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Abstract: A conserved intracellular allosteric binding site
(IABS) has recently been identified at several G protein-
coupled receptors (GPCRs). Starting from vercirnon, an
intracellular C� C chemokine receptor type 9 (CCR9) antago-
nist and previous phase III clinical candidate for the treat-
ment of Crohn’s disease, we developed a chemical biology
toolbox targeting the IABS of CCR9. We first synthesized a
fluorescent ligand enabling equilibrium and kinetic binding
studies via NanoBRET as well as fluorescence microscopy.
Applying this molecular tool in a membrane-based setup and
in living cells, we discovered a 4-aminopyrimidine analogue
as a new intracellular CCR9 antagonist with improved
affinity. To chemically induce CCR9 degradation, we then
developed the first PROTAC targeting the IABS of GPCRs.
In a proof-of-principle study, we succeeded in showing that
our CCR9-PROTAC is able to reduce CCR9 levels, thereby
offering an unprecedented approach to modulate GPCR
activity.

G protein-coupled receptors (GPCRs) are among the most
relevant protein families in drug discovery and are the
targets for approximately one third of all available medi-
cation. The vast majority of the reported GPCR ligands
bind to an orthosteric site that is located within the helical
bundle and accessible from the extracellular environment.
Apart from the orthosteric site, a highly conserved intra-
cellular allosteric binding site (IABS) that enables the
binding of small molecule antagonists has recently been
identified by X-ray co-crystallography for the chemokine
receptors CCR2,[1] CCR7,[2] CCR9[3] as well as for the beta-2

adrenergic receptor (β2AR).[4] Moreover, a druggable IABS
has been suggested for several other GPCRs.[5] Ligands
targeting this allosteric binding site feature a new dual
mechanism of specific GPCR modulation, which is charac-
terized by i) stabilization of the inactive receptor conforma-
tion and ii) sterically blocking intracellular transducer
action, i.e. G protein and/or β-arrestin binding.[1–4] Thus,
targeting the IABS opens new opportunities to modulate
receptor activity and to generate selectivity. Furthermore,
the IABS enables the implementation of novel intracellular
drug-targeting strategies, such as chemically induced protein
degradation by means of proteolysis targeting chimeras
(PROTACs). Due to their bivalent nature PROTACs
enable the recruitment of an intracellular E3 ubiquitin ligase
to the targeted protein, thereby inducing its ubiquitination
and subsequent proteasomal degradation (Figure S1). Thus,
the availability of intracellular GPCR ligands lays an
essential foundation for the rational development of GPCR-
targeted PROTACs.

Vercirnon (1, Figure 1A) is the intracellular antagonist
that was co-crystallized with CCR9.[3] It features an out-
standing selectivity for CCR9 (>1000-fold)[6] and progressed
to phase III clinical trials for the treatment of Crohn’s
disease, thereby highlighting the high therapeutic potential
of intracellular CCR9 antagonists. However, during phase
III clinical trials, 1 failed to recapitulate the highly promising
results from prior preclinical and clinical studies because of
limited therapeutic efficacy.[7] Thus, new approaches to
improve the therapeutic efficacy of intracellular CCR9
antagonism are urgently needed.
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Figure 1. Design of heterobifunctional CCR9 ligands. A) Chemical
structure of vercirnon (1) and the vercirnon-linker-conjugates (2a,b)
that were identified by molecular docking as suitable templates for the
design of heterobifunctional CCR9 ligands. B) Overlay of the reported
binding mode of 1 (PDB ID: 5LWE)[3] with the predicted binding modes
for 2a and 2b.
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For the discovery of new lead structures for intracellular
GPCR modulators, molecular tools to study intracellular
target engagement are crucial. The radioligand
[3H]vercirnon has already been established as a molecular
tool to study binding to the IABS of CCR9 in a cell-free
setup.[3] However, radioligand binding assays are accompa-
nied by several drawbacks, such as high infrastructure
requirements according to radiation protection measures,
radioactive waste production, and heterogeneous assay
protocols. The latter, is also the reason why radioligand
binding assays do not allow a continuous readout and are
not well-suited for detecting low affinity binders, such as
fragments.

In order to provide a non-isotopic molecular tool to
directly monitor binding to the IABS of CCR9 under cell-
free conditions and, more importantly, in a cellular setup,
we aimed to develop a fluorescently labeled vercirnon
analogue. Molecular docking of vercirnon-linker conjugates
(2a,b, Figure 1, Table S1) helped us to identify position 2 at
the pyridine-N-oxide as a suitable vector for the installation
of an alkoxy linker, which allows the conjugation of 1 with a
functional label (Figure 1B), such as a cell-permeable
tetramethylrhodamine (TAMRA) fluorophore. To enable a
straightforward conjugation of the vercirnon scaffold with
the TAMRA fluorophore via Cu-catalyzed Huisgen
cycloaddition,[8] triazole-based linker fragments were in-
cluded in the design and synthesis (Scheme S1) of the
fluorescent CCR9 ligands. In order to evaluate the binding
affinities of the synthesized fluorescent probes, we devel-
oped a NanoBRET-based binding assay (Figure S2). There-
fore, we labeled CCR9 at its intracellular C-terminus with a

small and bright luciferase variant (nanoluciferase, Nluc).[9]

In a saturation binding experiment using membranes from
HEK293T cells transiently expressing Nluc-tagged CCR9
(hereafter referred to as CCR9_Nluc), 3a with its relatively
short linker fragment showed the highest binding affinity
(Kd=41.3�3.7 nM, pKd=7.39, Figure 2A, B) among the
tested ligands (3a–d, Table S2).

Kinetic binding studies with 3a gave rate constants of
kon=4.79�0.48×10� 4 nM� 1min� 1 and koff=1.12�0.03×
10� 2 min� 1, which resulted in a kinetic Kd value of 23.4�
2.4 nM (pKd=7.63, Figure 2C). The long residence time of
3a (tr=90.0�2.4 min) indicates that the vercirnon scaffold
might gain its high affinity and selectivity for CCR9 by slow
off-kinetics. This is consistent with other literature examples
for highly potent and selective compounds.[10]

In a displacement experiment with 3a, a Ki value of
2.35 nM (pKi=8.66�0.07) was detected for 1 (Figure 2D;
Table 1), which is in good agreement with published affinity
data (Kd=0.49 nM (pKd=9.31, radioligand binding assay);
Ki=1.1 nM (pKi=8.96, GPCR-activity assay)).[3,11] The
orthosteric CCR9 agonist CCL25 did not affect the binding
of 3a to the IABS (Figure S3), which is consistent with
reports for the related CCR2,[12] confirming non-competitive
binding of intracellular allosteric antagonists. To investigate
the suitability of our NanoBRET assay for future fragment-
based drug discovery approaches, we tested several frag-
ments (4–9) of 1 for competition with 3a. Four of the tested
fragments were identified as hits (inh.>50% @ 3.3 mM;
Figure 2E) and were further characterized. The detected pKi

values indicate that the 4-(tert-butyl)-N-phenylbenzenesulfo-
namide moiety is critical for CCR9 binding (Figure S4).

Figure 2. Development of 3a as a fluorescent tool to target the IABS of CCR9. A) Chemical structure and equilibrium dissociation constants of 3a.
B) Binding curve of 3a in a NanoBRET-based saturation experiment using CCR9_Nluc membranes. C) Representative association and dissociation
curves with 3a (100 nM) using CCR9_Nluc membranes. D) Competition binding curve for 1 obtained with 3a (100 nM) and CCR9_Nluc
membranes. E) Displacement of 3a (100 nM) by fragments 4–9 (3.3 mM). See Figure S4 for detected pKi values and Schemes S2, S3 for fragment
synthesis. F) Binding curve of 3a in a NanoBRET-based saturation experiment performed with live HEK293T cells expressing CCR9_Nluc.
G) Competition binding curve for 1 obtained with 3a (120 nM) and live HEK293T cells expressing CCR9_Nluc. H) Intracellular uptake of 3a
(100 nM) and displacement by 1 (10 μM) monitored by fluorescence microscopy.
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In a cell-based assay setup using HEK293T cells
transiently transfected with CCR9_Nluc, a Kd value of
56.2�2.9 nM (pKd=7.25) for 3a was determined (Fig-
ure 2F), demonstrating that 3a is indeed able to pass the cell
membrane and bind to CCR9 on the intracellular side of the
receptor. In a cell-based displacement assay, we detected a
Ki value of 5.9 nM (pKi=8.24�0.05) for 1 (Figure 2G,
Table 1), which is consistent with the affinity data detected
with our membrane-based setup (see above). Thus, 3a is a
suitable tool to study target engagement for the IABS of
CCR9 in a cellular environment. In contrast, binding assays
based on radiolabeled [3H]vercirnon have only been de-
scribed in a cell-free setup.[3]

Intracellular CCR9 binding of 3a and its displacement
by 1 was also monitored by fluorescence microscopy (Fig-
ure 2H, S5–S7). Thus, 3a represents an unprecedented tool
that enables visualization of ligand binding to the IABS of
CCR9 in a cellular environment.

In a next step, we aimed to demonstrate suitability of
our NanoBRET-based screening platform for the identifica-
tion of novel intracellular CCR9 ligands. Following the
hypothesis that the binding process of 1 to CCR9 is
enthalpically hindered by an intramolecular H-bond, which
is predicted to be present in solution (Figure S8) but not
observed in the bioactive CCR9-bound conformation of 1
(Figure 1B),[3] we aimed to develop vercirnon derivatives
that cannot form such an unfavourable intramolecular H-
bond. As a starting point, we used the pyrazine-based
vercirnon analogue 10 reported by Zhang et al.[13] According
to our conformational analysis, this compound is also able to
form an intramolecular H-bond. In contrast, the pyridine-
and pyrimidine-based analogues 11 and 12 should not be
able to form this unfavourable intramolecular H-bond, due
to the removal or relocation of the H-bond accepting
nitrogen atom (Figure 3, S8).

Analogues 10, 11, and 12 were synthesized (Scheme S3)
and tested for their CCR9-binding affinity using our Nano-
BRET-based assay. Whereas the pyridine-based 11 showed
reduced binding compared to 1 or 10, compound 12 with its
pyrimidine moiety yielded a significantly improved affinity
in the membrane-based setup and in living cells (Table 1).

The increased affinity of 12, compared to 1 and 10,
strengthens our initial hypothesis that the bioactive con-

formation of 1 is destabilized by an intramolecular H-bond.
The difference in affinity between 11 and 12 might be
rationalized by a water-mediated H-bond interaction with
T6.37 (according to Ballesteros-Weinstein numbering[14]) of
CCR9. According to our modeling studies, an H-bond
interaction with T6.37, which has been observed for 1
(Figure 1B), can also be formed by 10 and 12, but not by 11,
as this analogue lacks an H-bond donor in position 4 or 5 of
the 2-aminopyridin moiety (Figure 3, S8). By means of
CCR9 G protein activation and β-arrestin recruitment
assays, we show that the improved affinity of 12 is associated
with an improved antagonistic behaviour compared to the
clinical candidate 1 (Table 1, Figure S10). The difference
between 1 and 12 is especially pronounced for β-arrestin
recruitment, where we detected a �10-fold increased
potency for 12. Moreover, 12 showed no inhibition of the
related chemokine receptors CCR2 and CCR7 (Figure S11),
indicating high CCR9 selectivity. With a high CCR9
selectivity, improved CCR9-affinity and antagonistic activ-
ity, the 4-aminopyrimidine 12 is an interesting new lead
structure for further development. This is supported by the
fact that the scaffold of 12 does not comprise the biaryl
ketone substructure of 1, which is considered a structural
alert due to its reactivity.[15]

Since we have shown that the IABS of CCR9 tolerates
the binding of heterobifunctional ligands, such as the
TAMRA-labeled vercirnon analogue (3a), we were curious
whether this binding site would serve as a suitable drug
target site for heterobifunctional PROTACs as well. In
general, PROTACs feature superior in vivo efficacy com-
pared to standard inhibitors, which has been attributed to
their catalytic mechanism and sustained pharmacological
effects as a consequence of target protein degradation. The
PROTAC approach has been widely applied by us and
others to induce the degradation of cytosolic as well as
membrane proteins, and first PROTACs have entered
clinical trials, thereby highlighting the versatility and ther-
apeutic potential of this concept.[16] For the design of CCR9-
PROTACs, we considered the scaffolds of both 1 and 12. As
initial attempts to install a linker at the scaffold of 12
resulted in ligands with strongly reduced affinity, we
proceeded with 1 for the design of CCR9-PROTACs.

Table 1: pKi and pIC50 values [mean�SEM, n�3] of intracellular CCR9
antagonists 10–12 compared to 1. Ki and IC50 values are given in
brackets. For competition and inhibition curves see Figures S9, S10.

Compound pKi (Ki)
NanoBRET
(membranes)

pKi (Ki)
NanoBRET
(in cells)

pIC50 (IC50)
Gαo activation

pIC50 (IC50)
β-arrestin2
recruitment

1
(vercirnon)

8.66�0.07
(2.35 nM)

8.24�0.05
(5.93 nM)

8.40�0.03
(3.99 nM)

7.70�0.06
(20.2 nM)

10 8.49�0.08
(3.51 nM)

7.98�0.09
(11.5 nM)

7.83�0.08
(14.9 nM)

7.76�0.10
(17.4 nM)

11 7.91�0.07
(13.0 nM)

7.72�0.08
(20.5 nM)

6.59�0.03
(256 nM)

6.78�0.20
(166 nM)

12 9.30�0.09
(0.53 nM)

8.86�0.15
(1.91 nM)

8.72�0.10
(1.92 nM)

8.71�0.06
(1.93 nM)

Figure 3. Design of novel intracellular CCR9 antagonists. A) Chemical
structure of the CCR9 antagonist 10 as reported by Zhang et al.[13] and
its derivatives 11, 12 that cannot form an intramolecular H-bond (see
Figure S8). B) Molecular interactions of 12 (blue) with the IABS of
CCR9 (grey), predicted by means of molecular dynamics simulation.
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Accordingly, we adapted the design and synthesis route that
we successfully applied for the development of the vercir-
non-based fluorescently labeled CCR9 ligands. For a proof-
of-principle study, we conjugated an azido-functionalized
CCR9 ligand with an alkynylated analogue of (S,R,S)-
AHPC, to obtain a potential CCR9-PROTAC (13, Figure 4,
Scheme S4). (S,R,S)-AHPC is a ligand for the recruitment of
the von Hippel-Lindau (VHL) protein, an E3 ubiquitin
ligase that has been frequently used for chemically induced
protein degradation.[16a] Applying our NanoBRET-based
binding assay, we showed that 13 is able to bind to the IABS
of CCR9 with Ki values of 78.0 nM (pKi=7.13�0.06) and
151 nM (pKi=6.86�0.08) under membrane-based and cell-
based conditions, respectively (Figure S12, Table S3). To
investigate the effect of 13 on cellular CCR9 levels, we used
an enzyme-linked immunosorbent assay (ELISA). In a
range from 1–25 nM, 13 is able to reduce CCR9 levels in a
concentration-dependent manner (Figure 4B). The observa-
tion that the maximum degradation effect of 13 was detected
at concentrations below its cellular Ki value can be
attributed to the catalytic mechanism of PROTACs. At
higher PROTAC concentrations, we detected a reduced

degradation efficacy. This observation, the so-called “hook
effect”, is typical for PROTACs and results from the
formation of unproductive dimers at higher PROTAC
concentrations rather than the productive ternary complex
required for degradation.[16a] The epimeric negative control
14, which is able to bind to CCR9 (Figure S12, Table S3) but
unable to recruit VHL, exerted no CCR9 degradation
(Figure 4C, S13A). Furthermore, we show that the effect of
13 on CCR9 degradation can be reduced by the NEDD8
activating E1 enzyme inhibitor MLN4924, which inhibits the
process of ubiquitination and subsequent proteasomal
degradation.[17] The degradation effect of 13 can be counter-
acted by competition with either 1 or (S,R,S)-AHPC. Single
treatment with 1 or (S,R,S)-AHPC as well as their combina-
tion did not result in reduction of CCR9 levels (Figure 4C).
In addition, 13 shows no cytotoxicity in HEK293T cells
(Figure S13B) and selectively induces a reduction in CCR9
levels, without affecting the levels of the related chemokine
receptors CCR2 and CCR7 (Figure S13C). Thus, our results
strongly suggest that 13 is able to induce the proteasomal
degradation of CCR9 and is therefore the first PROTAC
targeting the IABS of GPCRs. Future studies will be
directed towards the improvement of the degradation
efficacy of CCR9-PROTACs and will investigate the func-
tional consequences of CCR9 degradation.

In summary, by means of our fluorescent CCR9 ligand
(3a), we report the development of the first small-molecule-
based fluorescent probe targeting the IABS of GPCRs. This
tool enabled thermodynamic and kinetic binding studies via
the NanoBRET technique. Kinetic binding studies revealed
that the interaction between CCR9 and the vercirnon
scaffold is characterized by a long residence time, which
rationalizes the high affinity and outstanding CCR9 selectiv-
ity of 1. Furthermore, we showed that 3a can be used for the
identification of low molecular weight ligands (fragments),
as well as for fluorescence microscopy as a tool to visualize
intracellular ligand binding to CCR9. Applying our screen-
ing tool to membrane preparations and in living cells, we
discovered the 4-aminopyrimidine analogue 12 as a new
intracellular CCR9 antagonist with improved affinity and
antagonistic activity compared to the clinical candidate 1. To
chemically induce CCR9 degradation, we developed the first
PROTAC targeting the IABS of GPCRs. In a proof-of-
principle study, we showed that our CCR9-PROTAC (13) is
in fact able to reduce CCR9 abundance, thereby offering an
unprecedented approach to modulate GPCR signal trans-
duction.
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