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Abstract: To reach the central nervous system (CNS), drugs must cross the brain-blood barrier and 
have appropriate pharmacokinetic/dynamic properties. However, in early drug discovery steps, the 
selection of lead compounds, for example, those targeting G-protein-coupled receptors (GPCRs), is 
made according to i) affinity, which is calculated in in vitro equilibrium conditions, and ii) potency, 
a signal transduction-related parameter, usually quantified at a fixed time-point in a heterologous 
expression system. This paper argues that kinetics must be considered in the early steps of lead 
compound selection. While affinity calculation requires the establishment of a ligand-receptor equi-
librium, the signal transduction starts as soon as the receptor senses the agonist. Taking cAMP pro-
duction as an example, the in vitro-measured cytoplasmic levels of this cyclic nucleotide do not 
depend on equilibrium dissociation constant, KD. Signaling occurs far from the equilibrium and 
correlates more with the binding rate (kon) than with KD. Furthermore, residence time, a parameter 
to consider in lead optimization, may significantly vary from in vitro to in vivo conditions. The 
results are discussed from the perspective of dopaminergic neurotransmission and dopamine-
receptor-based drug discovery. 
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1. INTRODUCTION 

 The chances of suffering from Alzheimer’s (AD) or 
Parkinson’s (PD) diseases raise as life expectancy increases. 
Apart from genetic factors occurring in cases of early-onset 
debut of clinical symptoms, age is the main risk factor for 
idiopathic AD and PD cases. The unmet needs in neurode-
generative diseases include interventions to stop disease pro-
gression; however, there are tools to address symptoms, for 
instance in PD, whose patients have lost a significant number 
of dopamine-producing neurons in the substantia nigra. One 
of the most notorious is levodopa, a long-lasting successful 
therapeutic drug, which was discovered decades ago and it is 
still prescribed [1-4]. The development of new CNS-acting 
drugs requires drug design aided by in vitro assays in cells 
and the measurement of efficacy in animal models. Due to 
lead optimization and pharmacokinetic/pharmacodynamic 
characterization, a potential neuroprotective drug may enter 
into clinical trials. 

 Neurotransmission is fast and the action potential is ex-
traordinarily quick. It may be argued that such high speed is  
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due to the action of neurotransmitters on ionotropic recep-
tors, i.e., on ion channels that are activated by neurotransmit-
ters. Interestingly, dopaminergic transmission is dependent on 
(only) GPCRs, occurs quickly and participates in a myriad of 
higher functions, ranging from motor control to emotion 
control [5-7]. Kara et al., 2010 suggested cooperativity in the 
binding of N-n-propylnorapomorphine from D2 receptors 
using both the competition and the dilution procedures. 
These findings were compatible with cooperative dissocia-
tion of two molecules from a homodimer. The different dis-
sociation rates due to the occurrence of two species (different 
conformation states) of the receptor cannot be ruled out. In-
terestingly, the authors were able to estimate the dissociation 
constants of dopamine itself and the results were important . 
The percentage of the fast dissociation component was 
around 30, irrespective of the methods used and the half time 
of fast dissociation was 5.5 or 9.4 min (depending on the 
experimental approach), while the half time of slow dissocia-
tion was 145 or 430 min (depending on the experimental 
approach) [8]. In other words, dopamine acts almost in-
stantly but residence time (RT) in receptors, calculated as the 
inverse of in vitro-measured koff, lies in the minute range. 
Would these in vitro-calculated elevated RTs be similar to 
those occurring in vivo? Recent data obtained with antipsy-
chotic drugs show high-affinity binding to dopamine D2  

 
 

A R T I C L E  H I S T O R Y 

 
Received: May 10, 2019 
Revised: July 02, 2019 
Accepted: September 24, 2019 
 
DOI: 
10.2174/1570159X17666191001144309 

 



The Kinetic Component in Drug Discovery Current Neuropharmacology, 2020, Vol. 18, No. 3    251 

receptors (D2Rs) with pKD values in the range: 7.1 to 10 and 
(monophasic) slow dissociation obtained in competition as-
says; koff values were in the range of 0.113 to 0.026 min-1 [9]. 
In the most extreme case, spiperone with a Ki in the sub-
nanomolar range has an in vitro calculated RT of 35 min. 
Using the dilution method, the half dissociation of two of the 
assayed compounds, aripiprazole and cariprazine, occurred 
in >10 min. Half dissociation time for the same compounds 
in the D3 receptor (D3R) was similar despite the fact that they 
presented biphasic dissociation curves, similar to those re-
ported by dopamine in D2Rs. Interestingly, the affinity of the 
compounds in the D3R was about one order of magnitude 
lower. The biphasic dissociation curves may represent two 
different forms of the receptor that would display significant 
differences in koff, from 0.02 to 0.04 in one case and from 
0.18 to 0.63 min-1 in the other [9]. The thermodynamic and 
kinetic parameters were used to demonstrate allosteric be-
havior of SB269,652, which has the potential of a drug to 
combat dyskinesias of Parkinson’s disease chronically sub-
jected to anti-symptomatic pharmacological therapy. A non-
selective radiolabeled antagonist, nemonapride, with sub-
nanomolar KD values, was used in both D2 and D3 receptors. 
kobs values (min-1) were about two-fold higher in the case of 
D3 receptors, and the resulting kon was 0.20 for D2 (D2Rs) 
and 0.36 nM-1 min-1 for D3 receptors (D3Rs). koff was 0.023 
for D2Rs and 0.062 min-1 for D3Rs. Accordingly, koff/on ratios 
are 0.11 (D2R) and 0.17 (D3R) nM [10], and the RT of ne-
monapride in D2/D3 receptors is in the 16-43 min range. The 
results show that upon binding of a ligand the RT of ago-
nists/antagonists of D2/D3 receptors, measured in in vitro 
conditions is fairly high, especially in the case of dopamine, 
the endogenous ligand. In summary, in vitro measures that 
are centered on the KD and equilibrium assumptions may not 
be appropriate for what in vivo occurs quickly and far from 
any equilibrium. 

 The usual way of selecting drug candidates is to perform 
binding assays to calculate receptor-drug affinity and signal-
ing assays to calculate drug potency. Usually, the kinetic 
component is not taken much into consideration to obtain the 
parameters that will be used to select drug candidates. In line 
with the recent and detailed review of Peter J. Tonge [11] it 
was argued that kinetics should be considered from the very 
beginning, way before a given drug is selected for study tis-
sue/blood/brain distribution, kinetics of brain accumula-
tion/disappearance and/or in vivo metabolism. Kinetics must 
already be considered in the in vitro assessment of receptor-
ligand interactions and signal transduction. 

2. THE KINETIC COMPONENT IN GPCR 
PHARMACOLOGY 
 35-45% of current medicines target G-protein-coupled 
receptors (GPCRs) [12-14]. They consist of i) 7 transmem-
brane domains, ii) N-terminal and C-terminal domains and 
iii) extracellular and intracellular loops. They interact with 
heterotrimeric G proteins and also with other GPCRs, scaf-
folding molecules and/or with proteins of the signal trans-
duction machinery. Basic concepts of GPCR biochemistry 
and pharmacology should be considered to revisit the factors 
affecting any signaling arising from agonist activation. Gs-
coupled GPCRs are considered, whose activation leads to an 

increase in adenylyl cyclase (AC) activity and cytoplasmic 
cAMP levels. cAMP, second messenger produced by AC 
using ATP as a substrate, is degraded to AMP by phosphodi-
esterases. At a theoretical level, the real signaling output is 
the initial rate of production of cAMP. In practice, however, 
researchers use assays of cAMP level determination at  
fixed time points in the presence of phosphodiesterase  
inhibitors. In real physiological conditions, i.e., assuming 
degradation by phosphodiesterases, the order of potency of 3 
different agonists depends on the time after GPCR activation 
(Fig. 1). Recent technological developments allow obtaining 
cytosolic cAMP levels in real-time from which AC activity 
may be determined using the linear part of the graph of 
[cAMP] versus time (between 0 and t1 in Fig. 1). Determin-
ing the variation of initial enzymatic rate as a function of the 
agonist concentration would give accurate estimates of the 
maximal value of AC enzyme activity and of agonist EC50. 
Unfortunately, such measurements are technically challenging. 

3. THE AGONIST-RECEPTOR ASSOCIATION 
CONSTANT (k1) SETS THE RHYTHM 

 We have adopted two mechanistic approaches to  
link GPCR agonist binding to AC activation. All the  
possible equilibria involving ligand/receptor interactions, G 
protein activation and AC activation are provided in Fig. 2. 

 

Fig. (1). End-time point affects potency. Time-response of second 
messenger production upon the activation of a GPCR with different 
agonists (blue, red and green). The simulation of cAMP levels upon 
the activation of a Gs-coupled GPCR in the absence of phosphodi-
esterase inhibitors, i.e., in physiological-like conditions. The values 
are normalized and the rate of production of cAMP is different in 
each curve. It is assumed that cAMP is degraded in a linear fashion 
(i.e., proportional to the [cAMP]) by phosphodiesterases. Inset: 
Rank order of potency at the 5 fixed time points (t1 to t5). (A higher 
resolution / colour version of this figure is available in the elec-
tronic copy of the article). 
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Fig. (2). Scheme of models linking agonist (Ago) binding to a Gs-coupled GPCR to adenylyl cyclase activation. α, ß and γ are the 
subunits of Gs and AC indicates adenylyl cyclase. The coupled model is shown in panel A and the uncoupled model in panel B. In both 
schemes the disappearance of the ligand upon time is not shown but was considered in the simulations; it was assumed as proportional to the 
concentration of the agonist (Fig. 3 legend). (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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Fig. (3). The time course of the activation of the AC (A) using either the coupled model displayed in Fig. 2A of the uncoupled model 
displayed in Fig. 2B. KD, kon (k1) and koff (k-1) values are indicated in the insets. A common assumption is the lack of cAMP degradation; in 
fact, phosphodiesterase inhibitors are always included in in vitro assays of cAMP level determination. Panel A: Coupled model. The values of 
the remaining kinetic constants were: k2 1,E6 M-1 s-1, k-2 1E6 M-1 s-1, k3 1E3 s-1, k4 1E-3 s-1, k-4 1E7 M-1 s-1, k5 1E10 M-1 s-1, k-5 1 s-1, k6 1E13 
M-1 s-1, k-6 1 s-1, k7 5 M-1 s-1. Steps 3, 5 and 7 are virtually irreversible; accordingly, k-3 and k-7 are taken as zero. [GDP], [GTP] and [ATP] = 
1E-4 M; [L] = 5E-8 M. Panel B: Uncoupled model. The values of the remaining kinetic constants were: k2 1,E16 M-1 s-1, k-2 1E-01 s-1, k3 5E6 
M-1 s-1, k-3 1E4 M-1 s-1, k4 1E3 s-1, k-4 1M-2 s-1, k5 1E16 M-1 s-1, k-5 1 s-1,k6 1s-1, k-6 1E10 M-1 s-1, k7 1E15 M-1 s-1, kcatGTP 2E1 M-1 s-1. Step 7 is 
virtually irreversible; accordingly, k-7 is taken as zero. [GDP], [GTP] and [ATP] = 1E-4 M; [L] = 5E-8 M. Panels A-B: The disappear-
ance/degradation of agonist was considered in both cases. To simplify the reaction rate, it was considered to be proportional to [L] (the agonist) 
with a kcat = 5 M-1 s-1. *RU: relative units. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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The models displayed were used as a framework to simulate 
the degree of enzyme activation as a function of KD, the 
equilibrium dissociation constant of the agonist/receptor in-
teraction. KD, a measure of the affinity, may be readily de-
termined by means of radioligand binding or by a recently 
developed homogenous assay, based in time-resolved FRET 
and whose benefits outclass those based on radioactivity 
[15]. The main difference between the two schemes in Fig. 2 
is the more or less the coupling capacity of the heterotrimeric 
G protein to the GPCR. Importantly, it is considered that the 
agonist progressively disappears (by metabolism, clearance, 
etc.), as it would occur in any in vivo situation (see Fig. 2 and 
3 legends). 

 GPCR operation involves basal and active states, binding 
of an agonist (Ago), coupling to the G protein, the GTP/GDP 
cycle exchange and the G-protein-mediated regulation of AC 
activity. Using each of the two models, the relative activity 
of the cyclase was calculated by varying KD values and fix-
ing KD value and varying k1 (k-1 being deduced from the 
equation KD = k-1/k1). The kinetic constants for the binding of 
the agonist to the receptor are usually denoted kon (equal to k1 
in Fig. 2) and koff (equal to k-1 in Fig. 2). 

 The first scenario considers that the G protein is pre-
coupled to the receptor (Fig. 2A) and the second considers a 
further equilibrium: R+G = RG (Fig. 2B). On the other hand, 
pre-coupling has been demonstrated for adenosine and do-
pamine heteroreceptor complexes [16]. On the other hand, 
the uncoupled model does not necessarily mean lack of 
physical RG contact but structural changes that lead to two 
conformations of the G protein, one prone and another re-
fractory to activation [17, 18]. The output in terms of Gs-
coupling should be, ideally, in the form of enzyme activity. 
However, technical challenges impede direct measurement 
of Gs engagement and, to overcome the issue, AC activation 
is addressed by measuring cytosolic cAMP levels. For this 
purpose, both the activity of the cyclase upon time and the 
accumulated cAMP levels have been simulated (in condi-

tions mimicking in vitro pharmacological assays, i.e. in the 
presence of phosphodiesterase inhibitors). Remarkably, the 
results obtained using the coupled model indicate that the KD 
value does not correlate with the potency of agonists to acti-
vate AC. In fact, agonists with different affinities may lead 
to similar potencies when the activity of the cyclase is theo-
retically calculated using the constraints of the model, in 
particular considering the action mass law (Fig. 3A). When 
accumulated levels of cAMP are considered, the conclusion 
is the same, i.e. the higher the k1 the quicker the rise in the 
levels of accumulated cAMP. Early determined accumulated 
cAMP levels depend on k1, even if KD values differ in two 
orders of magnitude (Table 1). When time is considered, the 
effect resulting from quick agonist binding (high kon) is a 
transient peak of cyclase activity that correlates with the k1 
(kon) value (Fig. 3A). In this model however, irrespective of 
the height of the peak, which correlates with k1, AC returns 
to basal activity and, accordingly, accumulated cAMP values 
stabilize. This would obviously occur in the absence of 
cAMP degradation (only in vitro). Simulation was performed 
assuming the presence of phosphodiesterase inhibitors, 
which are always present in in vitro pharmacological assays 
of cAMP level determination. In summary, the coupled 
model predicts that the potency does not change with meas-
urement at different times. As an example, three compounds 
with the same KD (10 nM) would have this order of potency 
according to the k1 (M-1s-1) values: 2.8E8>>2.8E7>2.8E6. 
Obviously, k-1 and RT would vary depending on the KD and 
k1 values (KD=k-1/k1; RT=1/k-1). 

 In the RG “uncoupled” model displayed in Fig. 2B, the 
results in terms of AC activity are similar to those described 
above for the coupled model, i.e. the height of cyclase activ-
ity peak correlates with k1 and not with KD, albeit with dif-
ferent timings of return to basal activity, which was very 
rapid in the case of high k1 (2.8E8) and very slow for the 
lowest k1 value (2.8E6) (Fig. 3B). Accumulated cAMP in the 
presence of phosphodiesterase inhibitors depends, again, in 

Table 1. Accumulated cAMP (in relative units) calculated using the indicated values of KD, (M), k1 (M-1 s-1) and k-1 (s-1) for both 
coupled and uncoupled models. 

Coupled Model (Fig 2A)	   Uncoupled Model (Fig 2B)	  

k1	   KD	   k-1	   cAMP	   k1	   KD	   k-1	   cAMP	  

1.0E-10	   2.9E-2	   1.66E-15	   1.0E-10	   2.9E-2	   1.71E-16	  

1.0E-9	   2.9E-1	   1.66E-15	   1.0E-9	   2.9E-1	   1.71E-16	  

2.9E+8	  

1.0E-8	   2.9	   1.65E-15	  

2.9E+8	  

1.0E-8	   2.9	   1.68E-16	  

1.0E-10	   2.9E-2	   3.85E-16	   1.0E-10	   2.9E-2	   3.7E-17	  

1.0E-9	   2.9E-1	   3.84E-16	   1.0E-9	   2.9E-1	   3.69E-17	  

2.9E+7	  

1.0E-8	   2.9	   3.74E-16	  

2.9E+7	  

1.0E-8	   2.9	   3.56E-17	  

1.0E-10	   2.9E-2	   4,28E-17	   1.0E-10	   2.9E-2	   4.13E-18	  

1.0E-9	   2.9E-1	   4.27E-17	   1.0E-9	   2.9E-1	   4.11 E-18	  

2.9E+6	  

1.0E-8	   2.9	   4.15E-17	  

2.9E+6	  

1.0E-8	   2.9	   3.95E-18	  
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k1 (kon) and not in KD values (Table 1). Therefore, results 
derived from considering either model led to qualitatively 
similar results. 

4. DISCUSSION 

 The results show that the AC activity, and accordingly, 
the rate of cAMP production correlates with the rate (k1) of 
agonist/GPCR binding. Remarkably, once k1 is fixed, the 
variation of KD values, even by two orders of magnitude, has 
a negligible effect on the cyclase activity. The signaling out-
put in terms of initial AC enzymatic rate is roughly propor-
tional to the value of k1. These results are based on two reli-
able models that fulfill the law of mass action and use re-
ported values for kinetic constants; the only assumption is 
that AC activity depends on the amount of Gs-GTP (active G 
protein) in a linear fashion. A second assumption, the lack of 
cAMP degradation, is due to the fact that in vitro protocols 
for [cAMP] determination always include phosphodiesterase 
inhibitors. 

 In in vitro assays, the dissociation of a hormone, like 
epinephrine, or of a neurotransmitter, like dopamine, has a 
negligible effect because it occurs slowly; the RT of hor-
mones in the orthosteric centers of GPCRs may go from sev-
eral seconds to minutes. Considering recent and sound re-
ports on the kinetics of dopamine receptors, it is confirmed 
that in vitro-measured dissociation occurs in scales of time 
that cannot be compared with the rate at which neurotrans-
mission takes place. When dopamine, which is very labile 
and prone to oxidation [19], is released from the nerve ter-
minal of a dopaminergic neuron, dopamine receptors are 
activated and cAMP levels change. In the case of D1 and  
D1-like receptors, dopamine leads to AC activation via Gs 
coupling, while the activation of D2 and D2-like receptors 
decrease cAMP levels via Gi coupling [20]. Taken together, 
it appears that k-1 and anything that depends on k-1 have little 
impact in early signal transduction/neurotransmission events. 
Furthermore, by definition, KD (or Ki) refers to equilibrium 
and it is often forgotten that signal transduction occurs far 
from any ligand/receptor equilibrium. The value of KD (the 
affinity constant) in the two most relevant dopamine recep-
tors (D1 and D2) lies in the micromolar range [21, 22] thus 
suggesting that, if association is relatively rapid, the koff  
constant should be fairly low (see Introduction). Hence, the 
results in this paper suggest the relevance of quick determi-
nation of events happening when a molecule enters and acti-
vates a given GPCR all the way until the agonist leaves the 
orthosteric site. In the minutes the receptor molecule keeps 
the GPCR in inactive conformation, unsolved questions re-
main, e.g., is signaling occurring all the time? Is occupation 
per se a desensitization mechanism? How internalization is 
affected by ligands with different structures and different 
interaction kinetic parameters? 

 It is worth mentioning that, among the different steps 
needed for therapeutic drug approval, several time-dependent 
aspects should be considered. In contrast to pharmacokinet-
ics and pharmacodynamics, there are kinetic issues related to 
drug selection in initial screening and kinetic issues related 
to the time a compound remains in the orthosteric site in a 
physiological set-up. The results of this paper focus on k1, 

which may be reliably obtained only in in vitro experiments. 
k-1 values are often obtained when dissociation is boosted by 
adding an enormous amount of a “free/unlabeled” ligand 
(usually at 1,000-fold higher than that of the bound ligand). 
Such difference in concentrations does not occur in vivo. 
Accordingly, RT deduced from k-1, obtained in in vitro  
assays, is not equivalent to in vivo measured RT of a drug 
whose free concentration would be low and would progres-
sively decrease with time. Surely both are of value in drug 
discovery. During early drug screening stages, the associa-
tion rate is relevant for quick selection of compounds 
whereas “global RT” is relevant for in vivo acting therapeutic 
drugs. 

 For many years, the developments brought by Copeland 
have shown the relevance of RT in drug discovery. He and 
his colleagues distinguish between closed and open systems 
in relationship to the conditions by which a drug meets the 
target. A closed system is the one occurring at drug screen-
ing and in many experimental in vitro set-ups in which the 
target and the drug remain virtually unchanged. In open sys-
tems, the receptor changes its conformation and function 
with time while the administered drug has to be distributed 
(usually via blood) to the different tissues, metabolized and 
cleared away. RT measured in closed systems relies on koff 
governing dissociation, which only depends on the receptor 
target and the bound ligand; the authors argue that the drugs 
with similar equilibrium (KD/Ki) parameters may have quite 
different koff values and that it is necessary, at the screening 
stage, to carefully assess the kinetics of binding to estimate 
the duration of action, or in authors’ words: “the temporal 
components of efficacy” (see [23, 24] for review). Apart from 
pointing out that different mechanisms of drug-target inter-
actions impact on the equation describing koff, the RT in a 
closed system is 1/koff, whereas, the half time of dissociation 
is 0.693/koff and, therefore, the half time of dissociation is 
69.3% of RT. 

 In vivo conditions are milder than those used in in vitro 
assays because the dissociation of the ligand bound to a re-
ceptor is not forced to occur “rapidly” by adding an excess 
of unlabeled compound. Therefore, it is assumed that 
“physiological” RT of a given compound in the orthosteric 
center could eventually be higher than the in vitro-calculated 
dissociation time. These considerations are more relevant for 
therapeutic drugs than for endogenous ligands since the 
dwelling time of a given drug is important for many reasons, 
in particular to fix the dosage. As an example, a complex 
model developed to analyze in vivo receptor occupancy of 
atypical drugs, paliperidone and risperidone, to D2Rs, con-
cluded that: “Receptor affinities and brain-to-plasma ratios 
should be considered before choosing the best PK-PD model 
for centrally active drugs” [25]. Therefore, the model, re-
lated to drugs that act as D2R antagonists, does not attribute 
the effect of kinetic but thermodynamic receptor parameters 
in the time course of brain and of plasma concentration of 
antipsychotics. A more recent study have used pharmacol-
ogical parameters obtained in vitro to perform an in silico 
analysis using an ad hoc model for D2R antagonists opera-
tion. The majority of the 17 antagonists used, had koff around 
0.003 s-1 [26]. The value for dopamine was 0.028 s-1 (RT= 
35 s), i.e., substantially higher than that reported [8] (see 
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above). The huge discrepancies in koff (but also in kon) for 
dopamine and D2R antagonists may be due to the labeled 
ligand used as reference, and to the experimental approach 
for binding measurement (radiolabeled- versus homogeneous 
non-radioactive assay). Importantly, the conclusions using 
the model were: “the D2 receptor antagonist dissociation 
rate constant (koff) is limited to the maximal rate of fluctua-
tions in dopamine signaling as determined by the dopamine 
koff and the cAMP turnover” [26]. 

 Exceptions may occur due to the convergence of a vari-
ety of circumstances. In fact, the JNJ-37822681 Janssen 
compound has fast dissociation kinetics that seem to be re-
sponsible for its potential to combat schizophrenia. The do-
paminergic system participates in several central processes 
and dopamine receptors are therapeutic targets in different 
diseases. A given disease may target a specific receptor but, 
also, two different diseases may target a specific receptor but 
with ligands displaying different pharmacology. Drugs 
blocking D2 receptors act as antipsychotics but extrapyrami-
dal side-effects need to be minimized and this is achieved by 
fast dissociation compounds. Even at low doses (per oral 
0.39 mg/Kg) JNJ-37822681 occupies brain dopamine D2 
receptors and it is effective in psychosis models. According 
to the fast dissociation kinetics, this compound would not 
have been selected for further development based on Ki  
(or KD) values; in fact the compound’s Ki is 158 nM [27, 28]. 
It seems that schizophrenia may benefit from the atypical 
pharmacology, i.e. fast dissociation rate, of JNJ-37822681. 
The authors of these reports indicate that in vitro (binding) 
studies would not be appropriate to select compounds  
with the properties of JNJ-37822681 and suggest that: “fast 
dissociation from the D2 receptor may result in more flexible 
levels of D2 receptor blockade, allowing D2 receptors to  
react rapidly to rising dopamine levels in response to  
environmental stimuli”. 

CONCLUSION 

 As a conclusion, and with some exception as the one de-
tailed in the previous paragraph, it is shown that kon appears 
crucial for selecting drug candidates in early screening 
stages, whereas KD would serve to calculate a reference koff 
value to address in vivo RT and/or drug latency. As pointed 
out by Copeland, in vivo calculated RT would fit with a bal-
anced action, i.e., a compromise between a long effect but 
not too long as to lead to undesired side effects [24]. 

CONSENT FOR PUBLICATION 

 Not applicable. 

FUNDING 
 None. 

CONFLICT OF INTEREST 

 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

 Declared none. 

REFERENCES 
[1] Hornykiewicz, O. The discovery of dopamine deficiency in the 

parkinsonian brain. J. Neural Transm. Suppl., 2006, 70(70), 9-15. 
 [http://dx.doi.org/10.1007/978-3-211-45295-0_3] [PMID: 17017502] 
[2] Olanow, C.W.; Agid, Y.; Mizuno, Y.; Albanese, A.; Bonuccelli, 

U.; Damier, P.; De Yebenes, J.; Gershanik, O.; Guttman, M.; Gran-
das, F.; Hallett, M.; Hornykiewicz, O.; Jenner, P.; Katzenschlager, 
R.; Langston, W.J.; LeWitt, P.; Melamed, E.; Mena, M.A.; Michel, 
P.P.; Mytilineou, C.; Obeso, J.A.; Poewe, W.; Quinn, N.; Raisman-
Vozari, R.; Rajput, A.H.; Rascol, O.; Sampaio, C.; Stocchi, F. 
Levodopa in the treatment of Parkinson’s disease: current contro-
versies. Mov. Disord., 2004, 19(9), 997-1005. 

 [http://dx.doi.org/10.1002/mds.20243] [PMID: 15372588] 
[3] Birkmayer, W.; Hornykiewicz, O. The L-dihydroxyphenylalanine 

(L-DOPA) effect in Parkinson’s syndrome in man: On the patho-
genesis and treatment of Parkinson akinesis. Arch. Psychiatr. Ner-
venkr. Z Gesamte Neurol. Psychiatr., 1962, 203, 560-574. 

 [http://dx.doi.org/10.1007/BF00343235] [PMID: 13971142] 
[4] Birkmayer, W.; Hornykiewicz, O. Additional experimental studies 

on L-DOPA in Parkinson’s syndrome and reserpine parkinsonism. 
Arch. Psychiatr. Nervenkr., 1964, 206, 367-381. 

 [http://dx.doi.org/10.1007/BF00341704] [PMID: 14345318] 
[5] Moore, R.Y. Principles of synaptic transmission. Ann. N. Y. Acad. 

Sci., 1993, 695, 1-9.  
 [http://dx.doi.org/10.1111/j.1749-6632.1993.tb23018.x] [PMID: 

7902053] 
[6] Meder, D. The role of dopamine in the brain - lessons learned from 

Parkinson’s disease. Neuroimage, 2019, 15, 190,79-93. 
 [http://dx.doi.org/10.1016/j.neuroimage.2018.11.021] [PMID: 

30465864] 
[7] Owesson-White, C.; Belle, A.M.; Herr, N.R.; Peele, J.L.; Gowris-

hankar, P.; Carelli, R.M.; Wightman, R.M. Cue-evoked Dopamine 
release rapidly modulates D2 neurons in the nucleus accumbens 
during motivated behavior. J. Neurosci., 2016, 36(22), 6011-6021. 

 [http://dx.doi.org/10.1523/JNEUROSCI.0393-16.2016] [PMID: 
27251622] 

[8] Kara, E.; Lin, H.; Strange, P.G. Co-operativity in agonist binding at 
the D2 dopamine receptor: evidence from agonist dissociation ki-
netics. J. Neurochem., 2010, 112(6), 1442-1453. 

 [http://dx.doi.org/10.1111/j.1471-4159.2009.06554.x] [PMID: 
20050980] 

[9] Frank, A.; Kiss, D.J.; Keserű, G.M.; Stark, H. Binding kinetics of 
cariprazine and aripiprazole at the dopamine D3 receptor. Sci. Rep., 
2018, 8(1), 12509. [http://dx.doi.org/10.1038/s41598-018-30794-y] 
[PMID: 30131592] 

[10] Silvano, E.; Millan, M.J.; Mannoury la Cour, C.; Han, Y.; Duan, 
L.; Griffin, S.A.; Luedtke, R.R.; Aloisi, G.; Rossi, M.; Zazzeroni, 
F.; Javitch, J.A.; Maggio, R. The tetrahydroisoquinoline derivative 
SB269,652 is an allosteric antagonist at dopamine D3 and D2 re-
ceptors. Mol. Pharmacol., 2010, 78(5), 925-934. 

 [http://dx.doi.org/10.1124/mol.110.065755] [PMID: 20702763] 
[11] Tonge, P.J. Drug-Target Kinetics in Drug Discovery. ACS Chem. 

Neurosci., 2018, 9(1), 29-39. 
 [http://dx.doi.org/10.1021/acschemneuro.7b00185] [PMID: 28640596] 
[12] Filmore, D. 2004, It’s a GPCR world. Mod. drug Discov., 7, 24-27. 
[13] Jacoby, E.; Bouhelal, R.; Gerspacher, M.; Seuwen, K. The 7 TM 

G-protein-coupled receptor target family. ChemMedChem, 2006, 
1(8), 761-782. 

 [http://dx.doi.org/10.1002/cmdc.200600134] [PMID: 16902930] 
[14] Sriram, K.; Insel, P.A. G Protein-Coupled Receptors as Targets for 

Approved Drugs: How Many Targets and How Many Drugs? Mol. 
Pharmacol., 2018, 93(4), 251-258. 

 [http://dx.doi.org/10.1124/mol.117.111062] [PMID: 29298813] 
[15] Martínez-Pinilla, E.; Rabal, O.; Reyes-Resina, I.; Zamarbide, M.; 

Navarro, G.; Sánchez-Arias, J.A.; de Miguel, I.; Lanciego, J.L.; 
Oyarzabal, J.; Franco, R. Two affinity sites of the cannabinoid sub-
type 2 receptor identified by a novel homogeneous binding Assay. 
J. Pharmacol. Exp. Ther., 2016, 358(3), 580-587. 

 [http://dx.doi.org/10.1124/jpet.116.234948] [PMID: 27358483] 
[16] Navarro, G.; Cordomí, A.; Casadó-Anguera, V.; Moreno, E.; Cai, 

N.S.; Cortés, A.; Canela, E.I.; Dessauer, C.W.; Casadó, V.; Pardo, 
L.; Lluís, C.; Ferré, S. Evidence for functional pre-coupled com-
plexes of receptor heteromers and adenylyl cyclase. Nat. Commun., 



The Kinetic Component in Drug Discovery Current Neuropharmacology, 2020, Vol. 18, No. 3    257 

2018, 9(1), 1242. [http://dx.doi.org/10.1038/s41467-018-03522-3] 
[PMID: 29593213] 

[17] Bondar, A.; Lazar, J. The G protein Gi1 exhibits basal coupling but 
not preassembly with G protein-coupled receptors. J. Biol. Chem., 
2017, 292(23), 9690-9698. 

 [http://dx.doi.org/10.1074/jbc.M116.768127] [PMID: 28438833] 
[18] Weis, W.I.; Kobilka, B.K. The molecular basis of G protein-

coupled receptor activation. Annu. Rev. Biochem., 2018, 87, 897-
919. [http://dx.doi.org/10.1146/annurev-biochem-060614-033910] 
[PMID: 29925258] 

[19] Muñoz, P. Dopamine oxidation and autophagy. Parkinsons Dis., 
2012, 2012, 1-13. 

[20] Beaulieu, J-M.; Espinoza, S.; Gainetdinov, R.R. Dopamine recep-
tors - IUPHAR Review 13. Br. J. Pharmacol., 2015, 172(1), 1-23. 

 [http://dx.doi.org/10.1111/bph.12906] [PMID: 25671228] 
[21] Tiberi, M.; Caron, M.G. High agonist-independent activity is a 

distinguishing feature of the dopamine D1B receptor subtype. J. 
Biol. Chem., 1994, 269(45), 27925-27931. [PMID: 7525564] 

[22] Freedman, S.B.; Patel, S.; Marwood, R.; Emms, F.; Seabrook, 
G.R.; Knowles, M.R.; McAllister, G. Expression and pharmacol-
ogical characterization of the human D3 dopamine receptor. J. 
Pharmacol. Exp. Ther., 1994, 268(1), 417-426. [PMID: 8301582] 

[23] Copeland, R.A.; Pompliano, D.L.; Meek, T.D. Drug-target resi-
dence time and its implications for lead optimization. Nat. Rev. 
Drug Discov., 2006, 5(9), 730-739. 

 [http://dx.doi.org/10.1038/nrd2082] [PMID: 16888652] 

[24] Copeland, R.A. Drug-target residence time In: Thermodynamics 
and kinetics of drug binding ; Keserü, G. M.; Swinney , D.C., Eds.; 
2015, 157-167. [http://dx.doi.org/10.1002/9783527673025.ch8] 

[25] Kozielska, M.; Johnson, M.; Pilla Reddy, V.; Vermeulen, A.; Li, 
C.; Grimwood, S.; de Greef, R.; Groothuis, G.M.; Danhof, M.; 
Proost, J.H. Pharmacokinetic-pharmacodynamic modeling of the 
D₂ and 5-HT (2A) receptor occupancy of risperidone and paliperi-
done in rats. Pharm. Res., 2012, 29(7), 1932-1948. 

 [http://dx.doi.org/10.1007/s11095-012-0722-8] [PMID: 22437487] 
[26] de Witte, W.E.A.; Versfelt, J.W.; Kuzikov, M.; Rolland, S.; 

Georgi, V.; Gribbon, P.; Gul, S.; Huntjens, D.; van der Graaf, P.H.; 
Danhof, M.; Fernández-Montalván, A.; Witt, G.; de Lange, E.C.M. 
In vitro and in silico analysis of the effects of D2 receptor antago-
nist target binding kinetics on the cellular response to fluctuating 
dopamine concentrations. Br. J. Pharmacol., 2018, 175(21), 4121-
4136. [http://dx.doi.org/10.1111/bph.14456] [PMID: 30051456] 

[27] Langlois, X.; Megens, A.; Lavreysen, H.; Atack, J.; Cik, M.; te 
Riele, P.; Peeters, L.; Wouters, R.; Vermeire, J.; Hendrickx, H.; 
Macdonald, G.; De Bruyn, M. Pharmacology of JNJ-37822681, a 
specific and fast-dissociating D2 antagonist for the treatment of 
schizophrenia. J. Pharmacol. Exp. Ther., 2012, 342(1), 91-105. 

 [http://dx.doi.org/10.1124/jpet.111.190702] [PMID: 22490380] 
[28] Tresadern, G.; Bartolome, J.M.; Macdonald, G.J.; Langlois, X. 

Molecular properties affecting fast dissociation from the D2 recep-
tor. Bioorg. Med. Chem., 2011, 19(7), 2231-2241. 

 [http://dx.doi.org/10.1016/j.bmc.2011.02.033] [PMID: 21421319] 
 

 

 


