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Chapter 7

Conclusions and Future Perspectives
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About this chapter

In this thesis, the binding kinetics of ligands to several human GPCR, i.e. cannabinoid receptor 1
(hCB1), adenosine A; and A; (hA; and hA;) receptors, were studied to provide a better and multi-
faceted understanding of drug-target interactions. In this concluding chapter, new insights are

elaborated on, and suggestions for future investigations in this research area are outlined.
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Conclusions from this thesis

Binding kinetics (i.e. knowledge of association and dissociation rate constants of ligands binding to
and unbinding from their target) are gaining importance in the early phases of drug discovery.
Therefore, throughout all the chapters of this thesis, we have characterized the binding kinetics of
several series of compounds on different GPCR (i.e. hCB3, hA; and hAs3). Firstly, binding kinetics of 1,2-
diarylimidazol-4-carboxamide derivatives and 1-(4,5-diarylthiophene-2-carbonyl)-4-phenylpiperidine-
4-carboxamide derivatives as hCB; receptor antagonists have been investigated in Chapters 2 and 3,
respectively. Secondly, for the hA; receptor, both antagonists (i.e. pyrido[2,1-f]purine-2,4-dione
derivatives) and agonists (i.e. ribofurano and (N)-methanocarba derivatives) have been subjected to
kinetic characterization (Chapters 4 and 5). Lastly, the binding kinetics of a few reference agonists
and antagonists for the hA; receptor that were obtained through a novel methodology have been

compared with results stemming from traditional filtration assays (Chapter 6).

First of all the spectrum of their kinetics, especially the residence times (RTs), varied significantly,
although experimental conditions (e.g., temperature) were different. We found that the shortest RT
antagonist at hCB; receptor was rimonabant (14 min at 30 °C, from Chapter 2 and 3), the drug that
was withdrawn from the market. The longest RT antagonist is a 1-(4,5-diarylthiophene-2-carbonyl)-4-
phenylpiperidine-4-carboxamide derivative (Chapter 3) with a RT of 2222 min (>36h at 30 °C).
Another reported example of a ligand with such a rare long-lasting RT is tiotropium, a M3 muscarinic
receptor antagonist. In the case of the hA; receptor antagonists (Chapter 4), divergent RTs from 2.2
min to 391 min at 10 °C were obtained; under similar experimental conditions the hA; receptor
agonists (Chapter 5) presented a greater range of RTs, from 10 min to 1961 min (>30h). In addition,
the RTs variation (from 0.68 min to 167 min) of hA; receptor reference ligands was also significant
(Chapter 6), which were obtained at 28 °C. We speculate that variation in ligand dissociation rate
constants may be due to the following three aspects: 1) the nature of the receptors (i.e. lipid hCB:R

vs hA; and hA3R); 2) different GPCR conformations (inactive state vs active, G protein-bound state); 3)
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the ligand’s class-related binding mode (two series of hCB;R antagonists or two series of hA3;R

agonists).

Interestingly, in the current thesis all the determined association rate constants are significantly
below the so-called diffusion limit (i.e. 10’ Ms!)2. This observation indicates that target engagement
for ligands is more hampered than imposed by the diffusion limit alone. Specifically, the association
rate constants of hA; receptor ligands varied substantially (by 100-fold), which was similar to a
previous report.® In contrast, for hCB; receptor and hAs receptor ligands, the differences in
association rate constants were less pronounced, approximately 5- to 30-fold, respectively.
Interestingly, we found that hAs; receptor agonists’ association rate constants, albeit not that
divergent, correlated significantly with their affinities. Such correlation between affinities and on-
rates has been reported in the case of other GPCR* and ion channels.>® It is therefore necessary to

examine both association and dissociation rate constants of a ligand for better ligand optimization.

Multiple binding kinetics assays have been performed in the present thesis. Especially, the
radioligand competition association assay based on the Motulsky-Mahan model served as a working
horse throughout all the research topics.” Indeed, it turned out to be a good approach for the
guantitative measurement of unlabeled (“cold”) ligands’ binding kinetics. However, this assay’s low-
throughput and the (safety) restrictions imposed by labeled (“hot”) ligands hamper its application in
the kinetic profiling and concomitant structure kinetics relationships (SKR) studies. In the initial
“kinetics screening” phase we adopted a simplified in-house validated competition association
assay;® by sampling only two assay (time) points per ligand. With that a kinetic rate index (KRI) value
was determined as a semi-quantitative descriptor for a ligand’s dissociation rate. This relative high-
throughput assay could be generally applied for kinetics studies at diverse drug targets. This
screening assay does have limitations, namely 1) it provides kinetics information on the dissociation
rate only, and, 2) the resolution of KRI values is not high enough for detailed SKRs, unlike full kinetic

parameters.® In Chapter 6 of this thesis, we developed and validated a kinetic scintillation proximity
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assay (SPA), a homogenous technology with a “mix and measure” format, allowing monitoring of
radioligand binding over time in a single well, from which association and dissociation rate constants
of unlabeled ligands were reliably and quickly determined. Since this assay technology brings the
benefit of greater efficiency in kinetic radioligand binding experiments, it can be of general use for
kinetics studies at other drug targets as well.* One drawback of this technology is that the
temperature of the microplate counter cannot be controlled (i.e. in our lab it was fixed at 28 + 1 °C),
preventing some targets from being kinetically investigated currently. In contrast, with a typical
filtration assay, kinetic radioligand binding experiments can be performed at virtually any
temperature, which allows for assay temperature optimization according to the characteristics of the
radioligand—target interaction. Thus the SPA technology would greatly benefit from a counting

device with temperature setting.

Last but not least, this thesis provides substantial evidence that studying SKR is of great importance
in the early phases of drug discovery. We have provided quite a few examples of ligands within the
same chemical scaffold with very similar affinities that present very divergent binding kinetics. Thus
detailed SKR analysis is able to offer added value to the traditional SAR. This can be exemplified by
one of the hCB; receptor antagonists, 14d (Chapter 2). On the basis of its high, picomolar affinity
alone 14d seems a potent lead, but its close-to-unity KRI value indicates this may not be the case.
Another example from Chapter 4: hA; receptor antagonist 9 with a pKi = 8.5 would be considered a
better ligand than antagonist 11 with a pKi = 8.2, according to traditional SAR. However, their RTs are
28 min and 278 min, respectively, making antagonist 11 kinetically favorable. Thus, ignorance of the
RT (by solely focusing on affinity) may lead to discontinuation of a compound that would likely
perform better in vivo. Importantly the hAs; receptor agonist MRS5698 has been confirmed an
interesting candidate lead compound for neuropathic pain, which might (in retrospect) be due to its
optimal binding kinetics as shown in Chapter 5 (RT = 1961 min). Hence, the strategic combination of
SAR and SKR analyses results in a better understanding of a ligand-receptor interaction, which

comprises not only the equilibrium state but also metastable intermediates and/or transition states
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during the course of ligand association and dissociation. This strategy may be generally applied for

efficient drug design and provide improved drug candidates.

Future perspectives

Opportunities for binding kinetics on hCB; receptor.

The challenge in the development of hCB;R antagonists/inverse agonists as antiobesity drugs is their
poor safety profile. Our strategy has been described in Chapters 2 and 3: a potent hCB;R antagonist
should not only be periphery-selective but also have a slow dissociation profile from the receptor.
There might be other strategies as well. One approach is developing an allosteric modulator, aiming
to “fine-tune” the pharmacological activity of the endogenous orthosteric agonists.® In this case, a
negative allosteric modulator (NAM) would be aimed for,° potentially having certain advantages
over orthosteric ligands, like an increased target selectivity and the ability to maintain the spatial and
temporal signaling profile of the endogenous ligands.'*3 Existing (positive) allosteric modulators
such as ORG27569 tend to act as non-competitive antagonists in functional assays. The reason why is
not entirely clear, but may be due to increased receptor desensitization induced by the compound,**
also indicating that there is no clear cut between allosteric and orthosteric efficacy, as observed in
previous research.’* > Thus, development of a true NAM and a subsequent NAMs-hCB; binding
kinetics study may provide additional ligand-receptor information, yielding a better understanding of

a NAM’s mechanism of action and, possibly, NAMs as drug candidates.

Another direction is developing neutral hCB;R antagonists to avoid some side effects because since
the withdrawal of rimonabant the scientific community has been debating the compound’s inverse
agonism in this respect.’® Y Some of the compounds reduced peripheral nervous system (PNS)
disorders. However, no improvement in reducing CNS side effects was observed, which might be due
to the fact that their bioavailability was not restricted to the periphery.’® ® Another possible

explanation might be that inverse agonism with respect to G protein-independent pathways (e.g., B-
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arrestin recruitment) was neglected,? i.e. the neutral antagonists developed so far were not neutral
with respect to all relevant signaling pathways. To date, the concept of biased signaling has gained
increasing attention in the GPCR field,? 22 and the first evidence is mounting that binding kinetics can

have a profound impact on this phenomenon.? 2*

Opportunities for binding kinetics on hAs receptor.

There is no doubt that the hAs;receptor possesses tremendous therapeutic potential and clinical
indications, due to its overexpression on cancer and inflammatory cells.>?° However, the hA;
receptor has a peculiar and rapidly changing expression profile in cultured cells.?® Moreover, certain
hA; receptor ligands have been described as cytoprotective or cytotoxic merely depending on the
concentration employed, highlighting the difficulties that arise when one aims to characterize hAs;
receptor compounds.33? Such observed “dichotomy” in different therapeutic applications might be
significantly influenced by both ligand RTs and desensitization/internalization-related receptor
vulnerability (i.e. receptor-turnover): would such rapid receptor turnover off-set some agonist’s long
RT? For instance, IB-MECA (with a RT of 95 min at 10 °C, in Chapter 5) has been proven safe and well
tolerated but its anti-inflammatory effect may be hampered by its relatively quick onset of
internalization of about 35 min — 60 min at 37 °C by different cellular assays. 33 For other longer RT
antagonists and agonists as determined in the current thesis (e.g., MRS5698), further cellular
investigation is required, since knowledge of binding kinetics and the effect this has on
internalization/desensitization will help to determine which kinetic profile is needed for an hA;

receptor ligand to display a beneficial therapeutic profile.

Another interesting, but complicating factor may be hAs; receptor homodimerization. This has
recently been well illustrated by fluorescently labelled ligand-receptor binding kinetics studies on
intact cells.®>37 A ligand’s binding kinetics on the hA; receptor dimer is significantly different from its

binding interaction with the receptor monomer; as a result, its concomitant functional effect could
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be profoundly influenced. It would be of great interest to test our hAs receptor ligands in such a

system and provide binding kinetics profiles for receptor dimers as well.

General opportunities in binding kinetics for GPCR and beyond.

e Assays and technologies for binding kinetics.

A comprehensive overview of biochemical and biophysical assays and technologies for assessing
ligand-receptor binding kinetics was described in a recently published review (Table 1).3 Currently,
the most recognized and most straightforward kinetic profiling approach is applying a radioligand
binding filtration assay using membrane proteins, as described throughout the current thesis.
Although this method is sensitive and selective, it suffers from constraints imposed by the probe: a)
high affinity, b) optimal/fixed experimental temperature (in most cases below physiological 37 °C), c)
optimal/fixed incubation duration, d) quantification of competing ligands. In the (near) future better
kinetic assays and technologies will be the standard such as a real-time homogeneous assay enabling
high-throughput measurements, as exemplified by scintillation proximity assays (SPA) in Chapter 6.
On the other hand, a few emerging non-radioactive assays (TR-FRET, BRET and SPR) indeed have
advantages of real-time measurement of target binding kinetics, even in a high-throughput capacity.
However, there are still quite a few disadvantages, such as the use of modified ligands (probes) or
targets, fixed temperatures, and half-lives of fluorescent emission (photo bleaching). Advantages and
disadvantages of the current techniques to measure drug-target binding kinetics are summarized in

Table 1.

Table 1. Emerging experimental methods for kinetic profiling. Adapted and modified from ref. 38.

General Performance
Assays and Technologies Advantages Disadvantages

(in steps)

1. Add radioligand (and Good sensitivity and Radioactivity,

Radioligand binding
cold ligand, not shown); selectivity,

limited throughput,

226



(filtration)

a%Q
v_hy * (9,
h" » 08@62 :"n...
1 2. 3.

2. Incubate with target for

different period of time;

3.Harvest receptor/ligand
complex on filter and

count.

Non-engineered, wild-

type receptor

a universal tool

time-consuming,

labor-intensive

Scintillation proximity assay

(SPA)

1 2

S signal

B
AT ‘ u
adtt * ’
» ® 1_ B-particle

1.Add radioligand (and

cold ligand, not shown);

2.Incubate with
precoupled target SPA-

bead complex and count.

High-throughput,

homogenous,

real-time measurement,

accurate and precise

measurement

Radioactivity,

fixed temperature,

limited choices of beads

Time-resolved fluorescence resonance

energy transfer

(TR-FRET)
* a4 '0 e U
*or K X U

1. Add probe (and ligand of

interest, not shown);

2. Add target (as “Donor”)

and record signal

Non-radioactive,

high-throughput,

homogenous,

real-time measurement

Fluorescently labeled

receptor and ligand,

fixed temperature,

photo bleaching.

Bioluminescence resonance energy transfer

(BRET)
Signal“

:
2 eed
99

1. Add probe (and ligand of

interest, not shown);

2. Add target (as “Donor”)

and record signal

Non-radioactive,

high-throughput,

homogenous,

real-time measurement

Luminescent enzyme

tagged receptor,

fluorescently labeled ligand

Surface plasmon resonance (SPR)

paadandant

Polarized light Signal

1. Immobilize antibody;

2. Capture target;

3. Add ligand of interest

and record signal

Non-radioactive,

real-time measurement

Immobilized receptor

(in large amounts),

medium throughput
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e From binding kinetics to functional dynamics

According to the medical definitions from the Merriam-Webster Dictionary, “kinetics” literally means

9

the rate of change in a system effected by forces upon motions,® whilst “dynamics” describes

“forces and their relation primarily to the motion but sometimes also to the equilibrium of bodies”.*
In other words, kinetics emphasizes rates (e.g., ligands with a fast or slow association/dissociation
to/from receptors); dynamics focuses on patterns of changes in systems (e.g., receptors, signaling
pathways, cells, full bodies) after impact from external forces (e.g., all kinds of interactions), and such
changes include equilibrium. Thus, there is a causal relation between “kinetics” and “dynamics”.

Likewise, this entire thesis hypothesizes that, in GPCR, binding kinetics, more specifically RTs, are

indispensable parameters to gauge dynamic functional effects.

.-”" Ambiguous  "“~__ "End-point" (Equilibrium) assay
. indication N\

[Binding Kinetics] [Functional effect]

Clear
indication

"Dynamic" (Non-equilibrium) assay

Figure 1. “Dynamic” functional assays are required for better translation of binding kinetics, as opposed to the
currently much applied end-point functional assays.

Indeed, a positive correlation between agonist efficacy and residence time has been observed in case
of the muscarinic acetylcholine Ms receptor®! and adenosine Aja receptor.*? In contrast, no such
correlation was observed for the adenosine A; receptor.*® There is a high chance that the effects of
binding kinetics may not be perfectly depicted in classic functional assays under equilibrium
conditions (e.g., with respect to Emax). For instance, Emax induced by an agonist can be dynamic over
time.** Besides, receptor turnover (e.g., hAsR has a peculiar and rapid desensitization/internalization

profile in cultured cells*®) may further complicate such dynamic processes. For antagonist’s binding
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kinetics, insurmountability assays have been described as functional confirmation in this thesis
(Chapters 2, 3 and 4). Such assays require complicated validation and optimization steps, especially
for a long RT antagonist, where different preincubation times can lead to both insurmountable and
surmountable effects, which also indicates the existence of functional dynamics. Therefore, dynamics
of the functional effect shall be taken into account for further investigations. A simple rationale is

presented below (Figure 1).

Methods for measuring and quantifying individual signaling pathways in real-time (e.g., Go-protein, B-
arrestin, cAMP) are emerging, which depict dynamic functional effects at a specific signaling
pathway.'t 4> 4 Moreover, binding kinetics-driven functional dynamics has been described as
“apparent biased signalling”.2® However, the reported methods are performed under distinct
experimental conditions due to practical reasons (e.g., temperature, cell type, sampling methods),
guestioning the robustness of these apparent bias observations. Quite recently, a proximity labeling
technique called “APEX” (affinity purification coupled with mass spectrometry) has been introduced
which may provide new insights into the kinetics of GPCR signaling.*” Not only does it enlarge the
signaling network,*® but it also offers high time resolution into GPCR signaling in living cells.* In this
way the dynamics of multiple signaling pathways can be carefully demonstrated and accurately
guantified. Last but not least, by combining such detailed dynamic assessment technology with
morphological label-free technology (e.g., XCELLigence™), better insights in cell signaling can be

translated from binding kinetics.

e  Motulsky-Mahan model, the perfect one?

Throughout the thesis, the Motulsky-Mahan model has been the mathematic foundation for the
quantification of binding kinetics.>® This model has been applied as an “Occam's razor” by simplifying
the ligand-target interaction as a single and reversible binding interaction. Indeed such simplification
is sufficient for unlabeled (cold) reversible ligands that competitively bind with the radioligand to the

same target binding site. However, there are a few issues in its practical application. One example
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are GPCR agonists which are able to bind more than one receptor conformation (e.g. active state and
inactive state). Another example are bitopic ligands which might bind a target in different
orientations.® Thus, kinetic quantification of GPCR agonists, irreversible binders and bitopic ligands
faces difficulties when applying the Motulsky & Mahan model. In the future, more and more
guantification-driven investigations of ligand-receptor binding kinetics, from both theoretical and
experimental perspectives, shall be performed to further understand the mechanism of any ligand-

target interaction.

o “The great divide” between in vitro binding kinetics and in vivo pharmacokinetics (PK) and

pharmacodynamics (PD)

Although most of the current studies in this thesis have not been translated to in vivo studies (except
for some ligands from Chapter 5 by others °2), one of the more outspoken differences between most
in vitro and in vivo studies is the experimental temperature. Some slowly dissociating ligands were
identified in vitro at temperatures (much) lower than mammals’ body temperature (i.e. 37 °C), thus,
their binding kinetic parameters in vivo will be (much) faster. Of note, the ranking of a series of drug
candidates should not be changed under such temperature maneuver by translation from in vitro to
in vivo. Still, a slowly dissociating ligand only leads to long-lasting in vivo effects, when its dissociation
rate from the target exceeds the rate of free drug elimination from the effect compartment (Figure

2), ensuring pharmacodynamics (PD) outlasts pharmacokinetics (PK).>

Another overlooked pharmacological effect is target rebinding (Figure 2), which means that a freshly
dissociated ligand re-associates to the same or neighboring target. Prominent rebinding might be an
important factor in dictating the duration of a ligand’s in vivo effect, even if a ligand-target complex’s
lifetime is short. In this thesis, the RT of rimonabant, a hCB; receptor antagonist, was determined to
be 14 min (Chapters 2 and 3). However in a previous study its RT was reported to be much longer

(>80 min) in intact cells, which was explained by its prominent target rebinding.>* Thus, despite its
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relatively short RT determined in vitro, one could speculate that in vivo the rimonabant-related CNS

on-target toxicity could be unavoidable.

PD outlast PK

ke|m1 rebinding

} kon
Ligand + Target L-T
Kot
koff < keIm

Figure 2. The binding kinetics in vivo is influenced by the rates of both free drug elimination (kem) from the
effect compartment (the box) and rebinding. A slow dissociation rate (koff) of a ligand exceeding its keim shall
result in a long lasting in vivo effect, ensuring pharmacodynamics (PD) outlasts pharmacokinetics (PK). konis the
association rate constant of a ligand to its target, koff the dissociation rate constant.

Besides, recent theoretical studies on PK/PD has shown that such rebinding could persist by
increased (local) concentrations of the drug, resulting from a high target association rate constant.>
%6 On the other hand, an increased drug concentration can also lead to increased off-target binding
and thus decreased selectivity.>® Therefore, it is necessary to examine both association and
dissociation rate constants of a ligand to its target for better translating in vitro binding kinetics to in
vivo PK/PD. In this thesis, rimonabant has the slowest kon among the antagonists tested in Chapter 2,
but the fastest in Chapter 3, and thus is it appealing to further compare these antagonists’ in vivo PK
profile, concerning their rebinding and target occupancy. By combining data from different

perspectives, the quality of the translation from in vitro to in vivo could be evaluated thoroughly.

Last but not least, species differences are another issue when translating in vitro findings to in vivo
effects, which has been reported for both hCB; receptor and hA; receptors. >°° Thus, in binding
kinetics, we suggest to perform an in vitro investigation of the “kinetic hits” in the species that will be
used in later in vivo studies, next to obtaining data for the human receptor.®® In this way, species
variability can be predicted before the actual in vivo studies, and if needed, another lead compound

can be selected which lacks these differences.
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Final notes

The entire thesis evolves around the concept of ligand-receptor binding kinetics for the early phase
of drug design and discovery. We extensively investigated this concept at two potential drug targets,
the cannabinoid 1 receptor and adenosine As; receptor. We provide evidence that binding kinetics
investigations on GPCR add indispensable information on these drug-target interactions. Besides, we
propose that structure-kinetics relationship studies, next to the more traditional structure-affinity
relationship studies, can improve the final decision and selection process of new chemical entities.
Finally, we validated the scintillation proximity assay as a robust tool for high-throughput binding

kinetics determination.

Hopefully, all findings from this thesis have brought new insights at a molecular understanding of
ligand-receptor binding kinetics, and will offer suggestions for the design of better ligands with an
appropriate kinetic profile, new technologies for rapid kinetic assessment, and ultimately suitable

evaluation schemes for a better translation towards effective and safe drugs.
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