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Abbreviations.

BRET, Bioluminescence Resonance Energy Transfer
NRP1, Neuropilin-1

TMR, Tetramethylrhodamine

VEGF, Vascular Endothelial Growth Factor

Kb, equilibrium dissociation constant

kon, ON rate constant

koff, Off rate constant

RAMP, receptor activity-modifying protein

GPCR, G protein-coupled receptor

RTK, receptor tyrosine kinase

TR-FRET, time-resolved Fdrster resonance energy transfer
NanoLuc, nanoluciferase

NECA, N-ethylcarboximidoadenosine

XAC, xanthine amine congener

PD81,723, (2-amino- 4,5-dimethyl-3-thienyl)(3-(trifluoromethyl)phenyl)-methanone
IL-23, interleukin-23

NanoBiT, NanoLuc Binary Technology
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Abstract.

Equilibrium binding assays are one of the mainstays of current drug discovery efforts to
evaluate the interaction of drugs with receptors in membranes and intact cells. However, in
recent years there has been increased focus on the kinetics of the drug-receptor interaction
to gain insight into the lifetime of drug-receptor complexes and the rate of association of a
ligand with its receptor. Furthermore, drugs that act on topically distinct sites (allosteric)
from those occupied by the endogenous ligand (orthosteric site) can induce conformational
changes in the orthosteric binding site leading to changes in the association and/or
dissociation rate constants of orthosteric ligands. Conformational changes in the orthosteric
ligand binding site can also be induced through interaction with neighbouring accessory
proteins and receptor homo- and hetero-dimerization. In this review, we provide an overview
of the use of fluorescent ligand technologies to interrogate ligand-receptor kinetics in living
cells and the novel insights that they can provide into the conformational changes induced
by drugs acting on a variety of cell surface receptors including G protein-coupled receptors

(GPCRs), receptor tyrosine kinases (RTKs) and cytokine receptors.
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1. Introduction.

Equilibrium binding assays are one of the mainstays of current drug discovery efforts to
evaluate the interaction of drugs with receptors in membranes and intact cells. An important
measure is the equilibrium dissociation constant (Kp) that describes the concentration of a
drug that is required to occupy 50% of its target receptor at equilibrium. However, in recent
years there has been increased focus on the kinetics of the drug-receptor interaction to gain
insight into the lifetime of drug-receptor complexes (provided by the residence time, which is
the reciprocal of the off rate constant ko) and the rate of association of a ligand with its receptor
(provided by the on rate constant, kon) (Copeland, 2016; Schuetz et al., 2017; Sykes et al
2019; ljzerman & Guo, 2019). Furthermore, drugs that act on sites on the target receptor that
are topically distinct (allosteric) from those occupied by the endogenous ligand (orthosteric
site) can modulate the binding of orthosteric ligands by changing their association or
dissociation rate constants, as a consequence of the conformational changes they induce
(Figure la; Kostenis et al., 1996; Molderings et al., 2000; Gao et al., 2001, Guo et al., 2014;
van der Westhizen et al., 2015; Sykes et al., 2019; Cooper et al., 2019; Draper-Joyce et al.,
2021).

In addition to the influence of small molecule allosteric ligands on orthosteric ligand binding,
conformational changes in the orthosteric ligand binding site can also be regulated through
interaction with neighbouring accessory proteins and receptor homo- and hetero-dimerization

(Figure 1b; Sykes et al., 2019). For example, heterodimers between the calcitonin receptor

and one of three receptor activity-modifying proteins (RAMPS) can yield very distinct receptor

properties (Hay et al., 2015; Cao et al., 2022). Co-operative interactions across homodimer
interfaces can also lead to dramatic effects on the dissociation rate of orthosteric ligands (May
et al., 2011; Gherbi et al., 2015). As a consequence of these influences, analysis of the
kinetics of ligand-binding interactions can provide important insights into the conformational
changes induced in the target receptor by ligands, allosteric modulators and protein-protein
interactions (Figure 1). In this review, we provide an overview of the use of fluorescent ligand
technologies to interrogate ligand-receptor interactions in living cells and the novel insights
that they can provide into the conformational changes induced by drugs acting on a variety of
cell surface receptors including G protein-coupled receptors (GPCRS), receptor tyrosine

kinases (RTKs) and cytokine receptors.
2. Fluorescent ligands

Fluorescent ligands are beginning to emerge as the labelled probe of choice for kinetic and

equilibrium binding measurements in both intact cells and membrane preparations (Vernall et
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al., 2014; Peach et al., 2018; Peach et al., 2021; Stoddart et al., 2015; Stoddart et al., 2016;
Sykes & Charlton, 2018; Schiele et al., 2015; Suchankova et al., 2021; Borgarelli et al., 2021;
Lay et al., 2022; Gratz et al., 2022; Toy et al., 2022; Honsou et al., 2015; Honsou et al., 2018).
This is primarily because of their ability to monitor ligand-binding in real-time at the single cell
level which is a distinct advantage over radioligand approaches (Peach et al., 2018; Bouzo-
Lorenzo et al., 2019; Stoddart et al., 2018b; Wesslowski et al., 2020). However, the important
concepts developed using radioligand binding studies still apply to fluorescent ligand binding
approaches and it is worth noting that the addition of a radiolabel produces a much smaller
change in the molecular structure of the original molecule than is achieved by the addition of
a fluorophore.

An important feature of small molecule fluorescent probes for GPCRs is that the addition of
the fluorophore and linker to the pharmacophore can dramatically increase the molecular
weight of the final compound and alter its physicochemical properties (particularly
hydrophobicity and/or lipophilicity) and molecular pharmacology (Baker et al., 2010; Vernall et
al., 2014; Stoddart et al 2016; Kok et al., 2022; Comeo et al., 2020; Comeo et al., 2021). The
choice of the fluorophore can also alter the pharmacological properties of the original ligand
suggesting that it may contribute to the final binding affinity (Baker et al 2010; Comeo et al.,
2020;Comeo et al., 2021). It is therefore very important to fully characterise the pharmacology
of small molecular weight fluorescent probes (i.e., treat them as new chemical entities). Where
the orthosteric ligand is of much higher molecular weight, the labelling strategies are more
straightforward and success has also been achieved with chemokines (White et al., 2020),
growth factors (Comez et al., 2022; Kilpatrick et al 2017), cytokines (Lay et al., 2022), cyclic
peptides (Lay et al., 2023a), eGFP-Wnt-3a (Wesslowski et al., 2020; Gratz et al., 2023) and
receptor-targeted nanobodies (Comez et al., 2022; Van den Bor et al., 2023).

Direct measurement of the binding of fluorescent ligands can be achieved using confocal
microscopy (May et al., 2010; Gherbi et al., 2015; Comeo et al 2021, 2022). However, its
success in kinetic studies depends on a low level of non-specific binding and is most effective
with fluorophores (e.g. BODIPY 630/650) that are heavily quenched in an aqueous
environment (such that free dye is not detected within the confocal volume). BODIPY dyes
have the advantage that they are much brighter when bound to a receptor on the cell
membrane, and where the BODIPY moiety can partition into the membrane environment.
BODIPY dyes are, however, highly lipophilic and this can lead to their non-specific
accumulation in cell membranes and intracellular environments producing an increase in non-
specific binding and higher background signals (Rose et al., 2012; Arruda et al., 2017). For
example, BODIPY630-650-mepyramine suffered from a high intracellular uptake that
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compromised confocal imaging studies with this histamine Hi-receptor fluorescent ligand
(Rose et al.,, 2012). Nevertheless, single molecular approaches such as fluorescence
correlation spectroscopy have been able to use this ligand to study ligand-binding properties
successfully in small microdomains of the plasma membrane (Rose et al., 2012). Thus, for
higher throughput applications, even confocal imaging multi-well plate readers may not have

sufficient signal to noise ratios for reliable measurements (Arruda et al., 2017).

The emergence of resonance energy transfer methods such as time-resolved Forster
resonance energy transfer (TR-FRET) or bioluminescence energy transfer (BRET) using
fluorescent ligands has revolutionised our ability to undertake kinetic-based ligand-binding
studies (Schiele et al., 2015; Stoddart et al., 2015; Stoddart et al., 2018; Sykes et al, 2017;
Sykes & Charlton, 2018). This is because energy transfer is only detected when the energy
donor (i.e. the fluorescent or bioluminescent protein) is in close proximity (<10nm) to the
acceptor fluorescent ligand. Consequently, there is no need to wash away the fluorescent
ligand and the measurements can be made in real-time. TR-FRET normally uses self-labelling
fusion proteins such as SNAP or HaloTag (Keppler et al., 2003; Los et al., 2008; Comeo et al,
2020 Sykes & Charlton, 2018) attached to the N-terminus of a receptor (e.g. GPCR or RTK)
which can be covalently labelled in vivo with a substrate carrying a lanthanine cryptate (e.g.
terbium). TR-FRET can then occur following energy transfer from the terbium donor to the
fluorescent ligand if the fluorescent ligand is bound to a site on the receptor that is in very
close proximity (<10nm) to the SNAP or HaloTag donor on the N-terminus of the receptor
(Schiele et al 2015; Sykes & Charlton, 2018; Comeo et al., 2020). The time-resolved aspect
of TR-FRET is particularly helpful since the fluorescence of terbium is long-lived and this
allows a time delay of 50-150 usec to be made between excitation of the terbium fluorophore
and measurement of the emission from the acceptor fluorescent ligand. This can markedly
reduce the background autofluorescence observed in live cell and membrane experiments
(Sykes et al., 2019). In the case of BRET, the receptor is tagged (usually on the N-terminus)
with the small luminescent protein nanoluciferase (NanoLuc) which in the presence of its
substrate furimazine can produce a very bright bioluminescence (Hall et al., 2012). This can
then transfer energy via resonance energy transfer to a fluorescent ligand bound to the
receptor at a site in close proximity to the N-terminus (<10nm) (Stoddart et al., 2015; Kilpatrick
etal., 2017; Peach et al., 2018; 2021; Goulding et al., 2021; Lay et al., 2022).

3. Ligand-binding kinetics.
As mentioned above, an important measure of equilibrium binding is the dissociation constant
(Kp) that describes the concentration of a drug that is required to occupy 50% of its target

receptor at equilibrium. This can be altered by allosteric modulators or the cooperative action
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of neighbouring proteins via protein-protein complexes involving proteins such as RAMPSs or
the product of receptor dimerization (Figure 1a,b; Cooper et al., 2019; May et al., 2011; Gherbi
et al., 2015; Hay et al., 2015; Cao et al., 2022). A change in ligand binding affinity can be
readily detected in saturation binding experiments (Figure 1c) whereas the impact on ligand-
receptor dissociation kinetics can clearly be observed if the dissociation rate constant (Kof) is
altered by protein-protein interactions or the action of allosteric modulators (Figure 1d). For
example, the positive allosteric modulator VCP171 can induce a marked increase in the pKp
values of a fluorescent analogue of the agonist N-ethylcarboximidoadenosine (NECA; BY630-
X-AAG-ABEA) binding to the human adenosine Ai-receptor (Cooper et al., 2019). Positive

allosteric effects can also be detected as a decrease in the off rate of a fluorescent agonist.
Thus, when the dissociation of the fluorescent adenosine analogue ABA-X-BY630 was
monitored at the single cell level in cells expressing the human adenosine Ai-receptor, it was
significantly faster in the absence (ko 1.95 min*) compared with the presence of the allosteric
enhancer (2-amino- 4,5-dimethyl-3-thienyl)(3-(trifluoromethyl)phenyl)-methanone (PD81,723,;
10 uM; kot 0.8 mint; May et al., 2010).

Association kinetic assays using two or more concentrations of fluorescent ligand are the
simplest kinetic measurements to make when using TR-FRET or BRET experimental
configurations (Figure 2; Sykes et al., 2019). The relationship between the observed
association rate constant (koss) and the equilibrium rate constants kon and Ko is given by the

following equation:

kobs = kon x [Label] + k,¢f

Where [Label] represents the concentration of fluorescent probe used. If more than one
concentration of fluorescent ligand is employed (and parallel conditions are run to assess the
kinetics of the non-specific component of binding at each fluorescent ligand concentration)
then Kon and kot can be shared between the non-linear regression fits of specific binding to
allow these constants to be measured directly from the association kinetic experiments. We
have successfully used this approach in NanoBRET and TR-FRET experiments to evaluate
the Kon and Koff rate constants for a wide range of different fluorescent ligands for both GPCRs
and RTKs (Stoddart et al., 2018; Bouzo-Lorenzo et al., 2019; Peach et al., 2019; Comeo et
al., 2020; Kok et al., 2022). It is worth emphasising that this analysis assumes a simple mass
action equilibrium between the fluorescent ligand and its target receptor. It is therefore
important to check that there is no cooperativity (positive or negative) occurring at higher

fluorescent ligand concentrations across dimer interfaces that can affect this simple analysis

This article is protected by copyright. All rights reserved.

85U017 SUOWIWOD) 8A1TE81D 3|edljdde au Aq pausenob aJe Sapole YO ‘8SN JO S9N 10} Aeud1 78U UQ AB|IA UO (SUONIPUOD-pUB-SWLBIW0D A3 1M ARe.d Ul |UO//SANY) SUORIPUOD Pue SWie | 8U1 88S *[£202/20/70] U0 A%iqiauljuo A8 (1M Hin'de weybumoud jeis-<y»(oqqius> Aq 89T Uda/TTTT 0T/I0p/wo A8 1M ARd 1 puljuo sqndsday//sdny wo.j pepeojumod ‘el ‘T8ES9/4T


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=377
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=18

(e.g. May et al., 2011; Gherbi et al., 2015; see also section 4 below). For example, we have

successfully prepared a fluorescent version of vascular_endothelial growth factor 121a

(VEGFi121@) with a single tetramethylrhodamine (TMR) fluorophore added to each of the
antiparallel VEGFR121a-TMR homodimer components (Kilpatrick et al., 2017; Peach et al.,
2018a, 2019, 2021). This molecule binds to the Ig-like domains D2 and D3 of VEGFR2 with a
stoichiometry of one VEGFi21a-TMR dimer across a VEGFR2 homodimer (Peach et al.,
2018b). A simple analysis of the binding kinetics of VEGF12:a-TMR to membrane preparations
obtained from HEK293 cells expressing human NanoLuc-tagged VEGFR2 receptors and
assuming a simple mass action equilibrium yields kon and ko estimates of 5.13 x 10° min'tM*
and 0.019 min‘! respectively and a kinetic Kp value of 3.85nM (Figure 3a; Peach et al., 2019).

However, it is known that VEGF can induce homodimerization of VEGFR2 (Kilpatrick et al.,
2019) and so itis very likely that the binding of VEGF12:a-TMR can occur in a stepwise fashion
as depicted in Figure 3b. As a consequence, the binding of VEGF12:a-TMR can be described
as a two-step process where binding of the growth factor first occurs to one molecule of
VEGFR2 and is then followed by recruitment of a second VEGFR2 molecule to the complex
as the VEGFi21a-TMR homodimer engages the binding site on the second VEGFR2 monomer
bridging across the VEGFR2 dimer (Figure 3b) (White et al., 2022). The first phase of binding
to one ' VEGFR monomer can be described by simple mass action kinetics involving ko, and
kot (Figure 3b). However, the second phase involving ligand-induced dimerization requires
the inclusion of cooperativity rate constants (6. and 6.) to describe binding to the second
VEGFR2 protomer (Figure 3b). White et al (2022) used this approach to fit the data set from
Peach et al., (2019) to this model. This analysis revealed ko, and kot rate constants (Figure
3b) of a similar order to those described by Peach et al (2019) and indicated that the second
phase of binding was an extremely rapid step and acted to increase the binding affinity from
26.3nM (for the monomer) to 1.64 nM (for the homodimer).

The other approach to monitoring ligand dissociation kinetics is to allow the binding of the
fluorescent to reach equilibrium and then to either wash away the label using infinite dilution
approaches or to add an excess of a non-fluorescent or non-radioactive ligand that binds to
the same orthosteric site as the label (Figure 4). Using this approach, the kinetics of the
dissociation phase of ligand-receptor interactions can be monitored (Figure 4). The infinite
dilution approach is quite difficult in a plate-reader configuration because of the excessive
wash steps required to prevent rebinding of the label (to neighbouring receptors) as it
dissociates from the receptor (Sykes et al., 2019). However, success has been achieved in
imaging set-ups where it is possible to perfuse the imaging cell rapidly with buffer (May et al.,

2010). Thus, we have been able to perfuse an imaging cell with buffer at flow rates of up to
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20 ml.min* without losing focus whilst acquiring images on a confocal microscope (May et al.,
2010). This allowed rapid addition and removal of drugs within a timescale of seconds (May
et al., 2010). Using this approach, we were able to monitor the on (kon) and off (kox) rates of a
fluorescent adenosine analogue in real time to individual cells (in the field of view) expressing

either the A; or A; adenosine receptors (May et al., 2010).

In a plate reader configuration, the approach of choice to monitor ligand dissociation kinetics
is to add an excess of a non-fluorescent that binds to the same orthosteric site as the label
(Figure 4). Provided that ligand-binding adheres to simple mass action kinetics, this approach
avoids issues with re-binding (Sykes et al., 2019) and allows direct measurement of Kos.
Allosteric ligands can also be applied during the dissociation phase of the experiment (infinite
dilution or addition of excess orthosteric ligand) to evaluate whether they have a positive
(reduced kor) or negative (increased kor) allosteric effect on fluorescent ligand dissociation
(Figure 4).

4. Impact of receptor homodimerization on ligand-binding properties — insights from
ligand dissociation studies.
In addition to the impact of allosteric ligands on measured K rate constants, orthosteric
ligands can have an unexpected effect on this parameter if the target receptor involved
forms homodimers (May et al., 2011). Thus, in the case of the adenosine As-receptor,
orthosteric ligands such as adenosine, NECA and the antagonist xanthine amine congener
(XAC) can increase the measured ko rate constant for the fluorescent adenosine analogue
ABA-X-BY630 by an order of magnitude (May et al., 2011). Furthermore, if the wild-type As
receptor is co-expressed with a non-binding N250A As-receptor mutant (in order to reduce
the number of homodimers containing two available orthosteric binding sites), this effect is
reduced (May et al., 2011). The data obtained were consistent with orthosteric ligands
producing negative allosteric effects across adenosine As-receptor homodimer interfaces
(Figure 5). In the scheme shown in Figure 5, the receptor is assumed to exist as a
homodimer in which each receptor protomer can bind drug A or B. Binding of A or B to one
protomer.of the dimeric structure is described by the simple equilibrium binding constants Ka
and K, respectively. However, once one protomer is occupied by drug, the subsequent
binding of a drug molecule to the second orthosteric site on the dimer is influenced by the
cooperativity factors o, § and y. The fitted values for these cooperativity factors for the
fluorescent adenosine analogue ABA-X-BY630, NECA and XAC obtained in the study of
May et al (2011) are provided in Figure 5. For ABA-X-BY630 (as drug A) the a factor of
<0.01 indicates that the binding of ABA-X-BY630 requires very much higher concentrations
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of ligand to achieve occupancy of the second protomer site due to substantial negative
cooperativity across the dimer interface. Similarly, addition of NECA or XAC during the
dissociation phase following washout of fluorescent ligand when the fluorescent ligand is
only occupying one of the protomers (i.e. AR-R) will be markedly affected by the substantial
negative cooperativity (y = 0.13 or 0.07) caused by NECA or XAC occupying the second
protomer binding site (AR-RB) (May et al., 2011). We have observed similar negative

cooperative interactions across pBi-adrenoceptor homodimers (Gherbi et al., 2015).

Interestingly, the Bi-adrenoceptor has been reported to mediate signalling effects via both a
high affinity catecholamine site and a low affinity CGP 12177 site (Kaumann and Molenaar,
2008; Baker et al., 2003). It is likely that the low affinity site is a consequence of negative

cooperativity across the dimer interface (Gherbi et al., 2015 Feuerstein and Schlicker, 2021).

From a kinetic perspective, it is worth pointing out that the cooperativity factors o, p and y
shown in Figure 5 will have both association and dissociation rate constants associated with
them (i.e. a./a., B+/ B- and y:/ y.) in a similar way to the cooperativity factor 6 (6. and 6.)
shown in Figure 3(b). These can have different contributions to the overall allosteric effect
as shown using various mathematical models for different allosteric mechanisms of action
(Diaz et al., 2023; White et al, 2022).

5. Heterodimerization and impact on ligand binding affinity.

Heterodimerization is an obvious way in which neighbouring proteins can also exert
allosteric effects on the binding of fluorescent probes to the orthosteric binding site of the
target receptor (Figure 1b). As noted above, heterodimers between the calcitonin receptor
and one of three receptor activity-modifying proteins (RAMPS) can yield very distinct
receptor properties (Hay et al., 2015; Cao et al., 2022). Receptor-receptor interactions can
have a similar effect. For example, the interleukin-23 (IL-23) cytokine binds to a
heterodimeric receptor made up of two subunits - IL12RB1 and IL23R (Parham et al., 2002;
Lay et al., 2022). TMR-labelled I1L-23 (IL23-TMR) can bind to a NanoLuc-tagged IL23R with
a Kp of 222 nM and to a NanoLuc-tagged IL12RB1 with a Kp of 30 nM (Lay et al., 2022).

However, when NanoLuc-IL23R is co-expressed alongside untagged IL12Rp1 the affinity of
IL23-TMR is increased by nearly four orders of magnitude to 27 pM (Lay et al., 2022). Thus,
the heterodimeric IL23R-IL12RB1 complex has a dramatic effect on its affinity for its native
cytokine when compared to either receptor alone. Studies on purified truncated receptor
proteins have suggested that the IL-23 receptor may be activated following ligand-induced
dimerization where IL-23 first binds to IL23R and then recruits IL12Rp1 to the IL23R-

IL12RpB1 oligomeric complex (Bloch et al., 2018). i.e. In a similar fashion to that described
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for VEGFR2 (Figure 3b above). However, an alternative explanation deduced from
recombinant cellular systems is that IL23R is activated via a conformational change within
pre-associated complexes (Sivanesan et al., 2016; Lay et al., 2022). Further insight into this
latter mechanism has been provided using NanoLuc Binary Technology (NanoBiT) (Dixon et
al., 2016). The NanoBiT methodology uses fragments of NanoLuc which is split into a large
(18 kDa) fragment (LgBiT) and smaller (1.3 kDa) high affinity (HiBiT) or low affinity (SmBIT)
peptides (Dixon et al., 2016). When HiBIiT and LgBIT fusions of NanoBiT fragments are
attached to the N-termini of IL23R and IL12RB1 respectively, the association of the receptor
proteins can be monitored by following the re-complementation of the full length NanoLuc
bioluminescent protein (Dale et al., 2019; Lay et al., 2023b). Using this approach, we were
able to show that IL23-TMR was able to bind with picomolar affinity to pre-formed HiBiT-
IL23R-LgBIT-IL12RB1 heteromeric complexes without any change in the extent of heteromer
formation induced by the cytokine (Lay et al., 2023b). A similar NanoBIT strategy has been
used to investigate the interaction of VEGFR2 with its co-receptor neuropilin 1 (NRP1)
(Peach et al., 2021). This has been achieved by using NanoBIT technology in combination
with NanoBRET to monitor the kinetics of the binding of fluorescent VEGF-A analogues to
defined heteromeric VEGFR2-NRP1 complexes (Peach et al., 2021).

6. Conformational sensors.

The attachment of a tag to an extracellular domain of a cell surface receptor also provides
the potential to monitor conformational changes induced by agonists, antagonists and
allosteric modulators. We became aware of this in early studies to investigate NanoBRET
ligand binding to the chemokine receptor CXCR4 using CRISPR/Cas9 genome editing to
attach a HiBiT tag to the N-terminus of the endogenous CXCR4 receptor (White et al.,
2020). This allowed binding of a fluorescent version of the chemokine CXCL12 (CXCL12-
AF647) to be measured at endogenous receptor expression levels that were only 1-2% of
the levels normally achieved in transfected cells (White et al., 2020). In this approach,
purified LgBiT was added to the extracellular medium of cells to reconstitute the full length
NanoLuc in association with cell surface receptors expressing the HiBiT-tagged CXCR4
receptors (White et al., 2020). Because LgBIT is cell impermeable, reconstitution between
LgBIiT and HiBIiT on the N-terminus of CXCRA4 is restricted to receptors at the plasma
membrane. When cells are treated with the agonist CXCL12, internalisation of CXCR4 can
be followed as a loss of receptor associated NanoLuc luminescence at the cell surface
(White et al., 2020). However, surprisingly, the negative allosteric modulators IT1t and
AMD3100 caused an increase in NanoLuc luminescence in both CRISPR/Cas9 edited

HIiBiT-CXCR4 expressing HEK 293 cells and in cells exogenously transfected with HiBIT-
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CXCR4 (White et al., 2020). This was not, however, due to appearance of new receptors at
the cell surface since the same phenomenon could be detected in isolated membrane
preparations (White et al., 2020). The data obtained were most consistent with a
conformational change in CXCR4 induced by IT1t and AMD3100 which reduced steric
hindrance and facilitated the engagement of the N-terminally attached HiBiT with the free
LgBIiT in the extracellular medium (White et al., 2020). This conformational change can be
followed in real time in membrane preparation following addition of the two negative

allosteric modulators (Figure 6).

Another approach to add a conformation-sensing tag to a receptor is to use the antigen-
binding immunoglobulin (Ig) variable region (nanobody) of a heavy-chain antibody derived
from the camelid family (Comez et al., 2022). We have recently investigated the binding
mode of two fluorescently-tagged nanobodies that bind to the epidermal growth factor

receptor (EGFR) (Comez et al., 2022). In this study, we investigated the binding of
fluorescent analogues of Q86 and Q44 to NanoLuc-tagged EGFR. Q44 is a nanobody that
binds to a similar site to EGF on EGFR (domains | and Ill) whereas Q86 (also known as
EgB4) is an EGFR nanobody that does not compete with EGF binding and does not activate
the receptor (Comez et al., 2022). EGF did not inhibit the binding of fluorescent Q86 (Q86c-
HL488) but instead caused a marked increase in the NanoBRET signal consistent with a
conformational change altering the efficiency of resonance energy transfer between the
NanoLuc on the N-termini of EGFR and the fluorophore on the Q86 molecule bound to
EGFR (Comez et al., 2022). This is most likely due to the extended conformation of EGFR
induced by EGF (Figure 7a inset) leading to exposure of the dimerization interfaces of
domain Il of the receptor and subsequent EGFR homodimerization (Dawson et al., 2005;
Bessman et al., 2014; Freed et al., 2017) (Figure 7a). This conformational change is also
consistent with the recent X-ray crystal structures of Q86 (EgB4) alone and bound to the full
extracellular EGFR-EGF complex in its extended active conformation (Zeronian et al., 2022).
Real-time NanoBRET experiments allow the time course of the binding of Q86¢c-HL488 to be
followed as well as the conformational change induced by subsequent addition of different
concentrations of EGF (Figure 7a; Comez et al., 2022). Furthermore, the ability of different

EGFR agonists to induce this conformational change can also be quantified (Figure 7b).
7. Conclusions and future directions.
In conclusion, analysis of the impact on ligand-binding kinetics of allosteric ligands and

cooperative interactions across protein-protein interfaces can provide important information

on the conformational changes that they induce. The fact that these interactions can be
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monitored in living cells at the single cell level provides a powerful approach to the study of
cooperative interaction across protein-protein interfaces in real time. In this review we have
summarised some of the approaches using fluorescent ligands, fluorescent nanobodies and
resonance energy transfer approaches. However, in many of these instances, the
experimental approach requires recombinant transfection techniques to introduce tagged-
receptors (e.g. SNAP-tag, HaloTag or NanoLuc) into model cell systems. This invariably
leads to expression levels that are one or two orders of magnitude greater than normal
physiological levels. However, more recently we and others have been using
CRISPR/Cas9 genome editing to introduce tags onto the N-terminus of endogenous
receptors (White et al., 2019; White et al., 2020; Soave et al., 2021; Goulding et al., 20214a;
Goulding et al., 2021b; Gratz et al., 2023). These approaches provide a very sensitive
approach to study ligand-receptor interactions at extremely low expression levels using
NanoBRET (White et al., 2019; White et al., 2020; Goulding et al., 2021a) or biophysical
technigues with single molecule sensitivity such as fluorescence correlation spectroscopy
(Goulding et al, 2021b) and pulsed-interleaved fluorescent cross-correlation spectroscopy
(Endres et al., 2013).

Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, and are permanently archived in the Concise Guide to
PHARMACOLOGY 2021/22 (Alexander et al., 2021).
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Figure 1. Allosteric influence of allosteric modulators and protein-protein interactions
on the binding of aligand to the orthosteric binding site of a GPCR. (a,b) Schematic
showing the potential for (a) allosteric modulators and (b) neighbouring proteins (e.g. single
membrane spanning proteins or other GPCRS) to exert allosteric influences on the binding of
an orthosteric ligand. (b) Simulated data illustrating the impact of a positive allosteric
modulator (red circles) on the specific binding of an orthosteric ligand (blue circles) that
changes the Kp of the orthosteric ligand from 100nM to 10nM. (c) The impact of a positive
allosteric modulator (red circles) that decreases the kox rate constant of an orthosteric ligand
(blue circles) from 0.2 min to 0,05 min™.
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Figure 2. Simulated data for the specific binding of increasing concentrations of an
orthosteric ligand to a target receptor. The simulations were run with a Kp of 50 nM, Kon
of 1 x 108 M2.min! and ko of 0.05 min.
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Figure 3. Binding kinetics of increasing concentrations of VEGFi1z1a-TMR in
membrane preparations quantified using NanoBRET. (a) Binding of VEGFi1a-TMR to
membranes prepared from NanoLuc-VEGFR2-overexpressing HEK293T cells. Membranes
were pretreated with furimazine to equilibrate for 5 min before addition of five concentrations
of VEGFi2:a-TMR (1-20 nM). Data taken from Peach et al (2019). BRET ratios are
expressed as mean = SEM from six independent experiments with duplicate wells. Analysis
assuming a simple mass-action equilibrium gave estimated kon and ko values of 5.13 x 108
M-1.min"t and 0.019 min! respectively (Peach et al., 2019). (b) Analysis of the data set from
Peach et al (2019) based on the ligand-induced homodimerization model of White et al.,
(2022). The first phase of binding to one VEGFR monomer can be described by simple
mass action kinetics involving kon and kor. This is then followed by a second phase involving
ligand-induced dimerization with the cooperativity rate constants (6. and 6.) describing the
binding to the second VEGFR2 protomer. The table shows the rate constants determined
from this analysis by White et al (2022).
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Figure 4. Simulated data for the effect of positive and negative allosteric modulators

on the dissociation kinetics of a fluorescent orthosteric ligand. In this simulation, the

fluorescent ligand was allowed to reach eq

uilibrium before it was washed away. The black

circles show the association and dissociation phases of binding of the fluorescent orthosteric

ligand with a kon of 1 x 108 M. min*! and a ko of 0.05 mint. The red and blue circles show

the impact on the dissociation phase of binding of a high concentration of a negative (red) or

positive (blue) allosteric modulator is added at the start of the infinite dilution phase.
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Figure 5. A two-drug model for constitutive GPCR homodimerization. In this model it is
assumed that the receptor can exist as a dimeric species R-R. Ligand A (red) and ligand B
(blue) can bind to the first and/or second protomer of the homodimer. Binding of ligand A
and ligand B is defined by their affinity for the free GPCR dimer (R-R) with K, and Ky being
their dissociation constants respectively. The cooperativity factors o,  and y then describe
the impact of a ligand (A or B) binding to the second protomer of an already occupied
homodimer. The table shows the fitted binding constants for this model for the binding of the
fluorescent adenosine ligand ABA-X-BY630, the agonist NECA and the antagonist XAC to

the human adenosine As-receptor obtained from the data of May et al., (2011).
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Figure 6. Time course of conformational changes induced by IT1t (blue circles) and
AMD3100 (red circles) for HiBiT-tagged CXCR4 receptors in membrane preparations.
Data taken from White et al., 2020. Luminescence was measured using membrane
preparations from HEK 293 cells exogenously expressing HiBiT-CACR4 and preincubated
with 10nM purified LgBIT.
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Figure 7. Kinetics of EGF-induced changes in the conformation of NanoLuc-tagged
EGFR bound to the fluorescent nanobody Q86¢c-HL488. (a) NanoBRET was monitored
between NanoLuc-tagged EGFR and the fluorescent nanobody (25nM) added at time zero.
Once equilibrium binding of Q86¢c-HL488 had been established, increasing concentrations of
EGF or vehicle were added. Data are taken from Comez et al., 2022. (b) Concentration
response data for EGF and TGF-a stimulation of the NanoBRET signal obtained with Q86c¢-
HL488 and NanoLuc-EGFR after 30 min stimulation. Data taken from Comez et al., 2022.
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