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Binding between protein molecules on contacting cells is essential in initiating and regulating several key biological processes. In contrast to interactions between molecules in solution, these events are restricted to the two-dimensional (2D) plane of the meeting cell surfaces. However, converting between the more commonly available binding kinetics measured in solution and the so-called 2D binding kinetics has proven a complicated task since for the latter several factors other than the protein-protein interaction per se have an impact. A few important examples of these are: protein density, membrane fluctuations, force on the bond and the use of auxiliary binding molecules. The development of model membranes, and in particular supported lipid bilayers (SLBs), has made it possible to simplify the studied contact to analyze these effects and to measure 2D binding kinetics of individual protein-protein interactions. We will in this review give an overview of, and discuss, how different SLB systems have been used for this and compare different methods to measure binding kinetics in cell-SLB contacts. Typically, the SLB is functionalized with fluorescently labelled ligands whose interaction with the corresponding receptor on a binding cell can be detected. This interaction can either be studied 1) by an accumulation of ligands in the cell-SLB contact, whose magnitude depends on the density of the proteins and binding affinity of the interaction, or 2) by tracking single ligands in the SLB, which upon interaction with a receptor result in a change of motion of the diffusing ligand. The advantages and disadvantages of other methods measuring 2D binding kinetics will also be discussed and compared to the fluorescence-based methods. Although binding kinetic measurements in cell-SLB contacts have provided novel information on how ligands interact with receptors in vivo the number of these measurements is still limited. This is influenced by the complexity of the system as well as the required experimental time. Moreover, the outcome can vary significantly between studies, highlighting the necessity for continued development of methods to study 2D binding kinetics with higher precision and ease.
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1 INTRODUCTION
The cell membrane forms a barrier between the intracellular and the extracellular environment to preserve the conditions necessary for cellular processes. While acting as a barrier, the cell membrane also allows for transport and signal transduction. To accomplish this the membrane is composed of a lipid bilayer containing a large variety of membrane proteins that can interact with the surrounding environment. These membrane proteins can diffuse laterally in the fluid membrane and are crucial for vital tasks such as cell-cell recognition, signal transduction, endocytosis and ion transport (Céspedes et al., 2020). In addition, binding between protein ligands and receptors across cell-cell contacts are governing a wide range of events from cell signaling to cell mobility and adhesion (Bierer and Burakoff, 1988; Springer, 1990; Dustin, 2019; Trebak and Kinet, 2019). To better understand these processes binding kinetic data are of great value. However, measurements of these so-called two-dimensional (2D) binding kinetics are hampered by the complexity of the cell membrane, and experimental data on 2D binding kinetics have been limited. Therefore, a more simplistic system is needed where one or both of the contacting cell surfaces are replaced with a model membrane allowing for controlled composition of lipids and proteins (Chan and Boxer, 2007; Loose and Schwille, 2009; Zhao et al., 2014). A model system, that was used already in the 1980s to study cell-cell interactions, is the supported lipid bilayer (SLB) (McConnell et al., 1986). The SLB consists of a lipid bilayer resting on a solid surface that can be functionalized with molecules such as protein ligands (Figure 1). Different methods of functionalizing the SLB exist, and we will discuss some of the most common ones in this review.
[image: Figure 1]FIGURE 1 | Schematic of a cell-cell vs cell-SLB contact. Left: Cell-cell contact with the cell membrane depicting the different lipids, sugars, and proteins. Trans-interaction between the membrane proteins take place, forming the cell-cell contact. Right: Cell-SLB contact. The SLB replaces one of the contacting cells, but with a simplified composition, here containing only one type of lipid and two types of protein ligands.
Experimentally, measuring 2D binding kinetics is more challenging than measuring the corresponding interaction between proteins in bulk solution, henceforth termed three-dimensional (3D) binding kinetics. Several attempts have been made to theoretically connect 2D and 3D binding kinetics, but despite progress in this area, it remains a complicated task since several other factors than the protein-protein interaction per se can have a significant impact on binding in 2D. Such factors are for example protein density (Reister-Gottfried et al., 2008; Junghans et al., 2020) and auxiliary binding molecules (Jönsson et al., 2016; Junghans et al., 2020). Similarly, applied force on the bond (Depoil and Dustin, 2014) as well as membrane fluctuations (Weikl et al., 2019) can have an important influence on the binding kinetics, although this can differ significantly depending on the system used to study this. These discrepancies stress the need for having a controlled system when measuring 2D binding kinetics and we will discuss these effects in more detail in this review.
Different methods of measuring 2D binding kinetics using fluorescence microscopy have emerged to study ligand-receptor interactions in a cell-SLB contact. Brian and McConnell studied already in the mid-1980s the interaction between functionalized SLBs and cytotoxic T cells (Brian and McConnell, 1984) and some years later McCloskey and Poo used fluorescence microscopy to measure the accumulation of fluorescent receptors in the contact between a cell and a liposome (McCloskey and Poo, 1986). In the mid-1990s, Dustin et al. (1996) were the first to measure 2D binding affinity in a cell-SLB contact between the adhesion molecules CD2 and CD58, measurements that were refined in the following year (Dustin et al., 1997). Later, different groups also used cell-SLB contacts and fluorescence microscopy to image the distribution of different molecules in the immunological synapse (Dustin et al., 1998; Grakoui et al., 1999). Altogether, these studies paved the way for using fluorescence-based assays to determine the binding affinity of a receptor-ligand complex, which is achieved by measuring the accumulation of ligands in the cell-SLB contact at different ligand densities on the SLB (Zhu et al., 2007; Dustin, 2009). However, these studies were limited by the necessity to take measurements at steady-state and thus only obtained the affinity of the binding pair and not the rate constants or lifetimes. Later, different single-molecule imaging methods were developed from which one could get the 2D lifetime of different interactions in addition to the affinity on a single bond level (Huppa et al., 2010; O’Donoghue et al., 2013). We will here summarize some of the main findings observed with these methods and discuss various advantages and disadvantages of the different methods measuring 2D binding kinetics as well as recent developments in this area.
Other methods of measuring 2D binding affinity also exist and are based on measuring the likelihood and lifetime of individual bonds forming when a cell and a ligand-coated surface are brought into contact mechanically (Zhu et al., 2013). In addition to estimating an affinity and measuring lifetimes, mechanical-based methods can also be used to study how force influences the bond lifetime, which depending on the interaction can have a significant impact (Depoil and Dustin, 2014). We will at the end of this review discuss different mechanical-based methods and how the results from these studies aid the findings from the fluorescence-based methods mentioned above. Taken together, 2D binding kinetics can be measured with various methods that make use of different model membrane systems to isolate the studied interaction. Each method has different advantages and by using a combination of these approaches we can get a more comprehensive understanding of binding kinetics in 2D and how they compare to their 3D counterparts. Despite the constant development and increase in accuracy of these techniques, there are still many ambiguous results in this area. Moreover, measuring weak interactions between ligands and receptors is still, in some instances, a challenging task that would greatly benefit from improved accuracy and the development of more robust methods.
2 GENERAL 2D AND 3D ADHESION THEORY
Studying the binding kinetics of a protein-protein interaction entails the detection of the binding affinity and the lifetime of the studied receptor-ligand complex. The lifetime, τoff, of a protein-protein complex describes the average time between the formation and dissociation of the complex, whereas the dissociation constant Kd (1/affinity) is the concentration of ligands where half of the receptors have bound a ligand:
[image: image]
where [R] is the concentration of free receptors, [L] the concentration of free ligands and [RL] the concentration of formed receptor-ligand complexes. For 3D binding events occurring between a sensor surface immobilized with receptors at a concentration [R]max and freely diffusing ligands in solution, Eq. 1 becomes:
[image: image]
For protein binding in a cell contact the situation is slightly different. First, whereas the [image: image] is expressed in units of volume, the [image: image] is expressed in molecules per area. Similarly, while [R], [L], and [RL] in 3D are expressed in units of molar concentration, the 2D counterparts are given in units of molecules per area. Second, for 2D binding, [R]max is no longer a constant as both ligands as well as receptors are mobile and can diffuse into the cell contact. Hence, Eq. 2 changes to:
[image: image]
where Ntot × f/Scell is the density of mobile receptors on the cell surface, f is the fraction of mobile receptors, and p is the ratio between the contact area and the total cell surface area, Scell (Zhu et al., 2007). The maximum density of bound complexes is now given by Ntot × f/(Scell × p) and is a factor of f/p larger than the initial receptor density on the cell. For practical reasons the expression in Eq. 3 is commonly written as:
[image: image]
where [RL] and [L] are designated as B and F, respectively. This expression is known as the Zhu-Golan expression and predicts a linear relation between the relative accumulation of ligands, B/F, in the contact and the parameter B × p (Zhu et al., 2007). The slope is given by [image: image] and the x-intersect is equal to the density of the total amount of mobile receptors on the cell surface, Ntot × f/Scell.
The Kd in 2D is obtained by the slope in Eq. 4 and connects to its 3D counterpart via a characteristic confinement length, h (Bell, 1978; Bell et al., 1984):
[image: image]
In theory, this confinement length can be motivated by the ligands and receptors forming an encounter complex that in turn can react to form the bound state (Bell, 1978). Under the assumption that the forward and reverse rates from the encounter complex to the bound state are the same in 2D and 3D, then h approximately corresponds to the maximum distance between a ligand and a receptor entering the encounter complex (Bell, 1978). Although this assumption can be influenced by several parameters such as the flexibility of the molecules (Pierres et al., 1998; Wu et al., 2011) typical values of h obtained by comparing 2D and 3D data for the same interaction are of the order of 1 nm, the same value as was theoretically estimated by Bell in 1984 (Bell et al., 1984).
Under the same assumptions, the expressions given by Bell (Bell, 1978) can be used to derive an expression for the lifetime of the interaction in 2D and 3D yielding:
[image: image]
where [image: image] and [image: image] are the 2D and 3D lifetime of the interaction, respectively, Dm (L) is the diffusivity of the ligands and Dm (R) the diffusivity of the receptors. From Eq. 6 it can be observed that, under these conditions, the 2D lifetime is always larger, or in the limit equal to, the 3D lifetime. In practice, for a ligand-receptor interaction such as a T-cell receptor (TCR) binding its cognate peptide major histocompatibility complex (pMHC) molecule we can estimate: [image: image] = 10 s, [image: image] = 10 molecules/µm2 and Dm (L) = Dm (R) = 0.05 μm2/s, which inserted into Eq. 6 gives [image: image] = [image: image]. Thus, the 2D and 3D lifetime would for this case be similar, an observation that appears to be valid at least for some experimental systems studied (O’Donoghue et al., 2013; Hong et al., 2015).
3 SUPPORTED LIPID BILAYERS FOR 2D BINDING STUDIES
One of the most used membrane mimics is the SLB, which is a lipid bilayer supported by a substrate, typically a flat cover glass slide. The composition of this model membrane can be chosen with high accuracy and is compatible with different surface-based techniques, including fluorescence microscopy (Lichtman and Conchello, 2005; Céspedes et al., 2020). Furthermore, the SLB can be functionalized with proteins resulting in a simplified, flat, and stable cell membrane mimic which facilitates protein-interaction studies. There are various methods to produce SLBs including the Langmuir-Blodgett monolayer transfer or vesicle adsorption and rupture method (Castellana and Cremer, 2006), where the latter is arguably the most used method today. In this method, small unilamellar vesicles of a desired lipid composition adsorb from solution onto the substrate upon which they deform and rupture into a continuous fluidic lipid bilayer (Figure 2A). However, it should be noted that while this method is straightforward for simpler lipid compositions, forming SLBs with a more complex composition involving e.g., charged lipids, cholesterol and phase separating lipids, can be challenging and in many cases not possible (Hardy et al., 2013). In addition, cell membranes show a high level of asymmetry in lipid composition between inner and outer leaflets (Lorent et al., 2020). This asymmetry can to some degree be mimicked in SLBs when using Langmuir-Blodget monolayer transfer, but is more complicated when using vesicle adsorption and rupture to form the SLB (Céspedes et al., 2020). Studies of 2D binding kinetics typically have been restricted to SLBs with phosphatidylcholine as the main membrane component. Information about the influence more complex lipid mixtures have on the binding between ligands and receptors are largely lacking. To be able to investigate this, full-length transmembrane proteins should be incorporated into the model membrane, something that is generally challenging when working with SLBs.
[image: Figure 2]FIGURE 2 | Formation and modification of SLBs. (A) SLB formation through vesicle adsorption and rupture. The vesicles adsorb onto a clean glass support, where they rupture and unfold forming an SLB. (B) SLBs can be functionalized with proteins using different anchor strategies including GPI linkers, nickel-chelating lipids binding polyhistine-tagged proteins, biotinylated lipids binding, via streptavidin, biotinylated proteins, and DNA linkers.
The distance between the SLB and the underlying solid supporting substrate is of the order of 1 nm, which results in proteins spanning the SLB will be hindered by the underlying substrate and not be mobile (Tanaka and Sackmann, 2005). Different approaches using polymer-supported lipid bilayers have been developed to increase the distance between the support and the lipid bilayer to circumvent this, allowing for incorporation of mobile, transmembrane proteins (Tanaka and Sackmann, 2005; Pace et al., 2015). However, incorporating a functional transmembrane protein into a lipid bilayer is by itself challenging and requires careful choice of insertion methods and solubilizers used (Jørgensen et al., 2017). Therefore, in the majority of 2D binding kinetic studies, only the extracellular part of the studied protein has been used. This simplifies the SLB preparation considerably but comes with the drawback that the influence the membrane composition can have on the binding kinetics is omitted. There are several approaches to anchor the extracellular domains of a protein to SLBs (Figure 2B): 1) Proteins can be modified with a glycosylphosphatidylinositol (GPI) linker at the c-terminus that intercalates into the bilayer while forming the SUVs (Paulick and Bertozzi, 2008). 2) Polyhistidine-tagged proteins can bind non-covalently to so-called nickel-chelating lipids in the bilayer (Nye and Groves, 2008). These lipids have a nitrilotriacetic acid (NTA) modified head group that forms coordination compounds with nickel-ions to which histidine can bind (Dietrich et al., 1995). 3) Lipid head groups can also be biotinylated, which allows the binding of a biotinylated protein via a streptavidin linker to the lipid (Liu et al., 1995). Whereas the GPI-linker and the biotin-streptavidin interaction are strong the polyhistidine tag binding to the nickel-chelating lipid is weaker and the bound proteins can detach during an experiment (Nye and Groves, 2008). To minimize this effect polyhistidine-tags with more histidine repeats (>10xH) are often used. Prolonging incubating times of the polyhistidine-tagged proteins with the lipid bilayer has also been shown to have a stabilizing effect (Nye and Groves, 2008). Disadvantages of using GPI-linked proteins are that the GPI linker itself can induce protein aggregation (Dustin and Groves, 2012) and that the preparation of GPI anchored proteins is, in general, more complex compared to the production of polyhistidine-tagged proteins. A problem of biotin-streptavidin linked proteins is the addition of an, at least, extra 5 nm to the overall protein size, which can be particularly problematic in cell-SLB interface studies where the height of the molecules vs the cell-SLB gap is important. 4) The SLBs can also be functionalized with DNA grafted onto the lipids, to which an opposite DNA strand, containing the studied protein ligand, is added (Wilhelm et al., 2021). This allows for a versatile tool, particularly by being able to alter the number of nucleotides making it possible to change the length of the DNA tether as well as the interaction strength between two DNA strands. The latter has for example been used to vary the binding strength of ligands in a chimeric antigen receptor system (Taylor et al., 2017). It is also possible to use DNA origami to control the lateral position of two or more ligands relative to each other in a cell-SLB contact (Hellmeier et al., 2021). For all these methods, care must be taken such that the cells do not bind non-specifically to the model membranes. This has been shown to be particularly important when using nickel-chelating lipids, which can bind to cell receptors on the approaching cell and potentially cause cell signaling (Dam et al., 2021). However, by using different approaches to passivate the SLB, such as adding bovine serum albumin or polyethylene glycosylated lipids in the SLB, the unspecific binding events can be minimized (Taylor et al., 2017; Dam et al., 2021). It should be stressed that the sample preparation is the first crucial step in 2D binding kinetic studies using SLBs and thus verifying the properties of the deposited SLB should be done before performing any interaction experiment. This includes checking for unspecific binding as discussed above, and to measure the lipid and protein mobility using, e.g., fluorescence recovery after photobleaching (FRAP) to measure the mobility of lipids and proteins in the SLB (Lorén et al., 2015).
4 2D BINDING KINETICS MEASURED USING THE ZHU-GOLAN METHOD
Early fluorescence-based 2D binding studies especially revolved around the CD2-CD58 interaction between T cells and antigen presenting cells. In 1996, Dustin and colleagues obtained a binding affinity of 21 molecules/μm2 for this interaction by studying CD58-functionalized SLBs interacting with CD2-presenting Jurkat T cells (Dustin et al., 1996) using an analysis method proposed by Scatchard (1949) in the late 1940s. However, the Scatchard method considers the receptor concentration to be constant, an assumption that is not valid in a cell-SLB contact. To correct for this, an improved analysis model to determine the 2D binding affinity, the so-called Zhu-Golan model (Eq. 4), was developed (Dustin et al., 1997; Zhu et al., 2007). In these measurements, the accumulation of fluorescently labeled ligands in the cell-SLB contact is measured for SLBs containing different densities of ligands (Figure 3A). By fitting this data to the Zhu-Golan expression in Eq. 4 the 2D Kd of the receptor-ligand interaction can be obtained. It is important to emphasize here that the cell-SLB area is a highly dynamic environment. The contact area grows over time until it reaches a steady-state value, which is a function of the initial ligand density in the SLB (Shao et al., 2005; Junghans et al., 2020). A period of ∼30 min is typically required for ligand-functionalized bilayers to reach steady state upon interaction with receptor-expressing Jurkat T cells (Dustin et al., 1997; Zhu et al., 2007; Chouliara et al., 2021).
[image: Figure 3]FIGURE 3 | Different fluorescence-based methods for measuring 2D binding kinetics in cell-SLB contacts. (A) In the Zhu-Golan method cells expressing the studied receptor interact with SLBs carrying the corresponding ligand. By measuring the accumulation of fluorescently labeled ligands in cell-SLB contacts for SLBs with different densities of ligands, the 2D Kd of the interaction can be obtained using Eq. 4. (B) Using FRAP a delimited area of the ligands (red circles) in the cell-SLB contact (blue area) is photobleached and by following the rate of recovery the lifetime of the interaction can be estimated. (C) Single-molecule fluorescence microscopy is used to track the motion of fluorescently labeled ligands (red circles) in the cell-SLB contact (blue area). Unlabeled ligands are here included to facilitate the formation of the cell-SLB contact. When the ligands bind, they stop moving, and from this the average 2D lifetime of the interaction can be determined.
The Zhu-Golan analysis requires the measurement of the concentration of bound and free ligands, as well as the cell-area fraction that is in contact with the SLB. One complicating factor is that, due to steric effects, the density of free ligands in the cell-SLB contact is generally lower compared to the density on the SLB outside the contact (Dustin, 2009). To estimate the free ligand density in the cell-SLB contact a non-binding protein of similar size has often been used as an addition to the ligand of question. By using this approach it has been shown that the density of free ligands in the contact is typically reduced by 25–50% among the cells for proteins of 5–10 nm height (Zhu et al., 2007; Jönsson et al., 2016; Junghans et al., 2020).
The Zhu-Golan method has been used to obtain 2D Kds for a range of protein-protein interactions. For example, the 2D Kd of the human CD2-CD58 interaction has been found to be ∼6 molecules/μm2 (Zhu et al., 2007), whereas the corresponding rat CD2-CD48 interaction had an almost order of magnitude higher 2D Kd of ∼40 molecules/μm2 (Dustin et al., 1997; Jönsson et al., 2016). Compared to the corresponding 3D Kd values of 10 and 60 µM (Davis et al., 2003), for human CD2 binding CD58 and rat CD2 binding CD48, respectively, this gives, using Eq. 5, a similar h value of around 1 nm for both interactions. In addition, the interaction between rat CD2 binding different mutants of CD48 has also been studied. For rat CD48T92A, a high affinity mutant of CD48, a 2D Kd of 6 molecules/μm2 was obtained by Junghans et al. (2020), and Jönsson et al. (2016) measured the 2D Kd for rat CD48Q40R, a weaker binding mutant of CD48, to be 380 molecules/µm2. With a 3D Kd of 11 µM for the rat CD48T92A interaction (Evans et al., 2006) and a 3D Kd of 440 µM for the rat CD48Q40R interaction (Jönsson et al., 2016) this results in h values of 0.9 and 1.4 nm for rat CD2 binding to rat CD48T92A and rat CD48Q40R, respectively. Furthermore, two other studies used the Zhu-Golan method to measure binding kinetics of the CD28-CD80 interaction, which provide a costimulatory signal in T-cell activation, obtaining a 2D Kd of 1 molecule/μm2 (Bromley et al., 2001), and of L3-12 TCR binding to the pMHC class II molecule HLA-DQ8 containing the glia-α1-peptide, of 14 molecules/μm2 (Junghans et al., 2020). Comparing with the 3D Kd values of 2 and 7 µM for CD28-CD80 (Bromley et al., 2001) and L3-12 TCR binding HLA-DQ8-glia-α1 (Broughton et al., 2012), this gives an h of 0.8 nm for CD28-CD80 and an h of 3 nm for L3-12 TCR binding HLA-DQ8-glia-α1. Why the TCR-pMHC interaction has a larger h value than the other interactions mentioned here, and thus also a relatively weaker 2D vs 3D affinity, is not known, but it highlights the possible differences when comparing proteins restricted to a membrane and proteins free in solution. The Zhu-Golan method is also well suited to study weak interactions. For example, Jönsson et al. (2016) used this to study the CD4-pMHC class II interaction obtaining a 2D Kd of 5000 molecules/μm2, as far as we know the lowest 2D affinity reported to date for a receptor-ligand interaction (Jönsson et al., 2016). A corresponding 3D Kd value for this interaction has so far been too weak to measure.
Obtaining accurate values for binding affinities using the Zhu-Golan method requires measuring over several cell-SLB contacts for each ligand concentration. This is due to an inherent spread in accumulation for each cell contact caused by the spread in receptor density in the cell population (Jönsson et al., 2016; Chouliara et al., 2021). It has further been shown that cells expressing a higher number of surface receptors have a higher probability to bind to SLBs with low ligand densities, which can influence the outcome of the Zhu-Golan analysis (Dustin et al., 1997). A possible route to circumvent this is to regulate the density of ligands in the SLB after the cells have made contact. This can for example be done by adding more polyhistidine-tagged ligands to the solution, exploiting the fact that the histidine-NTA interactions are typically orders of magnitude stronger than the interaction between the ligand and the receptor, thus minimizing any undesirable binding to the cell surface outside of the cell-SLB contact. Junghans et al. (2020) used this approach to determine 2D Kd values of different ligand-receptor pairs with values similar to the ones obtained by the classical Zhu-Golan approach. However, in this approach the Kd obtained from single cell-SLB contacts was found to vary quite significantly (Junghans et al., 2020; Chouliara et al., 2021), making this approach less suitable to determine single-cell Kd values. For this purpose, it instead appears advantageous to start at a high density of ligands in the SLB and reduce the density of polyhistidine-tagged ligands in steps using, for example, imidazole as done by Chouliara et al. (2021). This was used to obtain accurate single-cell affinities of rat CD2 binding rat CD48T92A expressed on Jurkat T cells, showing only a minor spread in 2D Kd values over the whole cell population.
5 SINGLE-MOLECULE METHODS TO MEASURE 2D BINDING KINETICS
Whereas the Zhu-Golan method has been used extensively to study 2D affinities of various protein-protein pairs, it does not give information on the 2D lifetime of the interaction. For this purpose, FRAP has instead been used. In FRAP, a delimited area of fluorescent molecules in the cell-SLB contact is photobleached and the recovery of the intensity due to diffusion and binding of new fluorescent ligands is recorded (Figure 3B) (Dushek et al., 2008; Tolentino et al., 2008; Wu et al., 2008). Using this approach Tolentino measured a 2D lifetime of 14 s for human CD2 binding CD58, which is two orders of magnitude longer than the corresponding 3D lifetime (Tolentino et al., 2008). However, fitting the recovery over time in the cell-SLB contact is in general non-trivial and for short lifetimes the recovery will be dominated by diffusion. This gives a limit of 5–10 s for how short lifetimes that could still be accurately measured when using a 5–10 µm wide bleach spot (Jönsson et al., 2016; Junghans et al., 2020). However, since this limit scales with the initial width of the bleach spot squared it can in theory be shortened substantially (Jönsson et al., 2016).
In recent years, a method that has become dominant to measure short lifetimes is single-molecule imaging and tracking. The position of a single fluorescently labeled molecule can be determined with nm spatial resolution allowing for single-particle tracking of the molecule until it is bleached (Manzo and Garcia-Parajo, 2015) (Figure 3C). Single-particle tracking also makes it possible to detect protein binding events or protein association by distinguishing bound and free proteins either from a change in motion in the molecule’s trajectory (Axmann et al., 2012) or from reduced motion blur when a protein is bound (O’Donoghue et al., 2013). To further distinguish between bound and free ligands both the receptors and the ligands can be labelled with different fluorophores that act as a fluorescence resonance energy transfer (FRET) pair. Here a FRET signal is shown only when the ligand and receptor are bound, which was used by Huppa et al. (2010) to measure the 2D binding kinetics of 5c.c7 TCR and 2B4 TCR binding to different pMHC molecules (IEk/MCC, IEk/T102S and IEk/K99R). By comparing the median 2D Kd value in a cell-SLB contact with the corresponding 3D value h values ranging between 1.2 and 2.5 nm were obtained. The smallest h value was found for the weakest interaction, whereas the higher h values were found for pMHC molecules with highest (agonist) potency for T-cell activation. Interestingly, the interaction between the also agonistic L3-12 TCR binding HLA-DQ8-glia-α1 gave an h of 3 nm (Junghans et al., 2020), a factor of three higher than the “typical” 1 nm obtained from many other ligand-receptor interactions. Whether this is a coincidence or agonistic TCR-pMHC interactions, in general, have a higher h value can at the moment only be speculated.
Interestingly, the 2D affinities measured by Huppa et al. were of similar magnitude at 24 and 37°C (Huppa et al., 2010), a correlation that has also been observed by us for CD4 binding pMHC class II molecules (Jönsson et al., 2016) and for rat CD2 binding rat CD48T92A (Junghans et al., 2020; Dam et al., 2021). Nonetheless, Huppa et al. (2010) observed a monotonic decrease from 1.7 to 0.1 s in 2D lifetimes as the temperature was increased from 24 to 37°C. A similar lifetime at 37°C for this interaction was found later by Axmann et al. (2012) using a complementary single-molecule tracking method. Huppa et al. (2010) further found that the obtained 2D lifetimes were 3–12-fold shorter than the corresponding lifetimes measured in 3D, a difference that was reduced upon treating the cells with actin-depolymerizing drugs. This indicates that forces from the cytoskeleton can act on the bond reducing the lifetime of the interaction, a characteristic of a so-called slip bond. In contrast, O’Donoghue et al. (2013) tracked individual complexes of AND TCR and 5c.c7 TCR binding to IEk/MCC in live T cell-SLBs contacts and saw no influence on the 2D lifetime with and without actin-depolymerizing drugs, which in addition was similar to the lifetime measured in solution. Furthermore, no difference in the 2D lifetime of 5c.c7 TCR binding to IEk/MCC with temperature was observed (O’Donoghue et al., 2013). The reason for the diverse results between these studies is unclear, however, one possible explanation has been that Huppa et al. measured in the periphery of the immunological synapse instead of in the center, indicating that the local environment can influence the binding kinetics (Depoil and Dustin, 2014).
Pielak et al. (2017) used single-molecule imaging to quantify the ratio of bound and free ligands in cell-SLB contacts for T cells with AND TCR and 5c.c7 TCR binding SLBs with different pMHC molecules including IEk/MCC (Pielak et al., 2017). By also labelling the TCR in the cell membrane the number of receptors in the cell-SLB contact could be determined and from this the 2D Kd of the interaction. Overall, it was found that there was an affinity optimum when the density of the pMHC molecules ranged from 1 to 10 molecules/µm2. In addition, the 2D affinities obtained by Pielak et al. (2017) were weaker than those measured by Huppa et al. (2010). For example, the 2D Kd for 5c.c7 TCR binding IEk/MCC at 37°C was measured to be 39 molecules/µm2 by Huppa et al. (2010), whereas Pielak et al. (2017) had a value of 110–400 molecules/µm2 depending on the density of pMHC molecules in the SLB. With a 3D Kd of 40 µM for this interaction (Huppa et al., 2010), this corresponds to h = 1.6 nm for the data from Huppa et al. (2010) and h values ranging from 4.6 to 17 nm for the data from Pielak et al. (2017). The latter values are, compared to other measured interactions with fluorescence-based methods, quite high. A possible influencing factor to this might be that not all receptors detected in the cell-SLB contact by Pielak et al. (2017) are capable of binding pMHC molecules in the SLB, due to e.g., membrane undulations (Mege et al., 1986), leading to a too high estimate of the bound receptor density.
Single-molecule imaging has the advantage that rare binding events can be detected since the lifetime distribution instead of the population average is measured. Lin et al. (2019) used this to study binding events between AND TCR expressing T cells and SLBs functionalized with IEk/MCC while simultaneously monitoring T-cell activation. Their results showed that T cells responded disproportionately strong to rare, long-dwelling binding events that can be an order of magnitude longer than the average lifetime values. Such findings are not apparent when analyzing and averaging an ensemble of binding events. An additional advantage of using single-molecule imaging is that there is no need to compensate for the exclusion of free ligands in the contact area as compared to in the Zhu-Golan approach. On the other hand, single-molecule imaging experiment are generally more technically demanding than the Zhu-Golan measurements, particularly when it comes to correctly tracking and analyzing the single-molecule data to distinguish between different types of motion.
6 THE INFLUENCE OF AUXILIARY MOLECULES ON BINDING
In a live cell-cell contact there are multiple different interactions acting in unison (Huppa and Davis, 2013). For example, when the TCR binds to pMHC the co-receptors CD4 or CD8 can simultaneously bind to the pMHC molecule influencing the sensitivity of the T cell and potentially also the strength of the TCR-pMHC interaction (Jiang et al., 2011; Glassman et al., 2018). Other molecules, including the adhesion pairs CD2 binding CD58 and lymphocyte function-associated antigen 1 (LFA-1) binding intercellular adhesion molecule 1 (ICAM-1), enable cell-cell adhesion, but how this influences the specific TCR-pMHC binding is not yet fully understood (Huppa and Davis, 2013). Nevertheless, that auxiliary binding molecules can have an important effect on ligand-receptor binding has been shown when measuring the very weak interaction between CD4 and pMHC class II molecules (Jönsson et al., 2016). Crucial to obtaining the 2D Kd affinity in that study was the use of the auxiliary binding pair human CD2-CD58. The height of the CD2-CD58 pair matches that of CD4-pMHC class II, suggesting that it might help in aligning the two contacting surfaces improving the chances of CD4 binding to the pMHC class II molecule. However, binding of weakly interacting ligand-receptor pairs has also been detected with auxiliary binding proteins that are of substantial different height to the studied interaction pair, which should not allow the two contacting surfaces to align in an optimal way. For example, both Huppa et al. (2010) and Pielak et al. (2017) used the significantly longer binding pair LFA-1 binding ICAM-1 as auxiliary binding molecules and managed to detect weak binding events between the TCR and pMHC molecules.
As stated above, auxiliary molecules can aid in the formation of weaker bonds by simply providing contact adhesion. In general, a minimum ligand density is needed for cell adhesion and contact growth to occur (Dustin et al., 1997; Zhu et al., 2007; Junghans et al., 2020). Where this threshold lies depends on the density of receptors on the contacting cell, as for example SLBs with a low density of ligands selectively bind to cells with the highest density of receptors (Dustin et al., 1997), as well as on the 2D Kd of the ligand-receptor interaction. Generally, ligand-receptor pairs with a smaller Kd have a lower density threshold to promote binding. For example, for human CD2 binding CD58 and rat CD2 binding CD48T92A, both with a similar 2D Kd of 6 molecules/µm2 (Zhu et al., 2007; Junghans et al., 2020), the density threshold was found to be around 20 molecules/μm2 when binding Jurkat T cells containing ∼100,000 receptors in total (Zhu et al., 2007; Junghans et al., 2020), whereas for rat CD2 binding wildtype CD48, which has a 2D Kd of ∼40 molecules/μm2 (Dustin et al., 1997; Jönsson et al., 2016), the threshold density was of the order of 200 molecules/µm2 (Dustin et al., 1997). For the weak CD4-pMHC class II interaction, which has a 2D Kd of 5000 molecules/µm2, the threshold density for ligands in the SLB could thus, even for cells with a high number of receptors, be many thousands of molecules/µm2, a concentration higher than what is experimentally possible to achieve (Jönsson et al., 2016). Using CD2-CD58 as auxiliary binding molecules could thereby bypass this density threshold necessary for contact formation.
Although auxiliary binding molecules can aid in contact formation and support binding, they can also effectively lower the affinity of other protein-protein interaction pairs. Two examples of this are shown in Junghans et al. (2020) which used rat CD2 binding CD48T92A as the auxiliary binding pair when measuring the affinity of the pMHC class II molecule HLA-DQ8-glia-α1 interacting either with L3-12 TCR or with CD4 (Junghans et al., 2020). The 2D Kd values for these two interactions are two orders of magnitude different, but for both systems, it was found that when having bound densities of rat CD2-CD48T92A above 300 molecules/µm2 the affinity of the studied interaction dropped by a factor of two compared to lower levels of auxiliary binding molecules. In addition, a similar trend was observed when instead treating TCR-pMHC as auxiliary binding molecules and studying the binding affinity of rat CD2 binding CD48T92A (Junghans et al., 2020). At elevated densities of TCR the affinity of the rat CD2-CD48T92A interaction decreased by a factor of 1.5. One possible reason for the lowered affinity could be that there is a mismatch in height between the auxiliary binding molecules and the studied ligand-receptor pair. This could lead to higher exclusion of free ligands in the contact as well as to a higher energy penalty for the bond formation due to the need of deforming the membrane. Auxiliary molecules can thus have multiple roles, at lower densities they can facilitate cell contact and align opposing membranes, whereas at higher densities they can decrease the effective affinity of other interactions in the contact. However, more studies on this effect are needed in order to determine how this influences binding where other auxiliary binding molecules, of different overall length and affinity, are used.
7 MEMBRANE FLUCTUATIONS AND COOPERATIVE BINDING
In the previous chapters we discussed different studies that measured binding kinetics in the contact between an SLB and a live cell. Other studies, however, have replaced the cell with a second model system to obtain an even more controlled environment for studying 2D binding kinetics. Here so-called giant unilamellar vesicles (GUVs) have frequently been used. GUVs are vesicles of similar size to that of a live cell (∼10 µm in diameter) and their composition can be controlled during the fabrication process. Contrary to SLBs, GUVs are softer and free-standing allowing for a faster lipid diffusivity in the membrane (Jenkins et al., 2019). Furthermore, they can be functionalized with transmembrane proteins (Dezi et al., 2013), which makes them an attractive model for membrane protein studies. The most common method of GUV production is the rehydration of a lipid film under the influence of an alternating electric field (Angelova and Dimitrov, 1986) although other methods exist as well (Fenz and Sengupta, 2012; Litschel and Schwille, 2021). In addition, GUVs derived from the plasma membrane of cells can also be made (Sezgin et al., 2012; Steinkühler et al., 2018). The GUV-SLB contact has frequently been studied with reflection interference contrast microscopy (RICM) where the distance in the GUV-SLB contact can be measured with nm precision (Limozin and Sengupta, 2009). This allows for membrane fluctuations and subsequent bond regions in the GUV-SLB contact to be studied with both high spatial and temporal resolution (Fenz and Sengupta, 2012). Membrane fluctuations are an inherent part of the elasticity of the cell membrane and get suppressed when the membrane binds to another surface. This in turn results in an energy loss which effectively reduces the affinity of a ligand-receptor interaction, and has been studied extensively using simulations showing, as an example, a quadratic effect on the density of bound ligands with ligand density (Hu et al., 2013; Weikl et al., 2019).
The influence of membrane fluctuations on 2D binding kinetics has also been studied experimentally (Fenz and Sengupta, 2012; Fenz et al., 2017). Two examples of where GUVs have been used to show cooperative binding of ligand-receptor pairs due to membrane fluctuations include binding between cadherin proteins (Fenz et al., 2017) and E-selectin binding Sialyl Lewis X (Reister-Gottfried et al., 2008). In addition, Steinkühler et al. (2018) measured the affinity of CD47 on plasma-derived GUVs binding SIRPα immobilized on a surface, showing an increased cooperativity in binding with ligand density, an effect that was reduced when the membrane was made stiffer (Steinkühler et al., 2018). Interestingly, these effects are not generally observed on cell-SLB systems. For example, Chouliara et al. (2021) showed an almost constant affinity vs the density of bound rat CD2 ligands in the range of 200–600 bound molecules/µm2 when binding to rat CD48T92A on Jurkat T cells (Chouliara et al., 2021). It cannot be ruled out that cooperative effects occur at lower ligand densities, but it could be that the interaction with the cytoskeleton makes the cell membrane less sensitive to membrane fluctuations. On the other hand, measurements on latrunculin-treated cells, where the actin cytoskeleton has been disrupted, have, at least for some systems, shown similar binding affinities (Junghans et al., 2020) as well as lifetimes (O’Donoghue et al., 2013) in cell-SLB contacts as compared to untreated cells indicating that other parameters are also involved in regulating membrane fluctuations on live cells and their influence on 2D binding kinetics.
8 MECHANICAL-BASED METHODS TO STUDY 2D BINDING KINETICS
The above presented fluorescence-based methods have the advantage that the fluorescently labeled ligand-receptor complex can be singled out and studied in a contact that contains many other molecules and intercellular bonds. However, the fluorescent labels themselves can influence the measurement and care must be taken to avoid or account for this (Sánchez-Rico et al., 2017). To verify that the fluorescent labels do not interfere with the measurements, controls with different labels and measurements with a mixture of unlabeled and labeled proteins could help to investigate whether the label interferes with the 2D binding kinetics. In addition, methods that do not require fluorescent labelling such as mechanical-based methods, can be used to obtain 2D binding kinetics. These methods do not generally rely on SLBs as a model system for one of the contacting cells but instead use for example ligands immobilized on a surface or ligands anchored to a red blood cell (RBC) as in the micropipette adhesion frequency assay discussed further below. These mechanical-based methods are typically used to measure the initial binding events between ligands and receptors on two contacting cell surfaces distinguishing them even further from fluorescence-based methods.
One of these methods is the flow chamber method, where a microfluidics device with inlet and outlet ports exert a laminar shear flow to receptor-bearing cells moving above a surface (Figure 4A) (Pierres et al., 2008). This surface is coated with ligands at a sufficiently low density in order to ensure single bond formation between the cell and the surface. Successful receptor-ligand interactions lead to the immobilization of the cell for a specific amount of time which is dependent on the proteins’ interaction strength. Continuous microscopic observations of the frequency and the time that the cells adhere on the surface provide information on both the 2D affinity and lifetime of the receptor-ligand complex. This method has for example been used to study the interaction between rat CD2 binding rat CD48 resulting in an off-rate of 7.8 s−1 and the bonds showed slip bond behavior when acted upon by force (Pierres et al., 1996). Other examples include measuring the lifetime of P-selectin binding its glycoprotein ligand (Alon et al., 1995) and studies on TCR binding its pMHC ligand (Robert et al., 2012; Limozin et al., 2019). For the latter system, Robert et al. (2012) found similar 2D and 3D lifetimes for the studied 1G4 TCR binding NY-ESO-1 peptide on HLA-A2 (Robert et al., 2012), and Limozin et al. (2019) studied the influence of force on the same TCR-pMHC interaction finding that depending on the peptide some of the interactions showed ideal bond behavior whereas others showed slip bond behavior (Limozin et al., 2019). None of the bonds behaved as catch bonds, independent of T-cell activation potency (Limozin et al., 2019).
[image: Figure 4]FIGURE 4 | Mechanical-based methods for measuring binding kinetics of ligand-receptor interactions. (A) Schematic of the flow chamber method. A cell in the ligand-functionalized flow chamber adheres to the surface for a certain time allowing for the 2D binding kinetics of the interaction to be measured under different flow/force conditions. (B) Schematic of the adhesion frequency assay. A bond is detected as a deformation of the RBC when the two cells are retracted from each other, and from the adhesion probability at different contact times the binding kinetic can be determined. (C) Schematic graph showing the lifetime vs force behavior for slip and catch bonds.
Another method to study single bond formation is the adhesion frequency assay in which the interaction between two proteins is detected by using a ligand-coated RBC and a receptor-expressing cell or vesicle (Evans et al., 1991; Evans et al., 1995). Both cells are aspirated onto micropipettes, whereby the RBC is, through micromanipulation, brought in and out of contact with the receptor-expressing cell (Figure 4B). An interaction between the two cells can be detected by the deformation of the RBC occurring as the cell is being pulled away. By repeating this procedure hundreds of times both the 2D lifetime and the effective binding affinity can be obtained (Chesla et al., 1998). Instead of expressing the ligands on the surface of an RBC, which itself can interact with the receptor-carrying cell (Dustin, 2009), the ligands can also be coated onto a glass bead that is attached to the RBC. This approach has been termed the thermal fluctuation assay (Chen et al., 2008). It has the advantage of reducing potential RBC-cell interactions as well as of improving measurement quality and robustness. Both these micropipette-based methods have provided invaluable information on the interaction between different ligands and receptors in 2D. For example, Huang et al. (2010) used this to find that the 2D lifetime of different TCR-pMHC interactions can be orders of magnitude larger than their corresponding 3D values, and the former correlated better with T-cell activation (Huang et al., 2010). In contrast, the same group later obtained similar 2D and 3D lifetimes for other TCR-pMHC interactions (Hong et al., 2015), again indicating that the behavior in 2D binding between different, although in many aspects similar, systems can show significantly different trends. The micropipette-based methods have also been used to study the trimeric TCR-pMHC class I-CD8 interaction showing a cooperative effect in binding between CD8 and TCR (Jiang et al., 2011).
Both the flow chamber method and the micropipette-based methods described above have the advantage, compared to fluorescence-based methods, that they can be used to measure the influence force has on the binding kinetics and are ideal to study initial bond formation. One drawback is that auxiliary binding molecules cannot be used since only individual bonds are measured and thus the influence they have on the binding kinetics cannot be studied. Another issue with the micropipette-based methods is to obtain accurate 2D Kd values. The micropipette-based methods give effective 2D affinities, defined as [image: image], where Ac is the contact area (Huang et al., 2010). However, the exact value of the contact area is not known and thus these methods are best used for comparing effective affinities between interactions measured with the same setup. It should also be mentioned that when Ac is estimated and used to determine the actual 2D Kd in the micropipette-based method the values obtained are typically orders of magnitude lower than what is observed using fluorescence-based methods indicating differences in binding between newly formed and stable contacts (Dustin et al., 2001; Zhu et al., 2013).
In addition, 2D lifetimes and their dependence on force have been studied by other methods as well, including atomic force microscopy (AFM) and optical tweezers. Both these techniques have in terms of sample preparation as well as data analysis many similarities with the micropipette-based methods described above. For AFM, a cantilever tip is functionalized with a protein ligand which is then repeatedly brought into contact with receptors on an underlying surface, for example an SLB or a cell, to allow for bond formation to be studied (Chang et al., 2012). Retracting the cantilever leads to a continuous increase in the force applied to the formed bond, which results in a jump of the cantilever upon bond rupture. From this data the lifetime of an interaction can be determined (Lee et al., 2007). For example, AFM was used by Zhang et al. (2002) to study the interaction between low and high affinity LFA-1 and ICAM-1 under force (Zhang et al., 2002). Here, an LFA-1 expressing T cell hybridoma was attached to the AFM cantilever and was brought into contact with ICAM-1 coated on a solid support. A fast and slow loading regime of the interaction was identified and 2D kinetic off-rates of 4 s−1 and 0.17 s−1 for the low and high affinity LFA-1-ICAM-1 interactions, respectively, were obtained. These values were of similar magnitude to the corresponding 3D binding off-rates (Zhang et al., 2002). In another study, Kokkoli et al. (2004) measured the binding and unbinding of α5β1 integrins to ligands on an SLB using AFM (Kokkoli et al., 2004). The AFM tip was functionalized with the integrins and brought into contact with the ligands on the SLB. This made it possible to obtain single-molecule force spectroscopy data of the interaction resulting in an off-rate of 0.015 s−1 in the absence of force, which is similar to the value obtained from measurements in solution (Kokkoli et al., 2004).
In optical tweezers a focused light beam is used to micro-manipulate μm-sized beads coated with ligands (Ashkin, 1992). These beads can be brought into contact with a cell or a model surface containing the corresponding receptor without being in physical contact with the sample. Rinko et al. (2004) used optical tweezers to bring a P-selectin glycoprotein ligand-1 coated polystyrene bead into contact with a selectin-coated glass surface (Rinko et al., 2004). It was found that the rupture force increased with the loading rate and that the 2D off-rate at zero force was 1.4 s−1, the same value as measured in solution (Rinko et al., 2004). Rinko et al. (2004) also estimated the 2D Kd of the interaction to be 0.8 molecules/µm2. With a 3D Kd of 0.3 µM (Rinko et al., 2004), this corresponds to an h value of 4 nm, which is of the same magnitude as the values obtained using fluorescence-based methods. Optical tweezers have also been used to measure the lifetime of the TCR-pMHC interaction under force (Das et al., 2015). In this study Das et al. (2015) used pMHC class I molecules coupled to an optically trapped bead and brought the construct into contact with agonist TCRs either attached to a solid surface or expressed on the surface of a T cell. For both systems a catch bond behavior, peaking around 15 pN, was observed. However, the lifetime obtained from the interaction measurements between the pMHC molecules and TCRs on the cell surface were higher than those obtained from the cell-free measurements, a difference that in part could be attributed to simultaneous CD8 binding.
9 FORCE AND 2D BINDING
It was mentioned in the previous chapter that the mechanical-based methods have a distinct advantage compared to the fluorescence-based methods when it comes to investigating how the interactions depend on an applied force. Theoretically, the influence force has on the bond lifetime was discussed already in the late 1970s by Bell (1978). Bell derived an expression where the bond lifetime decreases exponentially with the application of force, a behavior that later has been termed a slip bond. Many bonds show this behavior in biology (Rakshit et al., 2012). However, there also exist bonds that under low to intermediate force have a longer average lifetime compared to when no force is applied (Figure 4C). These bonds are called catch bonds and the applied force that results in the longest lifetime is typically of the order of 10–30 pN (Rakshit et al., 2012; Liu et al., 2014; Sibener et al., 2018). Examples of catch bonds are P-selectin binding P-selectin glycoprotein ligand 1 (Marshall et al., 2003) and fibronectin binding integrin (Kong et al., 2009). Several studies have also shown that TCRs binding agonistic pMHC molecules can show catch bond behavior, whereas TCRs binding antagonistic pMHC molecules show slip bond behavior (Liu et al., 2014; Hong et al., 2015; Sibener et al., 2018). This would increase the difference in lifetime between different peptide ligands amplifying the power of discrimination of the agonistic TCR-pMHC interaction. Significant changes in the lifetime for the TCR-pMHC interaction typically take place already in the range of 0–10 pN (Liu et al., 2014; Sibener et al., 2018). Göhring et al. (2021) used a FRET force sensor to measure the force on 5c.c7 T cells binding either an anti-TCR single-chain variable fragment or the pMHC molecule IEk/MCC (Göhring et al., 2021). It was found that when the TCR binds an immobilized ligand the force applied on the TCR is significantly higher than when the TCR binds a ligand that is in a fluid membrane. This indicated that most of the force on the TCR-pMHC bond could be tangential to the bond direction, and that even low pN forces could rupture the bond between 5c.c7 TCR binding IEk/MCC (Göhring et al., 2021). Thus, this interaction behaved as a slip bond indicating that not all agonistic TCR-pMHC interactions are catch bonds. It could also explain why Huppa et al. observed an increase in the lifetime of this interaction upon disrupting the cytoskeleton (Huppa et al., 2010), an action that could be expected to reduce the force on the bond upon binding. Furthermore, Limozin et al. (2019) did only observe ideal and slip bonds for a range of different HLA-A2 binding 1G4 TCR, which is in line with that not all agonistic TCR-pMHC interactions have to show catch bond behavior (Limozin et al., 2019). This was obtained using the flow chamber method where 1G4 TCRs were immobilized on the channel surface and different HLA-A2 functionalized microspheres were introduced in the solution. Without force a lifetime in the range of 5–10 s was obtained, a value that for some studied TCR-pMHC interactions remained unaffected by forces up to 50 pN, indicative of ideal bonds (Limozin et al., 2019). For other interactions the force decreased the lifetime by a factor of 2–5 when applying 10–20 pN of force, indicative of slip bonds, but no catch bonds were observed.
In addition, it has been argued that catch bonds are a result of a geometric component and are only present when the force is exerted in a specific pulling geometry, as seen for the interaction between vinculin and F-actin (Huang et al., 2017). Another theory suggests that catch bonds could have been evolved to achieve higher stability of specific interactions to affect certain biological functions such as cell signaling and mechanosensing (Huse, 2017; Wang et al., 2019). In contrast, slip bonds may explain part of the underlying physical mechanism in cell migration through blood vessels, where bonds are continuously formed and broken between the surface of the vessel and a leukocyte (Alon et al., 1997). Other models focus on the importance of allosteric effects and of the sliding and rebinding of bonds under the influence of an external force (Lou et al., 2006; Lou and Zhu, 2007). Furthermore, measuring the full scope of how protein interactions respond to force requires varying the magnitude of the force, the loading rate, and the retraction speed. In addition, the mechanical properties of the transducer can affect the measured values which means that the choice of mechanical-based measuring techniques matters as well (Zhang et al., 2008).
10 DISCUSSION
Despite past and current efforts to determine 2D binding kinetics of receptor-ligand complexes and connect them to their biological function, much remains to be done in this area. As discussed in the previous chapters, the lion´s share of binding kinetics so far is presented in 3D and converting these data to the more biologically relevant 2D binding kinetics is generally accepted to be non-trivial. In addition, it is found that the 2D binding kinetics are strongly dependent on local membrane-environmental factors. With this said, it is still striking that many studied ligand-receptor interactions in cell-SLB contacts have produced a characteristic confinement length, h, of around 1 nm, the length scale that relates 2D and 3D binding affinities according to Eq. 5. However, as illustrated in this review, there can still be significant differences in the obtained 2D kinetics from different studies. For example, lifetime measurements have argued that the 2D lifetime can be both significantly higher (Tolentino et al., 2008) as well as lower (Huang et al., 2010; Huppa et al., 2010) than those measured in 3D. In addition, other studies have shown similar values for 2D and 3D lifetimes (Robert et al., 2012; O’Donoghue et al., 2013). The latter is in agreement with the results from Bell on bond lifetimes where the forward and reverse rates from the encounter complex to the bound state is the same in 2D and 3D (Bell, 1978), whereas force applied on the bond or ligand rebinding can make the lifetime shorter or longer (Tolentino et al., 2008; Liu et al., 2014). Thus, differences in the methods and the systems used to study the 2D binding interactions can give rise to significantly different values. It is therefore of importance that the conditions under which the measurements are done are well controlled and defined in order to be able to compare results from different studies.
Generally, great care must be taken when choosing model system to ensure that the used method does not influence the parameters under investigation. Various aspects of a studied interaction can be assessed and the best suited method for this depends on the question asked. For example, measuring the interaction between single ligand-receptor bonds using micropipette-based manipulation of single cells has provided information about the affinity of early protein-protein binding events in cell-cell contacts (Huang et al., 2010; Liu et al., 2014), whereas fluorescence-based studies in cell-SLB contacts have given information about the affinity of binding events in already established contacts as well as what influence auxiliary binding molecules can have on these interactions (Dustin et al., 1997; Jönsson et al., 2016; Junghans et al., 2020). However, the binding affinity obtained with micropipette-based measurements is typically orders of magnitude lower compared to fluorescence-based studies, highlighting possible differences in binding between newly formed and stable contacts (Zhu et al., 2013). In addition, both theoretical studies, as well as studies on cell-free model systems, have shown a strong dependence of membrane fluctuations on the binding kinetics (Xu et al., 2015; Fenz et al., 2017; Steinkühler et al., 2018), whereas this behavior is less pronounced on living cells, if at all present (Hu et al., 2013; Junghans et al., 2020; Chouliara et al., 2021). Another factor that is often partly or fully omitted in model studies is the influence that the glycocalyx, i.e., the cell’s outer layer consisting of glycolipids and glycoproteins, has on binding kinetics. The glycocalyx will generally hide the ligands and receptors from each other on the meeting cells. To penetrate this the cell needs to apply a force in the form of protruding microvilli which are believed to form the first contact points between the meeting cells (Pettmann et al., 2018). However, cell contacts with an SLB form even when the cytoskeleton is disrupted using actin depolymerizing drugs such as latrunculin (Junghans et al., 2020). This indicates that other, microvilli independent, interactions can penetrate the glycocalyx barrier as well. Connected to this is that a minimum density of ligands is needed in order to initiate the formation of cell-SLB contacts as discussed in Chapter 6. This is particularly important when investigating weak binding events, since in this situation it is not certain that even moderate or high ligand densities will be sufficient to promote ligand binding without auxiliary binding molecules. Another factor that can influence the aforementioned parameters, and thus also the 2D binding kinetics of the studied interaction, is whether the cell is in a resting or activated state. It has been found that the 2D affinity of human CD2 binding CD58 (Zhu et al., 2006) and of TCR binding pMHC molecules (Huang et al., 2010) increased significantly upon T-cell activation. In the later study also the 2D lifetime was found to increase for activated vs naïve T cells (Huang et al., 2010). Care should thus be taken on the state of the T cells when measuring ligand-receptor affinity. This can in particular be a problem when using an SLB containing nickel-chelating lipids that on their own have been shown to induce cell activation unless effectively blocked (Dam et al., 2021). In order to minimize intracellular interactions upon cell activation, it is also possible to take advantage of protein design, for example by only expressing the extracellular region of the studied receptor on the cell surface (Junghans et al., 2020).
Although the current methods used to quantify 2D binding kinetics have provided essential data to better understand protein-protein interactions in cell contacts, there are still limitations with respect to measurements of weak affinities or short lifetimes. Since these interactions are stabilized in vivo by auxiliary binding molecules, techniques such as fluorescence-based methods that can take this into consideration are of special interest. However, due to the inherent spread in parameters such as receptor density among the cells, measuring weak affinities accurately involves averaging over a large number of cells, a time-consuming and often non-trivial approach. One way to circumvent this is to measure affinities on single cells (Chouliara et al., 2021), however, this has the potential drawback that the cell is in contact with the SLB for a longer time, possibly influencing the cell’s properties. In addition, due to exclusion of free ligands in the cell-SLB contacts, the effective density of ligands in the contact compared to outside the contact is often low, even below zero, for weak binding ligand-receptor pairs. This exclusion not only makes it more difficult to accurately delineate the cell-SLB contact but will also, if not properly corrected for, give rise to inaccurate affinity values. An alternative approach is to use single-protein tracking in the cell-SLB contact. Depending on the fraction of bound vs free ligands in the contact and the density of receptors on the cell this method could make it possible, in theory, to detect very weak binding events. One potential problem, however, is that weak binding events are typically associated with short lifetimes, which makes it complicated to discern free from bound molecules in the contact. Detecting lifetimes shorter than 100 ms is technically challenging using single-molecule tracking. However, interactions quicker than this are not unrealistic as even relatively strong interaction pairs, such as human CD2 binding CD58, have lifetimes in this regime when measured in 3D (Tolentino et al., 2008), and the CD4-pMHC class II interaction has been estimated to have a 2D lifetime of the order of 4 ms (Jönsson et al., 2016). New methods capable of obtaining accurate 2D lifetimes shorter than 100 ms would thus be of value.
Altogether, bioinspired membranes have made it possible to measure 2D binding kinetics for several key protein-protein interactions and have paved the way to better understand how various parameters influence this. Despite the continuous improvement of advanced imaging techniques, the complexity of cell-cell contacts in vivo is expected to remain a considerable obstacle for obtaining detailed biophysical information. Thus, the use of bioinspired membranes such as the SLB will likely continue to be a valuable and vital tool to understand cell adhesion and 2D binding kinetics for many years to come.
AUTHOR CONTRIBUTIONS
All authors participated in writing the paper. MC made the figures.
FUNDING
This work was supported by the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation program (grant agreement No. 757797) and the Swedish Research Council (grant number: 2018-03872).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alon, R., Hammer, D. A., and Springer, T. A. (1995). Lifetime of the P-Selectin-Carbohydrate Bond and its Response to Tensile Force in Hydrodynamic Flow. Nature 377, 86. doi:10.1038/377086a0
 Alon, R., Chen, S., Puri, K. D., Finger, E. B., and Springer, T. A. (1997). The Kinetics of L-Selectin Tethers and the Mechanics of Selectin-Mediated Rolling. J. Cel Biol. 138, 1169–1180. doi:10.1083/jcb.138.5.1169
 Angelova, M. I., and Dimitrov, D. S. (1986). Liposome Electroformation. Faraday Discuss. Chem. Soc. 81, 303. doi:10.1039/dc9868100303
 Ashkin, A. (1992). Forces of a Single-Beam Gradient Laser Trap on a Dielectric Sphere in the ray Optics Regime. Biophys. J. 61, 569–582. doi:10.1016/S0006-3495(92)81860-X
 Axmann, M., Huppa, J. B., Davis, M. M., and Schütz, G. J. (2012). Determination of Interaction Kinetics between the T Cell Receptor and Peptide-Loaded MHC Class II via Single-Molecule Diffusion Measurements. Biophys. J. 103, L17–L19. doi:10.1016/j.bpj.2012.06.019
 Bell, G. I., Dembo, M., and Bongrand, P. (1984). Cell Adhesion. Competition between Nonspecific Repulsion and Specific Bonding. Biophys. J. 45, 1051–1064. doi:10.1016/S0006-3495(84)84252-6
 Bell, G. I. (1978). Models for the Specific Adhesion of Cells to Cells. Science 200, 618–627. doi:10.1126/science.347575
 Bierer, B. E., and Burakoff, S. J. (1988). T Cell Adhesion Molecules. FASEB J. 2, 2584–2590. doi:10.1096/fasebj.2.10.2838364
 Brian, A. A., and McConnell, H. M. (1984). Allogeneic Stimulation of Cytotoxic T Cells by Supported Planar Membranes. Proc. Natl. Acad. Sci. 81, 6159–6163. doi:10.1073/pnas.81.19.6159
 Bromley, S. K., Iaboni, A., Davis, S. J., Whitty, A., Green, J. M., Shaw, A. S., et al. (2001). The Immunological Synapse and CD28-CD80 Interactions. Nat. Immunol. 2, 1159–1166. doi:10.1038/ni737
 Broughton, S. E., Petersen, J., Theodossis, A., Scally, S. W., Loh, K. L., Thompson, A., et al. (2012). Biased T Cell Receptor Usage Directed against Human Leukocyte Antigen DQ8-Restricted Gliadin Peptides Is Associated with Celiac Disease. Immunity 37, 611–621. doi:10.1016/j.immuni.2012.07.013
 Castellana, E. T., and Cremer, P. S. (2006). Solid Supported Lipid Bilayers: From Biophysical Studies to Sensor Design. Surf. Sci. Rep. 61, 429–444. doi:10.1016/j.surfrep.2006.06.001
 Céspedes, P. F., Beckers, D., Dustin, M. L., and Sezgin, E. (2020). Model Membrane Systems to Reconstitute Immune Cell Signaling. FEBS J. 288, 1070. doi:10.1111/febs.15488
 Chan, Y.-H. M., and Boxer, S. G. (2007). Model Membrane Systems and Their Applications. Curr. Opin. Chem. Biol. 11, 581–587. doi:10.1016/j.cbpa.2007.09.020
 Chang, K.-C., Chiang, Y.-W., Yang, C.-H., and Liou, J.-W. (2012). Atomic Force Microscopy in Biology and Biomedicine. Tzu Chi Med. J. 24, 162–169. doi:10.1016/j.tcmj.2012.08.002
 Chen, W., Zarnitsyna, V. I., Sarangapani, K. K., Huang, J., and Zhu, C. (2008). Measuring Receptor–Ligand Binding Kinetics on Cell Surfaces: From Adhesion Frequency to Thermal Fluctuation Methods. Cell. Mol. Bioeng. 1, 276. doi:10.1007/s12195-008-0024-8
 Chesla, S. E., Selvaraj, P., and Zhu, C. (1998). Measuring Two-Dimensional Receptor-Ligand Binding Kinetics by Micropipette. Biophys. J. 75, 1553–1572. doi:10.1016/S0006-3495(98)74074-3
 Chouliara, M., Junghans, V., Dam, T., Santos, A. M., Davis, S. J., and Jönsson, P. (2021). Single-cell Measurements of Two-Dimensional Binding Affinity across Cell Contacts. Biophys. J. 120, 5032–5040. doi:10.1016/j.bpj.2021.10.010
 Dam, T., Junghans, V., Humphrey, J., Chouliara, M., and Jönsson, P. (2021). Calcium Signaling in T Cells Is Induced by Binding to Nickel-Chelating Lipids in Supported Lipid Bilayers. Front. Physiol. 11, 1–8. doi:10.3389/fphys.2020.613367
 Das, D. K., Feng, Y., Mallis, R. J., Li, X., Keskin, D. B., Hussey, R. E., et al. (2015). Force-dependent Transition in the T-Cell Receptor β-subunit Allosterically Regulates Peptide Discrimination and pMHC Bond Lifetime. Proc. Natl. Acad. Sci. USA 112, 1517–1522. doi:10.1073/pnas.1424829112
 Davis, S. J., Ikemizu, S., Evans, E. J., Fugger, L., Bakker, T. R., and van der Merwe, P. A. (2003). The Nature of Molecular Recognition by T Cells. Nat. Immunol. 4, 217–224. doi:10.1038/ni0303-217
 Depoil, D., and Dustin, M. L. (2014). Force and Affinity in Ligand Discrimination by the TCR. Trends Immunol. 35, 597–603. doi:10.1016/j.it.2014.10.007
 Dezi, M., Di Cicco, A., Bassereau, P., and Levy, D. (2013). Detergent-mediated Incorporation of Transmembrane Proteins in Giant Unilamellar Vesicles with Controlled Physiological Contents. Proc. Natl. Acad. Sci. 110, 7276–7281. doi:10.1073/pnas.1303857110
 Dietrich, C., Schmitt, L., and Tampé, R. (1995). Molecular Organization of Histidine-Tagged Biomolecules at Self-Assembled Lipid Interfaces Using a Novel Class of Chelator Lipids. Proc. Natl. Acad. Sci. 92, 9014–9018. doi:10.1073/pnas.92.20.9014
 Dushek, O., Das, R., and Coombs, D. (2008). Analysis of Membrane-Localized Binding Kinetics with FRAP. Eur. Biophys. J. 37, 627–638. doi:10.1007/s00249-008-0286-z
 Dustin, M. L., and Groves, J. T. (2012). Receptor Signaling Clusters in the Immune Synapse. Annu. Rev. Biophys. 41, 543–556. doi:10.1146/annurev-biophys-042910-155238
 Dustin, M. L., Ferguson, L. M., Chan, P. Y., Springer, T. A., and Golan, D. E. (1996). Visualization of CD2 Interaction with LFA-3 and Determination of the Two-Dimensional Dissociation Constant for Adhesion Receptors in a Contact Area. J. Cel Biol. 132, 465–474. doi:10.1083/jcb.132.3.465
 Dustin, M. L., Golan, D. E., Zhu, D.-M., Miller, J. M., Meier, W., Davies, E. A., et al. (1997). Low Affinity Interaction of Human or Rat T Cell Adhesion Molecule CD2 with its Ligand Aligns Adhering Membranes to Achieve High Physiological Affinity. J. Biol. Chem. 272, 30889–30898. doi:10.1074/jbc.272.49.30889
 Dustin, M. L., Olszowy, M. W., Holdorf, A. D., Li, J., Bromley, S., Desai, N., et al. (1998). A Novel Adaptor Protein Orchestrates Receptor Patterning and Cytoskeletal Polarity in T-Cell Contacts. Cell 94, 667–677. doi:10.1016/S0092-8674(00)81608-6
 Dustin, M. L., Bromley, S. K., Davis, M. M., and Zhu, C. (2001). Identification of Self through Two-Dimensional Chemistry and Synapses. Annu. Rev. Cel Dev. Biol. 17, 133–157. doi:10.1146/annurev.cellbio.17.1.133
 Dustin, M. L. (2009). Supported Bilayers at the Vanguard of Immune Cell Activation Studies. J. Struct. Biol. 168, 152–160. doi:10.1016/j.jsb.2009.05.007
 Dustin, M. L. (2019). Integrins and Their Role in Immune Cell Adhesion. Cell 177, 499–501. doi:10.1016/j.cell.2019.03.038
 Evans, E., Berk, D., and Leung, A. (1991). Detachment of Agglutinin-Bonded Red Blood Cells. I. Forces to Rupture Molecular-point Attachments. Biophys. J. 59, 838–848. doi:10.1016/S0006-3495(91)82296-2
 Evans, E., Ritchie, K., and Merkel, R. (1995). Sensitive Force Technique to Probe Molecular Adhesion and Structural Linkages at Biological Interfaces. Biophys. J. 68, 2580–2587. doi:10.1016/S0006-3495(95)80441-8
 Evans, E. J., Castro, M. A. A., O'Brien, R., Kearney, A., Walsh, H., Sparks, L. M., et al. (2006). Crystal Structure and Binding Properties of the CD2 and CD244 (2B4)-Binding Protein, CD48. J. Biol. Chem. 281, 29309–29320. doi:10.1074/jbc.M601314200
 Fenz, S. F., and Sengupta, K. (2012). Giant Vesicles as Cell Models. Integr. Biol. 4, 982. doi:10.1039/c2ib00188h
 Fenz, S. F., Bihr, T., Schmidt, D., Merkel, R., Seifert, U., Sengupta, K., et al. (2017). Membrane Fluctuations Mediate Lateral Interaction between Cadherin Bonds. Nat. Phys. 13, 906–913. doi:10.1038/nphys4138
 Glassman, C. R., Parrish, H. L., Lee, M. S., and Kuhns, M. S. (2018). Reciprocal TCR-CD3 and CD4 Engagement of a Nucleating pMHCII Stabilizes a Functional Receptor Macrocomplex. Cel Rep. 22, 1263–1275. doi:10.1016/j.celrep.2017.12.104
 Göhring, J., Kellner, F., Schrangl, L., Platzer, R., Klotzsch, E., Stockinger, H., et al. (2021). Temporal Analysis of T-Cell Receptor-Imposed Forces via Quantitative Single Molecule FRET Measurements. Nat. Commun. 12, 1–14. doi:10.1038/s41467-021-22775-z
 Grakoui, A., Bromley, S. K., Sumen, C., Davis, M. M., Shaw, A. S., Allen, P. M., et al. (1999). The Immunological Synapse: A Molecular Machine Controlling T Cell Activation. Science 285, 221–227. doi:10.1126/science.285.5425.221
 Hardy, G. J., Nayak, R., and Zauscher, S. (2013). Model Cell Membranes: Techniques to Form Complex Biomimetic Supported Lipid Bilayers via Vesicle Fusion. Curr. Opin. Colloid Interf. Sci. 18, 448–458. doi:10.1016/j.cocis.2013.06.004
 Hellmeier, J., Platzer, R., Eklund, A. S., Schlichthaerle, T., Karner, A., Motsch, V., et al. (2021). DNA Origami Demonstrate the Unique Stimulatory Power of Single pMHCs as T Cell Antigens. Proc. Natl. Acad. Sci. USA 118, e2016857118. doi:10.1073/pnas.2016857118
 Hong, J., Persaud, S. P., Horvath, S., Allen, P. M., Evavold, B. D., and Zhu, C. (2015). Force-Regulated In Situ TCR-Peptide-Bound MHC Class II Kinetics Determine Functions of CD4+ T Cells. J. Immunol. 195, 3557–3564. doi:10.4049/jimmunol.1501407
 Hu, J., Lipowsky, R., and Weikl, T. R. (2013). Binding Constants of Membrane-Anchored Receptors and Ligands Depend Strongly on the Nanoscale Roughness of Membranes. Proc. Natl. Acad. Sci. 110, 15283–15288. doi:10.1073/pnas.1305766110
 Huang, J., Zarnitsyna, V. I., Liu, B., Edwards, L. J., Jiang, N., Evavold, B. D., et al. (2010). The Kinetics of Two-Dimensional TCR and pMHC Interactions Determine T-Cell Responsiveness. Nature 464, 932–936. doi:10.1038/nature08944
 Huang, D. L., Bax, N. A., Buckley, C. D., Weis, W. I., and Dunn, A. R. (2017). Vinculin Forms a Directionally Asymmetric Catch Bond with F-Actin. Science 357, 703–706. doi:10.1126/science.aan2556
 Huppa, J. B., and Davis, M. M. (2013). The Interdisciplinary Science of T-Cell Recognition. Adv. Immunol. 119, 1–50. doi:10.1016/B978-0-12-407707-2.00001-1
 Huppa, J. B., Axmann, M., Mörtelmaier, M. A., Lillemeier, B. F., Newell, E. W., Brameshuber, M., et al. (2010). TCR-peptide-MHC Interactions In Situ Show Accelerated Kinetics and Increased Affinity. Nature 463, 963–967. doi:10.1038/nature08746
 Huse, M. (2017). Mechanical Forces in the Immune System. Nat. Rev. Immunol. 17, 679–690. doi:10.1038/nri.2017.74
 Jenkins, E., Santos, A. M., O'Brien-Ball, C., Felce, J. H., Wilcock, M. J., Hatherley, D., et al. (2019). Reconstitution of Immune Cell Interactions in Free-Standing Membranes. J. Cel Sci. 132, jcs219709. doi:10.1242/jcs.219709
 Jiang, N., Huang, J., Edwards, L. J., Liu, B., Zhang, Y., Beal, C. D., et al. (2011). Two-Stage Cooperative T Cell Receptor-Peptide Major Histocompatibility Complex-CD8 Trimolecular Interactions Amplify Antigen Discrimination. Immunity 34, 13–23. doi:10.1016/j.immuni.2010.12.017
 Jönsson, P., Southcombe, J. H., Santos, A. M., Huo, J., Fernandes, R. A., McColl, J., et al. (2016). Remarkably Low Affinity of CD4/peptide-Major Histocompatibility Complex Class II Protein Interactions. Proc. Natl. Acad. Sci. USA 113, 5682–5687. doi:10.1073/pnas.1513918113
 Jørgensen, I. L., Kemmer, G. C., and Pomorski, T. G. (2017). Membrane Protein Reconstitution into Giant Unilamellar Vesicles: a Review on Current Techniques. Eur. Biophys. J. 46, 103–119. doi:10.1007/s00249-016-1155-9
 Junghans, V., Chouliara, M., Santos, A. M., Hatherley, D., Petersen, J., Dam, T., et al. (2020). Effects of a Local Auxiliary Protein on the Two-Dimensional Affinity of a TCR-Peptide MHC Interaction. J. Cel Sci. 133, jcs245985. doi:10.1242/jcs.245985
 Kokkoli, E., Ochsenhirt, S. E., and Tirrell, M. (2004). Collective and Single-Molecule Interactions of α5β1 Integrins. Langmuir 20, 2397–2404. doi:10.1021/la035597l
 Kong, F., García, A. J., Mould, A. P., Humphries, M. J., and Zhu, C. (2009). Demonstration of Catch Bonds between an Integrin and its Ligand. J. Cel Biol. 185, 1275–1284. doi:10.1083/jcb.200810002
 Lee, C.-K., Wang, Y.-M., Huang, L.-S., and Lin, S. (2007). Atomic Force Microscopy: Determination of Unbinding Force, off Rate and Energy Barrier for Protein-Ligand Interaction. Micron 38, 446–461. doi:10.1016/j.micron.2006.06.014
 Lichtman, J. W., and Conchello, J.-A. (2005). Fluorescence Microscopy. Nat. Methods 2, 910–919. doi:10.1038/nmeth817
 Limozin, L., and Sengupta, K. (2009). Quantitative Reflection Interference Contrast Microscopy (RICM) in Soft Matter and Cell Adhesion. Chem. Eur. J. Chem. Phys. 10, 2752–2768. doi:10.1002/cphc.200900601
 Limozin, L., Bridge, M., Bongrand, P., Dushek, O., van der Merwe, P. A., and Robert, P. (2019). TCR-pMHC Kinetics under Force in a Cell-free System Show No Intrinsic Catch Bond, but a Minimal Encounter Duration before Binding. Proc. Natl. Acad. Sci. USA 116, 16943–16948. doi:10.1073/pnas.1902141116
 Lin, J. J. Y., Low-Nam, S. T., Alfieri, K. N., McAffee, D. B., Fay, N. C., and Groves, J. T. (2019). Mapping the Stochastic Sequence of Individual Ligand-Receptor Binding Events to Cellular Activation: T Cells Act on the Rare Events. Sci. Signal. 12, 1–14. doi:10.1126/scisignal.aat8715
 Litschel, T., and Schwille, P. (2021). Protein Reconstitution inside Giant Unilamellar Vesicles. Annu. Rev. Biophys. 50, 525–548. doi:10.1146/annurev-biophys-100620-114132
 Liu, Z., Qin, H., Xiao, C., Wen, C., Wang, S., and Sui, S.-f. (1995). Specific Binding of Avidin to Biotin Containing Lipid Lamella Surfaces Studied with Monolayers and Liposomes. Eur. Biophys. J. 24, 31–38. doi:10.1007/BF00216828
 Liu, B., Chen, W., Evavold, B. D., and Zhu, C. (2014). Accumulation of Dynamic Catch Bonds between TCR and Agonist Peptide-MHC Triggers T Cell Signaling. Cell 157, 357–368. doi:10.1016/j.cell.2014.02.053
 Loose, M., and Schwille, P. (2009). Biomimetic Membrane Systems to Study Cellular Organization. J. Struct. Biol. 168, 143–151. doi:10.1016/j.jsb.2009.03.016
 Lorén, N., Hagman, J., Jonasson, J. K., Deschout, H., Bernin, D., Cella-Zanacchi, F., et al. (2015). Fluorescence Recovery after Photobleaching in Material and Life Sciences: Putting Theory into Practice. Quart. Rev. Biophys. 48, 323–387. doi:10.1017/S0033583515000013
 Lorent, J. H., Levental, K. R., Ganesan, L., Rivera-Longsworth, G., Sezgin, E., Doktorova, M., et al. (2020). Plasma Membranes Are Asymmetric in Lipid Unsaturation, Packing and Protein Shape. Nat. Chem. Biol. 16, 644–652. doi:10.1038/s41589-020-0529-6
 Lou, J., and Zhu, C. (2007). A Structure-Based Sliding-Rebinding Mechanism for Catch Bonds. Biophys. J. 92, 1471–1485. doi:10.1529/biophysj.106.097048
 Lou, J., Yago, T., Klopocki, A. G., Mehta, P., Chen, W., Zarnitsyna, V. I., et al. (2006). Flow-enhanced Adhesion Regulated by a Selectin Interdomain Hinge. J. Cel Biol. 174, 1107–1117. doi:10.1083/jcb.200606056
 Manzo, C., and Garcia-Parajo, M. F. (2015). A Review of Progress in Single Particle Tracking: From Methods to Biophysical Insights. Rep. Prog. Phys. 78, 124601. doi:10.1088/0034-4885/78/12/124601
 Marshall, B. T., Long, M., Piper, J. W., Yago, T., McEver, R. P., and Zhu, C. (2003). Direct Observation of Catch Bonds Involving Cell-Adhesion Molecules. Nature 423, 190–193. doi:10.1038/nature01605
 McCloskey, M. A., and Poo, M. M. (1986). Contact-induced Redistribution of Specific Membrane Components: Local Accumulation and Development of Adhesion. J. Cel Biol. 102, 2185–2196. doi:10.1083/jcb.102.6.2185
 McConnell, H. M., Watts, T. H., Weis, R. M., and Brian, A. A. (1986). Supported Planar Membranes in Studies of Cell-Cell Recognition in the Immune System. Biochim. Biophys. Acta Rev. Biomembr. 864, 95–106. doi:10.1016/0304-4157(86)90016-X
 Mege, J.-L., Capo, C., Benoliel, A.-M., Foa, C., Galindo, R., and Bongrand, P. (1986). Quantification of Cell Surface Roughness; a Method for Studying Cell Mechanical and Adhesive Properties. J. Theor. Biol. 119, 147–160. doi:10.1016/S0022-5193(86)80070-4
 Nye, J. A., and Groves, J. T. (2008). Kinetic Control of Histidine-Tagged Protein Surface Density on Supported Lipid Bilayers. Langmuir 24, 4145–4149. doi:10.1021/la703788h
 O'Donoghue, G. P., Pielak, R. M., Smoligovets, A. A., Lin, J. J., and Groves, J. T. (2013). Direct Single Molecule Measurement of TCR Triggering by Agonist pMHC in Living Primary T Cells. Elife 2, e00778. doi:10.7554/eLife.00778
 Pace, H., Simonsson Nyström, L., Gunnarsson, A., Eck, E., Monson, C., Geschwindner, S., et al. (2015). Preserved Transmembrane Protein Mobility in Polymer-Supported Lipid Bilayers Derived from Cell Membranes. Anal. Chem. 87, 9194–9203. doi:10.1021/acs.analchem.5b01449
 Paulick, M. G., and Bertozzi, C. R. (2008). The Glycosylphosphatidylinositol Anchor: A Complex Membrane-Anchoring Structure for Proteins. Biochemistry 47, 6991–7000. doi:10.1021/bi8006324
 Pettmann, J., Santos, A. M., Dushek, O., and Davis, S. J. (2018). Membrane Ultrastructure and T Cell Activation. Front. Immunol. 9, 2152. doi:10.3389/fimmu.2018.02152
 Pielak, R. M., O’Donoghue, G. P., Lin, J. J., Alfieri, K. N., Fay, N. C., Low-Nam, S. T., et al. (2017). Early T Cell Receptor Signals Globally Modulate Ligand:receptor Affinities during Antigen Discrimination. Proc. Natl. Acad. Sci. USA 114, 12190–12195. doi:10.1073/pnas.1613140114
 Pierres, A., Benoliel, A. M., Bongrand, P., and van der Merwe, P. A. (1996). Determination of the Lifetime and Force Dependence of Interactions of Single Bonds between Surface-Attached CD2 and CD48 Adhesion Molecules. Proc. Natl. Acad. Sci. 93, 15114–15118. doi:10.1073/pnas.93.26.15114
 Pierres, A., Benoliel, A.-M., and Bongrand, P. (1998). Studying Receptor-Mediated Cell Adhesion at the Single Molecule Level. Cel Adhes. Commun. 5, 375–395. doi:10.3109/15419069809010783
 Pierres, A., Benoliel, A.-M., and Bongrand, P. (2008). Studying Molecular Interactions at the Single Bond Level with a Laminar Flow Chamber. Cel. Mol. Bioeng. 1, 247–262. doi:10.1007/s12195-008-0031-9
 Rakshit, S., Zhang, Y., Manibog, K., Shafraz, O., and Sivasankar, S. (2012). Ideal, Catch, and Slip Bonds in Cadherin Adhesion. Proc. Natl. Acad. Sci. 109, 18815–18820. doi:10.1073/pnas.1208349109
 Reister-Gottfried, E., Sengupta, K., Lorz, B., Sackmann, E., Seifert, U., and Smith, A.-S. (2008). Dynamics of Specific Vesicle-Substrate Adhesion: From Local Events to Global Dynamics. Phys. Rev. Lett. 101, 208103. doi:10.1103/PhysRevLett.101.208103
 Rinko, L. J., Lawrence, M. B., and Guilford, W. H. (2004). The Molecular Mechanics of P- and L-Selectin Lectin Domains Binding to PSGL-1. Biophys. J. 86, 544–554. doi:10.1016/S0006-3495(04)74133-8
 Robert, P., Aleksic, M., Dushek, O., Cerundolo, V., Bongrand, P., and van der Merwe, P. A. (2012). Kinetics and Mechanics of Two-Dimensional Interactions between T Cell Receptors and Different Activating Ligands. Biophys. J. 102, 248–257. doi:10.1016/j.bpj.2011.11.4018
 Sánchez-Rico, C., Voith von Voithenberg, L., Warner, L., Lamb, D. C., and Sattler, M. (2017). Effects of Fluorophore Attachment on Protein Conformation and Dynamics Studied by spFRET and NMR Spectroscopy. Chem. Eur. J. 23, 14267–14277. doi:10.1002/chem.201702423
 Scatchard, G. (1949). The Attractions of Proteins for Small Molecules and Ions. Ann. N. Y. Acad. Sci. 51, 660–672. doi:10.1111/j.1749-6632.1949.tb27297.x
 Sezgin, E., Kaiser, H.-J., Baumgart, T., Schwille, P., Simons, K., and Levental, I. (2012). Elucidating Membrane Structure and Protein Behavior Using Giant Plasma Membrane Vesicles. Nat. Protoc. 7, 1042–1051. doi:10.1038/nprot.2012.059
 Shao, J.-Y., Yu, Y., and Dustin, M. L. (2005). A Model for CD2/CD58-Mediated Adhesion Strengthening. Ann. Biomed. Eng. 33, 483–493. doi:10.1007/s10439-005-2504-5
 Sibener, L. V., Fernandes, R. A., Kolawole, E. M., Carbone, C. B., Liu, F., McAffee, D., et al. (2018). Isolation of a Structural Mechanism for Uncoupling T Cell Receptor Signaling from Peptide-MHC Binding. Cell 174, 672–687. doi:10.1016/j.cell.2018.06.017
 Springer, T. A. (1990). Adhesion Receptors of the Immune System. Nature 346, 425–434. doi:10.1038/346425a0
 Steinkühler, J., Różycki, B., Alvey, C., Lipowsky, R., Weikl, T. R., Dimova, R., et al. (2018). Membrane Fluctuations and Acidosis Regulate Cooperative Binding of "marker of Self" CD47 with Macrophage Checkpoint Receptor SIRPα. J. Cel Sci. 132, jcs216770. doi:10.1242/jcs.216770
 Tanaka, M., and Sackmann, E. (2005). Polymer-supported Membranes as Models of the Cell Surface. Nature 437, 656–663. doi:10.1038/nature04164
 Taylor, M. J., Husain, K., Gartner, Z. J., Mayor, S., and Vale, R. D. (2017). A DNA-Based T Cell Receptor Reveals a Role for Receptor Clustering in Ligand Discrimination. Cell 169, 108–119. doi:10.1016/j.cell.2017.03.006
 Tolentino, T. P., Wu, J., Zarnitsyna, V. I., Fang, Y., Dustin, M. L., and Zhu, C. (2008). Measuring Diffusion and Binding Kinetics by Contact Area FRAP. Biophys. J. 95, 920–930. doi:10.1529/biophysj.107.114447
 Trebak, M., and Kinet, J.-P. (2019). Calcium Signalling in T Cells. Nat. Rev. Immunol. 19, 154–169. doi:10.1038/s41577-018-0110-7
 Wang, Y., Yan, J., and Goult, B. T. (2019). Force-Dependent Binding Constants. Biochemistry 58, 4696–4709. doi:10.1021/acs.biochem.9b00453
 Weikl, T. R., Hu, J., Kav, B., and Różycki, B. (2019). “Binding and Segregation of Proteins in Membrane Adhesion: Theory, Modeling, and Simulations,” in Advances in Biomembranes and Lipid Self-Assembly , ( London: Academic Press), 159–194. doi:10.1016/bs.abl.2019.10.004
 Wilhelm, K. B., Morita, S., McAffee, D. B., Kim, S., O’Dair, M. K., and Groves, J. T. (2021). Height, but Not Binding Epitope, Affects the Potency of Synthetic TCR Agonists. Biophys. J. 120, 3869–3880. doi:10.1016/j.bpj.2021.08.027
 Wu, J., Fang, Y., Zarnitsyna, V. I., Tolentino, T. P., Dustin, M. L., and Zhu, C. (2008). A Coupled Diffusion-Kinetics Model for Analysis of Contact-Area FRAP experiment. Biophys. J. 95, 910–919. doi:10.1529/biophysj.107.114439
 Wu, Y., Vendome, J., Shapiro, L., Ben-Shaul, A., and Honig, B. (2011). Transforming Binding Affinities from Three Dimensions to Two with Application to Cadherin Clustering. Nature 475, 510–513. doi:10.1038/nature10183
 Xu, G.-K., Hu, J., Lipowsky, R., and Weikl, T. R. (2015). Binding Constants of Membrane-Anchored Receptors and Ligands: A General Theory Corroborated by Monte Carlo Simulations. J. Chem. Phys. 143, 243136. doi:10.1063/1.4936134
 Zhang, X., Wojcikiewicz, E., and Moy, V. T. (2002). Force Spectroscopy of the Leukocyte Function-Associated Antigen-1/intercellular Adhesion Molecule-1 Interaction. Biophys. J. 83, 2270–2279. doi:10.1016/S0006-3495(02)73987-8
 Zhang, Y., Sun, G., Lü, S., Li, N., and Long, M. (2008). Low spring Constant Regulates P-Selectin-PSGL-1 Bond Rupture. Biophys. J. 95, 5439–5448. doi:10.1529/biophysj.108.137141
 Zhao, J., Zhao, X., Jiang, Z., Li, Z., Fan, X., Zhu, J., et al. (2014). Biomimetic and Bioinspired Membranes: Preparation and Application. Prog. Polym. Sci. 39, 1668–1720. doi:10.1016/j.progpolymsci.2014.06.001
 Zhu, D.-M., Dustin, M. L., Cairo, C. W., Thatte, H. S., and Golan, D. E. (2006). Mechanisms of Cellular Avidity Regulation in CD2-CD58-Mediated T Cell Adhesion. ACS Chem. Biol. 1, 649–658. doi:10.1021/cb6002515
 Zhu, D.-M., Dustin, M. L., Cairo, C. W., and Golan, D. E. (2007). Analysis of Two-Dimensional Dissociation Constant of Laterally Mobile Cell Adhesion Molecules. Biophys. J. 92, 1022–1034. doi:10.1529/biophysj.106.089649
 Zhu, C., Jiang, N., Huang, J., Zarnitsyna, V. I., and Evavold, B. D. (2013). Insights Fromin Situanalysis of TCR-pMHC Recognition: Response of an Interaction Network. Immunol. Rev. 251, 49–64. doi:10.1111/imr.12016
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Dam, Chouliara, Junghans and Jönsson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_8.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Supported Lipid Bilayers and the Study of Two-Dimensional Binding Kinetics		1 Introduction

		2 General 2D and 3D Adhesion Theory

		3 Supported Lipid Bilayers for 2D Binding Studies

		4 2D Binding Kinetics Measured Using the Zhu-Golan Method

		5 Single-Molecule Methods to Measure 2D Binding Kinetics

		6 The Influence of Auxiliary Molecules on Binding

		7 Membrane Fluctuations and Cooperative Binding

		8 Mechanical-Based Methods to Study 2D Binding Kinetics

		9 Force and 2D Binding

		10 Discussion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/inline_7.gif
K3"





OPS/images/math_1.gif
[0





OPS/images/inline_9.gif
272





OPS/images/inline_6.gif





OPS/images/inline_5.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers o
in Molecular Biosciences





OPS/images/inline_1.gif





OPS/images/inline_10.gif
K5°/A,





OPS/images/fmolb-09-833123-g003.gif





OPS/images/fmolb-09-833123-g004.gif





OPS/images/inline_4.gif





OPS/images/inline_2.gif





OPS/images/inline_3.gif





OPS/images/cover.jpg
frontiers
In Molecular Biosciences

Supported Lipid Bilayers and the
Study of Two-Dimensional
Binding Kinetics





OPS/images/fmolb-09-833123-g001.gif
.
19 40

B i






OPS/images/math_6.gif
1

B = x (1 ) @





OPS/images/fmolb-09-833123-g002.gif





OPS/images/math_3.gif
&





OPS/images/math_2.gif
[RL) = el
m+K®





OPS/images/math_5.gif
(5)





OPS/images/math_4.gif
Nwxf Bxp @
F-SaxKP KD





