechanism is involved in recruiting leukocytes from 

the blood stream to sites where inflammation or tissue damage has happened [56]. The 

mechanism of leukocyte recruitment has been investigated for more than 40 years. There 

is a recognized multistep paradigm describing the process of leukocyte recruitment. The 

recruitment involves leukocytes’ tethering and rolling, activation, firm adhesion, crawling 

and transendothelial migration [57, 58]. During the process, cell adhesion molecules, such 

as selectins and integrins on leukocyte membranes, play critical roles in the regulation of 

leukocyte adhesion and movement [5]. The interactions between integrins, especially α4 

and β2 integrins, and their ligands (cellular adhesion molecules, CAMs) are crucial for the 

leukocyte migration in inflamed vessels of many organs [57]. Integrins serve as mediators 

of exchanging outside-in and inside-out transmembrane signals [18]. These signals instruct 

leukocytes to perform their functions appropriately. And at the same time, integrins are 

major players in mediating leukocyte migration directly [32]. 

Herein, we applied AFM based single-molecule force spectroscopy (SMFS) and 

single cell force spectroscopy (SCFS) technologies to study the mechanical properties of 

interactions between human integrin α4β7 and its preferred ligand human mucosal vascular 

addressin cell adhesion molecule 1 (MAdCAM-1) while governing leukocyte rolling and 

firm adhesion in vitro. By attaching biomolecules to AFM tips, AFM based SMFS has been 

intensively used to study protein-protein interactions since 1994 [35-38]. And later, the 
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method called SCFS was developed by attaching a single living cell to the AFM tip and 

using AFM system to detect the mechanics between cells on tip and other cells or molecules 

on substrates [39-45]. The development of SCFS has provided us new insight into 

biological interactions mechanics under physiological external forces which is fruitful in 

understanding cell adhesion processes. 

To study the biophysical properties of human integrin α4β7-mediated leukocyte 

rolling and firm adhesion, we first used SMFC to detect the mechanics of interactions 

between purified integrin α4β7 and its preferred ligand MAdCAM-1 protein. Integrin α4β7 

is functionalized on an AFM cantilever tip and MAdCAM-1 is coated on the dish via long, 

flexible polyethylene glycol (PEG) chains (http://www.jku.at/biophysics/content). This 

approach not only avoided nonspecific interactions to the most extent, but also facilitated 

the specific binding to the target molecules [59-61]. 

Then we used SCFS method to detect the mechanics of interactions between 

integrin α4β7 expressed on cell membranes of stable K562 transfectants and its ligand 

MAdCAM-1 protein coated on substrate. Full-length α4 andβ7 subunits expressing vectors 

were transfected into K562 cells and stable cell lines were screened. A significant property 

of α4β7 is that its adhesiveness is regulated by metal ions [62]. In addition to wild type (WT) 

integrin α4β7 K562 transfectants, we have also mutants including a metal ion-dependent 

adhesion site (MIDAS) mutant (S121A), an adjacent site to MIDAS (ADMIDAS) mutant 

(D126A) and a ligand-induced metal binding site (LIMBS) mutant (D217A) [34]. Human 

MAdCAM-1 protein containing domains 1 and 2 (D1 and D2) [63] with a His-tag was 

expressed and purified via the 293T expressing system and the Ni-NTA column. Previous 

studies indicated that D1 and D2 domains of MAdCAM-1 are responsible for interacting 

http://www.jku.at/biophysics/content
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with α4β7 directly [63-65]. Integrin α4β7/MAdCAM-1 mediated leukocyte slow rolling and 

firm adhesion after activation can be mimicked by manipulating metal cation as Ca2++Mg2+ 

and Mg2+ in the environment, respectively [34]. We applied AFM-based SCFS approach 

to detect the mechanical strength of α4β7/MAdCAM-1 interactions under different affinity. 

Our research focused on the mechanical forces to rupture α4β7/MAdCAM-1 complexes 

when they mediate leukocyte rolling and firm adhesion. Through Bell model [66] analysis, 

we have obtained new findings about the biophysical properties of this complex 

dissociation under physiological force in these conditions. 

 

2.2 Materials and Methods 

2.2.1 AFM setup 

Single molecule rupture force measurements for integrin α4β7/MAdCAM-1 were 

conducted using a custom built AFM as described in Chapter 1. All experiments were 

conducted at room temperature about 25℃ unless noted otherwise. Cantilevers were 

calibrated over a clean culture dish in PBS buffer using the Igor program. The photodiode 

position sensitivity was determined by indenting a non-compliant surface. Then a thermal 

fluctuation method was used to determine the spring constant of the cantilevers. The spring 

constant values of MLCT cantilevers (Bruker) used in this study were typically 0.01-0.02 

N/m. 

2.2.2 SMFC experiment 

2.2.2.1 MAdCAM-1 D1, D2 construction and expression 

The MAdCAM-1 D1, D2 cDNA was cloned into pHLsec mammalian expression 

vector. The pHLsec construct is based on the pLEXm backbone, and contains a signal 
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sequence for secretion of the protein fused with a C- terminal His6 tag. The MAdCAM-1 

was cloned into pHLsec between the AgeI and KpnI cloning sites, in which MAdCAM-1 

protein was fused with the C-terminal 6X His-tag (Figure 2.1). Transient protein expression 

was performed in Human embryonic kidney (HEK) 293T cells (ATCC) using MegaTran 

1.0 Transfection Reagent (OriGene). HEK 293T Cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) (Gibco Invitrogen) containing 10% Fetal Bovine Serum 

(FBS) (Biochrom, German), and 100U/mL Penicillin-Streptomycin (Gibco), 37oC, 5% 

CO2. Supernatants were collected and MAdCAM-1 D1, D2 protein was isolated by nickel-

NTA chromatography. Integrin α4β7 was purchased from BD Biosciences. 

 

Figure 2.1 MAdCAM-1 D1, D2 plasmid construction and protein expression. The 

MAdCAM-1 was cloned into pHLsec between the AgeI and KpnI cloning sites, in which 

MAdCAM-1 protein was fused with the C-terminal 6X His-tag. Insert: Gel image of 

isolated MAdCAM-1 D1, D2. The majority of the MAdCAM-1 D1, D2 protein elute out 

in the 3rd fraction (1/2 column volume for each fraction). 
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2.2.2.2 AFM cantilever functionalization via polyethylene glycol (PEG) chains. 

AFM cantilevers were functionalized with integrin α4β7 using a bifunctional 

Polyethylene Glycol (PEG) crosslinker (Hinterdorfer and Dufrene, 2006). Silicon nitride 

cantilevers (MLCT: Bruker Nano, Camarillo, CA) were first cleaned using a UV-Ozone 

cleaner (ProCleaner Plus, Bioforce Nanosciences, Ames, IA) for 15 min and silanized with 

2% v/v APTES (3-aminopropyltriethoxysilane) in toluene by incubation for 2 h at room 

temperature. The silanized cantilevers were rinsed thoroughly with toluene and ethanol and 

then immersed for 1 h in sodium borate (SB) buffer (50 mM, pH 8.5) to deprotonate the 

amino groups. NHS-PEG-acetal (N-hydroxysuccinimide-polyethylene glycol-acetal, MW 

5000, Jenkem Technology, P.R. China), a polyethylene glycol spacer containing an amino-

reactive group (NHS) at one end and an unreactive acetal group on the other end, was used 

to link integrin α4β7 in a flexible state. The NHS-PEG-acetal was dissolved to a 

concentration of 50 mM, incubated on the sulfinyl modified cantilevers for 2 h at room 

temperature, and subsequently rinsed thoroughly with SB buffer to remove unbound NHS-

PEG-acetal. Then the acetal group was converted into aldehyde group by incubation in 1% 

citric acid in water for 10 min. The integrin α4β7 was coupled to the PEG-modified 

cantilevers though the aldehyde group by incubating the cantilevers in 100 ug/mL integrin 

α4β7 solution with 20 uM NaCNBH3 for 2 h at room temperature. The cantileverss were 

finally quenched with 50uM ethanolamine for 10 min and rinsed in phosphate-buffered 

saline (PBS) for 3 times before mount into AFM setup. 

2.2.2.3 Substrate functionalization 

For substrate treatments, glass coverslips were cleaned by sonication in a solution 

of 50% v/v ethanol for 10 min, followed by an additional 15 min irritation in the UV-Ozone 
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cleaner. The cleaned coverslips were silanized with 2% v/v APTMS (3-mercaptopropyl 

trimethoxysilane) in toluene during an incubation for 2 h at room temperature. Then, the 

coverslips were functionalized according to the similar procedures used for the cantilevers. 

The NHS-PEG-acetal was dissolved to a concentration of 50 mM, incubated on the sulfinyl 

modified coverslips for 2 h at room temperature, and subsequently rinsed thoroughly with 

SB buffer to remove unbound NHS-PEG-acetal. Then the acetal group was converted to 

aldehyde group by incubation in 1% citric acid in water for 10 min. The PEG-modified 

coverslips were immersed in MAdCAM-1 D1, D2 solution at 15 ug/mL to link the 

MAdCAM-1 D1, D2 to the coverslips through the aldehyde group. The coverslips were 

finally quenched with 50uM ethanolamine for 10 min and rinsed in PBS for 3 times before 

mount to the AFM setup. 

2.2.2.4 AFM SMFS force measurements of individual integrin α4β7 and MAdCAM-1 D1, 

D2 interactions 

The indentation force and contact time between the cantilever tip and the sample 

were minimized to obtain measurements of the unitary integrin α4β7/MAdCAM-1 D1, D2 

unbinding force. An adhesion frequency of ~30% in the force measurements ensured that 

there was a >83% probability that the adhesion event was mediated by a single 

α4β7/MAdCAM-1 D1, D2 bond [49]. Typically, a contact duration of 0-50 ms and a 

compression force of 50-150 pN satisfied these conditions. AFM measurements were 

collected at cantilever retraction speeds ranging from 0.6 to 10 µm/s to achieve the desired 

loading rate (50-5,000 pN/s). All measurements were conducted at 250C in Tris buffer (50 

mM Tris, 0.15 M NaCl). 
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2.2.3 Cell adhesion experiment 

2.2.3.1 Tissue culture of K562 cells 

All K562 stable cell lines (WT, D126A, D217A and S121A transfectants) and K562 

cells came from Dr. J. Chen [34]. cDNA construction and expression approaches were 

described previously [34]. Cells were cultured in RPMI 1640 media (Gibco Invitrogen) 

containing 10% FBS (Biochrom, German), 100U/mL Penicillin-Streptomycin (Gibco), 0.5 

mg/mL G418 (Amresco) in PBS and 0.2 mg/mL Hygromycin B (Amresco). 

2.2.3.2 Flow cytometry 

One million of each kind of K562 cells were centrifuged at 1200 rpm for 5 minutes. 

The supernatant was then pipetted out and the cell pellet was washed once with 1 mL PBA 

buffer (PBS containing 1% BSA). After incubation with primary antibody human integrin 

α4β7 specific monoclonal antibody Act-1 [67, 68] or isotype antibody X63 and second 

antibody goat anti-mouse Alexa-488 diluted in PBA, and the cells were then washed once 

with PBS, cells were suspended in 500 μL PBS for BD Calibur machine detection. 

2.2.3.3 Protein immobilization 

MAdCAM-1 D1, D2 protein cDNA was constructed into secreting plasmid pHLsec 

[69]. Constructs were transiently transfected into HEK 293T cells via MegaTran 1.0 

reagent (Origene) according to the manufacturer’s instructions. Secreted MAdCAM-1 

protein with a His-tag protein in EX-Cell serum-free media (JRH biosciences) was purified 

with Ni-NTA resins (IBA). 20 μL of 15μg/mL purified MAdCAM-1 protein (diluted in 

PBS containing 10 mM NaHCO3, pH 8.6) were dropped onto a 35mm Petri dish (Corning) 

surface and incubated in a wet box at 37℃ for 2 hours. After being washed twice with PBS, 

the surface was blocked by 1% bovine serum albumin (BSA) in PBS in a wet box at 37℃ 
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for 1 hour. Before usage, the surface was washed twice with PBS and switched to 2 mL 

HBS buffer (150 mM NaCl, 5 mM HEPES, pH 7.4) containing 1mM Ca2+ and 1 mM Mg2+ 

or 1 mM Mg2+. 

2.2.3.4 Functionalization of AFM cantilevers with Con A 

AFM probes (MLCT) were purchased from Veeco (Camarillo, CA). All probes 

were soaked with acetone for 5 min for cleaning. After 30 minutes of UV-light irradiation, 

the cantilevers were incubated with biotinamidocaproyl-labeled biotin-BSA (0.5 mg/mL 

in 100 mM NaHCO3, pH 8.6; Sigma, St. Louis, MO) overnight at 37 ℃. Then the 

cantilevers were rinsed three times with PBS, and incubated in streptavidin (0.5 mg/mL in 

PBS; Pierce, Rockford, IL) for 10 min at room temperature. Following the removal of 

unbound streptavidin, the cantilevers were incubated in biotinylated Con A (0.5 mg/mL in 

PBS; Sigma) and then rinsed with PBS before usage. 

2.2.3.5 AFM SCFS measurements of rupture forces of integrin α4β7/MAdCAM-1 

complex 

1 mL of K562 cells from culture media were transferred into 1.5 mL Eppendorf 

tubes, and centrifuged at 1200 rpm for 3 minutes. Cells were washed twice with 1 mL 

Wash buffer (150 mM NaCl, 5 mM HEPES, 0.5% BSA and 5 mM EDTA, pH 7.4), then 

washed twice with 1 mL Buffer A (150 mM NaCl, 5 mM HEPES and 0.5% BSA, pH 7.4). 

After rinsing, 50ul of cell solution was added into polystyrene Petri dish already containing 

HBS buffer. Through manually manipulation of Con-A modified AFM probe, a single 

K562 cell can be picked up via interaction with the triangular area of the C-cantilever of 

the MLCT probe. 
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2.3 Results 

2.3.1 AFM SMFS measurements of interactions between integrin α4β7 and MAdCAM-1 

D1, D2 

We used purified MAdCAM-1 D1, D2 and integrin α4β7 proteins to carry out AFM SMFS 

experiment. Integrin α4β7 was covalently attached to the AFM cantilever and MAdCAM-

1 D1, D2 was attached to a silanized cover glass (Figure 2.2). The specificity of the 

interaction was shown by the adhesion frequency measurement (Figure 2.3). The adhesion 

frequency was significantly decreased when either the integrin α4β7 or MAdCAM-1 D1, 

D2 was not present. Also the interaction was abolished by the addition of excess EDTA.  

Figure 2.2B top trace shows a force scan with rupture forces of the integrin 

α4β7/MAdCAM-1 D1, D2 bond. The unbinding force fu of the integrin α4β7/MAdCAM-1 

D1, D2 complex is derived from the force jump that accompanies the unbinding of the 

complex. To increase the occurrence of a single molecule interaction, the contacts between 

the cantilever and the cover glass were minimized by reducing both the compression force 

(50-150 pN) and the contact time (0-50 ms). 

 

Figure 2.2 Experimental approach of SMFS measurement of interactions between integrin 

α4β7 and MAdCAM-1 D1, D2. (A) The SMFS experimental system. Integrin α4β7 was 
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covalently attached to an APTES functionalized cantilever and MAdCAM-1 D1, D2 was 

attached to an APTES functionalized silanized cover glass via PEG linkers. (B) Typical 

force scans during experiment. Top trace shows a force scan with rupture forces of the 

integrin α4β7/MAdCAM-1 D1, D2 bond; bottom trace shows no adhesion. ks is the system 

spring which will be used to calculate loading rate. fu is the rupture force. 

 

2.3.2 Quantitative unbinding force measurements of individual integrin α4β7/MAdCAM-

1 D1, D2 complexes 

Due to interactions between integrin α4β7 and MAdCAM-1 D1, D2, rupture force 

curves can be obtained from AFM measurements. On the basis of Hooke’s law, rupture 

force values can be calculated from the spring constant of AFM probe cantilever and the 

vertical displacement distance of the cantilever, which can be detected by the photodiode 

from the movement of the laser beam. Through controlling the density of integrin α4β7 

coated on cantilever tip and MAdCAM-1 D1, D2 protein coated on the substrate surface, 

we ascertained conditions containing certain divalent metal cations under which certain 

probabilistic single force curves showed up during the measurements. In this study, we 

lowered the amount of integrin α4β7 (100 ug/mL) and MAdCAM-1 D1, D2 (10 ug/mL) 

protein coated and got a less than 30% frequency of adhesive events during our 

measurements Figure 2.3. 
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Figure 2.3 Force frequency of adhesion between integrin α4β7 and MAdCAM-1 D1, D2 

under different conditions. The data for the negative control groups were recorded under 

the same contact time and compression force. 

 

Single molecule interactions at a same speed of AFM probe movement (at an 

average of certain loading rate) were recorded and counted in a histogram (Figure 2.4). The 

most probable rupture forces under certain average loading rates were acquired and plotted 

vs. loading rate. Rupture force adhesion changed with loading rate (50-3000 pN/s) and 

integrin affinity (regulated by divalent metal cation Ca2+ and Mg2+ in vitro) (Figure 2.4). 
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Figure 2.4 Dynamic force spectra of interactions between integrin α4β7 and MAdCAM-1 

D1, D2. Rupture force distributions of integrin α4β7 and MAdCAM-1 D1, D2 at different 

loading rates, in 1mM Ca2+ and1mM Mg2+ (left) or 1mM Mg2+ (right) salt solution. 

 

With the increase of loading rate, the rupture force needed to dissociate integrin 

α4β7/MAdCAM-1 complex increased to varying degrees. In 1mM Mg2+, when integrin α4β7 
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was in its high-affinity conformation, interaction forces between integrin α4β7 and 

MAdCAM-1 D1, D2 were stronger than in 1mM Ca2+ and 1mM Mg2+, when integrin α4β7 

in its low-affinity conformation. Under similar loading rates, rupture forces changed 

significantly for integrin α4β7/MAdCAM-1 D1, D2 complex under different ion conditions. 

In 1mM Ca2+ and 1mM Mg2+ buffer, the rupture force was about 65 pN at a loading rate 

of 557 pN/s; in 2mM Mg2+ buffer, the rupture force was about 75 pN at a loading rate of 

474 pN/s. 

 

Figure 2.5 Rupture force dynamics of integrin α4β7/MAdCAM-1 D1, D2. Force dynamics 

of integrin α4β7/MAdCAM-1 D1, D2 in 1mM Ca2+ and 1mM Mg2+ or in 1mM Mg2+. 

 

2.3.3 Bell model parameters of integrin α4β7/MAdCAM-1 complex dissociation 

As described in the introduction, Bell and later Evans et al proposed a theoretical 

framework: 
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to analyze the adhesion between two cells or between cell and surface when the adhesion 

is mediated by reversible bonds between specific molecules under external force [66]. The 

Bell-Evans model has been widely applied to analyze the dissociation of receptor-ligand 

bonds [70]. After a linear fitting between *f  and frln  in the OriginPro program, we 

computed the Bell parameters of the dissociation between integrin α4β7 and its ligand 

MAdCAM-1 (Table 2-1). 

Table 2-1 Bell parameters of purified integrin α4β7/MAdCAM-1 complex dissociation 

 

 

2.3.4 AFM SCFS measurements of integrin α4β7/MAdCAM-1 mediated K562 cell 

adhesion 

We used established K562 transfectants that stably express human integrin α4β7 on 

the cell membrane [34] (Figure 2.6) to conduct SCFS experiments and to examine whether 

the adhesiveness of integrin α4β7 is regulated by metal ions [62]. In addition to K562 

transfectants expressing wild type α4β7, we also have three mutants of metal ion binding 

sites (MIDAS, ADMIDAS and LIMBS) that regulate α4β7 adhesiveness, named S121A, 

D126A and D217A respectively. This kind of approach was beneficial for studying protein-

protein interactions between integrin α4β7 and MAdCAM-1 as integrins are naturally 

located on the leukocyte membrane. And at the same time, we can avoid non-specific 
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interactions to a large extent with the usage of purified human MAdCAM-1 coated 

substrate. 

 

 

Figure 2.6 Integrin α4β7 expression on K562 stable transfectants. Expression of human 

integrin α4β7 was detected via flow cytometer (A) and confocal microscope (B). Cells were 

labeled by Act-1, a specific monoclonal antibody against human integrin α4β7 [67, 68]. (A) 

Act-1 was not added in blank control (WT α4β7 K562 transfectants); for isotype control, 

X63, mouse IgG1, was added instead of Act-1 into WT transfectants sample; mock control 

was K562 cells without integrin α4β7 transfection. Molecular Probes Alexa Fluor 488 

labeled goat anti–mouse IgG was used for secondary antibody. 

 

We applied AFM-based single cell force spectroscopy technology to study the 

biophysical dynamics behind integrin α4β7-mediated leukocyte adhesion. Figure 2.7 

illustrates the AFM measurement of α4β7-mediated K562 adhesion on MAdCAM-1 protein 

coated substrate system and the process of adhering a single living K562 cell onnto the 

AFM probe. A single living K562 cell transfectant expressing wild type or mutant integrin 
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α4β7 was adhered onto the concanavalin A (ConA) functionalized cantilever of an AFM 

probe via manipulation of the probe [40, 44] (Figure 2.7). The single cell was first lowered 

down to make contact with the MAdCAM-1 coated surface of  the cell culture Petri dish 

for 0.1 second. The compression force applied by the cantilever was approximately 100 pN 

(typically, 80-150pN). The cell was then pulled away from the surface along with  the AFM. 

Any adhesive interaction formed between α4β7 and MAdCAM-1 protein during the contact 

time of cell and substrate would break under pulling force generated from the AFM system. 

Rupture forces can be calculated from the force spectroscopy curves recorded by a two-

segmental photodiode from the movement of laser beam reflection coming from the 

backside of AFM cantilever (Figure 2.7). 

 

Figure 2.7 Experimental approaches of SCFS measurements of integrin α4β7-mediated 

K562 adhesion. A k562 cell was attached to the AFM cantilever via interaction between 

glycoproteins on celluar membrane and ConA functionalized on the cantilever. Cell culture 

Petri dish surface was coated by MAdCAM-1 protein and then blocked by BSA. Rupture 

force can be detected by monitoring the laser deflection via a two-segmental photodiode 

of the AFM setup. 
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Due to interactions between integrin α4β7 and its ligand MAdCAM-1, rupture force 

curves can be generated during AFM measurements. Through controlling the density of 

MAdCAM-1 protein coated on the substrate surface, we ascertained conditions containing 

specific divalent metal cations under which certain probabilistic single force curves 

appeared during the measurements. It has been found that more than 83% adhesive events 

involving single adhesions occurred during such measurements when the adhesion 

frequency is 30% or less [71]. However, to avoid polymolecular adhesions, we decreased 

the amount of MAdCAM-1 protein coated and obtained a less than 30% (about 13% on 

average) frequency of adhesive events during our measurements (Figure 2.8). 

 

Figure 2.8 Force frequency of adhesion between  WT,  D126A and  D217A integrin α4β7 

and MAdCAM-1 under the same contact time and compression force in 1mM Ca2+ and 

1mM Mg2+ or 1mM Mg2+ salt solution. 

 

2.3.5 Cytoskeleton anchored bonds and tethered bonds 

Two different types of bonds were recorded in SCFS measurements: cytoskeleton 

anchored bonds (CSK bonds) and tethered bonds. The CSK bonds are anchored to the 
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cytoskeleton and the rupture of CSK bonds instantaneously following a linear increase of 

force and then jump to the base line (Figure 2.9 middle trace) [72]. On the other hand, the 

tethered bonds are not strongly attached to the cytoskeleton and the rupture of tethered 

bonds follows a constant force plateau (Figure 2.9 top trace). If there are multiple ruptures, 

the cytoskeleton anchored bonds are generally the first to break in the force curve. Tethered 

bonds need to be pulled over a certain distance and generally break at the end of the force 

curve (Figure 2.9 bottom trace). Force spectra of these two types of bonds were 

investigated. 

Cytoskeleton anchored bonds exhibited a linearly increasing force followed by a 

rupture breaking.  The two parameters loading rate (rf) and rupture force (Fr) are determined 

from force curves with single cytoskeleton anchored bond ruptures. The loading rate is 

determined by the system spring from the slope of the force curve just before the bond 

breaks. The rupture force is determined by the difference between the peak force and the 

zero force base line in the force curve (Figure 2.9). 

Tethered bonds exhibited a constant force plateau followed by a rupture breaking. 

The bond lifetime and extraction forces were directly obtained from the force curve. The 

bond life time (τ) is calculated from the tether length and pulling speed. The tether 

extraction force is determined by the difference between the plateau force and zero force 

base line in the force curve. It is equal to the amount of force required to pull and extract 

the tethered bond. 
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Figure 2.9 Typical force scans during SMFS measurement. Top trace shows a force scan 

with tethered rupture of the integrin α4β7/MAdCAM-1 D1, D2 bond; middle trace shows a 

force scan with CSK rupture of the integrin α4β7/MAdCAM-1 D1, D2 bond; bottom trace 

shows adhesion with multiple integrin α4β7/MAdCAM-1 D1, D2 bond ruptures. Ft is the 

rupture force for tethered rupture and τ is the lifetime of the tethered bond. Fr is the rupture 

force for CSK rupture. 

 

2.3.6 Quantitative unbinding force measurements of individual cytoskeleton anchored 

integrin α4β7/MAdCAM-1 complexes 

Single molecule CSK ruptures at a same speed of cell movement with the AFM 

probe (at an average of certain loading rate) were recorded (Figure 2.10A) and counted in 

a histogram (Figure 2.10B). Force distributions were fitted according to the Gaussian 

distribution equation. Mean values of each Gaussian fitting were the most probable rupture 

forces under certain average loading rates. WT, D126A and D217A α4β7 mediated-K562 

cell single force adhesion on 15μg/mL MAdCAM-1 coated Petri dish surface changed with 

loading rate (40-2000 pN/s) and integrin affinity (regulated by divalent metal cation Ca2+ 
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and Mg2+ in vitro) (Figure 2.10B-D). The WT α4β7 K562 transfectant cell had no specific 

interactions on 1% bovine serum albumin (BSA) coated Petri dish surface or on 

MAdCAM-1 coated dish with the addition of excess EDTA (Figure 2.8). Additionally, 

S121A α4β7 K562 transfectant cell had almost no specific interactions on MAdCAM-1 

coated surface (data not shown). With the increase of loading rate, the rupture force needed 

to dissociate α4β7/MAdCAM-1 complex increased to varying degrees. In 1mM Mg2+, when 

integrin α4β7 was in its high-affinity, interaction forces between WT α4β7 and MAdCAM-

1 were stronger than in 1mM Ca2+ and 1mM Mg2+, when α4β7 in its low-affinity. The 

ADMIDAS site mutant, D126A transfectant, had stronger rupture forces than the WT 

transfectant to some extent, in the same conditions. Whereas, the LIMBS site mutant 

transfectant had weaker forces than the WT transfectant in 1mM Ca2+ and 1mM Mg2+ or 

1mM Mg2+. 
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Figure 2.10 Dynamic force spectrum of interactions between integrin α4β7 and MAdCAM-

1. （A）Force curves of SCFS measurements on α4β7/MAdCAM-1 interaction in 1mM 

Mg2+. Red rupture curves come from five individual measurements on the same one cell 

under loading rate about 442 pN/s. The blue approaching curve was from the same 

measurement as that of the lowest red curve. Incomplete superposition between horizontal 

lines of the last pair of curves was due to hydrodynamic force (about 13.6 pN) during such 

measurements. And the compression force of the probe was about 108pN. Rupture force 

distributions of (B) WT, (C) D126A and (D) D217A α4β7 and MAdCAM-1 at different 

loading rates, in 1mM Ca2+ and1mM Mg2+ or 1mM Mg2+ salt solution. 

 

Under similar loading rates, rupture forces changed significantly for WT, D126A 

and D217A mutants in different ion conditions (Figure 2.11A). For WT α4β7-mediated 
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K562 cell adhesion on MAdCAM-1, the single adhesion force was about 74 pN at a loading 

rate of 442 pN/s in 1mM Ca2+ and 1mM Mg2+ buffer, whereas 65pN at 466 pN/s in 1mM 

Mg2+ buffer. For D126A, the force was about 73 pN at 486 pN/s in 1mM Ca2+ and 1mM 

Mg2+, this was similar to WT in Mg2+; and 88 pN at 594 pN/s in 1mM Ca2+ and 1mM Mg2+. 

For D217A, the forces were 52 pN and 56 pN at 541 pN/s in 1mM Ca2+ and 1mM Mg2+ 

and 590 pN/s 1mM Mg2+, respectively. These loading rates applied to K562 cell (442-594 

pN/s) were all in the range of estimated physiological loading rates [71]. 

 

Figure 2.11 Rupture force dynamics of integrin α4β7-mediated K562 single-force adhesion 

on MAdCAM-1 coated surface. (A) Rupture forces at approximate loading rates. Rupture 

force values derived from mean values of Gaussian fitting on single force distributions. 

Bar represent one standard deviation from the Gaussian fitting, respectively. There was a 

very significant difference (p<0.01) between either two force values under Welch two 

sample t-test except values between WT 1mM Mg2+ and D126A 1mM Mg2+, which had a 



45 
 

significant difference (p<0.05). T-test was carried out with the usage of R console software. 

(B) Force dynamics of WT α4β7-mediated K562 adhesion in 1mM Ca2+ and 1mM Mg2+ or 

in 1mM Mg2+. Force dynamics of WT, D126A and D217A α4β7-mediated K562 adhesion 

in 1mM Ca2+ and 1mM Mg2+ (C) or in 1mM Mg2+ (D). Values of every point in (B-D) 

were applied linear fitting. Vertical bar of every point represents one standard deviation of 

Gaussian fitting of rupture forces’ distribution, respectively. All force values shown or 

included in these figures had been corrected with hydrodynamic force on the cantilever in 

our measurements. 

 

After a linear fitting between *f  and frln  in the OriginPro program, we 

calculated Bell parameters of the dissociation between integrin α4β7 and its ligand 

MAdCAM-1 (Table 2-2). 

Table 2-2 Bell parameters of cytoskeleton anchored integrin α4β7/MAdCAM-1 complex 

dissociation. 

 
 

2.3.7 Quantitative unbinding force measurements of individual tethered integrin 

α4β7/MAdCAM-1 complexes 

The pulling force applied to single tether bonds is dependent on the pulling speed. 

Tethered bond rupture forces and lifetimes at different pulling speed were recorded and 

then grouped by rupture forces. The mean tether forces for each group were calculated. 

And the mean tether lifetimes for each tether group were determined by a cumulative 

lifetime probability distribution: 

P(t) = A exp(−t/τ)   [2-1] 

where P is the probability that the bond survives longer than the time t, τ is the mean 

lifetime and A is the y-intercept [73]. The mean lifetime of each group was determined 
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from the exponential probability fits in Figure 2.12. The force spectra were produced by 

plotting mean lifetime against the determined mean tether extraction forces. Then the force 

spectra of mean tether lifetimes vs. the mean tether extraction force of tethered integrin 

α4β7/MAdCAM-1bond in different ions conditions were fit to the Bell model equation. 

 

Figure 2.12 Cumulative lifetime probability of tethered integrin α4β7 and MAdCAM-1 

bonds. WT integrin α4β7/MAdCAM-1tetherd bond in Ca2+ and Mg2+ (A) and Mg2+ (B); 

D126A integrin α4β7/MAdCAM-1 tethered bond in Ca2+ and Mg2+ (C) and Mg2+ (D). 
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With the increase of pulling force, the tethered bond lifetime decreased to varying 

degrees. In 1mM Mg2+, when integrin α4β7 was in its high-affinity, tethered bonds of  WT 

integrin α4β7 and MAdCAM-1 were stronger and had longer lifetimes than those in 1mM 

Ca2+ and 1mM Mg2+, when integrin α4β7 in its low-affinity. The ADMIDAS site mutant 

D126A transfectant had stronger tethered bonds than the WT transfectant and longer 

lifetimes under similar pulling force. Under similar pulling forces, bonds lifetime changed 

significantly for WT in different ion conditions (Figure 2.13). The tethered bond lifetime 

of WT integrin α4β7-mediated K562 cell adhesion on MAdCAM-1 was about 0.l5s at 65 

pN in 1mM Ca2+ and 1mM Mg2+ buffer, whereas 0.6s at 70pN in 1mM Mg2+ buffer. 

Interestingly, the lifetime of tethered bond in D126A mutants integrin α4β7/MAdCAM-1 

complex did not change in different ion conditions and was very similar to the lifetime of 

tethered bond in high affinity WT integrin α4β7/MAdCAM-1 complex. The tethered bond 

lifetime of D126A integrin α4β7-mediated K562 cell adhesion on MAdCAM-1 was 0.5s at 

65 pN in 1mM Ca2+ and 1mM Mg2+ buffer and 0.6s at 70pN in 1mM Mg2+ buffer (Figure 

2.13). Since in the Bell-Evan’s model, an increase in force always shortens the bond 

lifetime, the bonds that satisfy the Bell-Evan’s relationship are the “slip” bonds. It is 

unclear, however, if the tethered integrin 47MACAM-1 complex behaves as slip, catch 

or flex bonds. 
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Figure 2.13 Force spectra of single tethered integrin α4β7 and MAdCAM-1 bonds. Force 

spectra of mean tether lifetime vs. mean tether pulling force. Spectra were fit to the Bell 

Model. Insert: slip bonds lifetimes shorten exponentially as a function of force. Catch bond 

lifetimes increase then decrease with force. Flex bond is a two-state slip bond, where a 

certain pulling force will induce the bond transit from one another slip bond, with an 

immediate increase of life time upon transition [74, 75]. 

 

After fitting the lifetime and pulling force in the OriginPro program, we calculated 

Bell parameters of tethered bond dissociation between integrin α4β7 and its ligand 

MAdCAM-1 (Table 2-3). 

Table 2-3 Bell parameters of tethered integrin α4β7/MAdCAM-1 complex dissociation. 
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2.4 Discussion 

A complicated and efficient mechanism is involved in the recruitment of leukocytes 

from the main blood stream to sites where inflammation or tissue damage has happened 

[56]. Specific adhesive molecules, mainly selectins, integrins and their ligands, mediate the 

selective leukocyte-endothelium interaction. Human integrin α4β7 heterodimer is expressed 

primarily on mucosal lymphocytes, and also is present on natural killer cells and 

eosinophils. Integrin α4β7 mediates leukocytes homing into Peyer’s patches and intestinal 

lamina propria through interaction with its main ligand MAdCAM-1 under physiological 

flow in vivo [33, 76-78]. Integrin α4β7 plays different roles in mediating lymphocyte rolling 

or firm adhesion during their migration on mucosal endothelium. 

Previous studies have discovered many features of α4β7 in terms of its structure and 

biochemical regulation mechanisms [34]. Here we applied AFM-based SMFS and SCFS 

technology to elucidate the biophysical mechanisms of integrin α4β7 in mediating leukocyte 

rolling and firm adhesion, which little was known about thus far. During regulation of 

leukocyte migration, interactions between integrin α4β7 and MAdCAM-1 involve bond-

formation, bond-duration and bond-dissociation processes. Through usage of the AFM-

based system and application of the Bell-Evans model, we measured rupture forces and 

obtained Bell parameters for different types of integrin α4β7/MAdCAM-1 complexes:   

purified protein (Table 2-1), cytoskeleton anchored bond(Table 2-2) and tethered 

bond(Table 2-3) during the processes of single α4β7/MAdCAM-1 bond dissociation when 

α4β7 was in its high-affinity or low-affinity state. 
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Figure 2.14 Comparison of rupture force dynamics of purified integrin α4β7/MAdCAM-1 

D1, D2 and K562 expressed WT integrin α4β7/MAdCAM-1 in 1mM Ca2+ and 1mM Mg2+ 

or in 1mM Mg2+. Values of every point were applied linear fitting. Vertical bar of every 

point represents standard error of the mean. 

 

In general, larger rupture forces were needed to dissociate the high-affinity α4β7 

(induced by 1mM Mg2+ in vitro) and MAdCAM-1 complex than the low-affinity α4β7 

(induced by 1mM Ca2+ and 1mM Mg2+ in vitro) under different loading rates (40-2000 

pN/s) that were mainly in the physiological loading rate range (100-10000 pN/s) [71]. 

Those rupture forces were similar to the forces needed to break the bonds between purified 

high affinity integrin α4β7 (induced by 1mM Mg2+ in vitro) and low affinity integrin α4β7 

(induced by 1mM Ca2+ and 1mM Mg2+ in vitro) /MAdCAM-1 D1, D2 complex (Figure 

2.14). The Bell parameters of integrin of integrin α4β7/MAdCAM-1 complexes were also 

similar in SMFS and SCFS measurements (Table 2-4). 

 

 



51 
 

Table 2-4 Comparison of the Bell parameters of integrin α4β7/MAdCAM-1 complex 

dissociation in SMFS and SCFS measurements. 

 

For cytoskeleton anchored bonds, under a loading rate of nearly 450 pN/s, the 

rupture force of high-affinity α4β7/MAdCAM-1 complex was 74 pN, whereas that of low-

affinity complex was 65 pN in the same condition except divalent metal cations which 

mediated α4β7’s adhesion as high-affinity or low-affinity mimicking the states in vivo when 

the complex is regulating leukocyte firm adhesion or rolling (Figure 2.11A). The rupture 

forces of the high-affinity mutant (D126A) were the near approximations of the WT in 

1mM Mg2+, while those of the low-affinity mutant (D217A) were smaller than those of 

WT in 1mM Ca2+ and 1mM Mg2+. These results indicated that high-affinity complexes 

were less sensitive to shear flow, at least in terms of bond dissociation. 

For tethered bonds, under an extraction force of nearly 70 pN, the lifetime of high-

affinity WT α4β7/MAdCAM-1 complex was 0.15s, whereas that of low-affinity complex 

was 0.6 under different divalent metal cation conditions. The divalent metal cations 

mediated α4β7’s adhesion as high-affinity or low-affinity, mimicking the states in vivo 

when the complex is regulating leukocyte firm adhesion or rolling. And the lifetimes of the 

high-affinity mutant (D126A) were the near approximations of WT in 1mM Mg2+, 0.5s in 

1mM Ca2+ and 1mM Mg2+, and 0.6s in 1mM Mg2+ under the same extraction force of 70 

pN. These results indicated that high-affinity complexes had longer lifetime under shear 

stress in shear flow and were hard to break. In addition, cellular membrane tether bonds 
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play significant roles in maintaining the cell-substrate adhesion for seconds as they have 

significant longer lifetimes than CSK bonds. 

Chen previously reported that the WT α4β7 integrin mediates rolling adhesion in 

Ca2+ Mg2+ and firm adhesion in Mg2+; the ADMIDAS mutants D126A supported only firm 

adhesion, while the LIMBS mutants D217A mediated only rolling in 293T transfectants 

and K562 transfectants [34]. We measured the mechanical forces governing 

α4β7/MAdCAM-1 interactions for the first time. Our results partially explained the 

biophysical reasons for the flow chamber results (Figure 2.15) in Chen’s work, and as well 

as for the regulation mechanism in vivo. We measured the mechanical forces governing 

α4β7/MAdCAM-1 interactions for the first time. Meanwhile, data of D126A, D217A and 

S121A mutants offered good controls to our system and measurements. 

 

Figure 2.15 Effects of the metal ion-binding site mutations on the adhesive regulation of 

integrin α4β7 and resistance to shear stress in shear flow. (A) The number of rolling and 

firmly adherent WT and mutants integrin α4β7 K562 transfectants measured in the 1mM 

Ca2+, 1m Mg2+ or 1mM Mg2+ at a shear stress of 1 dyn cm-2 or 2dyn com-2. (B) Resistance 
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to the shear stress. The total number of remaining rolling cells or firm adherent cells at 

increasing shear stresses was determined as a percentage of adherent cells at 1 dyn cm-2. 

 

Through Bell-Evans model analysis, we obtained Bell parameters of WT, D126A 

and D217A α4β7/MAdCAM-1 complex dissociation (Table 2-2). For the wild type 

α4β7/MAdCAM-1 complex, the dissociation constant values ( ok ) of the low-affinity 

complex and the high-affinity complex were 1.50/s and 0.54/s respectively, whereas their 

positions of transition state ( ) showed little difference. This indicated that the dissociation 

rate played an important role in integrin α4β7’s affinity. ok  values of  D126A and D217A 

were almost the same and were near that of WT. And   values of D126A were close to that 

of WT in Mg2+. However,   values of D217A were significantly bigger than those of WT 

and D126A in either Ca2+ and Mg2+ or Mg2+. This implied that D217A was more sensitive 

than WT and D126A to the same external force. From the Bell parameters listed in the 

table, we can also judge the different mechanisms of D126A and D217A affecting the 

adhesive behavior of α4β7 on MAdCAM-1. By substituting   and ok values listed in the 

table into Equation 1-1, we would get )( fkoff  as a function of external force ( f ). Fig. 5A, 

5B and 5C depicted the relationships between )( fkoff  and f  of α4β7/MAdCAM-1 

complex. We found that dissociation value ( )( fkoff ) of the high-affinity complex was 

smaller than that of the low-affinity complex under the same external pulling force below 

200 pN (Figure 2.16A). For the low-affinity or high-affinity complex, D217A always had 

a bigger )( fkoff  value than that of WT or D126A under a pulling force between 40 pN and 

200 pN (Figure 2.16B,Figure 2.16C), which explains why the D217A transfectant had 

weaker interactions with a MAdCAM-1 coated dish surface. The dissociation rate plays 
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important roles for integrin α4β7 in regulating leukocyte migration into Peyer’s patches. 

Our results are the first to give the biophysical parameters of the dissociation process. They 

provide us with new insight into the molecular mechanism of integrin α4β7-mediated 

leukocyte rolling and firm adhesion. 

 

 

Figure 2.16 Kinetic profiles and energy landscape of α4β7/MAdCAM-1 complex 

dissociation. Kinetic dissociation profiles of (A) WT α4β7/MAdCAM-1 complex in 1mM 

Ca2++1mM Mg2+, (B) WT, D126A and D217A α4β7/MAdCAM-1 complex in 1mM 

Ca2++1mM Mg2+ and (C) WT, D126A and D217A α4β7/MAdCAM-1 complex in 1mM 

Mg2+. (D) Energy landscape of WT α4β7/MAdCAM-1 complex dissociation. Gray dotted 

line represents landscape of low-affinity complex dissociation, whereas black solid line 

represents that of high-affinity complex dissociation. 

 

The dissociation rate constants can be used to estimate transition state energies with 

one energy barrier (Figure 2.16D). The energy difference value ( G ) between the high-

affinity and low-affinity transition state (
HG and

LG ) can be calculated with the formula, 

)/ln( o

L

o

HBLH kkTkGGG  . 
o

Hk  and 
o

Lk  are dissociation rate constants of high-

affinity complex and low-affinity complex, respectively. The transition state energy needed 
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for high-affinity complex dissociation is about 1.3 TkB
 more than that of low-affinity 

complex dissociation. 

In summary, through SMFS and SCFS measurements on interactions between 

integrin α4β7 stable transfectant K562 cell and MAdCAM-1 coated dish, we obtained the 

rupture forces needed to dissociate the α4β7/MAdCAM-1 complex in vitro and the Bell 

parameters of the complex dissociation. Our data is credible with controls such as D126A, 

D217A and S121A data. Our data demonstrated that dissociation rates under external force 

make a difference between different bond affinities. This partially explains the biophysical 

mechanism of α4β7-mediated leukocyte rolling or firm adhesion. To fully understand this 

mechanism in the aspects of association rate and bond-duration lifetime, we are conducting 

other single-molecule force spectroscopy approaches on the complex. We want to 

understand the affinity change when cells receive physiological stimulation, during which 

process integrin avidity may be involved. There are still many unknown points underlying 

the biophysical mechanism of integrin-mediated leukocyte migration, which are crucial for 

understanding integrin functions and for solving problems caused by integrin dysfunction. 

 

2.5 Contribution in Science 

Normal homeostasis of the cardiovascular system is strongly dependent on the 

finely tuned leukocyte adhesive properties, which include transmigration of leukocytes 

across the blood vessels and homing. Change of cell adhesion properties plays an important 

role in the pathogenesis of cardiovascular disease. Despite the advances in understanding 

the structure of cell adhesion molecules and their signal transduction pathways, little is 

known about their biophysical and biomechanical properties. To this end, direct force 
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measurements of association and dissociation of individual adhesion molecule-ligand 

complexes will advance our understanding of the structural and functional basis for cell 

adhesion in the cardiovascular system.  

In this study, I have used SMFS and SCFS to determine the mechanical strength of 

the low- and high-affinity integrin-ligand interaction on living leukocyte surface. AFM has 

been used to pull individual integrin-ligand complexes to determine their mechanical 

strength and force dependent dissociation kinetics under conditions that have given rise to 

leukocyte rolling and firm adhesion, respectively (Figure 2.16 & Table 2-2). The data 

suggests that induction of higher affinity states elevates the heights of the energy barriers 

of integrin complex dissociation, but has minimal effect on the width of the barriers, and 

that cellular membrane tether bonds play significant roles in maintaining the cell-substrate 

adhesion for seconds. The results can be used to perform mathematical modeling to better 

understand leukocyte and immune system behave. The findings could also lead to novel 

strategies for modulating leukocyte trafficking in different inflammatory and immune 

disease settings such as atherosclerosis, ischemia/reperfusion injury, myocardial infarction, 

stroke and autoimmunity. 
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3 Biophysical mechanism of chemokine –mediated integrin activation 

 

3.1 Motivation 

The immune system controls its responses by precisely recruiting lymphocytes 

from the main bloodstream to the endothelium at target sites in different tissues [79]. There 

is a recognized multistep paradigm describing the process of leukocyte recruitment. The 

recruitment involves leukocytes’ tethering and rolling, activation, firm adhesion, crawling 

and transendothelial migration [57, 58]. During the process, homing molecules such as 

selectins and integrins expressed on lymphocytes membranes interact with ligands on 

vascular endothelia and target lymphocytes to different tissues [80]. Integrins serve as 

mediators in exchanging outside-in and inside-out transmembrane signals [18]. These 

signals instruct leukocytes to perform their functions appropriately. Integrins activation is 

induced by chemokines acting through G-protein coupled receptors on cell membranes and 

triggering the binding of intracellular effector proteins, such as talin and kindling, to 

integrin cytoplasmic domains [81]. 

Integrin α4β7, also known as LPAM-1 (lymphocyte Peyer’s patch adhesion 

molecule-1), is a homing molecule that targets bloodstream lymphocytes to mucosal tissues, 

especially in the gut [82]. Integrin α4β7 recognizes multiple ligands: mucosal vascular 

address in cell adhesion molecule-1 (MAdCAM-1) and vascular cell adhesion molecule-1 

(VCAM-1). MAdCAM-1 is the primary ligand, and is expressed on the endothelium of 

high endothelial venules in the gut and gut-associated lymphoid tissues, such as Peyer’s 

patches and mesenteric lymph nodes (MLNs) [33], while VCAM-1 is widely expressed on 

stimulated endothelial cells of blood vessels, bone marrow and peripheral lymph nodes 
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(PLNs) [83]. Previous biochemical studies have shown that integrin α4β7 can be activated 

by distinct chemokines in a ligand specific manner to mediate selective homing of 

lymphocytes to endothelial cells expressing either MAdCAM-1 or VCAM-1 in different 

tissues [84]. However, the kinetic properties and mechanical mechanisms of integrin α4β7 

binding and ligand selection are unknown. 

Herein, we applied AFM based SCFS technology to study the effects of chemokines 

on the mechanical properties of interactions between the human integrin α4β7 and its 

ligands, human MAdCAM-1 or VCAM-1. By attaching a RPMI CXCR3-8866 cell, 

expressing integrin α4β7 on the cell membrane, to an AFM cantilever, we were able to use 

AFM to measure the interactions between integrin α4β7 and MAdCAM-1 or VCAM-1 

coated on Petri dishes, before and after chemokine stimulation. This approach avoided 

nonspecific interactions, to the most extent. The chemokines CCL 25 and CXCL10 were 

used in this study, as they can significantly activate or suppress integrin α4β7 mediated 

lymphocyte adhesion to either MAdCAM-1 or VCAM-1 [84]. Our study focused on the 

mechanical forces needed to rupture α4β7/MAdCAM-1 complexes with or without 

chemokine stimulation. Through Bell model analysis, we demonstrated the different effects 

of chemokines on biophysical properties of this complex dissociation under physiological 

force. 

 

3.2 Materials and methods 

3.2.1 AFM setup 

Single molecule rupture force measurements for integrin α4β7/MAdCAM-1 were 

conducted using a custom built AFM, as described in Chapter 1. All experiments were 
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conducted at room temperature (about 25℃) unless noted otherwise. Cantilevers were 

calibrated over a clean culture dish in PBS buffer using the Igor program. The photodiode 

position sensitivity was determined by indenting a non-compliant surface. Then a thermal 

fluctuation method was used to determine the spring constant of the cantilevers. The spring 

constant values of MLCT cantilevers (Bruker) used in this study were typically 0.01-0.02 

N/m. 

3.2.2 Cell culture 

8866-CXCR3 stable cell lines came from Dr. J. Chen [84]. cDNA construction and 

expression approaches were depicted previously [34, 84]. Cells were cultured in RPMI 

1640 media (Gibco Invitrogen) containing 10% FBS (Biochrom, German), 100U/mL 

Penicillin-Streptomycin (Gibco), and 2ug/mL Puromysin (Gibco). 

3.2.3 Protein immobilization 

MAdCAM-1 and VCAM-1 protein cDNA were constructed into the secreting 

plasmid pHLsec [69]. Constructors were transiently transfected into HEK 293T cells via 

MegaTran 1.0 reagent (Origene). Secreted proteins with a His-tag protein in EX-Cell 

serum-free media (JRH Biosciences) were purified with Ni-NTA resins (IBA). 20 μL of 

15μg/mL purified MAdCAM-1 or VCAM-1 proteins (diluted in PBS containing 10 mM 

NaHCO3, pH 8.6) were dropped onto a 35mm Petri dish (Corning) surface and incubated 

in a wet box at 37℃ for 2 hours. After two washes with PBS, the surface was blocked by 

1% BSA in PBS in a wet box at 37℃ for 1 hour. Before usage, the surfacewas washed 

twice with PBS and then 2 mL serum free RPMI 1640 (Gibco Invitrogen) media was added. 
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3.2.4 Functionalization of AFM cantilevers with poly-L-lysine 

AFM probes (MLCT) were purchased from Veeco (Camarillo, CA). All probes 

were soaked with acetone for 5 min for cleaning. After 30 minutes of UV-light irradiation, 

the cantilevers were incubated with poly-L-lysine (5 mg/mL in 100 mM NaHCO3, pH 9.0; 

Sigma, St. Louis, MO) overnight at 4 ℃. Following the removal of unbound poly-L-lysine, 

the cantilevers are ready to pick up cells or can be stored in a wet box for up to 3 days. 

3.2.5 AFM SCFS measurements of rupture forces of integrin α4β7/MAdCAM-1 or 

integrin α4β7/VCAM-1 complexes 

1 mL of 8866-CXCR3 cells from culture media were transferred into 1.5 mL 

Eppendorf tubes, and centrifuged at 1200 rpm for 3 minutes. Cells were washed twice with 

1 mL Wash buffer (150 mM NaCl, 5 mM HEPES, 0.5% BSA and 5 mM EDTA, pH 7.4), 

then washed twice with 1 mL Buffer A (150 mM NaCl, 5 mM HEPES and 0.5% BSA, pH 

7.4). After above disposal, 50ul of cell solution was added into polystyrene Petri dish 

already containing RPMI 1640. Through manual manipulation of poly-L-lysine modified 

AFM probe, a single 8866-CXCR3 cell can be picked up via interaction with the triangular 

area of the C-cantilever of the MLCT probe. 

3.2.6 Chemokine activation 

Chemokines CCL25 and CXCL10 were purchased from R&D Systems Inc 

(Minneapolis, MN). Cells were prestimulated with 0.5 ug/mL soluble chemokines for 5 

min before being picked up by a poly-L-lysine functionalized cantilever. All measurements 

for the same stimulated cell were recorded within 1 h of chemokine stimulation. 
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3.3 Results 

3.3.1 AFM measurements of integrin α4β7 adhesion to its ligands MAdCAM-1 or 

VCAM-1 

As described in Chapter 2, we applied similar AFM-based single cell force 

spectroscopy technology to study the biophysical dynamics behind integrin α4β7-mediated 

lymphocyte adhesion. We used established RPMI CXCR-8866 stable cell lines that express 

human integrin α4β7 on cell membranes to carry out SCFS experiment [84]. Purified human 

MAdCAM-1 or VCAM-1 coated substrates were used to avoid non-specific interactions to 

a large extent. Figure 3.1 illustrates the AFM measurements of integrin α4β7 mediated 

RPMI CXCR3-8866 adhesion on the MAdCAM-1 or VCAM-1 protein coated substrate 

system and the process of adhering a single, living RPMI CXCR-8866 cell onto an AFM 

probe. A single, living RPMI CXCR3-8866 cell expressing wild type integrin α4β7 was 

adhered onto a poly-lysine functionalized cantilever of an AFM probe via manipulation of 

probe [40, 44] (Figure 3.1). The single cell was first lowered down to contact the 

MAdCAM-1 or VCAM-1 coated surface of the cell culture Petri dish for 0.1 second. The 

compression force applied by the cantilever was approximately 150 pN (typically, 100-

200pN). Then the cell was pulled away from the surface along with the AFM probe. Any 

adhesive interactions formed between α4β7 and MAdCAM-1 or VCAM-1 protein during 

the contact time of cell and substrate would break under the pulling force generated from 

the AFM system. Rupture forces can be calculated from the force spectroscopy curves 

recorded by a two-segmental photodiode from the movement of laser beam reflection 

coming from the backside of the AFM cantilever. 

 



62 
 

 

Figure 3.1 Experimental approaches of SCFS measurements of integrin α4β7-mediated 

8866-CXCR3 adhesion. An 8866-CXCR3 cell was attached to the AFM cantilever via 

interaction between negative charges on the celluar membrane and poly-L-lysine 

functionalized on the cantilever. Cell culture Petri dish surfaces were coated by MAdCAM-

1 or VCAM-1 protein and then blocked by BSA. Rupture force can be detected by 

monitoring the laser deflection via a two-segmental photodiode of the AFM setup. 

 

3.3.2 Chemokine signaling regulates α4β7 integrin activation in a ligand-specific manner 

Previous studies have shown that lymphocyte adhesion to the endothelium is 

prompted by chemokines stimulated integrin activation [85]. Chemokines CCL25 and 

CXCL10 were tested in this study as they can significantly activate or suppress integrin 

α4β7 mediated lymphocyte adhesion to either MAdCAM-1 or VCAM-1 [84]. Compared 

with the adhesion frequency of integrin α4β7 on RPMI 8866-CXCR3 cells to MAdCAM-1 

and VCAM-1 before stimulation, the frequency of integrin α4β7 adhesion to MAdCAM-1 

was dramatically increased by CCL25 stimulation and that of integrin α4β7 adhesion to 

VCAM-1 was increased by CXCL10. The frequency of integrin α4β7/MAdCAM-1 

adhesion increased from 14% before stimulation to 37% after CCL25 activation; similarly, 
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the frequency of integrin α4β7/VCAM-1 adhesion increased from 15% before stimulation 

to 32% after CXCL10 activation under the same conditions. We also saw a trend of 

increasing rupture forces after chemokine activation. On the contrary, CCL25 suppressed 

integrin α4β7 adhesion to VCAM-1 and CXCL10 suppressed integrin α4β7 adhesion to 

MAdCAM-1. 

3.3.3 Quantitative unbinding force measurements of individual integrin α4β7/MAdCAM-

1 complex 

To further quantitatively study the effects of chemokines on interactions between 

integrin α4β7 and its ligands, MAdCAM-1, rupture forces curves from AFM measurements 

were recorded and analyzed. Single molecule interactions at a similar loading rate were 

counted in a histogram and the most probable rupture forces under certain average loading 

rates were plotted in Figure 3.2. To increase the probability of a single molecule adhesion 

event for chemokine activation experiments, we reduced the adhesion frequency to less 

than 30% by lowering the concentration of the coated protein ligand MAdCAM-1 and 

reducing the contact time. 
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Figure 3.2 Dynamic force spectrum of interactions between integrin α4β7 expressed on 

8866-CXCR3 cell surface and MAdCAM-1 under different chemokine stimulation 

conditions. Rupture force distributions of integrin α4β7 and MAdCAM-1 at different 

loading rates, without chemokine (left), CCL25 (middle) and CXCL10 (right). 
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Integrin α4β7 adhesion on a MAdCAM-1 coated Petri dish surface changed with 

loading rate (50-5000 pN/s) and integrin affinity (regulated by chemokine stimulation) 

(Figure 3.3). RPMI CXCR3-8866 cells had no specific interactions on a 1% bovine serum 

albumin (BSA) coated Petri dish surface or on MAdCAM-1/VCAM-1 coated dishes with 

the addition of excess EDTA. With the increase of loading rate, the rupture force needed 

to dissociate integrin α4β7/MAdCAM-1 complexes increased to varying degrees. 

 

Figure 3.3 Rupture force dynamics of integrin α4β7/MAdCAM-1 under different 

chemokine stimulation conditions. Force dynamics of integrin α4β7/MAdCAM-1 before 

and after CCL25 or CXCL10 stimulation. 

 

Under similar loading rates, rupture forces changed significantly before and after 

chemokine stimulation (Figure 3.4). For integrin α4β7/MAdCAM-1 interactions, the single 

adhesion force was about 65 pN at a loading rate of 544 pN without chemokine stimulation, 

73 pN at a loading rate of 499 pN/s after CCL25 stimulation and 62 pN at a loading rate of 

521 pN/s after CXCL10 treatment. These loading rates applied to RPMI CXCR3-8866 

cells (499-544 pN/s) were all in the range of estimated physiological loading rates [71]. 
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Figure 3.4 Rupture forces at approximate loading rates. There was a very significant 

difference (p<0.01) between Control 8866-CXCR3 and CCL25 treated 8866-CXCR3 cell 

under Welch two sample t-test (t-Test: Two-Sample Assuming Unequal Variances). 

 

3.3.4 Quantitative unbinding force measurements of individual integrin α4β7/VCAM-1 

complex 

Similar to MAdCAM-1, integrin α4β7 adhesion on a VCAM-1 coated Petri dish 

surface changed with loading rate (50-5000 pN/s) and integrin affinity (regulated by 

chemokine stimulation) (Figure 3.5). With the increase of loading rate, the rupture force 

needed to dissociate integrin α4β7/VCAM-1 complexes increased to varying degrees. 
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Figure 3.5 Dynamic force spectrum of interactions between integrin α4β7 expressed on 

8866-CXCR3 cell surface and VCAM-1 under different chemokine stimulation. Rupture 

force distributions of integrin α4β7 and VCAM-1 at different loading rates, without 

chemokine (left), CXCL10 (middle) and CCL25 (right). 
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Under similar loading rates, rupture forces changed significantly before and after 

chemokine stimulation (Figure 3.6). For integrin α4β7/VCAM-1 interaction, the single 

adhesion force was about 51 pN at a loading rate of 996 pN/s without chemokine 

stimulation, 58 pN at a loading rate of 766 pN/s after CXCL10 stimulation and 48 pN at a 

loading rate of 1133 pN/s after CCL25 treatment. These loading rates applied to RPMI 

CXCR3-8866 cell (766-1133 pN/s) were also in the range of estimated physiological 

loading rates [71]. 

 

Figure 3.6 Rupture force dynamics of integrin α4β7/MAdCAM-1 under different 

chemokine stimulation conditions. (A) Force dynamics of integrin α4β7/MAdCAM-1 

before and after CXCL10 or CCL25 stimulation. (B) Rupture forces at approximate loading 

rates. There was a very significant difference (p<0.01) between Control 8866-CXCR3 and 

CCL25 treated 8866-CXCR3 cell under Welch two sample t-test (t-Test: Two-Sample 

Assuming Unequal Variances). 

 

3.3.5 Bell model parameters of α4β7/MAdCAM-1 and α4β7/VCAM-1 complexes 

The Bell-Evans model was used to analyze the adhesion between integrin α4β7 and 

its ligands, MAdCAM-1 or VCAM-1, with or without chemokine stimulation [86, 87]. 

After a linear fitting between *f  and frln , we calculated Bell parameters of the 

dissociation between integrin α4β7 and its ligands MAdCAM-1 and VCAM-1 under 

different conditions (Table 3-1). 
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Table 3-1 Bell parameters of integrin α4β7/MAdCAM-1 (A), and integrin α4β7/VCAM-1 

(B) complexes dissociation with or without chemokine stimulation. 

 

 

 

3.4 Discussion 

The aim of this study was to investigate how chemokine stimulation affects the 

binding strength and lifetime of individual integrin α4β7/MAdCAM-1 or integrin 

α4β7/VCAM-1 complexes at the single molecule level. To approach this aim, single 

molecule force rupture measurements were obtained and analyzed to investigate the 

dynamic force spectra of integrin α4β7/MAdCAM-1 or integrin α4β7/VCAM-1 complexes 

with or without chemokine stimulation. 

In general, larger rupture forces were needed to dissociate high-affinity integrin 

α4β7/MAdCAM-1 complex (induced by CCL25) than low-affinity α4β7/MAdCAM-1 

complex (induced by CXCL10) under different loading rates (50-5000 pN/s) which were 

mainly in the range of physiological loading rate (100-10000 pN/s) [71]. And those rupture 

forces were approximately equal to the forces needed to break the bonds between WT 

integrin α4β7 on K562 cells and MAdCAM-1 in high affinity integrin α4β7 (induced by 

1mM Mg2+ in vitro) and low affinity integrin α4β7 (induced by 1mM Ca2+ and 1mM Mg2+ 

in vitro) states (Figure 3.4). For example, under a loading rate of nearly 500 pN/s, the 

rupture force of an unstimulated integrin α4β7/MAdCAM-1 complex was 65 pN and the 
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force was the same as the rupture force (65 pN) of low affinity WT integrin α4β7 in 1mM 

Ca2+ and 1mM Mg2+; the rupture force of high-affinity α4β7/MAdCAM-1 complex induced 

by CCL25 was 73 pN and the force was very similar to the rupture force (74 pN) of high 

affinity WT integrin α4β7 in 1mM Mg2+. The rupture force of low-affinity integrin 

α4β7/MAdCAM-1 induced by CXCL10 (62 pN) were a little smaller than that of WT in 

1mM Ca2+ and 1mM Mg2+. These results indicated that high-affinity complexes were less 

sensitive to shear flow, as the bond was hard to break. We also saw similar results for the 

integrin α4β7/VCAM-1 complex. The rupture force was about 51 pN at a loading rate of 

996 pN/s without chemokine stimulation, whereas that of high affinity integrin 

α4β7/VCAM-1 complex induced by CXCL10 was 58 pN at a loading rate of 766 pN/s and 

low affinity integrin α4β7/VCAM-1 induced by CCL25 was 48 pN at a loading rate of 1133 

pN/s in same conditions. 

Sun previously reported α4β7 is activated by different chemokines in a ligand-

specific manner: stimulation of CCL25 increased integrin adhesion to MAdCAM-1 but 

suppressed adhesion to VCAM-1, whereas stimulation of CXCL10 increased integrin 

adhesion to VCAM-1 but suppressed adhesion to MAdCAM-1 [84]. Our results partially 

explain the biophysical reasons for Sun’s flow chamber results, as well as the regulation 

mechanism in vivo [84]. Meanwhile, the rupture force of integrin α4β7/MAdCAM-1 and 

integrin α4β7/VCAM-1 complexes did not change when the RPMI 8866-CXCR3 cells were 

stimulated by both CCL25 and CXCL10 at the same time. This is consistent with Sun’s 

work and serves as a control for the opposite regulatory effects of CCL25 and CXCL10.  

Through Bell-Evans model analysis, we obtained Bell parameters of the 

dissociation of integrin α4β7/MAdCAM-1 and integrin α4β7/VCAM-1 complexes with or 
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without chemokine stimulation (Table 3-1). For the integrin α4β7/MAdCAM-1 complex, 

the dissociation constant values ( ok ) were 0.98/s for the unstimulated cell and 0.45/s for 

the high-affinity complex stimulated by CCL25, whereas their transition state positions ( ) 

showed little difference. This indicated that CCL25 activation resulted in a decrease of the 

dissociation rate of the integrin α4β7/MAdCAM-1 complex and an increase of bond lifetime 

under the same shear stress. However, although the ok  value of the CXCL10 stimulated 

integrin α4β7/MAdCAM-1 complex was smaller (0.60/s) compared with the value of 1/s 

for unstimulated cells, we saw an increase of   value from 2.19Å to 2.93Å. This implied 

that the CXCL10 induced integrin α4β7/MAdCAM-1 complex was more sensitive than 

unstimulated complex to the same external force. From the Bell parameters listed in Table 

3-1, we can also judge the different mechanisms of CCL25 and CXCL10 affecting the 

adhesive behavior of α4β7 to MAdCAM-1. By substituting   and ok values listed in the 

table into Equation 1-1, we would get )( fkoff  as a function of external force ( f ). Figure 

3.7A depicted the relationships between )( fkoff  and f  of the α4β7/MAdCAM-1 complex. 

We found that the dissociation value ( )( fkoff ) of the high-affinity complex induced by 

CCL25 was smaller than that of the unstimulated complex under the same external pulling 

force below 200 pN (Figure 3.7). Also the CXCL10 induced low-affinity complex always 

had a larger )( fkoff  value than that of unstimulated or CCL25 induced high-affinity 

complex under a pulling force between 40 pN and 200 pN (Figure 3.7), which explains 

why CCL25 induced cells had stronger interactions and CXCL10 stimulated cells had 

weaker interactions with MAdCAM-1 coated dish surface in the flow chamber experiment 

[84]. 
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Figure 3.7 Kinetic dissociation profiles of (A) integrin α4β7/MAdCAM-1 complex and (B) 

integrin α4β7/VCAM-1 complex with or without chemokine stimulation. 

 

In contrast we obtained reverse results for the integrin α4β7/VCAM-1 complex. The 

dissociation constant values ( ok ) were 1.00/s for an unstimulated cell and 0.42/s for the 

high-affinity complex stimulated by CXCL10, whereas their positions of transition state 

( ) showed little difference. This indicated that CXCL10 activation resulted in a decrease 

of the dissociation rate of integrin α4β7/VCAM-1 complex and an increase of bond lifetime 

under the same shear stress. 

In summary, after CCL25 stimulation, when integrin α4β7 was in its high-affinity 

state and complexed to ligand MAdCAM-1 but in a low-affinity state complexed to 

VCAM-1, adhesion between integrin α4β7 and MAdCAM-1 was stronger and interaction 

between integrin α4β7 and VCAM-1 was weaker, compared to those in unstimulated RPMI 

8866-CXCR3 cells. On the contrary, after CXCL10 stimulation, when integrin α4β7 was in 

its high-affinity state complexed to ligand VCAM-1 but low-affinity state complexed to 

MAdCAM-1, adhesion between integrin α4β7 and VCAM-1 was stronger and interaction 

forces between integrin α4β7 and MAdCAM-1 were weaker, compared to those without 

chemokine treatment. Our results provide important biophysical parameters of the 
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dissociation process, and partially explain the biophysical mechanism of chemokine 

regulation of integrin α4β7-mediated leukocyte homing to target tissues. 

 

3.5 Contribution in science 

Integrin-mediated lymphocyte homing is a fundamental aspect of our immune 

system, with important implications on many autoimmune and inflammatory conditions 

including leukocytosis, and recurrent infections caused by leukocyte adhesion deficiency. 

While the critical involvement of chemokine-induced affinity regulation of integrin has 

been established for many years, the underlying mechanism has resisted elucidation.  

In this work, I have used the powerful SCFS technique to elucidate the mechanism 

of integrin affinity regulation by chemokines, as well as the interplay among chemokine 

signaling, force, integrin affinity and integrin conformation. I have showed that the 

chemokines CCL25 and CXCL10 have an opposite effect on the affinity of 

47MAdCAM-1 interactions. However, the enhancement of lifetime after CCL25 

stimulation is less than that of Mg2+, a widely use method to induce high affinity integrin 

in vitro. Furthermore, there seemed to be no catch/flex bond behavior at 80 pN. Therefore, 

the data demonstrated that the affinity change after chemokine activation is different from 

the cationic stimulation, suggesting that the SCFS approach might be a suitable technique 

to study chemokine-induced leukocyte adhesion, and to screen potential drugs to modulate 

leukocyte trafficking. The results from this project have filled the long-standing knowledge 

gap on integrin biology, which has broad and important implication for many immune 

disorders. 
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4 Sin Nombre virus (SNV) binds to an integrin-GPCR (αIIbβ3-P2Y2R) complex, and 

enters the cell with GPCR stimulation. 

 

4.1 Motivation 

Hantaviruses cause hemorrhagic fever with renal syndrome (HFRS) and hantavirus 

cardiopulmonary syndrome (HCPS). Sin Nombre virus (SNV) is a Category A pathogen 

that causes the most severe form of HCPS with case fatality ratios of 30-50%. Tissue 

tropism involves the vascular endothelium of the heart, kidney, lung, and lymphoid organs 

where HCPS is characterized by dysregulation of the endothelial barrier function. Death 

generally results from low-output cardiogenic shock, and multi-organ failure. Currently, 

vaccines are not available, nor are there is any approved, effective therapies and treatment 

of severe disease. Therefore, identification of receptors and their mechanism for enabling 

hantavirus infection is essential for understanding HCPS pathogenesis, limiting viral entry 

and spread. Previous studies have identified β3 and β1 integrins as the main receptors for 

pathogenic and non-pathogenic hantaviruses respectively [88]. More recently, β2 integrin 

receptors such as Mac-1 (αMβ2, CD11b/CD18, complement receptor 3 (CR3) and αXβ2 

(CD11c/ CD18), complement receptor 4 (CR4), expressed in leukocytes have been 

implicated as entry receptors for hantavirus [89]. Interestingly, cell entry through β2 

integrin has been shown to be non-productive in leukocytes, but associated with the release 

of neutrophil extracellular traps, which contribute to pathogenesis [89]. 

Pathogenic hantaviruses bind to the plexin-semaphorin-integrin (PSI) domain 

present at the apex of the bent/inactive form of the human β3 integrin subunit of αvβ3 and 

αIIbβ3 integrins [90]. The PSI domain is well removed from the site of RGD ligand binding, 

and to the best of our knowledge, is not used by cellular proteins [91]. In this way, the 
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evolutionary strategy developed by pathogenic hantaviruses is a novel one for interacting 

with integrins, which has the potential to reveal new insights into integrin signaling 

mechanisms. 

Integrins recognize narrowly defined structural motifs (e.g. RGD, LDV, etc) 

expressed on a wide range of extracellular ligands including ECM proteins, counter-

receptors and plasma proteins, as well as several components of the cytoskeleton [92-94]. 

Ligand-occupied integrins, in turn, undergo conformational changes that lead to outside-in 

activation of integrins [16, 31, 91, 95-97]. It is also worth noting that integrins also bind in 

cis to other surface moieties including GPI-linked proteins, tetraspanins, members of the 

immunoglobulin superfamily of cell adhesion molecules and signaling receptors, with 

which they synergize signal transduction pathways after ligand binding [98-101]. Thus, 

assembly of proteins on the integrin cytoplasmic domain tails can also occur as a result of 

signals produced from receptors distinct from integrins. In this way, the assembled 

complex can activate integrins, change their conformation, and allow enhanced interactions 

of integrins with ECM ligands, a process termed inside-out signaling [21, 102-105]. 

Although manipulation of the integrin PSI domain has been shown to elicit integrin 

activation [106, 107], current data suggest that receptor signaling and post SNV-binding to 

the PSI domain are insufficient to enable virus internalization. In this regard, one study has 

shown that polarized epithelial and endothelial cells are susceptible to hantavirus infection 

exclusively from the apical surface but not the basolateral side [108], even though integrins 

are sorted to the latter domain [109]. A glycosylphosphatidylinositol-linked protein, 

CD55/decay-accelerating factor (DAF) which is sorted to the apical surface in polarized 

cells [110] was implicated as a cell entry co-receptor for pathogenic hantaviruses [108]. In 
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other studies, complement protein gC1qR/p32 [111], and an unknown 70 kDa protein [112] 

have been reported to mediate hantavirus infection. However, the functional mechanisms 

of integrin activation associated with these proteins have not yet been investigated. 

We have found that the H319 anti-DAF antibody effectively blocks SNV infection 

of polarized Vero E6 cells, but poorly inhibits infection of isotropic non-polarized cells 

[113]. We hypothesized that the cell polarity-dependent blocking of infection with H319 

was due to the apical/basolateral domain segregation of components of a signaling complex 

formed by the integrin and the yet unidentified receptor [98, 99, 114, 115]. We also 

reasoned that the signaling protein could not directly bind with SNV, due to infection 

blocking by H319 antibodies in polarized cells. We targeted the P2Y2 receptor (P2Y2R) a 

member of the purinergic family of G-protein coupled receptors (GPCR), which so far has 

been reported to interact with α3 and β5 integrins through an RGD motif in its first 

extracellular loop [116]. In polarized cells, P2Y2R is sorted to the apical surface [117] 

together with DAF [110] and is segregated from integrins which are sorted to the 

basolateral membrane domains [109]. Here, we set out to determine whether α3 integrins 

engage in signal crosstalk with P2Y2R to enable SNV infection. 

 

4.2 Materials and methods 

4.2.1 Cell Culture and Sin Nombre Virus 

CHO K1 cells were grown in F-12K media (Cellgro, Mediatech), 10% FBS, 2mM 

L-glutamine, and 100 units/mL Penicillin/Streptomycin. CHO A24 and CHO C3 cells were 

grown in DMEM/F12 HAM mixture (Gibco, Life Technologies) with 10% FBS, 2mM L-

Glutamine, 100 units/mL Penicillin/Streptomycin, and 1mg/mL G418 (Sigma). Cells were 
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maintained at 37°C in a water jacketed 5% CO2 incubator.  lines and UV-inactivated Sin 

Nombre Virus and Fluorescent Labeled SNV were provided by Dr. T. Buranda. 

4.2.2 Protein immobilization 

Recombinant human αIIbβ3 integrin (R&D Systems, Minneapolis, MN) was 

attached to an AFM cantilever (MLCT: Bruker Nano, Camarillo, CA) by covalently 

crosslinking the two using a heterobifunctional acetal-PEG27-NHS linker as described in 

previous chapter [118, 119]. 

4.2.3 Atomic Force Microscopy (AFM) measurements of individual integrin-P2Y2R 

interactions 

All single-molecule force measurements were conducted using a custom-designed 

apparatus designed for operation in the force spectroscopy mode [40, 45]. Using a 

piezoelectric translator, the integrin-functionalized cantilever was lowered onto a P2Y2R-

expressing CHO-K1 cell until binding between the integrin and RGD sites occurred. The 

main objective of these experiments was to determine whether SNV binding to the PSI 

domain causes a change in affinity at the RGD binding site. The positive control for integrin 

activation was 2 mM of Mn2+ added to the media [120-123]. For SNV assays, the cantilever 

was pre-incubated with fluorescently labeled neat SNVR18, and a mixture of SNVR18 and 

PSI domain polypeptide [124] to competitively block the interaction between the integrin 

functionalized cantilever and SNVR18. Association of SNV and the integrin functionalized 

AFM tip was confirmed by imaging SNV fluorescence on the AFM tip. 

The binding interaction between the AFM tip and RGD sites was then determined 

from the deflection of the cantilever via a position-sensitive two-segment photodiode. To 

calibrate the cantilever (320 µm long by 22 µm wide triangle), the spring constant at the 
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tip was characterized via thermally-induced fluctuations. The spring constants (13 ± 3 

pN/nm) of the calibrated cantilevers agreed with the values specified by the manufacturer. 

For each pulling speed, 200 to 500 force curves were recorded, which yielded 50 to 150 

unbinding forces. Curve fitting was performed using IGOR Pro or Origin software by 

minimizing the chi-square statistic for the optimal fit. To enable measurement of a single 

molecule interaction, the contact time between the cantilever and the sample were 

minimized to obtain measurements of the unitary αIIbβ3-RGD unbinding force. An adhesion 

frequency of ~33% in the force measurements ensured that there was a >83% probability 

that the adhesion event was mediated by a single bond [52]. The αIIbβ3-RGD interactions 

were characterized by the dynamic force spectrum (DFS), which is the plot of most 

probable unbinding force as a function of the loading rate. The unbinding force was probed 

at low affinity in the DMEM culture medium (control), the unbinding force of the αIIbβ3-

RGD interaction increased linearly with the logarithm of the loading rate, ranging from 40 

to 70 pN over loading rates of 400 to 4,000 pN/s, respectively. 

A more detailed analysis of the measurements of the αIIbβ3-RGD interaction was 

achieved by fitting the Bell-Evans model [47] to the acquired DFS. The Bell-Evans model, 

a theory to determine energy landscape properties, describes the influence of an external 

force on the rate of bond dissociation[46, 47]. According to this model, a pulling force, f, 

distorts the intermolecular potential of a ligand-receptor complex, leading to a lowering of 

the activation energy and an increase in the dissociation rate k(f) as follows: 

[4-1] 

where  is the dissociation rate constant in the absence of a pulling force,  is the 

position of the transition rate, T is the absolute temperature, and is the Boltzmann 

0( ) exp
B

f
K f k

k T

 
  

 

0k 

Bk



79 
 

constant. For a constant loading rate rf, the probability density for the unbinding of the 

complex as a function of the pulling force f is given by 

[4-2] 

with the most probable unbinding force  given by 

[4-3] 

Hence, the Bell model predicts that the most probable unbinding force f* is a linear 

function of the logarithm of the loading rate. Experimentally, f* was determined from the 

mode of the unbinding force histograms. The Bell model parameters were determined by 

fitting Equation 4-3 to the plot of f* versus ln(rf). 

 

4.3 Results 

4.3.1 Binding of SNV to PSI domain of β3 integrin modulates affinity at the P2Y2R 

occupied RGD site 

Here we used AFM to determine whether the attachment of SNV to the PSI domain 

triggers integrin activation as measured by a change in affinity at the integrin RGD cis-

interaction with P2Y2R. These experiments were carried out using parent CHO-K1 cells. 

Over the past two decades, atomic force microscopy (AFM) has emerged as an important 

tool for studying single molecule ligand-receptor interactions, whereby the strength of 

protein-protein interactions has been measured by a pulling force to induce unbinding 

[125]. αIIbβ3- 
RGDP2Y2R interactions were studied using the recombinant platelet αIIbβ3 

integrin, attached to an AFM cantilever via an established crosslinking protocol using a 

hetero-bifunctional PEG linker [125, 126]. Using a piezoelectric translator, the integrin-
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functionalized cantilever was lowered onto a P2Y2R-expressing CHO-K1 cell until binding 

between the integrin and RGD binding site occurred as determined from the deflection of 

the cantilever via a position-sensitive two-segment photodiode (Figure 4.1A). Figure 4.1C 

shows ten consecutive pulling force traces, where the 4th, 6th and 9th trace correspond show 

the specific rupture force of the putative αIIbβ3- 
RGDP2Y2R complex. The unbinding force 

(Fu) of the αIIbβ3-P2Y2R complex was derived from the force jump that accompanies the 

unbinding of the complex (Figure 4.1B) [125, 126]. For each pulling speed, over 200 force 

curves were recorded, which yielded 50 to 150 unbinding forces (Figure 4.1; Figure 4.2D). 

In the same setting P2Y2R siRNA knockdown CHO-K1 cells were probed by AFM to 

determine the putative specificity of the αIIbβ3 -RGDP2Y2R. The overall interaction 

specificity of the AFM probe was determined by comparing the adhesion frequency 

measured with an integrin-functionalized probe relative to the PEG linker only probe. The 

adhesion frequency data, measured under the same experimental conditions and 

summarized in Figure 4.2A, demonstrate the overall specificity of the αIIbβ3- 
RGDP2Y2R 

interaction which is manifested by the diminution of adhesion frequency in P2Y2R 

knockdown cells relative to the P2Y2R replete cells. The single molecule unbinding force 

(Fu) of the αIIbβ3-RGD site complex was derived from the force jump that accompanied the 

unbinding of the complex [52]. 
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Figure 4.1 Atomic Force Microscopy (AFM) measurements of individual integrin-P2Y2R 

interactions. (A) Schematic and bottom view microgragh of AFM micro-cantilever 

functionalized with αIIbβ3 above RGD binding sites on CHO-K1 cells. (B) A typical 

cantilever-CHO-K1 unbinding traces. Fu is the unbinding force. The lower panel shows 

the 4 stages of stretching and rupturing a single ligand-receptor complex using the AFM: 

1) AFM-cell surface engagement 2) retraction 3) extension 4) rupture. (C) To enable 

measurement of a single molecule interaction, the contact time and indentation force 

between the cantilever and the sample were minimized to obtain measurements of the 

unitary αIIbβ3-P2Y2R unbinding force. An adhesion frequency of ~33% in the force 

measurements ensured that there was a >83% probability that the adhesion event was 

mediated by a single bond [52]. Shown are ten representative consecutive force-

displacement (retract) traces between a cantilever tip functionalized with SNV and a CHO-

K1 cell under conditions of minimal contact. The 4th, 6th and 9th force curves revealed 

adhesion. 
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4.3.2 SNV binding to the PSI domain induced integrin activation 

The activation state of αIIbβ3 is an intrinsic characteristic of the integrin that is 

independent of the local cell membrane environment [127]. To determine whether SNV 

binding to the PSI domain induced integrin activation, the integrin-functionalized 

cantilever was pre-incubated with fluorescently labeled SNVR18 particles or a mixture of 

SNVR18 and PSI domain polypeptide to competitively block the interaction between the 

cantilever and SNVR18. Association of SNV and the AFM tip was confirmed by imaging 

SNV fluorescence on the AFM tip as shown in Fig. 4B. Mn2+ was used as a positive control 

for integrin activation [21] (Figure 4.2C&D). Analysis of the Fu histograms showed that 

the distribution of unbinding forces of the PSI peptide-treated sample was bimodal, with 

each peak corresponding to the most probable force of the control and SNV- or Mn2+-

activated integrins, indicating that this could be a combination of Fu profiles for the low 

and high affinity integrins due to incomplete blocking (Figure 4.2D). As the unbinding 

forces depend on pulling speed (loading rate) [46, 47] rupture forces were measured over 

a wide range of loading rates (300-7,000 pN/s) to yield a plot of unbinding forces (Fu) 

versus loading rate for low and high affinity integrins (Figure 4.2C). The plot is called a 

dynamic force spectrum (DFS) [52].  Interestingly, the rupture force for SNV activated 

integrins was comparable to Mn2+ activation. Overall the rupture forces required to separate 

the αIIbβ3-RGD interactions at low and high affinity were comparable to literature 

measurements at similar loading rates [128, 129]. These results indicate, for the first time, 

that SNV engagement of the PSI domain induces integrin activation. This enabled us to 

next explore the downstream effects of this activation in living cells. 
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Figure 4.2 Virus binding to PSI domain activates integrin. (A) Adhesion frequency of AFM 

measurements of integrin-RGD interactions vs. PEG in WT CHO-K1 and siRNA P2Y2R 

knockdown cells. Contact force, contact time and retraction speed were 200 pN, 0.15 s and 

3.7 um/s, respectively. *P<0.05 between the indicated groups. (B) Fluorescence 

micrographs (bottom view) of an integrin-functionalized cantilever (left), the same 

cantilever pre-incubated with fluorescently labeled SNVR18 (middle), and with SNVR18 and 

PSI domain polypeptide for blocking SNV binding (right). (C) The dynamic force spectra 

of the αIIbβ3- RGD interactions. The Bell-Evans model fit of Fig. 1C revealed a 4-fold 

decrease in the dissociation rate (or a 4-fold increase of lifetime) for the Mn2+ activated 

integrin (0.10 s-1) compared with that for the resting integrin (0.40 s-1). By assuming the 

energy difference between two Mn2+ activated and resting integrins to be given as G1,2 = 

-kBT ln(k1
0/ k2

0), where k1
0 and k2

0 are the dissociation rate constants of Mn2+ activated and 

resting integrins, respectively, the data revealed that the integrin activation increased the 

activation energy by 1.4 kBT. (D) Histograms of the unbinding forces between αIIbβ3 and 

P2Y2R under the indicated conditions. Loading rates of the histograms were approximately 

1000 pN/s. 
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4.4 Discussion 

In the present study, we demonstrate a new function for P2Y2R as an essential 

mediator of SNV entry and replication in non-polarized cells. We used single molecule 

force spectroscopy to show that interaction of SNV with the integrin β3 PSI domain, results 

in integrin activation. The canonical model for integrin affinity regulation involves the 

dynamic equilibrium among three states:  inactive, active, and active and ligand-occupied 

[127, 130]. Transitions between these states involve dynamic allosteric changes. The 

terminal step is the binding of talin to the cytoplasmic domain of the integrin causing 

conformational activation of the integrin by inducing a separation of the α and β subunit 

cytoplasmic domains [95, 104, 127]. Using CHO cell lines, one expressing wild type αIIbβ3 

integrin and another expressing αIIbβ3 with a loss of function mutation for transmembrane 

signaling [127, 131, 132], we found that productive infection required full activation of 

wild type αIIbβ3 integrin. 

Our data also indirectly demonstrated a role for Gs activity in cell entry, which was 

antagonized by Gi signaling. Although the mechanism by which it is activated is not yet 

characterized, several studies have established that integrin tension can recruit active Gs 

proteins to focal adhesions [133, 134]. In the low affinity conformation, the height of the 

integrin’s ligand binding site is comparable to the P2Y2R binding motif, whereas the 

allosteric change in conformation of activated integrin can potentially increase the height 

difference to >100 Å when the integrin is fully activated [135-137]. Previous studies have 

shown that forces transmitted by integrins regulate many important cellular functions [138-

143].  Recent studies have determined that the threshold tension across a single integrin-

ligand bond, termed integrin tension, that is transmitted by clustered integrins in motile 
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focal adhesions (FAs) is on the order of >54 pN [144]. This value is less than the > 70pN 

unbinding force, measured herein (Figure 4.2D) required to disengage SNV-activated 

integrin from the P2Y2R, which supports the notion that Gs activating focal adhesions [133, 

134] are formed by the integrin tension created by the activated integrin while cis-

interacting with P2Y2R. This line of enquiry is worthy of further pursuit. 

P2Y2R is upregulated in a variety of tissues by inflammatory mediators released 

during infection [145-153] and therefore could be a critical factor in the spread of 

hantavirus and pathogenesis. ATP and P2Y2R signaling affects a broad range of biological 

processes such as the generation of chemotactic signals and/or the activation of different 

immune cells, causing inflammatory cells such as neutrophils to migrate, proliferate, 

differentiate, or release diverse inflammatory mediators [145, 154, 155]. More recently, β2 

integrin receptors such as Mac-1 (αMβ2, CD11b/CD18, complement receptor 3 (CR3) and 

αXβ2 (CD11c/ CD18), and complement receptor 4 (CR4), expressed in leukocytes, have 

been implicated as entry receptors for hantavirus [89]. Thus, elucidating the role of P2Y2R 

as a mediator of hantavirus infection and recruiter of leukocytes to sites of active 

inflammation could be significant for understanding the pathogenesis of hantavirus 

infections [156, 157]. P2Y2R is capable of being treated with drugs and thus provides an 

opportunity to mitigate the disease [158, 159]. This is likely to result in the identification 

of potential new targets for discovery and the development of more effective antiviral drugs 

some of which can be repurposed from existing G-protein specific drugs. 
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4.5 Contribution in science 

Endothelial cells and platelets express β3 integrins, which are believed to play 

prominent roles in the pathogenesis of Hantavirus infections. Under normal physiological 

conditions integrins expressed on the apical surface of vascular endothelial cells and 

platelets exist in a low-affinity state with respect to extracellular ligand binding and require 

intracellular signals to bind physiologic ligands. Although manipulation of the integrin PSI 

domain has been shown to elicit integrin activation, the functional mechanisms of integrin 

activation associated with SNV virus and proteins have not yet been investigated. 

In the present study, we demonstrate a new function for P2Y2R as an essential 

mediator of β 3 integrin activation during SNV entry and replication in non-polarized cells. 

We found that P2Y2R fulfills this role via an integrin-binding domain (RGD) in its first 

extracellular loop of P2Y2R. Our results show that SNV binding to the PSI domain prompts 

an increase in affinity at the P2Y2R occupied ligand-binding site.  The findings of this 

project provide new insights into integrin activation and how viruses exploit such a 

pathway to maintain their lifecycle.  
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5 Conclusions 

 

The research work in this dissertation was focused on analyzing the interactions 

between integrins and ligands. Single molecule force spectroscopy (SMFS) and single cell 

force spectroscopy (SCFS) were used to study the mechanical strength and force dependent 

dissociation kinetics of adhesive bonds formed in integrin-ligand complexes. The Bell-

Evans model was used to analyze the data.  

In Chapter 2, through SMFS and SCFS measurements on interactions between 

integrin α4β7 stable transfectant K562 cell and MAdCAM-1 coated dish, we obtained the 

rupture forces needed to dissociate the α4β7/MAdCAM-1 complex in vitro and the Bell 

parameters of the complex dissociation. Our data demonstrated that dissociation rates 

under external force make a difference between different bond affinities. The data suggests 

that induction of higher affinity states elevates the heights of the energy barriers of integrin 

complex dissociation, but has minimal effect on the width of the barriers, and that cellular 

membrane tether bonds play significant roles in maintaining the cell-substrate adhesion for 

seconds. This partially explains the biophysical mechanism of α4β7-mediated leukocyte 

rolling or firm adhesion. The results can be used to perform mathematical modeling to 

better understand leukocyte and immune system behave. There are still many unknown 

points underlying the biophysical mechanism of integrin-mediated leukocyte migration, 

which are crucial for understanding integrin functions and for solving problems caused by 

integrin dysfunction. 
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In Chapter 3, SCFS technique was used to elucidate the mechanism of integrin 

affinity regulation by chemokines, as well as the interplay among chemokine signaling, 

force, integrin affinity and integrin conformation. The data showed that the chemokines 

CCL25 and CXCL10 have an opposite effect on the affinity of 47MAdCAM-1 

interactions. However, the enhancement of lifetime after CCL25 stimulation is less than 

that of Mg2+, a widely use method to induce high affinity integrin in vitro. Furthermore, 

there seemed to be no catch/flex bond behavior at 80 pN. Therefore, the data demonstrated 

that the affinity change after chemokine activation is different from the cationic stimulation, 

suggesting that the SCFS approach might be a suitable technique to study chemokine-

induced leukocyte adhesion, and to screen potential drugs to modulate leukocyte 

trafficking. Our results provide important biophysical parameters of the dissociation 

process, and partially explain the biophysical mechanism of chemokine regulation of 

integrin α4β7-mediated leukocyte homing to target tissues. The results have filled the long-

standing knowledge gap on integrin biology, which has broad and important implication 

for many immune disorders. 

In Chapter 4, we used SMFS to show that interaction of SNV with the integrin β3 

PSI domain, results in integrin activation and demonstrated a new function for P2Y2R as 

an essential mediator of β 3 integrin activation during SNV entry and replication in non-

polarized cells. We found that P2Y2R fulfills this role via an integrin-binding domain 

(RGD) in its first extracellular loop of P2Y2R. Our results show that SNV binding to the 

PSI domain prompts an increase in affinity at the P2Y2R occupied ligand-binding site.  The 

findings provide new insights into integrin activation and how viruses exploit such a 

pathway to maintain their lifecycle.   
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