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Analyzing Kinetic Binding Data
Abstract
	Biological and therapeutic agents exert their actions by interacting with specific molecular targets. This process of ligand binding takes time, for the ligand to associate with the target, forming the target-ligand complex, and for the complex to break down. These processes are quantified by the association and dissociation rate constants. Knowledge of these rates can be important in the optimization of new therapeutics and in understanding the biological behavior of target proteins. Experimentally the rates are determined by measuring the time course of test compound binding to the target, directly or indirectly. This chapter describes how to analyze these time course data to determine the binding kinetic rate constant values. Data are analyzed by curve fitting using familiar nonlinear regression data analysis programs (exemplified here with Prism from GraphPad Software). The concepts are introduced using simple, direct target-ligand binding assays. Recently, indirect competition binding methods have become popular for evaluating binding kinetics of the large numbers of compounds encountered in drug discovery. Data analysis for this “Competition kinetics” approach is presented using a step-by-step guide, together with instruction on troubleshooting, limits of sensitivity and experimental artifacts. More complex scenarios are then introduced, including multistep binding interactions and the use of functional assays to quantify ligand binding kinetics. By describing how to quantify ligand binding kinetics and interpret the data, this chapter enables investigators to evaluate the role of the temporal dimension of binding activity to their targets of interest.




Introduction
Therapeutic molecules exert their action by interacting with specific molecular targets. The first step in this binding process is the association of the drug ligand molecule with the target. Once bound, the ligand can then dissociate from the target (assuming the ligand binds reversibly and not covalently). These processes take time. This temporal dimension is referred to as binding kinetics or binding dynamics (1,2). The time it takes for a ligand to associate with the target is governed by the association rate, which is the rate of ligand recognition by the target. The time it takes the ligand to dissociate is determined by the dissociation rate, which quantifies the stability of the target-ligand complex. These principles are shown using animations of the binding process in the following video.
[image: ]
file: Binding_kinetics_animation.mp4;mimetype: video mime-subtype: mp4
Video 1. Binding kinetics animation.
The binding rates are fundamental properties of the drug-target interaction. They can impact the therapeutic action and side effect profile of the ligand, as described in numerous recent reviews (1-16). They also impact quantification of other drug parameters, such as affinity, resulting in erroneous estimates of activity if the rates are not considered appropriately (17-19). Useful introductory webinars are available here and here.
The purpose of this chapter is to describe how to measure the kinetics of target-ligand interaction, specifically how to analyze binding kinetic data to measure the binding rate constants. Step-by-step analysis guides are provided, for the popular curve fitting program Prism (GraphPad Software, Inc). It is assumed the investigator has in hand an assay for measuring ligand binding. (Binding assay methods, briefly summarized in Basic Principles of Ligand Binding Kinetics and Table 1, are extensively reviewed in refs (15,16,20-22).) The chapter is organized as follows.

· Basic principles of ligand binding kinetics.
· [bookmark: _Hlk35410199]Kinetic analysis methods for direct target-ligand binding assays. Applicable to targets where technology is available to directly measure target-ligand interaction.
· [bookmark: _Hlk35410249]Competition kinetics: Quantifying kinetics by competition against a tracer ligand. Often it isn’t feasible to measure ligand binding directly. Instead, competition binding approaches are employed where test ligand binding is assessed by inhibition of labeled “Tracer” ligand binding. This competition method can be used to quantify binding kinetics.
· Compound washout method. An indirect method popular for kinase enzymes is the compound washout method, in which target and compound are pre-incubated, then compound washed out, and compound dissociation recorded by its ability to slow association of a tracer ligand.
· Complex binding mechanisms. Sometimes the ligand binding mechanism is complex, for example involving multiple conformational states of the target. These more complex binding mechanisms and methods to measure their kinetics are introduced here.
· Binding kinetics from functional assays. For some targets, only a functional assay is available (e.g. enzyme catalysis or receptor signaling) and in this section methods to measure ligand binding kinetics in these assays are introduced.
· Appendix. Theoretical description of target-ligand binding and the equations used to analyze the data.
[bookmark: _Basic_Principles_of]Basic Principles of Ligand Binding Kinetics
Most drugs bind their target by the classic bimolecular interaction. A single ligand molecule binds to a single site on the target, in a single step, as illustrated in Figure 1. The association step is governed by a rate constant called the association rate constant, denoted by the parameter k1. The binding is reversible and the rate of breakdown of the complex is governed by a rate constant termed the dissociation rate constant, denoted by k2. The process is shown in the video Binding kinetics animation (video 1). The interaction can be written schematically as:
[image: ]
where R is the target, L the ligand, and RL the target-ligand complex.

[bookmark: _Hlk54093412]The appearance of this mechanism in binding data is shown in Figure 2, where the time courses of association and dissociation are presented, and also in the video Binding kinetics animation (video 1). The y axis is the concentration of target-ligand complexes. In the association time course data, following mixture of target and ligand, the amount of the target-ligand complex rises rapidly at the beginning (Figure 2A). The increase then slows down and then the level of binding approaches a plateau. This plateau represents the equilibrium level of binding (also referred to as binding at steady state). This curve shape is called an association exponential curve. Dissociation of the target-ligand population over time is shown in Figure 2B. Decline of the population is rapid at first, then slows, then approaches zero at which point all the complexes have broken down. The dissociation curve follows the classic exponential decay curve, familiar in radioactive decay.

	Unfortunately, the rate terms used to quantify kinetics are not intuitive for the uninitiated investigator. The units of the association rate constant are molar-1t-1 and of the dissociation rate constant t-1 (where t is time, in minutes or seconds). The larger the rate constant value, the more rapid the binding event (association or dissociation). In an attempt to make the dissociation data easier to interpret, dissociation is often quantified as the residence time (RT), which is the reciprocal of k2, i.e. 1 / k2. Alternatively, sometimes dissociation is quantified as the half-time, which is 0.693 / k2. These parameters give an estimate of the stability of the target-ligand complex, and so are more intuitive. However, the RT concept can give the misleading impression that every individual target-ligand complex in the population breaks down at this time. This is not the case. Dissociation is a random process (formally, a stochastic process) where an individual complex among the population can break down more rapidly or more slowly than the RT. The RT is an average of the population, formally the time at which the 63rd percentile of the population of targets breaks down. Detailed reviews on the mechanics of the association and dissociation process are available (20,23-26). 
	The rate constants are related to the binding affinity, i.e. the concentration of ligand required to occupy 50% of the targetss at equilibrium. The equilibrium constant (Kd), a measure of affinity, is related to the rate constants as follows:

This relationship allows an alternative method for measuring affinity, rather than the standard method of titrating the ligand concentration and incubating until equilibrium is reached. Instead, the affinity is determined by measuring the association and dissociation rates (as described below) and affinity then calculated using the equation. This method is used routinely in surface plasmon resonance (SPR) binding assays (27).


[bookmark: _Kinetic_Analysis_Methods]Kinetic Analysis Methods for Direct Target-Ligand Binding Assays
The goal is to measure the association rate constant k1 and dissociation rate constant k2. Here we measure the rate constants when an assay is available to directly quantify interaction of the ligand of interest with the target. A very broad array of assay technologies is available for measuring ligand binding and for the purposes of this chapter it is assumed the investigator has selected an appropriate binding assay for their target of interest. The methods and their suitability for kinetics are summarized in Table 1. The reader is referred to recent comprehensive reviews on binding assays ideally suited for kinetic measurements (15,16,20,21). The ideal assay permits serial reading of the binding reaction vessel, the “Real-time” continuous read modality, that enables multiple time point measurements in the same assay plate. Less ideal are end-point assays requiring a separate plate for each time point. Fluorescence or bioluminescence resonance energy transfer technologies are particularly useful for the continuous read modality (7,15,28,29).
The type of data analyzed is specific binding, i.e. the ligand binding signal that is specific to the target. This involves subtracting nonspecific binding (to other components in the assay and assay surfaces) from the total ligand binding signal. It is best practice to do this for each time point of the time course, in case there is a slight drift of the nonspecific binding signal over time. Ideally nonspecific binding will remain constant over time. If there is a major drift of nonspecific binding this can indicate technical issues with the assay that need to be resolved, e.g. photobleaching of fluorescent ligands.

[bookmark: _Association_Rate_Constant]Association Rate Constant from a Direct Target-Ligand Binding Assay
The association rate constant is measured using a target-ligand association assay. Ligand and target are combined and then binding of the target-ligand complex is measured at various time points (Figure 3). The resulting association curve conforms to an exponential association curve, as described above. Multiple concentrations of tracer are tested in the experiment and the data are analyzed in a two-step process. First, the time course data are fit to an exponential equation. This yields a parameter called the observed association rate, a separate value for each ligand concentration. Second, the observed association rate is plotted against the ligand concentration. The data are then fit by linear regression. k1 is then determined, as the gradient of the line.

The assay setup considerations are detailed in Box 1. Enough time points should be collected to properly define the curve, particularly the rise phase and plateau. Some iteration will likely be required to identify the optimal range of time points to satisfy these criteria. The concentration of tracer should span at least a 10-fold range with concentrations above and below the Kd. Precise ligand serial dilution is required, i.e. there should be minimal loss of ligand to surfaces on serial dilution. This is particularly important for high-affinity ligands where the concentration in the experiment is in the low nM or pM range. The concentration of ligand bound at the plateau of the time course should ideally be less than 10% of the total ligand concentration, as described in (22) (“Zone A”) although < 20% is acceptable. It is possible to analyze data when a substantial fraction of the ligand is bound by the target but this requires a different analysis (see, for example, Eq. 11 in ref. (40)). The tracer and target must be stable over the duration of the experiment.
Representative data for the association experiment are shown in Figure 3, for six concentrations of ligand. Note that as the concentration of ligand increases, the rate of association increases. This is evident visually by the steepness of the initial part of the time course increasing as the ligand concentration increases (Figure 3A). This is because association is driven by mass action; the more ligand, the faster the target becomes occupied. Now we proceed with the data analysis. The first step is to fit the time course data to the appropriate exponential equation. The equation used is the association exponential equation, which emerges from the underlying theory of target-ligand binding kinetics described in the Appendix. This equation is Eq. 1:

	Eq. 1
[bookmark: OLE_LINK1]where  is the concentration of target-ligand complex (the y axis value), t the time (the x axis value), and the concentration of target-ligand complex at the plateau, i.e. at infinite time.  is a parameter termed the observed rate constant. It is the observed rate of association of ligand with target at the concentration of ligand tested. It is important to stress that  is not the same as the association rate constant, k1.  is related to k1, as described below.
[bookmark: OLE_LINK2]	The time course data can be analyzed using commercially-available software, including Prism from GraphPad Software, Inc., XLfit from ID Business Solutions Ltd., and SigmaPlot from Systat Software, Inc. Eq. 1 is built into these programs. Here we show how to analyze these data using Prism (Version 8 is used but the equations are available in all previous versions). A step-by-step guide is shown in the supplementary file “Association data analysis.” The procedure employs nonlinear regression to fit the time course data to the exponential association equation (Eq. 1). Data for each concentration of ligand is fit to the equation, yielding a kobs value for each concentration (Figure 3A). The built-in equation in Prism is called, “One-phase association.”(41) Note this equation is formatted slightly differently from Eq. 1. (Y0 in the Prism equation is binding at t = 0 (constrained to be zero), Span is equivalent to , and K is equivalent to  (41)).
	The second step is the determination of k1. This is done by plotting the kobs values versus the concentration of ligand (Figure 3B). The data are then fit by linear regression to determine the slope and intercept of the line (as detailed in the supplementary file “Association data analysis”). The k1 value is the gradient of the line. Applying this analysis to the data in Figure 3 gives a k1 value of 1.0  107 M-1min-1. This analysis assumes the experiment works ideally. Box 2 details troubleshooting tips when the data do not conform to the ideal.
	The underlying theory of this second step is the equation defining the observed association rate. This equation, derived in the Appendix, is:



This is a straight line equation of the form , where the gradient m is equal to k1. This equation also indicates something interesting. The dissociation rate constant k2 can in principle, also be estimated from this analysis – visual inspection of the equations indicates it is the y intercept of the straight line equation. However, this approach is not advised for measuring k2 – it is better to measure this parameter directly using a dissociation experiment, as described next.



[bookmark: _Dissociation_Rate_Constant]Dissociation Rate Constant from a Direct Target-Ligand Binding Assay
	Measuring dissociation of ligand from a target requires a two-step assay. First, the target-ligand complex needs to form. Ligand and target are incubated together for a sufficient time, usually until equilibrium has been approached (the plateau of the association curve). In the next phase, the dissociation of ligand from the target is measured. This is initiated by an experimental intervention that stops association of the ligand with the target. With association blocked, the only process that takes place is dissociation. This results in a decrease of the target-ligand complex concentration over time (Figure 2B). In this way, the rate of dissociation can be quantified. This is usually done for a single concentration of ligand, at a concentration suitable to obtain sufficient signal, typically 3-fold the Kd concentration.
The intervention that initiates the dissociation phase is of two types: 1) If the ligand is labeled, an excess of unlabeled ligand is added. The excess prevents association by out-competing the labeled ligand for binding to the target. The concentration of unlabeled ligand used is 100-300-fold the IC50 for the ligand in a competition binding assay versus the labeled ligand. 2) Washout of the labeled ligand. With one exception, this method is not recommended because it is challenging to determine that the labeled ligand has been completely washed out, especially in cell membrane-based binding assays employing hydrophobic ligands. The exception is SPR assays, in which washing of the surface is a continuous default process in the assay modality (27). In SPR assays, dissociation is initiated by the washout method.
Representative data are shown in Figure 2B. These binding data are specific tracer binding, i.e. data from which nonspecific binding has been subtracted. (It is good practice to measure and subtract nonspecific binding at each time point.) After the dissociation phase is initiated, the target binding signal declines, with the shape of the decline being the exponential decay curve (Figure 2B). After sufficient time, the specific binding signal declines to zero, i.e. all the target-ligand complexes dissociate (see Box 3 for when the signal does not decline to zero). It is desirable to determine the level of binding immediately before the initiation of the dissociation phase, if possible (giving the binding level at t = 0 of the dissociation phase). 
The data analysis is simpler than that for association, requiring only a single step. All that is required is fitting the data to an exponential decay equation by nonlinear regression. The equation is Eq. 2, derived in the Appendix:

	Eq. 2

[bookmark: OLE_LINK4]where  is the concentration of target-ligand complexes immediately before initiation of the dissociation phase (the t = 0 binding level) and k2 the dissociation rate constant. Analyzing the data in Figure 2 gives a k2 value of 0.086 min-1. This corresponds to a RT of 1 / 0.086 = 12 min. The binding data used in the analysis is target-specific binding, as described above. This analysis can be done in commercially available software; Eq. 2 or an analogous equation is built into these programs. A step-by-step guide using Prism is provided in the supplementary file “Dissociation data analysis.” The built-in equation in Prism is called, “One-phase decay.” (43) Note this equation is formatted slightly differently from Eq. 2. It includes a baseline term called “Plateau” which is binding at infinite time (which is assumed to be zero in Eq. 2).  The rate term is called “K,” which is equivalent to k2. Troubleshooting the analysis is presented in Box 3.


[bookmark: _Competition_Kinetics:_Quantifying]Competition Kinetics: Quantifying Kinetics by Competition Against a Tracer Ligand

[bookmark: _Introduction]Introduction
The sections above assume a direct method for measuring ligand binding to the target. However, this is usually not the case and instead a competition assay is used, particularly in lead optimization campaigns when large numbers of compounds are being tested. Competition assays are the familiar method for measuring ligand binding of unlabeled compounds (22). An unlabeled test ligand is incubated at various concentrations in competition with a tracer ligand for binding to the target. The test ligand inhibits tracer ligand binding and from this inhibition the binding of the test ligand can be determined. This method is used to measure affinity (Ki) (22) and is familiar to most investigators. Fortunately, the same approach can be used to measure the kinetics of the unlabeled test compound (association and dissociation rate constants) (Figure 4). This method is called “kinetics of competitive binding” or “competition kinetics” and the original papers describing it are refs. (18,19). The competition assay is run in kinetic mode; multiple concentrations of compound are tested at multiple time points (Figs. 5 and 6). The data are then fit to an equation by nonlinear regression, in a program like Prism. The analysis provides estimates of the association and dissociation rate constants of the test ligand. Two recent papers have provided a detailed description and evaluation of this method and its sensitivity limits (45,46). For examples of the method's application see refs. (7,45,49,50)
The binding mechanism is shown in Figure 4. Unlabeled test ligand competitively inhibits tracer ligand binding to the target. Both ligands bind reversibly in a simple one-step bimolecular interaction. The rate constants are termed, by convention, k1 and k2 for the tracer association and dissociation rate constant, respectively, with the corresponding terms being k3 and k4 for the unlabeled test ligand.



Assay Setup
The typical assay consists of five conditions (Box 4). Three concentrations of test compound are competed against the tracer ligand. There are two controls - tracer binding in the absence of test ligand, and nonspecific binding (measured at all time points) (Figure 5). The compound concentration range should span at least 25-75% inhibition of tracer binding at equilibrium. Consequently, a preliminary experiment needs to be done, an equilibrium binding assay to determine the IC50 of the test ligand. With the IC50 in hand, the ligand concentrations for the kinetic assay can be calculated. For three concentrations, the following calculation is used
25% inhibition – use 0.33-fold the IC50 concentration
50% - IC50 concentration
75% - 3-fold the IC50.
So if the IC50 is 10 nM, the concentrations will be 3.3, 10 and 30 nM.
	The compound serial dilution needs to be precise. The kinetic analysis is particularly unforgiving of imprecise dilution, i.e. the concentration in the assay being different from that predicted by the serial dilution calculation. Use of low-binding plasticware is recommended, and serial dilution in the ideal solvent for the ligand is required (e.g. DMSO for small molecules).
	The concentration of tracer now needs to be selected. As a rule of thumb, a concentration 3-fold the Kd concentration is ideal. The tracer concentration selection is affected by three considerations.  First, sufficient signal is required for sufficient robustness of detection of the binding signal. Second, the speed of the association needs to be controlled. Speed of association is dependent on ligand concentration, as described in Association Rate Constant from a Direct Target-Ligand Binding Assay and shown in Figure 3. If the concentration is too high, the association will be too rapid for there to be sufficient data points on the early part of the curve, necessary to robustly quantify the kinetics. If the concentration is too low, the association will take too long to measure. Ideally the concentration should allow at least four time points before the half-time of tracer association and at least 12 after, within the constraints of the workflow and instrumentation. Third, “Zone A” needs to be satisfied – the ligand concentration needs to be high enough that at most 20% of the tracer ligand is bound at the end of the experiment (i.e. at the plateau). This criterion also applies to the unlabeled ligand (see Box 5, “Troubleshooting the competition kinetics assay”).
	Next, the duration of the time course needs to be selected. At least four time points should be included before the half-time of the control association curve (absence of unlabeled compound). Then at least 12 time points after the half-time should be included. The last time point recommended in exploratory experiments is two hours. This will give sufficient time to quantify RTs of up to an hour. Longer RTs require longer time courses to quantify accurately (45,46). As a rough rule of thumb, the time course duration should be at least double the RT of the unlabeled compound. In Box 4, time points are presented that provide a guide for pilot experiments. A large number of time points is recommended to accurately quantify the rates. For this reason, continuous-read assay modalities such as fluorescent ligand binding are ideal (7,15,28,29).


[bookmark: _Data_Analysis]Data Analysis
The goal of the data analysis is determination of k3 and k4, the association and dissociation rate constant of the unlabeled test compound. The analysis proceeds in a series of steps:

1. Subtraction of nonspecific binding.
2. Fitting the control curve to determine k1.
3. Fitting the test compound curves to determine k3 and k4. 

The first step is the subtraction of nonspecific binding from the total binding signal and this is shown in Figure 5. Nonspecific binding at a given time point is subtracted from the total binding value at that time point, giving the target-specific binding value. 




	The resulting specific binding data are now analyzed by nonlinear regression. For the analysis to work, certain parameter values need to be determined first. Specifically, k1 and k2 (the association and dissociation rate constants of the tracer, respectively). k2 is determined in a dissociation experiment which is run separately, and is usually determined in the characterization of the tracer (see Dissociation Rate Constant from a Direct Target-Ligand Binding Assay). k1 is handled differently. The k1 value is determined within the experiment, from the control (tracer binding without unlabeled compound). This is done as follows. The control curve data are fitted to the following equation (Eq. 3):

	Eq. 3

[bookmark: OLE_LINK5]This equation is built into Prism, named “Association kinetics - One conc. of hot.” (47) A step-by-step guide on how to use it is provided in the supplementary file “Competition kinetics analysis”.  and  are fitted in the analysis and  and  are entered as constants (note the Prism equation uses slightly different terminology -  is termed Kon,  is Koff, and  is Hotnm (47)).  is the total concentration of targets in the units used on the y axis (e.g. cpm or dpm for a radioligand binding assay). [L] is the concentration of tracer ligand, in molar concentration for Eq. 3 and entered as nM concentration for the Prism equation.
	Now we are ready to analyze the test compound curves to determine k3 and k4. This has been streamlined in Prism so that the user operates the analysis in the same was as other more familiar curve-fitting procedures (like dose-response analysis). The equation is complex (Eq. 4 shown at the end of this section) but has been pre-loaded into Prism (48) so the user simply selects it as the equation option and runs the analysis. There is one additional dimension to the data analysis. All the compound curves are analyzed simultaneously. This is done in Prism by labeling the column header in the data table with the compound concentration (48). Other programs that can handle this three-dimensional nonlinear regression are SigmaPlot and XLfit.
[bookmark: OLE_LINK6]	A step-by-step guide to the fitting procedure is shown in the supplementary file, “Competition kinetics analysis.” The output is the fitted value of k3 and k4, the association and dissociation rate constants of the unlabeled compound, and , the total number of ligand binding sites. A representative graph showing the curve fits and fitted values is shown in Figure 6. The fitted value of k3 is 1.9  107 M-1min-1 and of k4 is 0.017 min-1. The RT (1 / k4) is then 59 min.
	The equation for the analysis is Eq. 4 (18,19):

	Eq. 4

where,





The fitted parameters are k3, k4 and Bmax. The parameters fixed at constant values in the analysis are [L], [I], k1 and k2. [I] is the inhibitor concentration in molar concentration for Eq. 4 and entered as nM concentration in Prism. The parameters KF, KS, KA and KB are combinations of the other parameters, introduced to simplify writing of the equation into curve-fitting programs.




Shape of the Curves Can Diagnose the Residence Time of the Test Compound
	An interesting observation is immediately obvious on inspecting the data in Figure 6 – the curves are of an unusual shape. There is an overshoot of the tracer binding curve in the presence of compound, before the curve returns to a plateau value. This phenomenon arises when the RT of the test compound is longer than that of the tracer (18,19,45,46). More generally, the shape of the curve can diagnose the RT of the test compound, relative to the RT of the tracer. This is shown in Figure 7. Competition kinetics data are shown for compounds with a range of RTs, from 300 min to 3 min. The tracer RT is 67 min. It can be seen that when the compound RT is longer than the tracer RT, the overshoot phenomenon occurs (Figure 7A, 300 min and 7B, 100 min). The longer the RT, the more pronounced the overshoot (compare Figure 7A and B). When the compound RT is slightly shorter than the tracer RT (30 min, Figure 7C), a biphasic curve is evident – there is an initial rapid burst of binding followed by a shallower phase as the curve approaches the plateau. When the compound RT is short relative to the tracer (10 min and 3 min) the curve resembles a monophasic curve, similar in shape but different in dimensions to the control curve (Figure 7D,E).



[bookmark: _Limits_of_Sensitivity]Limits of Sensitivity
	Like any other assay, there are limits to the sensitivity of the competition kinetics approach, specifically for quantifying the RT. This has been emphasized in two recent studies (45,46). If the RT is too short or too long, the analysis is unable to provide a realistic estimate of k4. (Typically a short RT value in this context is less than 1 min and a long value > 3 hr.) Under these conditions, a false fit can result – the program is able to fit a curve, but the parameters are physically meaningless. Consequently, it is important for investigators not to take the fitted values at face value but rather to consider them within the limits of sensitivity of the analysis. Fortunately, intuition is a good guide in most cases. For example, if dissociation of a test compound is rapid, a high-frequency of reads and an early first read time is necessary; in other words, detecting rapid dissociation requires rapid sampling of the binding reaction (45,46). Reciprocally, detecting slow dissociation requires the duration of the assay to be long (45,46).
	The limits of sensitivity were recently evaluated by simulation – Monte Carlo analysis was used to simulate virtual experiments under a variety of conditions. The reader is referred to refs (45,46) for a comprehensive evaluation. In this chapter, two examples are presented to show what the data look like when the limits of sensitivity are breached. The examples were constructed using the easy-to-follow methods described in the supplementary information of ref. (45), which investigators can use to evaluate their own systems. Here a best-case assay technology scenario is assumed, where there are no major limitations on sampling frequency, initial read time, or signal stability (for example, a resonance energy transfer continuous read assay with autoinjectors and a stable signal; see refs. (45,46) for the impact of these technical limitations).
	Figure 8 shows a limit of sensitivity issue for long RT compounds. This simulation shows the effect of the assay run time (total observation time) on estimating the dissociation rate of a compound with a long RT (6 hr). If the run time is too short, the dissociation rate of the compound is poorly estimated (more precisely, the fitted k4 value is highly variable between experimental runs). This is shown by the large range of fitted k4 values in Figure 8A for a run time of 1 hr. Increasing the run time to 3 hr dramatically reduces the variability and increasing to 9 hr produces a further, slight improvement (Figure 8A). The reason for the variability is obvious when the curves are examined (compare Fig 8 panel B with panels C and D). At 1 hr, the curve shape is poorly defined – the binding is still coming down from the peak and most of the curve is missing. It takes until 3 hr for binding to come down to the plateau, and up to 9 hr for the curve to be fully defined. For a more detailed description, see Figure <?escape?>2  of ref. (46). Improvements in estimating long RT values can also be obtained by using tracers with longer RTs (46).



[bookmark: OLE_LINK17]	Figure 9 shows a limit of sensitivity problem for short RT compounds. The simulation shows the effect of read frequency (the time interval between measurements of binding) on estimating the dissociation rate of a compound with a short RT (10 sec). If read frequency is too long (1 min), the dissociation rate is poorly estimated by the analysis, evident by the large spread of k4 values in Figure 9A. This can be overcome by increasing the read frequency. Increasing to 10 seconds substantially reduces the variability, and increasing to 1 sec provides highly reproducible estimates of k4 (Figure 9A). This makes intuitive sense – detecting events on the order of seconds is unlikely to be reliable with measurements separated by minutes. Simulations have also shown the first time point to be critical – if there is a delay between adding the target to the well and the first measurement, k4 can be poorly estimated for rapidly-dissociating compounds (45). For this reason, autoinjectors on the reader are advised for quantifying short RTs.

Adaptations of the Method
	The competition kinetics equation makes several assumptions regarding the binding mechanism and experimental setup that are not always applicable and/or desirable. To accommodate adaptations, new equations have been derived that investigators can use to analyze their data.

[bookmark: _Rapid_Dissociation_of]Rapid Dissociation of Unlabeled Compound
	Sometimes the dissociation of test compound is too rapid for the method to quantify k4 reliably, within the constraints of the assay design (see “Limits of sensitivity” above). This can result in a false-fit to the data – the curve-fitting algorithm will fit a curve, but the parameter values are physically unrealistic. This is shown in Box 5 (bottom graph and table). When engaged in an SAR campaign, there is no data output from the experiment for these compounds, which can be inconvenient, for example when tabulating activity. To solve this problem, an equation has been derived that returns the value of the equilibrium binding affinity of such rapidly-dissociating compounds (51) (see Appendix, Adaptation for Rapidly-Dissociating Compounds). This is achievable because the compound can be assumed to be at equilibrium with the unbound targets immediately after the target is added and throughout the time course of the experiment.
	The experiment is run identically to the competition kinetics assay but a different equation is used to analyze the data (51,52). A step-by-step guide for running the analysis is provided in the supplementary file, “Rapid competitor data analysis.” The first step in the analysis is to determine the k1 value of the tracer, and this is done as described above (Data Analysis). The next step is to analyze the test compound data with the equation (Eq. 5 below). Unfortunately, this equation is not built-in to commercial curve-fitting software so it must be loaded in as a user-defined equation. Fortunately, a simple way of doing this is available in Prism. The user downloads a Prism file containing the equation (Custom equations for binding kinetics) and then with a couple of mouse clicks loads the equation into the library on their computer. This is explained in the supplementary file “Loading equations into Prism from a file.”
	The analysis is run in the same way as the competition kinetics analysis, just with a different equation. Data for all concentrations of compound are analyzed simultaneously, giving a global fit that provides an estimate of the equilibrium binding affinity of the unlabeled compound for the target (Ki. The equation is Eq. 5 (51,52):

	Eq. 5


where,




(Note  and  are composite parameters introduced to simplify writing of the equation into curve-fitting programs.) The fitted values are  and  and the following parameters are entered as fixed, constant values - , ,  and .

Pre-incubating With Test Compound
	The order of reagent addition is constrained in the original competition kinetics method. The target must be exposed simultaneously to the labeled tracer and unlabeled test ligands, i.e. the target is added last to the assay (18,19). This is not always feasible within the workflow of the experiment. For example, when using plated cells it is difficult to expose the cells to both ligands at the same time – this requires ligands to be mixed together before adding to the assay. Instead, for convenience, usually the test compound is added first, pre-incubated with the cells, then the tracer ligand is added.
	An equation has been derived to handle pre-incubation of target with unlabeled compound before application of tracer (Figure 10, Eq. 6, see Pre-incubating with Test Compound) (53,54). The equation is a close analogue of the competition kinetics equation and is used in the same way, yielding fitted values of k3 and k4, the binding rate constants of test compound. To employ it in Prism, investigators are recommended to use the “Competition kinetics analysis” guide in supplementary files and substitute the competition kinetics equation with the “[Pharmechanics] Kinetics of competitive binding: Competitor pre-incubation” equation (this is a custom equation, available from the  supplementary file “Custom equations for binding kinetics”, loaded as described in “Loading equations into Prism from a file”). The x axis values are the time points after the pre-incubation, i.e. after the tracer is added. The equation contains one extra variable, the pre-incubation time with compound, termed “PIT” which is in the same units as the x axis values.


Pre-incubating with Tracer
	An alternative way of setting up the assay is to pre-incubate target with tracer to allow target-tracer complexes to form, followed by addition of unlabeled test compound. An equation has been derived to analyze these data (Eq. 7, see Pre-incubating with Tracer) and its application detailed in ref. (53). The equation is available in the supplementary file “Custom equations for binding kinetics”, where it is named “[Pharmechanics] Kinetics of competitive binding: Labeled ligand pre-incubation.”




[bookmark: _Compound_Washout_Method]Compound Washout Method

Introduction
	A popular method for measuring unlabeled compound RT is the washout method, frequently employed for kinase enzyme targets. A detailed description of the experimental method is provided in ref. (55) and the procedure is shown in Figure 11. The target and the unlabeled test compound are incubated together to form the target-compound complex, in a pre-incubation step. Next, a wash step is performed to remove the free (unbound) test compound from the assay. At the end of the wash step, there is compound bound to the target and, ideally, no unbound compound. Immediately following the wash step, tracer ligand is added and the tracer binding to the target is recorded (Figure 11). As a control, tracer binding is measured in a sample where vehicle instead of compound is applied in the pre-incubation step.
This assay indirectly quantifies test compound dissociation from the target, by its ability to inhibit tracer binding. The test compound first has to dissociate from the target before the tracer can bind and this results in a delay in the association of the tracer (Figs. 11 and 12) (56-58). The extent of the delay is dependent on the dissociation rate of the test compound. If dissociation is slow, it takes a long time for the targets to become free of the compound, slowing association of the tracer (Figure 12B). By contrast, if dissociation is rapid, target becomes available quickly and there is little slowing of tracer association (Figure 12A). In the literature, the data are usually evaluated qualitatively. However, an equation is available to quantitatively analyze the data, to determine the RT value of test compound (56) (Eq. 8, see Washout Kinetics Method Equation). Applying the equation is described in Data Analysis to Quantify the Compound Residence Time below and the supplementary file, “Washout method analysis”. A useful, comprehensive application of the analysis is provided in ref. (58).




Experimental Considerations
	Technically, the experiment must be performed carefully for the method to provide unambiguous results on the dissociation rate of the compound. It is essential that the unbound compound be thoroughly removed during the wash step; any remaining compound sufficient to occupy the target will block tracer binding by simple equilibrium competition. Note some free compound molecules will be in the well during the tracer incubation owing to breakdown of the target-compound complex. This concentration will be too low to significantly occupy the target if Zone A (minimal compound depletion by target) is satisfied. If there is sufficient free compound remaining in the tracer incubation step owing to incomplete washout, it will slow association of the tracer (59). This can give the false appearance of a long RT compound (Figure 13). This requires the washout method to be carefully considered, particularly for drug-like small molecules which tend to be hydrophobic and difficult to remove, especially from cells (59). If possible, a sample of the assay medium after washing should be removed and the presence of any remaining compound evaluated by testing the medium in a binding assay. Another check is the shape of the tracer binding curve – if test compound has been effectively removed, the curve will eventually reach the same level of binding as the control (no compound in pre-incubation), assuming compound dissociation is not too slow. If significant compound remains after the wash step, the curve will plateau below the no-compound control, as a result of equilibrium competition between residual compound and the tracer (Figure 13) (59).
In the pre-incubation step, a concentration of compound sufficient to occupy no more than 80% of the targets is recommended (4-fold the Ki determined in a preliminary competition binding assay). This minimizes the wash burden. If the concentration is too high, residual compound can bind the target in the tracer incubation. For example, if a 100-fold excess over Ki concentration is used, and the wash step removes 99% of the compound, the 1% that remains will be sufficient to block 50% of the targets, resulting in false appearance of a long RT compound (Figure 13).

[bookmark: _Data_Analysis_to]Data Analysis to Quantify the Compound Residence Time
Measuring the dissociation rate constant of the test compound (k4) is the goal of the analysis. A step-by-step guide is provided in the supplementary file, “Washout method analysis.” The data type is specific binding, i.e. data from which nonspecific binding has been subtracted (Data Analysis and Figure 5). The analysis makes the same assumptions as the competition kinetics analysis (Competition Kinetics: Quantifying Kinetics by Competition Against a Tracer Ligand) – single-site, single-step, competitive binding mechanism with minimal ligand depletion (<20%).
There are two steps in the analysis. First, the control data are analyzed to obtain k1 for the tracer (control being the sample without compound in the pre-incubation). The data are fit to Eq. 3 as described in Data Analysis, which can be done in Prism using the equation “Association kinetics - One conc. of hot.” (47) Note the analysis requires k2 of the tracer to be known (tracer dissociation rate constant) – this is measured in a separate experiment.
With the k1 value in hand, the compound data can be analyzed to determine k4, as detailed in the supplementary file, “Washout method analysis” employing Eq. 8 (Washout Kinetics Method Equation). The analysis provides fitted values of k4; B0 (the percentage of targets occupied by compound at the end of the pre-incubation phase); and Bmax (the total number of ligand binding sites).
Figure 12 shows representative graphs for compounds with varying RTs (i.e. k4 values), from 6 min to 36 hr. The shape and position of the curve makes intuitive sense. For the shortest RT (6 min), the compound curve is only slightly delayed compared with the control curve; there is minimal delay of tracer binding because the compound dissociates so rapidly, leaving target free to bind tracer (Figure 12A). At later time points, the plateau for the compound curve reaches the same level as the control. This is because, given enough time, all of the compound-target complexes break down, leaving all of the targets free to bind tracer. Note this argument assumes the concentration of free compound in the tracer incubation is too low to significantly occupy the tracer – see below for what happens when this is not the case.  For a 60 min RT compound (Fig 12B), there is a marked delay in tracer association, which is predicted because it takes time for the target to become available owing to the slow dissociation of the compound.  When the RT is long (3 hr), the curve is markedly biphasic (Fig 12C). There is a small rapid burst of tracer binding at the start, and a slower rise phase. The rapid phase represents tracer binding to the free targets; the experiment is set up so that 80% of targets are bound by compound, leaving 20% unoccupied and so immediately available to bind tracer. The slower rise phase represents tracer binding to targets that become available once the compound has dissociated from the target. (Note the data analysis can give ambiguous results when the top of the curve is not reached over the timeframe of the assay. This issue can be solved by fixing the Bmax value for the compound curve to that of the control). When the RT is very long, relative to the timeframe of the assay (36 hr vs 3 hr), a near-monophasic curve results, in which binding plateaus well below the control (Fig 12D). In this case, the binding signal is effectively tracer binding only to the targets which were free at the end of the pre-incubation. Very few new targets become available because compound dissociation is so slow.
[bookmark: OLE_LINK20]The association rate constant of test compound can be determined if multiple concentrations of test compound are run. An experiment of this type will return fitted values of the percentage of target population bound, B0, for each concentration of test compound, [I]. B0 is plotted against [I] and the data are fit to the following equation:


Where tPI is the compound pre-incubation time. 


 


False-Positive Long Residence Time Resulting from Incomplete Washout
The kinetic washout method assumes the free compound is so well washed out that no new target-compound complexes form in the tracer incubation step. What happens when this is not the case? How do the data appear when the wash is inefficient and there is ample free compound remaining to bind the target in the tracer incubation? Compounds with short RTs can appear to possess long RTs, giving false positives in lead optimization where the goal is a long RT compound.
A worst-case scenario is presented in Figure 13, using simulated data. A compound with a short RT (6 min) is dosed at a very high concentration in the compound pre-incubation step (1,000 nM, which is 100 times the compound Kd of 10 nM). Then the free compound is washed out, but the washout is not complete – it removes only 90% of the free compound. This leaves compound in the well, at 100 nM concentration, when the tracer is added. This concentration, at 10 times the Kd, easily competes against the tracer. This results in strong inhibition of tracer binding (red squares in Figure 13). Alarmingly, the data resemble those for a compound with a much longer RT of 36 hr, run under the proper conditions, i.e. complete washout of free compound (blue diamonds, Figure 13). Analysis of the 6 min RT compound data with the kinetic washout equation gives a fitted RT of 10 hr. These results show that incomplete washout of compound can result in a false positive long RT.
[bookmark: OLE_LINK21]Data in Figure 13 were simulated using Eq. 5 of ref (53), with the following parameter values: [L], 6 nM; Bmax, 30 binding units; k1, 2.5  107 M-1min-1; k2, 0.05 min-1; k3, 1.67  107 M-1min-1; k4, 0.167 min-1; pre-incubation time, 30 min; pre-incubation compound concentration, 1,000 nM; tracer incubation compound concentration, 10 nM. Data were fitted to the kinetic washout equation (Eq. 8). Bmax was constrained to that of the control curve (30 binding units).



[bookmark: _Complex_Binding_Mechanisms]Complex Binding Mechanisms
Often in binding kinetic studies the data do not fit well to the equations given in the preceding sections. These equations assume the binding event is of the simplest form, a single-step, single site target-ligand interaction. When the data are not fit well by the equations it can indicate a more complicated binding mechanism. Such mechanisms often include two conformational states of the target, with different binding kinetics, giving rise to multiphasic time course curves (for example, Figure 14). Thanks to the efforts of investigators, equations are available to analyze more complex binding data to obtain estimates of the kinetic parameters. While a detailed description is beyond the scope of this chapter, these mechanisms are introduced below and references are provided.

[bookmark: _Two_Conformational_States]Two Conformational States Mechanism
Sometimes there is more than one conformational state of the target in the assay. GPCRs are the classic example. In binding assays, the GPCR exists in two predominant conformations, the G-protein coupled state and the uncoupled state, which bind agonist ligands with different affinity (60,61) and with different binding kinetics (44,62). This mechanism is represented by the following scheme:
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where the subscripts A and B denote the two conformational states of the receptor. Note there is no interconversion between the states in this model. This mechanism gives rise to biphasic time course curves for ligand association and dissociation (Figure 14) – there are two components to the curves, one fast and one slow (62). Equations are available in Prism for analyzing these data (“Two phase association” and “Two phase decay”). An example of this mechanism and the data analysis is provided in refs (62,63). The mechanism has been extended to handle the competition kinetic scenario (i.e. with two ligands, an unlabeled test ligand and a labeled tracer), as described in ref (62).


Two-step “Conformational Induction” Model
This mechanism is often encountered with enzymes. The ligand first binds the target in a loose complex. The complex then undergoes a conformational change, producing a tightly-bound complex. This is a mechanism of conformational induction – the ligand induces a new conformation of the target after binding to it. This mechanism is discussed in detail in refs (42,64,65). The mechanism scheme is,
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RL is the first, loosely-bound complex, and R’L is the second, tightly-bound state. The first step is the same as the single-site binding mechanism described in Basic Principles of Ligand Binding Kinetics. The second step is represented as an isomerization event. Transition to and from the R’L state is governed by isomerization rate constants kT and kR, respectively.
	The shape of the curve depends on the technical properties of the assay. If the emitted binding signal for a molecule of RL and a molecule of R’L is the same (e.g. in a radioligand binding assay) then biphasic curves result, similar to the data in Figure 14 (see data in ref. (65)). Sometimes the binding signal can be dependent on the conformation of the target, for example in fluorescence assays where fluorescence intensity or resonance energy transfer can change when the conformation of the target changes. When the binding signal for R’L is lower than for R, a rise-and-fall curve shape results (unpublished results). In some cases, the initial complex RL is not detected at all, for example in filtration radioligand binding assays where the loosely-bound complex dissociates during the filtration wash step. Under this condition, a monophasic association curve results but the plot of the observed rate versus the ligand concentration is a hyperbola rather than a straight line (42,64).
	The mechanism has been extended to handle competition between a labeled tracer and an unlabeled test compound, as described in ref (66).

Dimeric Target Model
In this mechanism, the target consists of a dimer of identical subunits, each subunit containing a single binding site for the ligand. Binding of ligand to one of the subunits within the dimer affects the binding kinetics of the ligand for the second subunit within the dimer.
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 is the cooperativity effect of ligand binding to the first subunit on the association rate constant and  is the cooperativity effect on the dissociation rate constant. An equation for this model is derived in ref (67), which also includes a detailed description of the manifestation of the model in the binding data.

Binding Kinetics from Functional Assays
Introduction
In the preceding material we assume a binding assay is available for the target. Often this is not the case and instead all we have available is a functional assay, i.e. an assay of the target’s biological action, e.g. product formation by an enzyme, and signaling by a receptor. This is particularly true for new targets in drug discovery. Fortunately, methods are available to quantify the binding kinetics of inhibitor compounds from functional assays. A detailed description is beyond the scope of this chapter but here the basics of the data analysis are presented together with references for further reading.

Enzymes
The binding kinetics of enzyme inhibitors and equations for analyzing the data have been extensively investigated and described (31-34). Methods are available for quantifying inhibitor binding kinetics from enzyme activity assays. The formation of product is measured over time in the absence and presence of the inhibitor. This is done under initial rate conditions, i.e. the linear portion of the time course of product formation. The data are then fit to equations to determine the RT. For enzymes, analysis can be complicated by the myriad of mechanisms by which the inhibitor inhibits the enzyme, and so consultation with an expert in enzymology is recommended.
The RT of enzyme inhibitors is often measured using the jump dilution method (32), a variant of the washout method described above. Enzyme and inhibitor are incubated together to form the enzyme inhibitor complex. Then the reaction is diluted into a much larger volume of assay buffer containing the substrate and all the necessary reaction components. The generation of product is then recorded over time. The jump dilution is designed to reduce the free inhibitor concentration sufficiently that it does not appreciably compete with substrate for the enzyme. Consequently, the inhibition that does occur in the substrate incubation is due to the pre-bound complexes from the inhibitor pre-incubation step; the complex needs to break down before the substrate can bind and product be formed. A vehicle control is included in the experiment in order to record enzyme activity without the inhibitor; the enzyme is pre-incubated with vehicle and diluted in the same way as the inhibitor sample. Data are then analyzed using an appropriate equation to determine the RT (for example, Eq. 8.14 of ref. (32)).

G-protein-coupled Receptors
The activity of GPCRs is measured by recording the signaling pathways these receptors stimulate. Signaling is initiated by binding of an activating ligand (an agonist) to the GPCR.  This provides an assay of activity that can be used to quantify the kinetics of inhibitor binding to the GPCR (i.e. antagonist binding).
A straightforward qualitative method for measuring antagonist RT is available employing the washout method (Figure 15) (35,38). This procedure, called recovery of agonist responsiveness, uses the washout procedure described in Compound Washout Method. Cells bearing the receptor are pre-incubated with antagonist long enough for the receptor-antagonist complex to form, then the free antagonist is removed by washing. The cells are then incubated for various times during which the antagonist will dissociate. Following this, agonist is applied and a rapid signaling assay is conducted (e.g. Ca2+ mobilization). The strength of the signal provides a readout of antagonist binding – the more antagonist that is bound, the lower the signaling by the agonist. The amount of signal is plotted against the time after antagonist washout. Over time, the response increases owing to dissociation of the antagonist, freeing the receptor to bind the agonist and so generate a signal. The time it takes the response to recover can be used as an assessment of the RT of the compound for the receptor. This is usually quantified as the half-time. However, the relationship between recovery time and RT is not one-to-one, owing to the pharmacological phenomenon of receptor reserve (which dissociates the degree of receptor occupancy from the degree of functional response). The recovery time is a relative measure of RT, useful for ranking compounds. Technical considerations in this assay include the use of a short duration signaling assay (so that antagonist does not appreciably dissociate during the signaling assay), and effective washout of the antagonist to avoid false positive long RTs (as described in Compound Washout Method).
More sophisticated methods are available for quantifying binding kinetics in GPCR functional assays. These require a familiarity with receptor theory.  One method utilizes the phenomenon of insurmountability, a property of slowly-dissociating antagonists in functional assays in which the antagonist reduces the maximal response to the agonist (36,37). Alternatively, if there is no receptor reserve in the functional assay the signaling time course can be directly fitted using an analogue of the competition kinetics equation (39).

Summary
	The kinetics of target-ligand interaction provide an additional dimension to the understanding of drug target function and the optimization of novel therapeutics. This chapter enables the newcomer to quantify binding kinetics, specifically how to measure the rate constants for ligand association and dissociation. Analysis is straightforward for direct target-ligand binding assays. More advanced data analysis is required for indirect competition binding assays for quantifying binding kinetics of the large numbers of compounds encountered in modern drug discovery. This analysis, within the range of expertise of most investigators, is taught in easy-to-use step-by-step guides, and aided by guidance on troubleshooting and data interpretation. More complex scenarios are introduced, including complex binding mechanisms and the measurement of binding kinetics in functional assays for enzymes and GPCRs. By describing how to quantify binding kinetics, this chapter will aid investigators in applying and evaluating the role of the temporal dimension of binding activity to their targets of interest.
[bookmark: _Appendix:_Equations_for]Appendix: Equations for Binding Kinetic Data Analysis

The equations used to analyze the data are derived from first principles applied to the binding mechanism diagrams (53). The equations define the concentration of target-ligand complex as a function of time. They are used to fit the time course data to estimate the rate constant values for the binding interaction. In this section, the techniques for deriving the basic binding equations are presented, for the direct target-ligand binding interactions (See Equations for Direct Target-Ligand Binding Kinetics Analysis). Next, the competition kinetics equation is presented, used for measuring unlabeled test compound binding kinetics in competition with a labeled tracer ligand (see Original Competition Kinetics Equation). This equation has been adapted to allow for rapid competitor dissociation (See Adaptation for Rapidly-Dissociating Compounds), and for pre-incubation of target with compound (Pre-incubating with Test Compound). Finally, an equation for analyzing data from the washout kinetics method is described. 

[bookmark: _Equations_for_Direct]Equations for Direct Target-Ligand Binding Kinetics Analysis

Association Time Course Equation
	The mechanism for the basic target-ligand interaction is:
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Scheme 1

This mechanism is a single-site, single-step reversible binding interaction between ligand L and target R. The binding kinetics are defined by the association rate constant k1 and dissociation rate constant k2. The equation derivation is for conditions of minimal ligand depletion, meaning the bound concentration is much less than the total concentration of ligand across the time course (< 20%, ideally < 10% (“Zone A”)). (For ligand depletion conditions, use Eq. 11 of ref. (40).) 
	The goal is an equation that defines the concentration of target-ligand complex () as a function of time (t) and the mechanism parameters of interest (k1 and k2). We start by writing equations that describe the rate of formation and the rate of breakdown of the target-ligand complex. From first principles, the rate of formation is the product of the free ligand concentration, free target concentration and the association rate constant:



The rate of breakdown is the product of the target-ligand complex concentration and the dissociation rate constant:


The next step is to write the equation that defines the rate of change of the target-ligand complex concentration over time, after target and ligand are mixed together. This is a differential equation. The rate of change,  is equal to the rate of formation minus the rate of breakdown, giving the equation



This equation contains two time-dependent terms, [RL] (the species we are measuring, the y axis value of the time course) and [R]. Note that [L], the free ligand concentration, is constant over time because it is not depleted by formation of [RL]. The derivation proceeds by removing the second time-dependent term [R]. This is done using a common mathematical maneuver in pharmacology and enzymology, the conservation of mass equation. This simply expresses the target species in the system as a function of a constant, the total concentration of targets, [R]TOT. Specifically,



Note that [R]TOT is constant over time. [R] is now expressed in terms of [R]TOT and [RL] by rearranging the conservation of mass equation:



In the context of a binding assay, it is convenient to express [R]TOT in terms of the total number of binding sites for the ligand, termed Bmax. Bmax is equal to  for targets with a single binding site, so we can write,
 


We now substitute [R] in the differential equation with Bmax – [RL]:



This equation is now simplified to the following:



The next step is to convert the differential equation to an equation of the form [RL] = f(t) where f(t) is a function of time. This is called the “Analytic form” and is the format used by curve-fitting programs commonly used in ligand binding data analysis. This step requires facility with integral calculus. Fortunately, in this case the integral is well known and the integration can be done directly, giving:



This equation is adapted to analyze the data, as follows. First of all, it can be expressed in a general form. This general form is an equation found in curve fitting programs, and is the association exponential equation (Eq. 1):

	Eq. 1
where, 




Time course data are analyzed with Eq. 1. [RL] is the y value, t the x value, and the fitted values are [RL]t(inf) (the binding level at the plateau) and kobs (the rate constant) (see Association Rate Constant from a Direct Target-Ligand Binding Assay). In Prism, Eq. 1 is named “One-phase association” (41). 
The kobs = [L]k1 + k2 equation is now used to determine the k1 value (see Association Rate Constant from a Direct Target-Ligand Binding Assay). kobs is measured for a range of ligand concentrations (Figure 3A) and then kobs is plotted versus the ligand concentration. This plot is a straight line with gradient of k1 (Figure 3B) so the data are analyzed by linear regression. The fitted value of the gradient is equal to k1.

Dissociation Time Course Equation
	In the dissociation assay, the target-ligand complex is formed, and then the decay of the target-ligand complex is measured over time after an experimental intervention that blocks the association interaction (the dissociation phase). Association can be blocked by washing out the unbound ligand, or, when a labeled ligand is being used, addition of a large excess of unlabeled ligand. The mechanism in the dissociation phase of the experiment is simply breakdown of the target-ligand complex:
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Scheme 2

The equation defining the dissociation time course is derived using the same strategy as described above for the association process. The rate of change of the target-ligand complex over time is simply the rate of decay of the complex:



Note the negative sign, indicating [RL] is declining over time. The next step is to obtain the analytic form, and this is done directly by integration, giving the equation used to analyze the data (Eq. 2):


	Eq. 2

This equation is used to analyze dissociation time course data (Figure 2B). [RL] is the y value,  is the x value, and k2 and [RL]t0 are the fitted parameters. In Prism, Eq. 2 is named “One-phase decay.” (43) 

Competition Kinetics Equations
	In the competition kinetics assay, an unlabeled compound is competed against a labeled tracer ligand for binding to the target. The analysis assumes the two ligands bind the same site on the target and that the binding events are simple single-site, single-step reversible interactions. The equations assume minimal depletion of the free ligand concentration (for both the labeled and unlabeled ligand). The mechanism is illustrated in Figure 4 and shown schematically below:
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Scheme 3

By convention, k1 and k2 are the association and dissociation rate constants, respectively, of the labeled ligand (L), with k3 and k4 being the corresponding rates for the unlabeled test ligand (I).

[bookmark: _Original_Competition_Kinetics]Original Competition Kinetics Equation
	In the original, commonly-used method, target is exposed simultaneously to both ligands (i.e. the target is added last to the assay). The data take the form of the time course of labeled ligand binding in the presence of the unlabeled compound (Figure 6). The equation describing these data is a bi-exponential equation and is rather complex to the uninitiated investigator, but it is a straightforward analytical equation where [RL] is a function of time and mechanism parameters. It has been loaded as a built-in equation in Prism (named “Kinetics of competitive binding” (48)) so it isn’t necessary to enter it manually when using this program. The equation, Eq. 4, is:

	Eq. 4

where,





Note that , ,  and  are composite parameters introduced to simplify writing of the equation into curve-fitting programs. The original papers describing the equation are refs. (18,19) and a detailed description of the mathematical methods used to derive it is in ref. (53) 

[bookmark: _Adaptation_for_Rapidly-Dissociating]Adaptation for Rapidly-Dissociating Compounds
Occasionally the unlabeled test compound dissociates too rapidly for the analysis method to quantify k4 reliably (Limits of Sensitivity). A false fit results, where the program fits a curve to the data well, but that returns unrealistic estimates of k3 and k4 (see Box 5, bottom graph and data table). Effectively, the compound is immediately and constantly at equilibrium with free targets. The analysis method can be adapted to quantify the binding affinity of such a compound from the time course data. The equation for this analysis is Eq. 5 (51-52):

	Eq. 5
where,




Ki is the equilibrium binding affinity of the unlabeled test compound. Note  and  are composite parameters introduced to simplify writing of the equation into curve-fitting programs.
This equation, named “[Pharmechanics] Kinetics of competitive binding, rapid competitor dissociation”, is available in the supplementary Prism file “Custom equations for binding kinetics”.

[bookmark: _Pre-incubating_with_Test]Pre-incubating with Test Compound
The original competition kinetics equation assumes target is exposed simultaneously to test compound and tracer ligand (18,19). An equation is also available that assumes the target is pre-incubated with a test compound before the tracer is added (53,54). The equation is a close analogue of the original equation – it is extended to include a term for binding of compound during the pre-incubation. The equation (Eq. 6) is:


	Eq. 6

[bookmark: OLE_LINK19]The terms are defined in the section Original Competition Kinetics Equation. tPI is the pre-incubation time with compound and t (the x value) is time after tracer ligand addition. This equation, named “[Pharmechanics] Kinetics of competitive binding: Competitor pre-incubation”, is available in the supplementary Prism file “Custom equations for binding kinetics”.

[bookmark: _Pre-incubating_with_Tracer]Pre-incubating with Tracer
	An equation is also available that assumes the tracer is pre-incubated with the target before an unlabeled test compound is added (53). The equation (Eq. 7) is:


	Eq. 7

Here tPI is the pre-incubation time with tracer and  (the x value) is time after compound addition. This equation, named “[Pharmechanics] Kinetics of competitive binding: Labeled ligand pre-incubation.” is available in the supplementary Prism file “Custom equations for binding kinetics”.

[bookmark: _Washout_Kinetics_Method]Washout Kinetics Method Equation
	An alternative method for measuring unlabeled compound RT is the washout method, popular for certain classes of targets such as protein kinases (55). In this experiment, compound is pre-incubated with target to allow target-compound complexes to form (Figure 11). Next, the free (unbound) compound is washed out, leaving the compound-target complexes in the well. Next, a tracer ligand is added and tracer binding recorded over time. The pre-bound compound delays association of the tracer (Figure 11 graph). This is because the compound first has to dissociate before tracer can bind. An equation, Eq. 8, has been derived for analyzing the tracer time course data (53,56):

	Eq. 8
where B0 is the percentage of the target population bound by test compound at the end of the pre-incubation step.
	The association rate constant of unlabeled test compound (k3) can be determined if multiple concentrations of compound are run in the assay. Analysis using Eq. 8 will give a separate B0 for each concentration of compound. The B0 value can then be plotted versus the compound concentration [I], and the data analyzed using the following equation:
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Figure 1. Simple bimolecular target-ligand binding interaction. Target (in green) interacts reversibly with ligand (orange). The rate of association, forming the target-ligand complex, is determined by the association rate constant, k1. The complex can then dissociate, defined by the dissociation rate constant, k2.
[image: ]
Figure 2. Time course data for target-ligand association (A) and dissociation (B). Curves are fits to exponential equations (A, Eq. 1; B, Eq. 2). Data points are the mean  SEM of two technical replicates.
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Figure 3. Measurement of k1, the association rate constant, in a direct target-ligand binding assay. k1 is determined in a two-step process. First, as shown in panel A, the time course of formation of the target-ligand complex is measured for multiple concentrations of ligand (see Box 1 for conditions). These data are then fit by nonlinear regression to the association exponential equation (Eq. 1) as detailed in the step-by-step guide “Association data analysis” in supplementary files. This analysis yields a fitted value of kobs, the observed association rate, for each concentration of ligand. These kobs values are shown on the legend in panel A. In the second part of the analysis, shown in panel B, the kobs values are plotted against the ligand concentration. These data are then fit to the straight line equation. The gradient of this line is k1 (1.0  107 M-1min-1). Data points in Panel A are the mean  SEM of two technical replicates.
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Figure 4. Competition kinetics for two ligands binding to the same binding site on the target. The target (in green) interacts reversibly with two ligands – a labeled tracer ligand in red and the test compound, which is unlabeled, in orange. k1 and k2 are the association and dissociation rate constants of the tracer, respectively, and k3 and k4 are the corresponding parameters for the test compound. k3 and k4 can be determined from a kinetic competition binding assay measuring inhibition of tracer binding by test compound at various time points (Figs. 5 and 6).
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Figure 5. Raw data for competition kinetics assay. The y axis is binding of the labeled tracer ligand. Five conditions are measured, as shown in the left-hand graph. This graph shows total tracer binding data (total binding). The first step in the analysis is transformation to specific binding (i.e. target-specific tracer binding) – this is done by subtracting the nonspecific binding value at each time point. This yields the specific binding data in the right-hand graph. In this example, the average of the technical replicates for nonspecific binding was used and data points are the mean  SEM of two technical replicates.
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Figure 6. Competition kinetics data analysis: curve fits and results table. The graph shows specific binding of the tracer over time, in the presence of three concentrations of the unlabeled test compound, and in the absence of test compound (“0”). The data are fit to the competition kinetics equation using Prism, as detailed in the supplementary file “Competition kinetics analysis”. The table shows the results of the analysis – the fitted parameter values k3, k4 and Bmax, and the goodness of fit parameter R squared (the correlation coefficient). Note the analysis globally fits all three concentration simultaneously, giving global fitted values of the parameters (red box). The fitted value of k3 is 1.9  107 M-1min-1 and of k4 is 0.017 min-1.
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Figure 7. Curve shapes in competition kinetics assays. The curve shape is dependent on the RT of the test compound relative to the RT of the tracer. The tracer RT in this example is 67 min. When the compound RT is longer than the tracer RT, the overshoot phenomenon is evident – the curve peaks then declines to a plateau (300 min (A) and 100 min (B)). The longer the RT, the greater the overshoot (compare A with B). When the compound RT is slightly shorter than the tracer RT, a biphasic curve is evident (C, 30 min), where there is an initial rapid rise of tracer binding followed by a slower approach to the plateau. When the compound RT is short relative to the tracer, the curve appears monophasic (10 and 3 min, D and E). Data points are the mean  SEM of two technical replicates.
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Figure 8. Sensitivity limits of a competition kinetics assay for detecting a long residence time: Effect of experiment run time. Simulated data show that if the incubation time is too short, residence time is poorly estimated by the method (45,46). Repeated experimental runs (30 in total) were simulated using the Monte Carlo method for a test compound with a RT of 6 hr, as described in the supplementary information of ref. (45). This was done for 3 experiment run times – 1, 3 and 9 hr. A) Fitted test compound dissociation rate constant. With a 1 hr run time, the k4 estimates vary dramatically from experiment-to-experiment (note the values that are close to zero – in these experiments, the fitted value hit the constraint limit (k4 > 0)). Increasing the run time to 3 and 9 hr dramatically increases the reliability of the fit, evident from the much smaller spread of k4 values. B-D) Representative time course traces for 1, 3 and 9 hr run times. Simulation parameters were: k1, 1  108 M-1min-1; k2, 0.1 min-1; k3, 2.78  106 M-1min-1; k4, 0.00278 min-1; L, 3 nM; I, 2, 6 and 18 nM; Bmax, 30; first time point, 30 sec; read frequency, 30 sec; 2 technical replicates; Gaussian absolute random scatter with SD of 0.5. Data based on Figure <?escape?>2  of ref. (46).
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Figure 9. Sensitivity limits of a competition kinetics assay for detecting a short residence time: Effect of read frequency / measuring interval. Simulated data show that, to accurately measure short residence times, the read frequency needs to be high (45,46). Repeated experimental runs (30) were simulated using the Monte Carlo method for a test compound with a RT of 10 sec, as described in the supplementary information of ref. (45). This was done for 3 read frequencies – 1 min, 10 sec and 1 sec. A) Fitted test compound dissociation rate constant. With a 1 min read frequency, the k4 estimates vary dramatically from experiment-to-experiment. Increasing the read frequency to 10 sec and 1 sec dramatically increases the reliability of the fit, evident from the much smaller spread of k4 values. B-D) Representative time course traces for the different read frequencies. Simulation parameters were: k1, 1  108 M-1min-1; k2, 0.1 min-1; k3, 6  107 M-1min-1; k4, 6 min-1; L, 3 nM; I, 133, 400 and 1200 nM; Bmax, 30; last time point, 20 min; 2 technical replicates; Gaussian absolute random scatter with SD of 0.5. Data based on Figure 3 of ref. (46).
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Figure 10. Compound pre-incubation competition kinetics method and analysis. Often it is desirable to pre-incubate compound with target before adding tracer in a binding assay, for example when using plated cells. An equation is available to analyze these data to determine the binding kinetic rates of test compound. In the experimental protocol (left), compound is added to target and the two are incubated for a specified time period. Tracer is then added, and tracer binding to the target recorded. Three concentrations of compound are tested, as described for the original competition kinetics method (Competition Kinetics Introduction). Data (right) are analyzed as for the original method (see supplementary file “Competition kinetics analysis”) except a different equation us used that takes into account the pre-incubation. This equation is available in the supplementary file “Custom equations for binding kinetics”, where it is named “[Pharmechanics] Kinetics of competitive binding: Competitor pre-incubation.” It can be loaded as described in “Loading equations into Prism from a file.” The equation contains an extra term, the pre-incubation time (“PIT”), entered as a constant in units the same as the x axis units. The analysis yields fitted values of k3 and k4, the binding rate constants of test compound. In this experiment, the fitted value of k3 is 2.0  107 M-1min-1 and of k4 is 0.049 min-1. Data points are the mean  SEM of two technical replicates.
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Figure 11. Washout method for quantifying unlabeled compound residence time. Target (in green) is incubated with test compound (orange) for a specified time, for the target-compound complex to form. In the next step, the unbound compound is washed out. Tracer ligand (in red) is then immediately applied and tracer binding measured using a time course binding assay (see graph). The pre-bound compound delays association of tracer with target because it first has to dissociate before the tracer can bind. The resulting data can be analyzed with an equation that quantifies the dissociation rate constant of the compound (see Figure 12), providing the unbound compound has been sufficiently well removed during the wash step. Data points are the mean  SEM of two technical replicates.
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Figure 12. Washout method curve shapes for compounds with varying residence time. Data were simulated assuming 80% occupancy by compound at the end of the compound pre-incubation. When the RT is short (A, 6 min), the compound curve is only slightly delayed relative to the control curve because the compound dissociates rapidly. When the RT is longer (60 min, B), there is a clear separation between the curves owing to the slow dissociation of compound which delays association of the tracer. Note the compound curve returns to the same level of binding as the control given enough time (at the plateau) – at this point all compound has dissociated so all targets are free to bind the tracer. When the RT is long relative to the timeframe of the assay (3 hr RT, C), the curve increases slowly and the plateau is not well defined. This can be handled in the data analysis by fixing the plateau to that of the control (Box 6). When the RT is exceptionally long (36 hr, D), the curve effectively plateaus at a much lower level than the control. In this case, the only available targets are those 20% free at the end of the compound pre-incubation. Data points are the mean  SEM of two technical replicates.
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Figure 13. False positive long residence time resulting from incomplete washout in the kinetic washout assay. Kinetic washout experiments assume there is no free compound remaining after the washout step, meaning the delay of tracer association results solely from pre-bound compound-ligand complexes needing to dissociate before tracer can bind. However, if washout is inefficient, residual compound can also delay tracer binding, by simple competition binding. This can give the false impression of a long RT for the compound. Here a worse-case scenario is given. A short RT compound (6 min) is dosed at a very high concentration in the pre-incubation step (1,000 nM, 100-fold higher than the compound’s Kd of 10 nM). Then an inefficient wash is performed, such that 10% of the compound remains in the well, giving a 100 nM concentration when the tracer is added. This concentration, which is 10-fold above the Kd, can easily outcompete the tracer, resulting in inhibition of tracer binding (red squares). The data closely match those for a long RT compound (36 hr) that is dosed correctly (4X Kd) and completely washed out (blue diamonds). Consequently, a short RT compound erroneously appears like a long RT compound. Analysis using the kinetic washout equation (Eq. 8) gives an RT of 10 hr, radically different from the actual RT of 6 min. See text for simulation and fit details. Data points are the mean  SEM of two technical replicates.
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[bookmark: Slide_Number_20]Figure 14. Two conformational states of the target – binding kinetic data. Here there are two states of the target, which bind the ligand with different kinetics. Note the biphasic curves – there is an initial burst, followed by a slower phase of binding. Solid lines are fits to biphasic association (A) or dissociation (B) equations (see ref (62)). The dashed line is the fit to the standard single-state exponential equations – note this provides a poor fit to the data. Data were simulated for a two-state mechanism (see Two Conformational States Mechanism) with following parameter values: k1A, 1.0  108 M-1min-1 ; k2A, 0.1 min-1; K1B, 1.0  107 M-1min-1 ; k2B, 0.01 min-1; % state A, 70; L, 2 nM; Bmax, 37.5 target units. Data points are the mean  SEM of two technical replicates.
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Figure 15. Recovery of agonist responsivity method for measuring antagonist residence time. In this method for signal-transducing receptors, the agonist signal is used to assess occupancy by the antagonist (35,38). Receptor-antagonist complexes are formed during a pre-incubation step. The unbound antagonist is then removed by washing. The wells are then left incubating for various times during which the antagonist will dissociate from the receptor. At the desired time points, occupancy by the antagonist is assessed indirectly by adding agonist ligand and immediately recording the signal. The more receptors are bound by the antagonist, the lower the agonist signal. Data are then plotted as shown in the graph – the response to the agonist versus the time after washout of antagonist. As time progresses, responsivity to the agonist returns (red symbols), owing to dissociation of antagonist from the receptor, freeing the receptor to respond to the agonist.


Table 1. Assays for measuring target-ligand interactions and their suitability for kinetic analysis

	Assay modality
	Continuous read?
	Notes
	References

	Binding assay
	
	
	

	Fluorescent ligand binding
	Yes
	[bookmark: OLE_LINK16]Ideal technology for kinetics, particularly new resonance energy transfer technologies.
	(7,15,28,29) 

	Surface plasmon resonance (SPR)
	Yes
	Usually requires purified protein, or solubilized membrane targets.
	(27) 

	Calorimetry
	Yes
	Usually requires purified protein.
	(30) 

	Radioligand binding - filtration
	No
	Established methodology but endpoint format cumbersome for kinetics.
	(22) 

	Radioligand binding – Scintillation Proximity Assay (SPA)
	Yes
	SPA modality enables continuous read capability for radioligand binding, though long read times can reduce sensitivity.
	(22) 

	
Functional assay
	
	
	

	Enzyme assays
	Yes
	For inhibitors, e.g. jump dilution method.
	(31-34) 

	Cell signaling assays
	Yes
	For inhibitors. A short response time is desirable.
	(35-39) 



Box 1: Association rate constant assay considerations

Time point range
Enough time points should be taken to define the curve. Ideally at least six time points on the initial rise phase of the association curve should be taken, and at least six after the midpoint of the curve. The time points should extend long enough to properly define the plateau of the curve. Some iteration will likely be required to identify the optimal range of time points to satisfy these criteria. The time range is dependent on the type of target and the investigator is advised to examine the literature on other targets in the class in selecting the initial time range.

Ligand concentration range
At least six concentrations are recommended that ideally span at least a 10-fold range: two concentrations below the Kd concentration, the Kd concentration itself, and three concentrations above the Kd. Representative data are shown in Figure 3, for a ligand with Kd of 4 nM, employing ligand concentrations of 1, 2, 4, 8, 16 and 32 nM.

Target concentration
	The target concentration should be low enough that < 20% of the ligand added is bound by the target at equilibrium (i.e. at the plateau of the time course). Ideally < 10% should be bound but this is not always practical because sufficient target-ligand complex is required to minimize variability.

Stability
	The target and ligand should be stable for the duration of the time course. For fluorescent ligands, this requires minimal photobleaching upon the repeated excitation of the fluorophore in continuous-read mode.

Box 2 Troubleshooting the association rate constant measurement

kobs vs ligand concentration graph is not linear
Imprecise serial dilution of ligand. Use low-binding surface plasticware and an ideal solvent (e.g. DMSO for small molecules) rather than assay buffer for serial dilution. If a radioligand is being used, count the dose to determine the concentration precisely.
Binding mechanism does not conform to the simple single-site binding interaction. Particularly evident if the kobs vs [L] plot is a hyperbola (see graph at bottom right). Use alternative, appropriate equation for the binding mechanism (see Complex Binding Mechanisms), e.g. the post-binding conformational change model – see ref. (42).
Time course curve not fit well by association exponential equation
Instability of ligand and/or target, evident by fading time course (see below, left graph). Check stability of ligand and target. Add protease inhibitors, reduce temperature.
Binding mechanism does not conform to the simple single-site binding interaction. Evident by two phase time course (see below, center graph) and rise-and-fall curve shape. Often observed in whole-cell assays where targets are susceptible to a series of kinetic regulation events. Use membranes for membrane-associated targets (e.g. GPCRs) or purified proteins (e.g. kinases) to minimize regulation events and simplify the binding kinetics. If complex binding curves result from complex binding mechanism, use alternative, appropriate equation (Complex Binding Mechanisms).
[image: ]

Box 3 Troubleshooting dissociation rate constant measurement

Time course curve not fit well by exponential decay equation
A two-phase time course (see below, left graph) can indicate the binding mechanism does not conform to the simple single-site binding interaction. Use alternative, appropriate equation for the binding mechanism (see Complex Binding Mechanisms).

Dissociation curve plateaus above zero
Often observed for GPCR agonist ligands where the binding does not decay to zero. This indicates a long-lived receptor state, usually the G-protein-coupled state. Either GTP or GTPS can be added to uncouple the receptor from the G-protein (44).
A compartment is present which the unlabeled ligand cannot access, or from which the labeled ligand cannot be washed out. This is occasionally observed in whole cell and membrane binding assays and can be resolved by adding a small amount of membrane permeabilizing agent (e.g. 50 g/ml saponin).
The binding mechanism does not conform to the simple single-site binding interaction. In this case, use an alternative, appropriate equation for the binding mechanism (see Complex Binding Mechanisms).
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Box 4 Experimental setup for unlabeled ligand competition kinetics assay

Conditions
1. Control (tracer only, no unlabeled compound)
2. Unlabeled compound, 0.33-fold the ligand IC50 in an equilibrium competition assay
3. Unlabeled compound, at the IC50 concentration
4. Unlabeled compound, at 3-fold the IC50 concentration
5. Nonspecific binding – high concentration of unlabeled ligand

Time points
· At least 4 time points before the half-time of the tracer-only association curve and at least 12 after.
· Last time point at 2 hours for pilot assays.
· Example range: (min): 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 13, 16, 20, 25, 30, 36, 43, 50, 60, 70, 80, 90, 100, 110, 120

Tracer concentration
· 3-fold the tracer Kd as rule of thumb
· Adjust if necessary so that association is not too fast to violate time point criteria above, within the constraints of workflow and instrumentation.
· Ensure at most 20% of the added ligand is bound by the target (ideally < 10%, “Zone A”).

Box 5 Troubleshooting the competition kinetics assay
Poor global fit to the equation – some concentrations fit well, others don’t, as follows:
[image: ]

This pattern can result from imprecise serial dilution, specifically loss of compound on serial dilution. The legend above shows the predicted concentration (based on serial dilution) and actual concentration in the well. Very high affinity compounds can show this behavior because the concentration in the assay is so low. Use low-binding plasticware and ideal diluent for the compound. This pattern can also result from the target concentration being out of “Zone A”, i.e. the target being at sufficient concentration that it depletes the compound concentration. Reduce the target concentration or increase tracer and compound concentrations.

Unrealistically high k3 and k4 values
[image: ]

[bookmark: _Hlk53215972]Note the very large k3 and k4 values in the data table. This results when dissociation of test compound is very rapid – see refs. (45,46). This can be solved by analyzing with an equation that assumes rapid dissociation and fits the equilibrium binding affinity (Ki) instead of the rates (51,52) – see Rapid Dissociation of Unlabeled Compound.



33


image1.jpg
Binding kinetics





image2.jpg
k
R+ L <—= RL




image3.jpg
klA

R, + L R,L

2A

ki

Ry + L==—= R,L





image4.jpg




image5.jpg
LRL




image6.jpg
k,
RL — R + L




image7.jpg
k
R+L+1 <—= RL

ky

RI




image8.jpg




image9.jpg
- '0u09 Xxa|dwod puebij-jeblie |

40

20

() o o
N -—

30~

< '0U09 X8|dwoo puebi-leble |

Time (min)

Time (min)




image10.jpg
Target-ligand complex conc.

304

Time (min)

[Ligand]

(M)

-0~

SRR

- N b 00 -

3

2
6

kobs
(min™")
0.359
0.191
0.113
0.0750
0.0446
0.0514

Kobs (min™")

0.4-
0.3-
0.2-
0.1- \
Gradient = 1.0 x 10" M "min’
0.0 . . I
0 1%x10-8 2x%x10-8 3x10-8

Ligand concentration (M)

4x10-8




image11.jpg
Tracer

. Test compound





image12.jpeg
Total tracer binding

30+

‘iﬁ.“ e o, s .
?.... u B HE
204 @ N - . N
B, A IV W
A A A A A
b ‘
Vyv
v
v
10 i' \ 4 v Y v
‘o‘o o % o » *
OI | | | |
0 30 60 90 120

Time (min)

[Compound] (nM)

e 0

1.1

A 33

v 10

¢+ Nonspecific binding

—_—

Subtract
nonspecific
binding

Specific tracer binding

25-
‘!“Q’ i ® O °
20 .l
- O
E:E ol .
B
® O u
+ A A A N N
i y!!vV!v
v
YV f M v ¥
GI | | | |
30 60 90 120
Time (min)




image13.jpg
Specific tracer binding

60
Time (min)

90

120

[Compound] (nM)

o 0
= 11
-+ 3.3
+ 10
1.1 3.3 10 Global (shared)
Kinetics of competitive binding
Best-fit values
K1 = 22342191 = 22342191 = 22342191
L =6.000 =6.000 =6.000
K2 = 0.05000 = 0.05000 = 0.05000
K3 19072618 19072618 19072618 19072618
| =1.100 = 3.300 =10.00
K4 0.01663 0.01663 0.01663 0.01663
Bmax 31.06 31.06 31.06 31.06
Goodness of Fit
Degrees of Freedom 141
R squared 0.9910 0.9809 0.8990 0.9879





image14.jpg
Specific tracer binding Specific tracer binding

Specific tracer binding

300 min RT
30-
[Compound] (nM)
o © ® o 0
= 0.032
-+ 0.1
+ 0.32
< 1
- 3.2
10
IS
I
'. hd ®
O I | — | | |
0 50 100 150 200
Time (min)
100 min RT
30-
[Compound] (nM)
o o * 0
= 0.032
-+ 0.1
20- A 0
+ 0.32
< 1
Ld * 3.2
/ Y
1042
,/ S ® o E S
. d’_
O | | | | |
0 50 100 150 200
Time (min)
30 min RT
30-
[Compound] (nM)
o 0
= 0.1
4+ 0.32
+* 1
A
- 3.2
- 10
v
i ©
D' PY
i i - o
: T <& w
O | | | | |
0 50 100 150 200

Time (min)

Specific tracer binding

Specific tracer binding

30+

204

30+

20+

10 min RT
[Compound] (nM)
= 0.32
-+ 1
+ 3.2
<+ 10
- 32

\ /
50 100 150 200

Time (min)

3 min RT
[Compound] (nM)
o 0
= 1
+* 3.2
+ 10
- 32
- 100

Y o
100 150 200
Time (min)




image15.jpg
Specific tracer binding

A 0.006-

®
®
®
. 0.004- °
FIC
= ® Actual value: 0.00278 min™
= d - RT =6 hr
< ®
0.002- .
®
o«
®
0.000 . ! ;
1hour 3 hours 9 hours
Duration of experiment
1 hour experiment C 3 hour experiment D 9 hour experiment

@) ®)
= S
O O
C C
e o
) )
O O
o ¥ © ©
10- [Compound] (nM) f—_’ q(:J
. 0 .8 .8
o o
54 2 2 7
-+ 6
- 18
O | | | O | | | O | | | |
0 20 40 60 0 1 2 3 0 3 6 9

Time (min) Time (min) Time (hr)




image16.jpg
Specific tracer binding

A 40-

.0
304
®
‘.TE °
€ 20- o
~ ®
<
®
®
10- o °
°® O Actual value: 6 min’
® o® “
:353 eSevtedel RT =10 sec
®
O | I I
1 min 10 sec 1 sec
Read frequency
1 min read frequency C 10 sec read frequency D 1 sec read frequency
25-
204 ¢ o o
= =
O O
- = =
15- . o
) )
@) O
© ©
10- s 12 2 o o
D D
Q. Q.
N 2 " v v ” P
Y
O | | | |
0 5 10 15 20

Time (min)

[Compound] (nM) e ( =+ 133

Time (min)

Time (min)

- 400 - 1200




image17.jpg
Combine compound and target 2o [Compound] ("M)
: S ® 0
o 207 = 3.3
. -
Pre-incubate for a S - + 10
specified time e + 30
G
Add tracer 0
)
v
Immediately record | | |
tracer binding signal 60 90 120

Time after tracer addition (min)




image18.jpg
Add compound
and incubate

C
.

Wash out compound,
add tracer and record
tracer binding

25-
@ O

o 20- O
£
O
g
o 15-
@
O
©
I -e- Control
&é_ ) =+ With compound
7p )

o3

O I I I

0 30 60 90 120 150 180

Time (min)




image19.jpeg
Specific tracer binding

Specific tracer binding

251

-e- Control
- 6 min RT compound

T 1
60 120 180

Time (min)

- Control
= 3 hr RT compound

T 1
60 120 180

Time (min)

[vy)

Specific tracer binding

o

Specific tracer binding

- Control
51 -# 60 min RT compound
0 T T 1
0 60 120 180

Time (min)

-e- Control

- 36 hr RT compound

0 T

T 1
0 60 120 180

Time (min)




image20.jpg
Specific tracer binding

25-

20-

15-

10-

5

I
|
|
!

=
-

—

]
0 d

e (Control

O 6 min RT compound, over-dosed, poor washout

¢ 36 hr RT compound

N 40 O
D | N |

O OO0 Ll O

=

60

Time (min)

120

180




image21.jpg
Specific tracer binding

30-

Association B Dissociation

30

o
= .
O i
S 204
O
@
O
O
o
Eg 10-
Q.
CD \

O I ! ! O | ! ! !
0 30 60 90 0 60 120 180

Time (min) Time (min)




image22.jpg
Preincubate receptor with antagonist, ICg, concentration.

Wash thoroughly to remove free antagonist.

Incubate for various times to allow antagonist to dissociate,
one set of wells for each time point.

400-
'©
-
2 300-
Add agonist and quickly O
measure receptor signaling. ©
>
c 200-
Q
17
S - Antagonist preincubation
S 100- _
< -e- Control (no antagonist)
O | I I 1
0 30 60 90 120

Time after antagonist washout (min)




image23.jpg
Targetligand complex con

Fading time course

30 60

Time (min)

90

Targetigand complex conc

Two phase time course

— Two phase fit
-~ One phase fit

30 60

Time (min)

90

0.15:

Hperbolic kgps vs [L]

20 40

Ligand concentration (M)

60




image24.jpg
Target-igand complex conc

30

20

Two phase time course

— Two phase fit
-~ One phase fit

20 40

Time (min)

60

Target-igand complex conc

Binding does not decay to zero
30

20

10

0 20 40 60

Time (min)




image25.jpg
Specific tracer binding

Time (min)

R

[Compound] (nM)
Predicted  Actual

0 0
2.1 0.45
6.33 3
20 20




image26.jpg
ic tracer binding

Time (min)

[Compound] (nM)

- Control
= 100
+ 316
+ 1000

=Tm0

—omwm0

TR

— TR T662

—TeEeISE R

150

=T%0

—TeieR

LD

an

s

an

Goodwem oL

Degrees of Froedom

Rl

Rsquaed

(L]




