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Abstract

It is generally accepted that, in conjunction with pharmacokinetics, the first-order rate constant of target
dissociation is a major determinant of the time course and duration of in vivo target occupancy. Here we
show that the second-order rate constant of target association can be equally important. On the basis of the
commonly used mathematical models for drug-target binding, it is shown that a high target association rate
constant can increase the (local) concentration of the drug, which decreases the rate of decline of target
occupancy. The increased drug concentration can also lead to increased off-target binding and decreased
selectivity. Therefore, both the kinetics of target association and dissociation need to be taken into account
in the selection of drug candidates with optimal pharmacodynamic properties.

Glossary

Endogenous ligand; A compound that is naturally present in the body and functions by binding to a certain
receptor.

Endogenous competition; Binding of an endogenous ligand to the same binding site as a drug.

Kinetic selectivity; Differential kinetics of a compound for binding to intended and unintended targets. Most
often considered beneficial if the residence time on the intended target is longer than the residence time on
the unintended targets

Non-specific binding; Drug binding to proteins, lipids or other materials that do not initiate signaling. Often
unsaturated.

Pharmacokinetics; The combination of all processes that influence the concentration of a drug over time,
including absorption, distribution, metabolism and excretion in all body compartments.

Pharmacodynamics; The combination of all processes that influence the relation between drug
concentrations and drug effects.

Residence time; The average time each drug molecule remains bound to the target after the binding event,
calculated as 1/kqft.

Rebinding; The occurrence of multiple binding events during the dissociation phase, as a consequence of
increasing unbound drug and target concentrations due to dissociation. Mostly used to describe the
increased local drug concentration due to dissociation and limited diffusion near the drug target, for
example in a synapse.

Signal transduction; The cascade of (cellular) reactions that is initiated by receptor activation and leads to
the eventual effect.

Target-Mediated Drug Disposition; Extensive drug-target binding that influences the pharmacokinetic
characteristics of a drug.

Target occupancy; The fraction of target that is bound to a drug or ligand molecule.

Target Turnover; Synthesis and degradation of a drug target leading to continuous regeneration of unbound
target molecules.
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Optimisation of in vivo drug-target binding kinetics for drug discovery

To optimise the duration of drug action for its therapeutic use, developers have primarily focused on
modification of pharmacokinetic parameters. However, an alternative approach is to optimise the duration
of drug action by the modification of drug-target binding kinetics.

The target association and dissociation rate constants are important determinants of both the time course
and the extent of drug effects, and their values can be measured in high-throughput in vitro systems. This
has led to the inclusion of drug-target binding kinetics as a selection criterion in the evaluation of drug
candidates in drug discovery [1,2].

Although drug-target binding kinetics can be optimised for different purposes regarding the magnitude and
the kinetics of both wanted and unwanted drug effects [3—7], the most frequently proposed application is to
prolong the duration of action by prolonging the target occupancy (see Glossary). Generally, the emphasis
has been put on an increase of the target residence time through a reduction of the rate of target
dissociation [8-10].

However, as drugs act in the human body, which is a complex and dynamic biological system, the duration
of drug action is also influenced by other factors. These factors include the time course of the drug
concentration (pharmacokinetics), the rates of synthesis and breakdown of the target molecule (target
turnover), the concentrations of endogenous ligands competing for the same target, and the kinetics of the
signal transduction [11].

Of these factors, the pharmacokinetics of the drug and the drug-target binding kinetics are the most
frequently considered determinants of the time course of target occupancy. It is generally believed that the
drug-target dissociation will only prolong target occupancy if it is slower than the rate of elimination of the
drug [10].

While this rule of thumb offers a valuable approach to evaluate the role of drug-target binding kinetics, it
does not account for all aspects of the complex interaction between the drug and its target. An important
factor in this respect is that binding to the target can modify the local pharmacokinetics of the drug. In this
way, binding of the drug to the target may lead to a decrease in the free drug concentration, while
dissociation from the target may lead to an increase of the free drug concentration. This process is
commonly referred to as “target-mediated drug disposition” or TMDD. The quantitative significance of this
effect depends on the ratio of target-bound and unbound drug concentrations, which in turn depends on
the target affinity of the drug and the concentration of the target in the biological system. Particularly for
drugs with a high affinity for the target, target binding may reduce the elimination of the drug, as reflected
in a long terminal phase in the decrease of the unbound plasma concentration, as has been demonstrated
for warfarin and other drugs (Box 2) [12-19].

The influence of drug-target binding kinetics has not only been described for unbound drug concentrations
in plasma, but also for unbound drug concentrations in the local environment of the target, such as a
synapse or a cell membrane. In the local context, this interaction is commonly referred to as “diffusion-

” ou

limited binding”, “rebinding” or drug-target binding from a “micro compartment” [20-24].

To understand the role of drug-target binding kinetics, others have analysed when binding equilibrium can
be assumed in a TMDD model with target binding in plasma [17] and what the role of binding kinetics is
when rebinding occurs [22]. Most recently, Vauquelin et al. demonstrated in a simulation study that both
the drug-target association and dissociation rate constant have a similar impact on the duration of target
occupancy if rebinding occurs [25]. However, an integrated analysis that indicates when binding kinetics are
most relevant in a pharmacokinetic context, including tissue distribution, is currently missing.
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Our aim here is to obtain such an integrated analysis. We firstly present an approximation to understand
and visualize the role of drug-target binding kinetics if binding occurs in plasma. Subsequently, we expand
this approximation to binding in a tissue. We obtain simple algebraic expressions to calculate when the
drug-target dissociation rate is determining the duration of target occupancy for both binding in plasma and
in tissues. Thus, we provide a connection of model-based insights from TMDD and rebinding models to
predict the role of drug-target binding kinetics for drugs that bind to targets in the blood or in more
peripheral tissues.

Drug-target binding in vivo: where does it happen?

The commonly used mathematical models for drug-target binding were analysed in this study to yield a
quantitative insight in the relative impact of drug-target binding kinetics and pharmacokinetics on the time
course of target occupancy in vivo. The simplest model considers the situation where drug-target binding
and elimination of the unbound drug occur simultaneously from the blood or from a tissue that is in fast
equilibrium with the blood. This is schematically represented by Model 1 (Figure 1). The central
compartment represents the blood and all organs that equilibrate quickly with the blood (see Box 1 for
more information). Similar models have been used to describe binding to enzymes and binding to centrally
expressed targets [26,27]. Note that absorption is not incorporated in this model and the dose is
administered directly in the central compartment to represent intravenous dosing or very fast absorption.

Although drug-target binding from the blood is commonly seen for circulating enzymes or receptors on
circulating cells, many drug targets are only expressed in specific tissues, such as the brain. For such targets,
Model 2 (see Figure 1) might be more relevant. Model 2 is a common model for distribution into a specific
tissue and binding to a drug target which is localised only in this tissue. This model has been used for a long
time, for example to describe dopamine D, receptor binding in the human brain and B-Adrenergic receptor
binding in the human heart [28,29]. The central compartment represents the blood and all organs that
equilibrate quickly with the blood. Absorption is not incorporated in this model and the dose is given
directly in the central compartment to represent intravenous dosing or very fast absorption.

Simultaneous elimination and drug-target binding: what’s the difference?

The influence of pharmacokinetics on the role of drug-target binding kinetics has been acknowledged
previously. This influence has been summarized in the general paradigm that the rate of drug-target
dissociation has to be slower than the rate of elimination of the unbound drug to prolong the duration of
target occupancy. However, this general rule does not take into account the possible influence of drug-
target binding on unbound drug concentration profiles. The influence of drug-target binding on the
unbound drug concentration is known to be most pronounced for drugs with high affinities or high target
concentrations (i.e. if the ratio of the target concentration and the affinity exceeds 1, see Box 2) [12]. As the
interaction between pharmacokinetics and drug-target binding depends on the dissociation constant (Kp),
decreasing the drug-target dissociation rate constant (koff) or increasing the drug-target association rate
constant (kon) Will both have a similar impact on the unbound drug concentrations (Box 1 and Box 2). As a
consequence, changing the kon of a drug can have the same impact on the duration of target occupancy as
changing the kof. However, the impact of kon and kef On the initial increase of target occupancy might be
different. The comparable impact on the duration of target occupancy of changing only ko (left panels) or
only kon (right panels) is illustrated in Figure 2. The different rows in Figure 2 demonstrate that the impact of
kon and kofr on the duration of target occupancy depends on the target concentration and the elimination
rate constant kei: In the first row, where the target concentration is 10 nM, the impact of kon and ko is very
similar, but in the second row, where the target concentration has changed to 1 nM, the impact of ko, and
kotf is different, as can be seen most clearly for the yellow and the blue line. In the bottom row, where the
target concentration stays 1 nM and the elimination rate constant changes from 1 to 0.1 h-1, the impact of
kon and kot ONn the duration of target occupancy is again similar.
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Box 1. Drug-target binding in compartmental models.

Compartmental models are the most common form of mathematical models in pharmacology. In these models, the
different locations and states in which the drug can occur are lumped into one or more compartments. Differential
equations are used to describe the time profile in each compartment (see Supplemental Information S1 for the differential
equations of Model 1 and Model 2). The underlying assumptions of a compartmental description of drug-target binding
are the following:

1. Homogeneity within each compartment: Although the represented biological systems are clearly non-
homogeneous, the assumption of homogeneity can be used if equilibration within each compartment is
sufficiently fast.

2. Drug-target binding occurs in the unbound drug compartment: As the drug target has to reside in the same
location as the unbound drug to enable drug-target binding, the volume of the ligand-receptor compartment
and the volume of the unbound drug compartment that drives the drug-target binding (i.e. the tissue
compartment for Model 2) are assumed to be the same.

Model 1 connects the drug concentration to the target binding according to the law of mass action. The law of mass
action states that the rate of elementary (single-step) chemical reactions is proportional to the product of the
concentrations of the reactants. This results in the familiar equations that describe the drug-target association rate as the
product of the drug-target association rate constant ko, the unbound target concentration [R] and the unbound ligand
concentration [L], while the drug-target dissociation rate is the product of the dissociation rate constant kog and the bound
ligand concentration [RL]. As the drug-target association and dissociation rates are equal in equilibrium, this leads to the
common equilibrium equation for the dissociation constant Kp:

CL[R] kogy
Ko = TR~ T

In a closed system (without drug or target elimination) with a low target concentration (as in most in vitro binding
experiments) [L] can be assumed to be constant and much larger than [R]. This has led to analytical expressions that
describe the drug-target binding profile in vitro, such as published by Motulsky and Mahan [39]. For the in vivo situation,
[L] is not constant, because high target concentrations can lead to depletion of the ligand upon binding, and because of
drug elimination. Thus, in vivo drug-target binding cannot be simplified in the same way as in vitro drug-target binding.
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Figure 1. Schematic representation of the two models that are used in this study. Model 1 describes drug-target binding in
the central compartment (representing blood and quickly equilibrating tissues) with the second-order association rate
constant kon and the first order dissociation rate constant keg. Elimination of the drug from the body (by excretion or
metabolism) is described by the first order rate constant ke. Model 2 describes drug-target binding from a tissue, and
distribution into and out of the tissue is described by the first-order rate constants ki and kout, respectively. The differential
equations of Model 1 and 2 can be found in Supplemental Information S1.

Box 2. Target-Mediated Drug Disposition.

To describe the influence of extensive drug-target binding on the pharmacokinetic profile of the drug, the term “Target-
Mediated Drug Disposition” (TMDD) was introduced by Levy et al. in 1994[35]. Extensive target binding occurs mainly
when the ratio of total target concentration/dissociation constant Ko is larger than 1, as a consequence of the law of mass
action. For example, if the unbound concentration of a drug in binding equilibrium is 5 nM, the total target concentration
is 50 nM and the Ko is 5 nM, 50 % of the target will be occupied, which corresponds to 25 nM. This means that the
concentration of the bound drug is five times larger than the concentration of the unbound drug. As most drugs can only
be eliminated if they are unbound, this extensive target binding leads to a slower elimination of drug from the body,
compared to the situation without extensive target binding. This extensive target binding decreases if the target becomes
saturated. If the drug concentration is increased from 5 to 500 nM for the example of a target concentration of 50 nM and
a Ko of 5 nM, the equilibrium occupancy becomes 99%, corresponding to a target-bound drug concentration of 50 nM. This
means that the concentration of bound drug is now ten times smaller than the concentration of the unbound drug. The
impact of extensive target binding on free drug concentrations in plasma is most apparent if the average target
concentration is high in the whole body. This has led to the frequent application of TMDD models to describe the plasma
concentration profile of antibodies, as they often bind with high affinity to centrally expressed targets [14]. Since the
degradation/internalization of target-bound antibodies often contributes significantly to the elimination of the total
amount of antibody, TMDD models often incorporate these processes [16). If extensive target binding only occurs locally
and not in the whole body, this can lead to a longer effect compared to what is expected on basis of unbound plasma
concentrations.
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Figure 2. Simulation of the target fraction bound for drug-target binding in the blood (Model 1). The simulated affinities
are increased by changing either the dissociation rate constant ko (left panels) or the association rate constant kon (right
panels). The kon was 0.36 nM*h for all lines in the left panels and the ko was 36 h* for all lines in the right panels. The
initial concentration is 25*Kp for the top and middle row and 2.5*Kp for the bottom row, to achieve similar maximal
occupancies in all panels. Ko is the drug-target dissociation equilibrium constant and ke is the drug elimination rate
constant. [Rit] = total target concentration. Top row: [Rio] = 10 nM, ket 1 h%, middle row: [Riot] = 1 nM, ke 1 h, bottom
row: [Riot] =1 nM, ker0.1 hL.

The influence of pharmacokinetics, target concentration, and affinity on drug-target binding kinetics
requires simultaneous analysis of the influence of all parameters. To focus on the duration of target
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occupancy, we derived an approximation of the decrease of target occupancy after it maximal value. This
decrease of target occupancy is described here as the derivative of the target fraction bound (BF) vs. time
curve. As the decrease of target occupancy often follows an exponential decline, the derivative is calculated
for the semi logarithmic target fraction bound (BF) vs. time curve, where the target fraction bound is on the
logarithmic axis. The derivative of the semi logarithmic target fraction bound (BF) vs. time curve, called Aro
here, is not always constant over time as it depends on the saturation of drug-target binding: If the drug
concentration is much higher than the affinity and all target molecules are bound to the drug, a relatively
small proportion of the drug is bound to the target and the elimination of the drug is not limited by target
binding. Also, if target binding is saturated and the unbound drug concentration decreases with a certain
percentage, the target fraction bound decreases much less than that percentage. However, a fractional
decrease in the unbound drug concentration will result in a similar decrease in the target fraction bound if
the target fraction bound is low and binding is not saturated. As an example, if the unbound drug
concentration decreases 90% from 500 to 50 nM for a drug with a Kp of 5.0 nM, the corresponding
equilibrium bound fraction decreases 7%: from 0.99 to 0.91. If the unbound drug concentration decreases
90% from 50 to 0.50 nM for a drug with a Kp of 5.0 nM, the corresponding equilibrium bound fraction
decreases 82%: from 0.50 to 0.091, (see also box 2 and Supplemental Information S2). As the derivative of
the semi logarithmic target fraction bound (BF) vs. time curve, Aro, depends on the saturation of drug-target
binding, it can be expressed as a function of the target fraction bound: Aro(BF).

Our approximation is based on the assumption that the process that results in the slowest decrease of
target occupancy (elimination or dissociation) will determine the decrease of target occupancy as rate-
limiting step. To predict which of these processes is the rate-limiting step in the decrease of target
occupancy, one needs to take into account that only elimination of the unbound drug occurs, and
elimination is thus limited by drug-target binding. Moreover, incorporation of the influence of drug-target
target saturation on the relationship between the decline of unbound and target-bound drug
concentrations is required. As demonstrated in Supplemental Information S2, the derivative of the semi
logarithmic target fraction bound (BF) vs. time curve, as function of BF, A1o(BF), can be approximated on this
basis. The resulting approximation of Aro(BF) for the physiological range of parameter values for Model 1
reveals 3 different situations for the influence of drug-target binding kinetics on the duration of target
occupancy:

1) Only the koff determines the duration of target occupancy. This is the case if drug-target
dissociation is the rate-limiting step for the decrease of the target occupancy.

2) Both ko and kon influence the duration of target occupancy equally. The duration of target
occupancy is determined by the dissociation constant Kp, the elimination rate constant ke, and
the total target concentration[Rot].

3) Only the elimination rate constant ke determines the duration of target occupancy.

Which of these situations applies for a specific drug depends on the value of ko, and kos, but also on the
target concentration and the pharmacokinetic parameters. The situation where drug-target dissociation is
rate limiting and ko the only determinant for the decrease of target occupancy requires both a low value
for kon and kog. On basis of our approximation, we could identify a constant for the value of ko and kon that
results in drug elimination as the rate-limiting step in the decrease of target occupancy. The constants that
approximate the threshold value of kon and kos for the rate-limiting step, Krion and Krioe(BF), are given by
Equation 1 and 2 (which are derived as equation S25 and S26). It should be noted that the Kgion is
independent of target saturation while Kgioff(BF) is dependent on target saturation and thus given as
function of the target fraction bound (BF).
Equation 1

K ke
Rlon Kon * [Riot]
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Equation 2

k. - (1 - BF)

Kpioff(BF) =
off koff

If Krion @and Krioff(BF) are both greater than 1, dissociation is the rate-limiting step in the decrease of target

occupancy, which is than determined by ko. If either of these constants is smaller than 1, elimination is the

rate-limiting step in the decrease of target occupancy.

If elimination is the rate-limiting step in the decrease of target occupancy, the decrease rate can be either
determined by the kel alone, or by ke, kon and k. The maximal value of ko that leads to an elimination rate
that is significantly influenced by ke, koff and kon is given in Equation 3 (derived as equation S28).

Equation 3

kaff = Kon " [Rioe] - (1 — BF)

Equations 1-3 provide the basis to identify which of the situations regarding the influence of drug-target
binding kinetics on the duration of target occupancy applies, as visualised in Figure 3.

The analysis of Model 1 as presented in Figure 3 provides several general insights for drug discovery:

1) Increasing the ko, can increase the duration of target occupancy (indicated by the changing color
in the horizontal direction), even if the kot is higher than the k.

2) If the kon or the ko is sufficiently high to result in a Krion Or Krioff(BF) > 1, decreasing the ko has
the same impact on the duration of target occupancy as increasing the ko, (indicated by the
diagonal color bands in the lower right corner).

3) If both the ko and the kon value are sufficiently low to make both Kgion and Krio(BF) < 1, drug-
target dissociation is rate-limiting and kos determines the duration of target occupancy (as
indicated by the horizontal color bands in the lower left corner). A rate-limiting drug-target
dissociation is required to obtain a slower decline of target occupancy than expected on basis of
the unbound drug concentration and the drug-target affinity. This means that only a combination
of a low ko and a low ko, could lead to longer binding to the intended than to the unintended
target (which also requires a lower dissociation rate from the intended compared to the
dissociation rate from the unintended target, i.e. kinetic selectivity) [1,30].

Model 1 applies to drugs which have their target in the blood or in a tissue that equilibrates rapidly with
blood. Mainly targets that are expressed in the blood, such as circulating enzymes (HSP90, Factor X) have
target concentrations higher or similar to the highest target concentration of 20 nM in Figure 3 [26,31].
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Figure 3. Approximation of the decline in target occupancy using Model 1. The total target concentration is 1 nM (left
panel) and 20 nM (right panel), the elimination rate constant is 0.1/h and the target fraction bound is 0.75, to represent a
clinically relevant degree of target occupancy. Colors represent the decrease of target occupancy (Aro(BF)) as calculated
according to Supplemental Information S2 (Equation S19). The vertical line is given for Kpion = 1 (see Equation 1), the
horizontal line is given by Krioff(BF) = 1 (see Equation 2) and the diagonal line is given by Equation 3. In these equations, ke
is the elimination rate constant, [R:w:] is total target concentration and BF is the bound fraction of the target. The
annotations indicate which parameters influence the decrease in target occupancy in the corresponding segment of the
plot. This figure is an approximation of Model 1 (insert) (Supplemental Information S2).

Is the impact of drug-target binding kinetics different for target binding in a tissue?

To expand our understanding of drug-target binding, a similar analysis was performed for drugs that bind
only in a specific tissue, similarly as was done for drug-target binding from the blood. The results of this
analysis can be found in Supplemental Information S3. One of the main differences with the analysis for
Model 1 is that the drug distribution from the tissue to the central compartment can be rate limiting for
Model 2. A high value of kon still leads to an equal impact of ko, and ko On the decline of target occupancy in
the same way as for Model 1 if drug distribution out of the tissue is rate-limiting, but this is not necessarily
reflected in the unbound plasma concentration versus time profile. Moreover, rate-limiting elimination can
similarly influence the duration of target occupancy due to extensive target binding, but this occurs only at
high target concentrations in the tissue, as the fraction of the total amount of drug in the body that is bound
to the target decreases for decreasing volumes of the drug-target binding tissue.

To understand what our analysis means for drug discovery, our equations have been applied to a
combination of common pharmacokinetic parameters (Figure 4, key figure). A small literature survey was
performed to find a common value for the total tissue target concentration. The target concentration for
common targets such as p-opioid [23], adenosine [32], dopamine D2 [28], GABA [33], 5-HT [34], and Vitamin
K epoxide reductase [35] varied between 2 [34] and 2000 [35] nM, with most values in the range between
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10 and 100 nM. As can be seen in Figure 4, our analysis reveals a very similar influence of the drug-target
binding kinetics for drug-target binding in tissue compared to drug-target binding in the blood (Figure 4).

To investigate how the combination of kon and ko values of drug discovery compounds relate to the
expected determinants of the duration of target occupancy, all compounds from the K4DD (kinetics for drug
discovery http://www.k4dd.eu) consortium database were included in Figure 4. This K4DD database is
brought together by both industry and academia and consists of in vitro binding kinetics measurements of
small molecule drug discovery compounds on different targets, including kinases and GPCRs. We will refer
to this data set as the “discovery dataset”.

Moreover, a literature dataset of compounds with known drug-target binding kinetics which were
developed into drugs or drug candidates, as published by Dahl and Akerud [10], was also included in Figure
4. Below, we will refer to this dataset as the “candidate dataset”. The data in Figure 4 show that the
majority of compounds from both datasets have high ko, values for the common pharmacokinetic
parameters and target concentration and would be expected to have an equal influence of both ko, and kot
on the duration of target occupancy. Moreover, as the drug distribution is rate limiting for the decline of
target occupancy for a high value of ko, and the given pharmacokinetic parameters and target concentration
in Figure 4, binding equilibrium will be reached and no kinetic selectivity is expected over unintended
targets that are located in the same tissue as the intended target. Interestingly, comparison of the discovery
and the candidate dataset shows a similar distribution of ko, values in both datasets, but a distribution of kost
values which is approximately one order of magnitude lower for the candidate dataset. The differential
distribution for ke but not for kon in these datasets can have multiple explanations. As indicated by others,
kon is often less sensitive to chemical modifications of similar compounds or for biological modifications of
the target compared to ks [36]. Also, the selection of drug (candidates) was based on the availability of
drug-target binding kinetics, which could lead to a biased dataset for compounds where the drug-target
binding kinetics plays a more significant role. Moreover, achieving a high affinity in drug discovery and
development by changing the ko, is limited by the diffusion-limited maximal value of kon, whereas the ko
has no theoretical minimum until irreversible binding is reached [37].

The similar values for kon in both datasets correspond with our finding that an increasing kon can increase the
duration of target occupancy but at the cost of increasing the (local) drug concentrations, which can result
in increased side effects. Moreover, the observation of lower ko values in the candidate dataset indicates
that a low koff value might contribute to successful drug development. Dahl and Akerud observed that the
drug-target dissociation for most compounds in the candidate dataset is slower than the plasma
elimination, which means in their analysis that the elimination rate determines the duration of target
occupancy (assuming there is no rebinding). In our analysis, the high kon values in the candidate and in the
discovery dataset result in a decline of target occupancy that is influenced by the elimination rate constant
and the binding affinity and that the resultant decline of target occupancy can be slower than the
elimination and the dissociation rates.
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Figure 4. Calculated duration of target occupancy for drug-target binding in a tissue (Model 2). Top panel: Relation
between drug-target binding kinetics and the duration of target occupancy for binding in tissue. The points and their linear
regressions provide an overview of the distribution of binding kinetics measurements of all compounds in the drug
discovery compound database of the K4DD consortium (white) or the drug (candidate) dataset from the review published
by Dahl and Akerud (purple). The colors and black lines depend on the pharmacokinetic parameters according to equation
S35 in Supplemental Information S3 and are based on Model 2 (insert) with the following parameter values: [Riot] = 50 nM,
ket = 0.5/hr, kin = 0.2/hr, Vc =40 L, Vr=1 L, BF = 0.5. [Rwt] is the total target concentration, ke is the elimination rate
constant, ki, is the brain to plasma distribution rate constant, Vc is the volume of the central compartment, Vr is the
volume of the tissue and BF is the bound fraction of the target. Bottom panels: distribution of the dissociation (left) and
association (right) rate constants of both datasets with the corresponding colors in the top panel. The distribution of the
parameter values of each dataset is plotted as the estimated probability density function.
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Optimising drug-target binding kinetics: to what end?

Both for drug-target binding in plasma and in tissue, our analysis indicates that high kon values can decrease
the target occupancy decline below the elimination and dissociation rates. However, this increased duration
of target occupancy is caused by increased (local) drug concentrations unless both ke and ko, are low. This
means that the optimal value for kon depends on the target, the drug class and the drug-specific
pharmacokinetic, pharmacodynamic and toxicity processes.

If an increased duration of target occupancy is desired, this can be achieved by both increasing the ko, or by
decreasing the ke If the ko is high enough, kon and ko have the same impact on the duration of target
occupancy (Figure 2, top and bottom row), but not on the initial increase rate of target occupancy after
dosing (Figure 2, bottom row). Moreover, a high value of kon will lead to increased local drug concentrations
and a rate-limiting role for the pharmacokinetics, which can result in increased off-target binding and
decreased selectivity. How drug target binding can influence only local drug concentrations is illustrated by
our simulations for diprenorphine (Supplemental Information S4 and S5).

Our analysis is based on a simplification of the complex biological system that determines the duration of
target occupancy, see Outstanding Questions. Three important factors that can play a role in the kinetics of
target occupancy are non-specific binding, endogenous competition and target turnover. Non-specific
binding could influence the relevance of our analysis as a high percentage of non-specific binding could
mean that the impact of specific binding on drug concentrations decreases for drugs with extensive non-
specific binding. Also, the presence of an endogenous ligand that competes for binding to the drug target
will reduce the number of available target molecules and thus decrease the impact of drug-target binding.
Moreover, the synthesis and degradation of the target and drug-target complex can increase the decline of
target occupancy and thus decrease the impact of drug-target binding. However, our analysis provides a
quantitative improvement of the commonly used consideration that only a drug-target dissociation rate
lower than the plasma elimination rate can influence the duration of target occupancy [10,36].

Apart from these complications, the validity of our findings depends on the validity of our assumptions and
mathematical method. However, mathematical and experimental findings that explored the interaction
between local concentrations in the target vicinity and drug-target binding(“rebinding”) also pointed
towards the importance of ko, in similar equations [20-22,38]. Moreover, published [3H] diprenorphine
plasma and brain concentrations were fitted with Model 2 for this study, and subsequent simulations with
varying drug-target binding kinetics revealed an equal impact of kon and koff on the target occupancy profile
over time, as expected from our analysis (Supplemental Information S4 and S5). Supplemental Information
S4 supports the relevance of the analysed model, Model 2, as it is able to describe the experimental data of
diprenorphine plasma and brain concentration. Supplemental Information S5 supports the necessary
assumptions that were made to analyse Model 2, as the role of binding kinetics in the full model
corresponds with the predicted role of binding kinetics from our approximation. Finally, comparison of
approximated and simulated target occupancy vs. time derivatives indicated a high accuracy of our
approximation and a high relevance of our assumptions, except for the combination of low association,
dissociation and elimination rate constants with low target concentrations (Supplemental Information S6).
Altogether, this supports the relevance and validity of our analysis.

To enable the rational use of drug-target binding kinetics in drug discovery, the whole kinetic context
between drug dosing and effect should be taken into account. The algebraic equations as presented in this
study provide a first step to integrate and understand both pharmacokinetics and drug-target binding
kinetics. If the pharmacokinetic parameters are unknown, commonly observed values can be used, as
demonstrated in Figure 4. If more detailed information is required on both the duration and the extent of
target occupancy, simulations of the compartmental models can be performed easily.
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Concluding Remarks

Comprehensive analysis of the commonly used models for drug-target binding reveals that high drug-target
association rate constants result in longer target occupancy than expected on basis of the drug-target
dissociation and the drug elimination rate constants. The ko, value that separates high and low values of ko,
increases with increasing target concentration and with decreasing drug elimination and distribution rate
constants and can be calculated algebraically. High values of kon, for common pharmacokinetic parameter
values, are observed frequently for both drug discovery and drug (candidate) compounds and result in an
equal impact of both kon and ko on the duration of target occupancy. However, these high ko, values can
lead to more off-target toxicity. Comparison of drug discovery and drug (candidate) compounds shows
similar distributions of kon While ko is approximately one order of magnitude smaller for the drug
(candidate) compounds.

The target occupancy versus time profile can only be predicted if the target concentration and the rate
constants of drug binding, elimination and distribution are taken into account, which often results in an
equal impact of kon and ke on the duration of target occupancy.

Our findings demonstrate that optimizing the drug discovery requires mechanistic knowledge of the
intended mechanism of action, including the in vivo concentration of the drug target. Moreover, the role of
the drug-target association rate constant (kon) should be taken into account in the optimization of the
duration of drug effects. Although this study does not include all relevant processes that can influence the
duration of drug effects following administration of a drug (see Outstanding Questions box), the presented
integration of target binding and pharmacokinetics is an important step towards a more rational selection of
drug candidates.
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Appendix S1. Differential equations of models 1 and 2, related to Box 1 and Figure 1.

Used parameters

ker = first order drug elimination rate constant

kin = first order drug distribution rate constant into the tissue
kout = first order drug elimination rate constant out of the tissue
kot = first order drug-target dissociation rate constant

kon = second order drug-target association rate constant

C = unbound drug in the central compartment

T = unbound drug in the tissue compartment

LR = drug-target complex

Liot = total drug in de body =C+ T+ LR

Rfree = Unbound target

Riot = total target = Rree + LR

[] = concentration

A =amount

Model 1

The rate of change in the amount of drug in the central compartment of model 1, AC, is given by Equation
S1, where ke and koff are the first order rate constants describing elimination and drug-target dissociation,
respectively, where kon is the second order drug-target association rate constant, [Reee] is the unbound
target concentration and ALR is the amount of drug-target complex. Drug absorption and non-specific
binding are not taken into account.

Equation S1

dAC
~5p = ket AC = kon - AC [Rree] + kops - ALR

The rate of change of the unbound receptor concentration [Rsree], is given by Equation S2 and the rate of
change in the amount of drug-target complex, ALR, is given by Equation S3

Equation S2
d[Ryree]
% = —kon* [C]- [Rfree] + koff “[LR]
Equation S3
dALR
3 = Kon “AC * [Ryree] — kogr - ALR

As the total target concentration is constant in this model, [Rfee] can be calculated from the total target
concentration [Rit] and the bound target concentration [LR] as in Equation S4:
Equation S4

[Rfree] = [Rtot] — [LR]
Model 2

For model 2, the rate of change in the amount of drug in the central compartment,
AC, is described by Equation S5, where kout and ki, are the first order rate constants describing distribution
into and distribution out of the tissue, respectively, and AT is the amount of drug in the tissue. Drug
absorption and non-specific binding are not taken into account.
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Equation S5

dAC
7= _kel AC - kin AC + kout AT

The rate of change in the amount of drug in the tissue, AT, is described by Equation S6.
Equation S6

dAT
T kin* AC — koye * AT — kon * AT * [Rpree| + kogr * ALR
the rate of change of the unbound receptor concentration [Riree], is given by Equation S7

Equation S7

d [Rfree]

dt = — ko [T]- [Rfree] + koff *[LR]

The rate of change in the amount of drug-target complex in the tissue, ALR, is described by Equation S8.

Equation S8

dALR
—2r = Kon" AT “[Rpree] = Koy - ALR

The total target concentration is constant in this model, so [Rfee] can be calculated from the total target
concentration [Rit] and the bound target concentration [LR] as in Equation S9:

Equation S9

[Rfree] = [Rtot] — [LR]

All simulations were performed in Berkeley Madonna, version 8.3.18, while visualisations were performed in
R, version 3.1.1[1].
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Appendix S2. Approximation and analysis of model 1, related to Figure 1.

As known since the study of Wagner et al[2], the terminal log-linear slope of a PK curve with fast binding
equilibrium (A;) is given by Equation S10.
Equation S10

kel

R
1+ B
As explained in box 2, the extensive target binding that leads to a decreased terminal slope of the plasma
concentration depends on the ratio of [Riwt] and Kp. Equation S10 can be derived as in Equation S12 by
assuming that the free target concentration equals the total target concentration, since the slope of only
the last part of the PK curve is derived. For earlier phases of the PK curve, the target binding might be
saturated, leading to a decreased extent of target binding and a steeper PK curve. This saturated part of the
PK curve is of interest, as most drugs require a substantial target saturation to be efficacious, especially if
the drug is an antagonist.
To make Equation S10 valid for the whole part of the PK curve where equilibrium between bound and
unbound drug concentration can be assumed, the value of the target fraction bound (BF) needs to be
incorporated as in Equation S13. Here, Ao(BF) describes the derivative of the drug concentration profile over
time on semi-log scale (i.e. In(drug concentration) vs. time), as a function of the target fraction bound. This
can be derived by recognizing that the total amount of drug decreases with the same rate as the free
amount of drug, and by assuming drug-target binding is fast and in equilibrium, as in Equation S12.

Equation S11

A, =

[LR]

BF =
[Rtot]

Equation S12

dAL,,, AC ke,
To = _kel'ALtot'm = —ALiy .

Equation S13

kel

1 + [Ryor] - 1K—5F
The derivative of the semi-logarithmic drug concentration-time curve, A«(BF), is important for the duration
of target occupancy, as the rate-limiting (i.e. the slowest) step in the decline of target occupancy can be
either the drug-target dissociation or the decline of the free drug concentration.

To calculate the derivative for the semi logarithmic target fraction bound vs. time curve as function of the
target fraction bound, Aro(BF), it is important to realise that Ae(BF) and Aro(BF) are equal to each other if
elimination is rate limiting in the decline of target occupancy and if the target fraction bound is low. If target
binding is saturated (i.e. BF is high), the decline of the unbound target concentration is higher, as explained
above and in box 2, but the decline of the bound target fraction is lower. As an example, if the unbound
drug concentration decreases 90% from 500 to 50 nM for a drug with a Kp of 5.0 nM, the corresponding
equilibrium bound fraction decreases 7%: from 0.99 to 0.91. If the unbound drug concentration decreases
90% from 50 to 0.50 nM for a drug with a Kp of 5.0 nM, the corresponding equilibrium bound fraction
decreases 82%: from 0.50 to 0.091. To calculate the derivative for the semi-loarithmic target fraction bound
vs. time curve if elimination is rate-limiting Aero(BF) from Aq(BF), the relationship between unbound
concentration needs to be taken into account. This relationship can be derived from the law of mass action
(box 1) as in Equation S14:

A (BF) =
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Equation S14

L
Kp
L

1+K_D

BF =

As we intend to calculate Aeiro(BF) from Ae(BF), which are both derivatives on a semi-log scale, we need to

obtain the derivative of the logarithm of the BF-unbound concentration relationship, as a function of BF.

Thus, we first convert Equation S14 to Equation S15 to obtain the logarithm of BF as function of the

logartithm of L/Kp, which results in Equation S16 after taking the derivative with respect to In(L/Kp).
Equation S15

L
e Ko

lnL
1+e Kp

In(BF) =1In

Equation S16

dIn(BF) 1 1

Ly L L
dlll(K—D) 1 +e Ko 1+K_D

Equation S16 can be rewritten as a function of BF using Equation S14:

Equation S17

dIn(BF) 1 1 BF
L\ BF ~—
‘““(K_,,) 1+1—pF
Thus, Equation S18 can be used to obtain Aero(BF) from Ac(BF):
Equation S18
(1-BF) -k,
AelTO(BF)z (1_BF)')|-el(BF)= liBF
1 + [Reoe] - K—D

As said before, the decline of the target fraction bound over time can be determined by two processes:
dissociation and elimination. Thus, Aeiro(BF) can be compared directly to ke, which is the slope of the target
fraction bound vs. time plot on semi-log scale if drug-target dissociation is rate-limiting in the decline of the
target fraction bound.

By selecting the smallest of Aeiro(BF) and kos, Equation S19 can be used to calculate Ato(BF), the slope of the
target fraction bound vs. time plot on semi-log scale. In other words, Equation S19 represents our
assumption that the decline of target occupancy is determined by the process that gives rise to the slowest
decline of target occupancy.

Equation S19

1
1 1

S S——
Aeiro(BF) * kogf

Aro(BF) =

To find for what parameter values elimination is the rate-limiting step in the decline of the target fraction
bound, Equation S20 can be solved for the parameter of interest.
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Equation S20

k.- (1 — BF
et 1 —)BF < kaff
1 + [Rioe] K,
Equation S20 can be solved for kon (by rewriting Kp as kost/ kon, deviding both sides by ko and rewriting the
resultant fraction) to find the required value of ko, to make elimination the rate-limiting step in the decline
of the target fraction bound as in Equation S21.

Equation S21

kel - (1 - BF) - kaff
[Rtot] -(1-BF)

ko, >

To obtain from Equation S21 the value of kon for which elimination is rate-limiting in the decline of BF for all
possible values of ks, it can be reduced to Equation S22 by substituting ko = 0 into Equation S21. Equation
S22 equals Equation S23.

Equation S22

k. (1 - BF)
kon > ———F—777—+=
on [Rtot] : (1 - BF)

Equation S23

kel
[Rtot]

Equation S20 can also be used to find the value of ko for which elimination becomes the rate-limiting step,
for all values of kon, asit can be reduced to Equation S24 by substituting ko, = 0 into Equation S20.

kon >

Equation S24
koff < ke (1 — BF)

Equations 23 and 24 can be rewritten to obtain Kgion and Kgiost(BF), which are the corresponding constants
that indicate elimination as rate-limiting step if either Krion Or Krioft(BF) are smaller than 1, as in Equation S25
and S26.

Equation S25

Koo = ke
Rlon Kon * [Riot]

Equation S26

kel'(l_BF)

Kpiofs(BF) = Kor
o
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The koff value that marks the transition where the slope of target occupancy for a rate-limiting elimination
(Aerro(BF)) starts to be strongly influenced by the affinity can be derived from Equation S18 and is given by
Equation S27, which can be rewritten as Equation S28.

Equation S27

[Rtot] i (1 - BF) -1
K—D_

Equation S28

knff = [Reot] - (1 - BF) - k,y

The threshold values as obtained in equations 25, 26 and 28 provide the relation of Figure 3 with all the
parameters of model 1 that are not explicitly incorporated in Figure 3: [Riot], BF and k.
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Appendix S3. Approximation and analysis of model 2, related to Figure 4.

Since model 2 is similar to model 1, the prediction of the derivative of the target fraction bound (A7o(BF))
over time as function of the target fraction bound (BF) for model 2 has similar components as for model 1.
Since model 2 has three compartments, three processes can be rate-limiting for the decrease of the target
fraction bound; drug-target dissociation, unbound drug distribution and unbound drug elimination. If drug-
target dissociation is rate limiting, Aro(BF) is equal to kes. If the unbound drug distribution from tissue to
plasma is rate limiting, the distribution is influenced by drug-target binding in a similar way as the
elimination is influenced by drug-target binding (see Equation S13) for model 1. The resultant derivative for
the unbound concentration in tissue vs time curve on semi logarithmic scale, as function of the target
fraction bound, Aout(BF), is thus given by Equation S29.

Equation S29

kO'Ilt

1 + [Reor]” %

If the unbound drug elimination is rate limiting, the derivative for the unbound concentration in the blood
vs time curve on semi logarithmic scale, as function of the target fraction bound, A¢(BF)is influenced again
by the fraction of the drug that resides in the central compartment. This fraction is for model 2 not only
determined by the drug target binding, but also by the tissue distribution. If passive diffusion is assumed to
be the only mechanism of drug distribution, leading to equal equilibrium concentrations in both tissue and
plasma, the ratio of the amount of drug in the central compartment (AC) and the total amount of drug in
the body (Ltot) in equilibrium is given by Equation S30, which can be rewritten as Equation S31.

Aout(BF) =

Equation S30
AC Ve
ALtot_VC+VT+VT' %
Equation S31
ac Ve
ALy Ve+Vrp- (1 + [Reoe] * ! ;(fF)

With the ratio of amounts of drug in the central compartment and in the total body as in Equation S31,
Ael(BF) is given by Equation S32.

Equation S32

Aet(BF) = kg -

V¢
Ve+ Ve (1+ [Reodl - 200

As Aout(BF) and Aei(BF) represent the derivatives of the unbound drug concentration vs time profile on semi
logarithmic scale, Equation S17 can be used to get the corresponding derivatives of the bound drug
concentration vs time profile on semi logarithmic scale, as in equations 33 and 34.

With the values of kos, Aoutto(BF) and Aerro(BF), the derivative of the target fraction bound vs. time on semi
logarithmic scale can be approximated according to Equation S35.

Equation S33

k -(1 - BF)
loutTO(BF) = ot 1—BF
1+ [Reor .K—D
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Equation S34

Ve

)-elTO(BF) = kel ) (1 - BF) : 1— BF)

Vet Ve (14 [Reod g

Equation S35

1
1 1 1

+ +
AelTO(BF) AoutTO (BF) koff

Aro(BF) =

Equation S35 can be used to identify the rate-limiting step in the decline of the target fraction bound
similarly as Equation S19, but the dependency on the parameters is more complex as there are three
possible rate-limiting steps. To find the maximal ko, value for which drug-target dissociation is the rate
limiting step in the decline of the target fraction bound, either Aoutto(BF) or Aero(BF) needs to be smaller
than koft, as described by Equation S36.

Equation S36

k. - (1—BF) -V k,, (1 —BF
el ( ) 1C_ =F < ko . or out ( T _)BF < koff
Ve+Vr- (1 + [Reot] - K ) 1 + [Reoe]” K

This equation is solved in the same way as Equation S20 to obtain the minimal value of ko, for which no
value of ke results in dissociation as the rate-limiting step in the decrease of the target fraction bound,
which gives Equation S37. Equation S37 comprises two components as well, which can be rewritten to two
more simple equations as in Equation S38 and Equation S39 where min{} is an operation that selects the
minimal value of its input values.

Equation S37

k- Ve
el 'y k
ko > L ork,, > —2&
7 [Reot] ™ [Reot]

Equation S38

kminon

kon >
7 [Reot]

Equation S39
, Ve
Kminon = min {kel ’ V_' kout}
T

Equation S36 can also be used to find the minimal value of ko for which no values of ko result in
dissociation as the rate-limiting step in the decline of the target fraction bound in a similar way as Equation
S20 by substituting kon = 0 into Equation S36. As a result, Equation S40 is obtained. The value of ko for
which dissociation is not rate-limiting for all values of ko, is given by Equation S41 and S42.
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Equation S40

Ve
k0f> ke (1-BF) VCT

Equation S41
kogr = Kminoss
Equation S42

, Ve
kminoss = min {kel (1 - BF) m

or kyrr > kgyi - (1 — BF)
T

eoue - (1~ B)}

The koff value that marks the transition where the decline of occupancy for a rate-limiting elimination
(Aerro(BF)) or rate-limiting distribution (Aoutto(BF)) starts to be strongly influenced by the affinity can be
derived from Equation S33 and S34 and is given by Equation S43 for Aeiro(BF) and Equation S44 for Aoutto(BF).

Equation S43

Vr - [Rioe] - (1-BF)
Kp

:Vc‘l‘VT

Equation S44

[Rio] - (1= BF) _
Kp B

Equations 43 and 44 can be rewritten as Equation S45 and S46, respectively

Equation S45

korp = =5 on " [Reor] - (1 = BF)

Equation S46
kofs = Kon * [Reoe] - (1 — BF)
S45 and 46 can be summarized by Equation S47.
Equation S47

kminoff

koff = *Kon * [Reot]

minon
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Appendix S4. Experimental validation of model 2, related to Figure 4.

Model 2 was fitted to describe digitised literature summary data of [3H]diprenorphine brain and serum
concentrations[3] with NONMEM version 7.3, ADVANG [4]. The results of our model fit and the obtained
literature data are plotted in Figure S1, and the estimated parameter values are given in table S1.

Kou Kot [
Central Tissue *%Ligand-
Vel Kin Vil kop Receptor
kel

= . =)
= c

0.51 ~
e
S 5
= =041 C
S04 g
g C
%) 8 .
50.3- So.
9 0.2
= | -
802 3 .o
g ©
= — . koo | | |

75 100 125 150 0 200 _ 400 600
Time (min) Time (min)

Figure S1. NONMEM fits of model 2 (lines) of [*H] diprenorphine brain radioactivity data after administration of a tracer
and unlabeled dose of diprenorphine as obtained from Perry et al. (points) [3]. Unlabeled diprenorphine was administered
at t=60 min (left panel) or at t=0 (right panel) at different doses: 0 (red), 24 (green), 50 (blue), 500 (purple) nmol/kg. The
tracer dose was 0.10 nmol Top: model structure of model 2, which was used to fit these data.

Table S1. Parameter estimates for [3H]diprenorphine. Proportional errors were 0.6% and 9% with
uncertainties of 29% and 19% in plasma and brain, respectively.

Parameter Estimate (% CV)

ket (h) 0.96 (0.6)
kin (h™) 0.29 (4.1)
Kout (") 17 (5.5)
kon (NM'h'") | 5.6 (4.7)
Kot (h) 4.0 (3.8)
[Riot] (NM) 20 (4.0)
Ve (L) 2.9 (0.6)
V(L) 0.022 (4.0)
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Appendix S5. Simulation example of local concentrations determining target occupancy, related to Figure
4.

To simulate the relative impact of ko, and kes in a relevant set of parameters, obtained from in vivo
measurements, we used the parameter values as obtained from fitting model 2 to literature diprenorphine
data (see appendix S5). In these simulations, either kon or kot were changed which means that the Kp
changed accordingly. To compensate the effect of a changing Kp on the extent of target binding in
equilibrium and to obtain relevant target occupancies, the dose was normalized for the Kp. On basis of our
approximations, we would expect a similar impact of kon and kesr on the duration of target occupancy for
these parameter values, which was confirmed by our simulations, see Figure S2. These simulations also
demonstrate clearly that only the local (i.e. brain) free drug concentrations are affected by drug-target
binding, while the plasma free drug concentrations remain mainly unaffected (Figure S2).
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Figure S2. Simulated target binding of diprenorphine (black lines) and 2 hypothetical drugs (red and green lines) with a 10-
fold decrease and increase in kog (left-hand panels) or kon (right-hand panels). The other parameter values remain
constant: ker = 0.96, kin = 0.29, kout = 17, Vc = 2.9 L, Vr = 0.022 L. The dose was normalised for the affinity: dose = Kp*5.9
nmol.
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Appendix S6. Accuracy of the approximation of model 1, related to Figure 3.

To identify the accuracy of our approximation of the derivative of the semi logarithmic target occupancy
curve, simulation studies (“observed slope”) were compared with the results of the approximation, the
“approximated slope” for different target concentrations, dissociation and elimination rate constants. To
obtain a normalized measure for the accuracy of our approximation, we used the ratio of the approximated
and simulated slope, which equals 1 for a perfect approximation. First, we analysed the accuracy over time
for a regular set of pharmacokinetic and binding kinetic parameters, with a low target concentration, see
Figure S3. The initial phase of the target occupancy is not predicted accurately for the simulation with a low
kot value as the time to reach maximum target occupancy is increased by a low ke, and our approximation
is only meant for the decreasing phase of the target occupancy profile. This initial phase is longer for
combinations of low kof, kon*[Rtot] and ke This can be seen in Figure S4, where a low elimination rate
(0.1/hr) constant leads to inaccurate predictions at 24 hours post dosing for low target concentrations,
compared to a high elimination rate constant(1/hr). This inaccuracy is still only present for the low target
concentrations if the elimination rate constant is further decreased to an extremely low value (0.001/hr),
see Figure S5. Furthermore, our approximation can introduce a underestimation of the derivative of the
semi logarithmic target fraction bound vs time curve of up to two fold. This underestimation is especially
observed for low target concentrations.
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Figure S3. Simulations with model 1 for the time-dependent accuracy of Equation S19 for various values of ko after
repeated dosing. kei= 1/hr, kon= 0.36/(nM*hr), [Riot]= 1nM
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Figure S4. The accuracy of equation S19 for model 1 at 24 hours post dosing depends on the value of kog;, [RiotJand kei. kei=
0.1/hr (left panel) and 1/hr (right panel), kon = 0.36/(nM*hr).
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Figure S5. The accuracy of Equation $19 for model 1 at 24 hours post dosing depends on the value of kog, [Riot] and Ker. kei=
0.001/hr, kon= 0.36/(nM*hr).
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