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A conserved intracellular allosteric binding site (IABS) was
recently identified at several G protein-coupled receptors
(GPCRs). This target site allows the binding of allosteric
modulators and enables a new mode of GPCR inhibition.
Herein, we report the development of a NanoBRET-based assay
platform based on the fluorescent ligand LT221 (5), to detect
intracellular binding to CCR6 and CXCR1, two chemokine
receptors that have been pursued as promising drug targets in
inflammation and immuno-oncology. Our assay platform en-
ables cell-free as well as cellular NanoBRET-based binding
studies in a nonisotopic and straightforward manner. By
combining this screening platform with a previously reported

CXCR2 assay, we investigated CXCR1/CXCR2/CCR6 selectivity
profiles for both known and novel squaramide analogues
derived from navarixin, a known intracellular CXCR1/CXCR2
antagonist and phase II clinical candidate for the treatment of
pulmonary diseases. By means of these studies we identified
compound 10, a previously reported tert-butyl analogue of
navarixin, as a low nanomolar intracellular CCR6 antagonist.
Further, our assay platform clearly indicated intracellular bind-
ing of the CCR6 antagonist PF-07054894, currently evaluated in
phase I clinical trials for the treatment of ulcerative colitis,
thereby providing profound evidence for the existence and the
pharmacological relevance of a druggable IABS at CCR6.

Introduction

G protein-coupled receptors (GPCRs) are the largest family of
membrane receptors, mediate signaling across the cell mem-
brane, and regulate a plethora of physiological and pathophy-
siological processes. As a consequence of their involvement in
the development and progression of various diseases, GPCRs
are pharmaceutically highly relevant and represent the primary
drug targets for approximately one third of all available
medication.[1] The vast majority of known GPCR ligands bind to

an orthosteric site of the heptahelical transmembrane receptor
that is located within the helical bundle and accessible from the
extracellular environment. In addition to this orthosteric site,
several allosteric ligand binding sites at GPCRs were recently
described.[2] One of these sites is the conserved intracellular
allosteric binding site (IABS) that enables the binding of small-
molecule negative modulators and has recently been identified
by X-ray co-crystallography at the chemokine receptors CCR2,[3]

CCR7,[4] CCR9,[5] CXCR2,[6] as well as at the beta-2 adrenergic
receptor (β2AR).[7] Additionally, growing evidence supports the
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existence of a druggable IABS at several other GPCRs, including
CCR1 and CXCR1.[8] Ligands that target the IABS feature a new
dual mode of specific GPCR inhibition, which is characterized by
a stabilization of the inactive receptor conformation and a steric
blockade of intracellular transducer (i. e., G protein and/or β-
arrestin) binding.[3–7] Owing to their unique mechanism, ligands
targeting the IABS open new avenues to modulate receptor
function and to generate selectivity. Making use of this new
approach of specific GPCR inhibition is particularly attractive for
GPCR families such as the chemokine receptors, where the
development of orthosteric ligands has shown very limited
therapeutic success.[9] Several intracellular chemokine receptor
antagonists, including the CXCR1/CXCR2-targeted navarixin (1),
have progressed to clinical trials,[10] thus highlighting the
immense potential of intracellular GPCR inhibition.

However, neither the discovery nor the optimization of
intracellular allosteric GPCR inhibitors is straightforward. Their
complex pharmacology and probe dependence often requires
labor-intensive testing in various functional assays, which
complicates standard high-throughput screening (HTS)
approaches.[11] So far, radioligand ligand binding assays were
primarily utilized to demonstrate target engagement for intra-
cellular GPCR modulators.[5,12] Although radioligand binding
assays are powerful methods, in particular with respect to their
high sensitivity, several drawbacks are associated with this
technology. General drawbacks of isotopic methods are special
safety precautions, the requirement for specialized laboratories,
permits for radioisotope handling, the high cost for the
procurement of radiolabeled tracers, expensive disposal of
radioactive waste, and the need for often laborious (heteroge-
neous) assay protocols, including washing steps to remove the
unbound radioligand prior to assay readout.[13] The latter is also
the reason why radioligand binding assays are often not well-
suited for kinetic measurements with a continuous readout, the
detection of low-affinity binders, or cellular target engagement
studies for intracellular binding sites, such as the IABS at GPCRs.
To leverage drug discovery campaigns in the area of intra-
cellular GPCR ligands, we and others have recently developed
small-molecule fluorescent tracers targeting the IABS of several
GPCRs, including CCR2,[14] CCR9,[15] and CXCR2.[8b,13a,16] These
fluorescent ligands enabled cell-free as well as cellular Nano-
BRET-based binding studies in a nonisotopic and high-through-
put manner. The beauty of proximity based technologies like
NanoBRET is that they not only provide information on the
event but also on the location of ligand binding, since a
resonance energy transfer is only possible over very short
distances (<10 nm).[17] Thus, a NanoBRET setup with a GPCR
that is labelled at its intracellular C-terminus with a NanoLuc
Luciferase (Nluc) allows both the detection of intracellular
binders and provides evidence for the existence of an intra-
cellular allosteric binding site at the studied receptor. The latter
aspect is especially interesting for GPCRs, for which a druggable
IABS has been suggested but not yet finally corroborated by
means of X-ray and cryo-EM co-structures, respectively, or
mutational studies.

For the chemokine receptors CXCR1 and CCR6, two
promising drug targets in inflammation and immuno-

oncology,[10a,18] the discovery of high affinity squaramide-based
antagonists (e.g., navarixin (1) or PF-07054894 (2, Fig-
ure 1A))[18b,d,19] suggests the existence of an IABS at these
receptors, since X-ray co-crystallography studies with the closely
related CXCR2 showed that the squaramide substructure
substantially contributes to intracellular GPCR binding.[6] In the
case of CXCR1, our recently reported intracellular CXCR2-
targeted fluorescent tracers (3–5, Figure 1B) showed off-target
binding to CXCR1,[8b] thereby indicating a druggable IABS at
CXCR1. Beyond the detection of their off-target affinity for
CXCR1, 3–5 were not further applied as molecular tools to study
intracellular ligand binding to CXCR1. For CCR6, neither a
druggable IABS nor systematic approaches for the discovery of
intracellular inhibitors have been reported thus far.

Herein, we aimed for developing a NanoBRET-based assay
platform to detect intracellular binding to CCR6 and CXCR1 in a
high-throughput and nonisotopic manner. This assay platform
was envisaged to enable equilibrium as well as kinetic binding
studies in a cell-free and live cell environment, provide further
evidence for the existence of a druggable IABS at CCR6 and
CXCR1, allow mapping of known CCR6 and CXCR1 ligands to
distinct binding sites, and enable the discovery of novel
intracellular antagonists for CCR6 and CXCR1.

Figure 1. A) Chemical structures of the previously reported squaramide-
based CXCR1/CXCR2 antagonist navarixin (1) and the CCR6-targeted PF-
07054894 (2).[18b,d] B) Chemical structures and binding affinities of previously
reported fluorescent CXCR2 ligands 3–5 that also showed off-target binding
to the closely related CXCR1. Given KD values were determined with
membrane-based saturation binding assays.[8b]
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Results and Discussion

Assay Development for CXCR1

Based on the knowledge that the previously reported intra-
cellular fluorescent CXCR2 ligands 3–5 show off-target binding
to CXCR1 (Figure 1B),[8b] we aimed for studying their applic-
ability as tracer molecules to monitor the binding of non-
fluorescent ligands to the IABS of CXCR1. To this end, we set up
a NanoBRET-based competition binding assay with membranes
from HEK293T cells transiently expressing a C-terminally Nluc-
tagged CXCR1 construct,[8b] hereafter referred to as CXCR1_Nluc
(Figure 2A). As a fluorescent tracer molecule we selected LT221
(5), because this compound showed the highest CXCR1 affinity
(KD=49.3 nM) among our squaramide-based fluorescent ligands
3–5 (Figure 1B).[8b] Using this setup, we determined a pKi value
of 7.64�0.06 [23.6 nM] for the known dual CXCR1/CXCR2
antagonist navarixin (1, Figures 2B and S1A). This result is in
good agreement with the reported IC50 value (36 nM) of 1 for
CXCR1.[18b] For the linker-ligand conjugate XI (6, Figures 2B and
S1A),[8b] which features the same CXCR1 binding unit as the
fluorescent tracer 5, we detected an even higher CXCR1 affinity
with a pKi value of 7.78�0.07 [17.3 nM] as compared to 1. This
indicates that the attachment of a triazole-based linker in
combination with an ethyl to tert-butyl switch at the stereo-
genic center of 1 is well tolerated with respect to CXCR1 affinity.
For the low- to sub-nanomolar extracellular orthosteric CXCR1

agonist CXCL8,[20] also referred to as IL-8, we detected no
significant competition with 5 (Figures 2B and S1A), thereby
confirming the previously reported noncompetitive allosteric
binding mode of intracellular allosteric chemokine receptor
antagonists.[8b,12a,15]

To provide further evidence that 5 actually binds to the
intracellular face of CXCR1, we performed docking studies with
a homology model of CXCR1 that is based on the previously
reported co-crystal structure of the closely related CXCR2 in
complex with the intracellular antagonist 00767013 (7, PDB ID:
6LFL).[6] Our docking experiments suggested that 1 as well as
the linker-ligand conjugate 6 should be able to bind to the IABS
of CXCR1 in a highly similar manner as observed for the
squaramide 7 in the co-structure with CXCR2 (Figure 2C).[6]

Additionally, we experimentally verified that the resonance
energy transfer from the Nluc (donor) to the fluorescent tracer
(acceptor) cannot happen across the cell membrane. To this
end, we used our well established intracellular fluorescent
ligand for CCR9[13a,15] that is directly derived from the bona fide
intracellular CCR9 antagonist vercirnon.[5] As expected, we
detected no significant NanoBRET signal when using the
intracellular fluorescent CCR9 ligand in combination with an
extracellularly Nluc-tagged CCR9 construct (i. e., FLAG_Nluc_
CCR9), whereas the combination with an intracellularly Nluc-
tagged CCR9 construct (i. e., CCR9_Nluc) results in a clear
NanoBRET signal (Figure S2A–C). Most recently, similar results
were also reported for an intracellular fluorescent tracer for the

Figure 2. Application of LT221 (5) as a fluorescent tool for NanoBRET-based binding studies targeting the IABS of CXCR1. A) Cartoon representation of the
NanoBRET strategy to detect binding to the IABS of CXCR1. B) Competition binding curves and determined pKi values (mean�SEM, triplicate measurement,
n�3) for the known CXCR1/CXCR2 antagonist navarixin (1),[18b] the ligand-linker conjugate XI (6, chemical structure on the right),[8b] and the extracellular
orthosteric CXCR1 agonist CXCL8,[20] obtained with 5 (250 nM) and CXCR1_Nluc membranes. Ki values are given in square brackets. C) Overlay of predicted
CXCR1 (red) binding modes for 1 (green) and 6 (purple) with the observed CXCR2 (grey) binding mode of 00767013 (7, cyan, chemical structure on the right,
PDB ID: 6LFL).[6] D) Kinetic binding studies at room temperature. Representative association and dissociation curves with 5 (50 nM) using CXCR1_Nluc
membranes (n=4). E) Z’-factor determination for the cell-free NanoBRET-based setup using 5 (250 nM) and CXCR1_Nluc membranes (36-fold determination).
F) Saturation binding curve of fluorescent probes 3 and 5 in a cellular NanoBRET-based experiment (mean�SEM, quadruplicate measurement, n�4) using
HEK293T cells transiently overexpressing CXCR1_Nluc. G) Cellular competition binding curves and pKi values (mean�SEM, quadruplicate measurement) for 1
(orange, n=4) and 6 (beige, n=5) obtained with 5 (250 nM). Ki values are given in square brackets.
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neurotensin receptor type 1 (NTSR1), which was used in
combination with intra- and extracellularly Nluc-labelled
NTSR1.[21] All these data strongly suggest that the resonance
energy cannot be transferred across the cell membrane, which
further corroborates an intracellular binding of LT221 (5) to
CXCR1.

To characterize the binding kinetics of 5 to CXCR1, we set
up a NanoBRET-based kinetic binding assay (Figure 2D). These
measurements resulted in an association rate constant of kon=

2.35�0.54×106 M� 1min� 1, a dissociation rate constant of koff=

6.86�0.35×10� 2min� 1, a residence time of tr=14.7�0.7 min,
and a kinetic KD value of 34.7�8.1 nM, which is in good
agreement with the reported equilibrium KD value of 49.3 nM.[8b]

In order to assess the quality of our cell-free NanoBRET
competition binding assay and its suitability for HTS ap-
proaches, we determined a Z’-factor according to Zhang et al.[22]

This resulted in a Z’-factor of 0.75 (Figure 2E), thus indicating
that our cell-free NanoBRET assay can be considered as
excellent and suitable for HTS approaches.

After having shown that 5 is a valuable tool to study
binding to the IABS of CXCR1 in a cell-free setup, we aimed for
transferring our NanoBRET binding assay to a live cell environ-
ment. Methods to study cellular target engagement are of
utmost importance in preclinical drug discovery, since on-target
activity of small molecules can be significantly affected when
moving from a cell-free to a cellular environment, due to
various reasons, including low cell permeability, compound
efflux, or off-target binding.[23] Because of the intracellular
location of the IABS, ligands targeting this site need to pass the
plasma membrane to be active in a cellular setup, thus cellular
binding assays are highly important for identifying suitable
candidates for further development. To the best of our knowl-
edge, no small-molecule tracers have been reported thus far
that enabled cellular binding assays for the IABS of CXCR1. For
our cellular CXCR1 binding assay we used live HEK293T cells
transiently expressing CXCR1_Nluc. With this cellular setup we
determined a KD value of 18.6�3.3 nM for 5 (Figures 2F and
S1B), thereby demonstrating that 5 is able to pass the cell
membrane and bind to CXCR1 at the intracellular side of the
receptor. In very good agreement with the previously reported
cell-free binding data (Figure 1B), our cell-based CXCR1 assay
indicated an approximately 4-fold weaker affinity for the
fluorescent tracer 3 (KD=73.7�14.1 nM, Figures 2F and S1C),
compared to 5. Next, we applied 5 in a cell-based competition
binding assay to study cellular target engagement for non-
fluorescent intracellular CXCR1 ligands. In the course of these
studies, we determined a low nanomolar Ki value for the known
dual CXCR1/CXCR2 antagonist 1 (pKi=8.16�0.07 [7.2 nM]) and
a slightly higher affinity for the linker-ligand conjugate 6 (pKi=

8.38�0.06 [4.4 nM], Figures 2G and S1D). This is in line with the
affinities determined in the cell-free setup (Figure 2B). Overall,
the results from live cell NanoBRET and membrane-based
experiments are in very good agreement with each other,
thereby indicating that 5 is a suitable tool for studying ligand
binding to the IABS of CXCR1 in live cells.

Assay Development for CCR6

Inspired by reports indicating that ligands featuring a squar-
amide, a well-known structural motif of intracellular chemokine
receptor antagonists,[6,10b] are also binding to CCR6,[18d,19] we
aimed for investigating the suitability of our previously reported
squaramide-based ligands 3–5 as fluorescent tracers for CCR6.
To monitor binding to the IABS of CCR6 via the NanoBRET
technique, we first had to develop suitable CCR6-Nluc fusion
proteins (Figure S3A–C). To this end, we genetically attached an
Nluc-tag either directly to the intracellular C-terminus of CCR6
or with a GSSG linker between CCR6 and the Nluc-tag
(Figures 3A and S3A), in a similar manner as reported for CCR2
or CCR9.[8b,14–15] Successful surface expression of CCR6-Nluc
fusion proteins, hereafter referred to as CCR6_Nluc and CCR6_
GSSG_Nluc, was confirmed by ELISA directed against an N-
terminal 3xHAtag (Figure S3B).

In saturation binding experiments using membranes from
HEK293T cells transiently expressing CCR6_Nluc, 5 showed the
highest binding affinity among the tested ligands, with a KD

value of 38.0�5.0 nM (Figures 3B and S3D–F). In combination
with the aforementioned observation that a resonance energy
transfer cannot happen across the cell membrane (Figure S2),
these results strongly suggest both the existence of a druggable
IABS at CCR6 and that squaramide-based ligands, such as the
fluorescent tracer 5, are binding to this intracellular binding
pocket. Similar to the studies for CXCR1 (see above), we again
used docking experiments with a homology model to further
support intracellular CCR6 binding of 5. The predicted binding
mode indicates that the CCR6-targeted pharmacophore of 5
binds to the IABS of CCR6 in a very similar manner as reported
for the squaramide based ligand 00767013 (7) that has been
co-crystallized with the closely related CXCR2 (Figure 3C).[6]

Kinetic binding studies with 5 and CCR6_Nluc membranes
resulted in an association rate constant of kon=1.38�
0.30×106 M� 1min� 1, a dissociation rate constant of koff=2.26�
0.22×10� 2min� 1, a residence time of tr=45.5�4.2 min, and a
kinetic KD value of 18.7�4.4 nM (Figure 3D), which is in good
agreement with the detected equilibrium KD value of 38.0 nM
(Figure 3B).

Next, we aimed for investigating the suitability of 5 as a
tracer to report the binding of nonfluorescent ligands to the
IABS of CCR6. In a membrane-based CCR6 competition binding
assay both the squaramide-based 1 as well as the linker-ligand
conjugate 6 evoked full displacement of 5 from the IABS of
CCR6 (Figures 3E and S3G). Interestingly, the linker-ligand
conjugate 6 (pKi=7.99�0.01 [10.1 nM]) showed a much higher
CCR6 affinity than 1 (pKi=5.98�0.01 [1060 nM]), thereby
indicating that either the tert-butyl or the triazole-based linker
moiety of 6 might be responsible for this over 100-fold increase
in CCR6 affinity. The sub-nanomolar orthosteric CCR6 agonist
CCL20,[24] also known as MIP-3α, evoked no displacement of 5
(Figures 3E and S3G), thereby confirming a noncompetitive
allosteric binding mode of 5 to CCR6. This is in agreement with
our results obtained for CXCR1 (see above) and the reported
literature for other intracellular allosteric chemokine receptor
antagonists.[8b,12a,15]
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For our membrane-based CCR6 competition binding assay,
we determined a Z’-factor of 0.83, which highlights the high
quality of 5 as a fluorescent tracer for cell-free CCR6 binding
studies and its suitability for HTS approaches.

For our cell-based binding assay, we used live HEK293T cells
transiently expressing CCR6_GSSG_Nluc, as this construct
resulted in a larger and more robust assay window compared
to CCR6_Nluc under cellular conditions (Figure S4A). Using this
setup, we detected a KD value of 32.5�9.5 nM (Figures 3G and
S4B). This is highly consistent with the equilibrium KD detected
under cell-free conditions (KD=38.0 nM), thus indicating that 5
is also able to bind to the IABS of CCR6 in a cellular environ-
ment. However, the low delta-BRET (~0.05) of our cell-based
CCR6 binding assay resulted in relatively high standard errors of
the individual measuring points and the derived KD value
(Figures 3G and S4C). A similar behaviour was observed when
using 5 as a tracer for cellular competition binding studies. For
the reference ligand 1, our cellular competition binding assay
allowed the detection of a CCR6 affinity (pKi=6.17�0.07
[700 nM], Figure 3H), which is in good agreement with the Ki

detected under cell-free conditions. However, the relatively
large error bars that can be observed in the individual triplicate
measurements (Figure S4D) indicate the limitations of a cellular
application of 5 as a tracer for CCR6. Nevertheless, taking into
account these limitations, 5 is a very valuable tool for a first
assessment of cellular target engagement for the IABS of CCR6.

Mapping of Binding Sites of Previously Reported CXCR1
and/or CCR6 Ligands

After having demonstrated the suitability of LT221 (5) as a
fluorescent tracer to detect binding to the IABS of CXCR1 and
CCR6, we aimed for using our new membrane-based binding
assays to study which of the previously reported CXCR1 and/or
CCR6 ligands are binding to the IABS of their target receptor
and which are binding to different binding sites. For CXCR1, we
selected the previously reported diarylurea-based CXCR2 antag-
onists danirixin (8)[25] and SB225002 (9),[26] which are known to
show at least some off-target affinity for CXCR1, the squar-
amide-based dual CXCR1/CXCR2 antagonist cmpd24 (10),[18b]

and the highly selective dual CXCR1/CXCR2 antagonist reparixin
(11, Figure 4A).[27] As CCR6 ligands we chose the CCR6
antagonist 1 (12),[18e] CCR6 inhibitor 1 (13),[28] and the squar-
amide PF-07054894 (2, Figure 4A).[18d] In a first run we screened
the compounds for competition with 5 (250 nM) at a concen-
tration of 10 μM. As reference compounds we included 1 and 6,
which were already used during the development of our CXCR1
and CCR6 assays, respectively.

Among the known CXCR1 ligands, the squaramide-based
10[18b] as well as the diarylurea 8[25] showed strong competition
with 5 for intracellular CXCR1 binding (Figure 4B). This is not
surprising because both compounds feature sub-micromolar
potencies for CXCR1 and both squaramides and diarylureas are
chemotypes that were previously reported to bind to the IABS

Figure 3. Application of LT221 (5) as a fluorescent tool for NanoBRET-based binding studies targeting the IABS of CCR6. A) Cartoon representation of the
NanoBRET strategy to detect binding to the IABS of CCR6. B) Specific saturation binding curves of fluorescent tracers 3–5 in a NanoBRET-based assay using
CCR6_Nluc membranes (mean�SEM, triplicate measurement, n=3). C) Overlay of the predicted CCR6 (purple) binding mode 5 (green) with the observed
CXCR2 (grey) binding mode of 00767013 (7, cyan, PDB ID: 6LFL).[6] D) Kinetic binding studies at room temperature. Representative association and dissociation
curves with 5 (50 nM) using CCR6_Nluc membranes (n=4 association, n=3 for dissociation). E) Competition binding curves and detected pKi values
(mean�SEM, triplicate measurement, n�3) for the known CXCR1/CXCR2 antagonist navarixin (1),[18b] the linker-ligand conjugate (6),[8b] and the extracellular
orthosteric CCR6 agonist CCL20[20] obtained with 5 (250 nM) and CCR6_Nluc membranes. Ki values are given in square brackets. F) Z’-factor determination for
the cell-free NanoBRET-based setup using 5 (250 nM) and CCR6 Nluc membranes (36-fold determination). G) Saturation binding curve of 5 in a cellular
NanoBRET-based experiment (mean�SEM, triplicate measurement, n=3) using live HEK293T cells transiently expressing CCR6_GSSG_Nluc. H) Cellular
competition binding curve and pKi value (mean�SEM, quadruplicate measurement, n=3) for 1 obtained with 5 (250 nM) and live HEK293T cells transiently
expressing CCR6_GSSG_Nluc. Ki value is given in square brackets.
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of the closely related CXCR2.[8b,18b,25] Docking studies suggested
that the diarylureas gain their CXCR1 affinity by forming a
bifurcated H-bond interaction with D752×40 (Figure S5A), in a
highly similar manner as observed for the squaramides 1 and 6
(Figure 2C). For the diarylurea 9,[26] we detected a weaker
binding to the IABS of CXCR1, which is consistent with its
weaker CXCR1 potency compared to the structurally similar 8.
The high-affinity dual CXCR1/CXCR2 antagonist 11 showed no
competition with 5, which is in good agreement with reports
suggesting an extracellular allosteric binding site for this
compound.[27,29]

Of the selected known CCR6 ligands, 12[18e] and 13[28]

showed no competition with 5 for intracellular CCR6 binding,
thereby indicating different binding sites than the IABS for
these ligands (Figure 4C). These observations are consistent
with an extracellular binding mode of both compounds that
has been suggested by Martina et al. based on docking
studies.[18e] For the highly potent CCR6 antagonist 2,[18d]

currently in phase I clinical trials for ulcerative colitis, we
detected a very strong competition, thus clearly indicating
binding to the IABS of CCR6. This finding is in full agreement
with i) an insurmountable inhibition mode of 2 regarding
CCL20/CCR6-mediated T-cell chemotaxis, as reported by Li
et al.,[18d] and ii) the fact that squaramide-based compounds are
well known intracellular chemokine receptor ligands.[6,12b]

Since our initial tests indicated that there is a certain overlap
between intracellular CXCR1 and CCR6 ligands, especially
among the squaramides, we tested the known CXCR1 ligands at
CCR6 and vice versa (Figure 4B–C). Here, we detected that the
CCR6-targeted 2 also binds to CXCR1 and that the dual CXCR1/
CXCR2 antagonist 10 seems to feature a significant affinity for
CCR6.

In order to provide initial insights into the promiscuity of
the intracellular allosteric binding sites of CXCR1 and CCR6, we
tested selected intracellular allosteric antagonists of other
chemokine receptors for their competition with 5 (Figure 4A).
These ligands, including the CCR2-targeted CCR2-RA (14),[8a] and
SD-24 (15),[30b,31] the CCR9-targeted vercirnon (16),[15,30a] and
AAA30 (17),[15] which were all reported as antagonists with sub-
nanomolar to low-nanomolar affinities for their targeted
receptor, showed strongly reduced binding to CXCR1 and CCR6.
This highlights the low promiscuity of these ligands and further
indicates that the IABSs of both CXCR1 and CCR6 are not
promiscuous as well, thus corroborating their potential as drug
target sites for the development of selective drugs.

The ligands that showed greater than 50% inhibition at a
concentration of 10 μM in the initial tests with CXCR1 or CCR6
were further characterized. Concentration dependent competi-
tion binding studies resulted in CXCR1 affinities of pKi=7.88�
0.01 [13.1 nM] for 10, pKi=6.79�0.05 [165 nM] for 8, and pKi=

Figure 4. Application of LT221 (5) as a fluorescent tool for mapping binding sites of known and potential CXCR1 and/or CCR6 ligands. A) Chemical structures
and reported biological data of known chemokine receptor ligands 8–17.[8a,15,18b,d,25–28,30] B) Competition of known chemokine receptor ligands 8–17 (10 μM)
with 5 (250 nM) for binding to the IABS of CXCR1 (mean�SEM, quadruplicate measurement, n=3). NanoBRET-based competition binding studies were
performed with CXCR1_Nluc membranes. C) Competition of known chemokine receptor ligands 8–17 (10 μM) with 5 (250 nM) for binding to the IABS of CCR6
(mean�SEM, quadruplicate measurement, n=3). NanoBRET-based competition binding studies were performed with CCR6_Nluc membranes. D) Competition
binding curves and detected pKi values (mean�SEM, triplicate measurement, n=3) for identified intracellular CXCR1 binders. Tests were performed with
CXCR1_Nluc membranes. E) Competition binding curves and detected pKi values (mean�SEM, triplicate measurement, n=3) for identified intracellular CCR6
binders. Tests were performed with CCR6_Nluc membranes.
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6.51�0.08 [324 nM] for 2 (Figures 4D and S5B). In analogous
tests with CCR6, we detected affinities of pKi=8.16�0.08
[7.12 nM] for 10, and pKi=8.51�0.05 [3.13 nM] for 2 (Figures 4E
and S5C). The observed affinity of 2 to the IABS of CCR6 is
highly consistent with the reported IC50 value of 5.7 nM,[18d]

which further corroborates an intracellular CCR6 binding mode
of this compound.

SAR Study for Squaramide-Based CCR6/CXCR1 Ligands

Intrigued by the approximately 150-fold gain in CCR6 affinity by
replacing the ethyl substituent at the chiral carbon atom of 1
with a tert-butyl group, as found in 10, we aimed for systemati-
cally studying the SAR of this highly important position by
using our newly established assay platform. Therefore, we
synthesized and tested several analogues of 1 that differ in their
substituents at this position. As substituents we considered
linear, branched, and cyclic alkyl moieties as well as phenyl as
an aromatic group. For the synthesis of these compounds, we
adapted our previously reported procedure for the synthesis of
CXCR2-targeted fluorescent probes (Scheme 1).[8b] Combining
the screening platform for CXCR1 and CCR6, as described
above, with our previously reported CXCR2 assay,[8b] we
investigated CXCR1/CXCR2/CCR6 selectivity profiles of the
synthesized navarixin analogues 27a–j (Table 1).

Regarding CCR6 affinity, we identified the tert-butyl moiety
as an absolute sweet spot. By means of docking experiments
we were able to rationalize the massive effect of the tert-butyl
group on CCR6 affinity, which is mediated via hydrophobic
interactions with an aromatic cage that is formed by F711×57,
Y3167×53, F3238×50, and Y3268×53 (Figure 5A, and S6A). This
aromatic cage is a special feature of CCR6 and not present in
CXCR1 or CXCR2, due to their lack of an aromatic amino acid in
positions 1x57 and 8×53 (Figure S6B). Smaller and less bulky
residues like a proton (27a), methyl (27b), or ethyl (1) can
hardly build up the hydrophobic interactions that are required
to anchor the ligand in this aromatic cage. The same seems to
be the case for flat aliphatic residues such as cyclopropyl (27f)
and cyclobutyl (27g). The branched aliphatic groups like iso-
propyl (27c), iso-butyl (27d), as well as cyclopentyl (27h), which
predominantly exists in an envelope conformation, can at least
address the hydrophobic interactions with the aromatic cage to
some extent. The aliphatic or aromatic six-membered rings (i. e.,
cyclohexyl (27 i) and phenyl (27 j)), seem to penetrate too deep
into the binding pocket, which might result in a steric clash,
thus explaining the strongly reduced CCR6 affinities of these
ligands.

In the case of CXCR1 and CXCR2, a tert-butyl substituent is
well tolerated, as indicated by the detected affinities of 10, but
not essential, as highlighted by similar CXCR1 or CXCR2
affinities of the ethyl (1) and iso-propyl (27c) analogues.
Nonetheless, a certain degree of hydrophobicity at this position
is also required for CXCR1 and CXCR2 binding, which is shown
by the activity cliff when moving from ethyl (1) to methyl (27a).

Overall, our SAR data underlines the utmost importance of a
bulky hydrophobic substituent at the chiral carbon atom of the

Scheme 1. Synthesis of analogues of cmpd24 (10). Reagents and conditions:
i) Ti(OEt)4, Na2SO4, CH2Cl2, rt, overnight, quantitative yield. ii) for 21b–e and
21h–j: Respective alkyl- or arylmagnesium chloride, THF, 0 °C to rt, 3 d, 13–
54% yield; for 21 f–g: Mg, I2, alkyl bromide, THF, 50 °C, 30 min; then 20, THF,
0 °C to rt, 3 d, 14–17% yield. iii) HCl (in Et2O), MeOH, 0 °C to rt, 1 h (crude).
iv) oxalyl chloride, DMF (cat.), CH2Cl2, rt, overnight; then, dimethyl amine,
DIPEA, CH2Cl2, 0 °C to rt, overnight, 26% yield. v) H2, Pd/C, EtOH, rt, overnight
(crude). vi) dimethyl squarate, MeOH, rt, overnight, 93% yield. vii) for 27a:
(5-methylfuran-2-yl)methanamine (22a), 26, DIPEA, MeOH, 3 d, 21% yield;
for 27b–j: hydrochloride salt of the respective amine (22b–j), 26, DIPEA,
MeOH, rt, 3 d, 10–49% yield. For clarity, only the major diastereomers and
enantiomers, respectively, are shown. Detailed information on diastereomer-
ic purities of compounds 21b–j is provided in the Supporting Information.

Figure 5. Predicted binding modes of small molecule antagonists to the IABS
of CCR6 (purple). A) Overlay of the predicted binding modes of 10 (green)
and 1 (magenta). The tert-butyl moiety of 10 anchors the ligand to the IABS
of CCR6 via hydrophobic interactions with an aromatic cage. B) Overlay of
the predicted binding modes of 10 (green) and 2 (cyan), suggests highly
similar binding modes to the IABS of CCR6.
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navarixin-based scaffold for CCR6 affinity. This is also reflected
by the structure of the clinical candidate 2, which features a
bulky 1-methylcyclopentyl residue at this important position.
Our docking studies indicated that this moiety of 2 interacts
with the aromatic cage in a very similar manner to that
predicted for the tert-butyl group of 10 (Figure 5B).

Cellular Characterization of 10 as a CCR6 Antagonist

To investigate if the low nanomolar CCR6 affinity of 10, which
was detected under cell-free conditions, also translates into
cellular affinity and finally cellular activity, we first used our cell-
based NanoBRET competition binding assay. Taking into
account the aforementioned limitations of our cellular CCR6
binding assay, we detected a cellular CCR6 affinity of pKi=

7.95�0.02 [11.2 nM] (Figures 6A and S7A), which is consistent
with the Ki detected under cell-free conditions (Ki=7.12 nM).
This initial estimation of cellular CCR6 affinity was confirmed by
a cellular NanoBiT-based β-arrestin-2 recruitment assay. Here,
10 evoked an inhibition of CCL20 induced β-arrestin-2 recruit-
ment with a pIC50 value of 7.94�0.08 [11.4 nM] (Figure 6B),
thereby underlining that the low nanomolar CCR6 affinity
detected under cell-free and cell-based condition results in a
highly potent inhibition of CCR6’s activity. In our cellular CXCR1
competition binding assay, we also detected a low nanomolar
affinity of 10, 8.46�0.09 [Ki=3.9 nM], for CXCR1 (Figure S7B–C).

Conclusions

In summary, starting from the previously reported fluorescent
ligand LT221 (5) targeting the intracellular allosteric binding site
(IABS) of the chemokine receptor CXCR2, we developed a
NanoBRET-based assay platform to detect intracellular binding
to CCR6 and CXCR1. These two chemokine receptors are

promising drug targets in inflammation and immuno-oncology.
Our assay platform enabled cell-free as well as cellular Nano-
BRET-based binding studies in a nonisotopic and straightfor-
ward manner. By means of this assay platform, we: i) provided
evidence for the existence of a druggable IABS at CCR6 and
CXCR1; ii) mapped known CXCR1 or CCR6 antagonists, such as
the current clinical candidate and high affinity CCR6 antagonist
PF-07054894 (2), to the IABS of their target receptor; and
iii) established a SAR model for squaramide-based antagonists
highlighting the importance of hydrophobic ligand interactions
with an aromatic cage, which is a special feature of the IABS of
CCR6. In the course of our SAR studies, we identified the
squaramide 10 as an intracellular CCR6 antagonist with single-
digit nanomolar affinity and low nanomolar potency (IC50=

11.4 nM) for CCL20-induced receptor activation. The high
affinity of this compound was rationalized by strong hydro-
phobic interaction of its tert-butyl moiety with the aromatic

Table 1. SAR study for analogues of the squaramide-based ligand cmpd24 (10). Table shows CCR6, CXCR1, and CCR9 affinity data for 10 and its analogues
27a–d and 27f–j. 1 and the linker-ligand conjugate 6 were used as reference compounds. CCR6 and CXCR1 affinity data was obtained by means of our cell-
free NanoBRET competition binding assays using 5 (250 nM) and CCR6_Nluc or CXCR1_Nluc membranes. CXCR2 affinity data was obtained by using a cell-
free NanoBRET competition binding assay as previously reported.[8b] Experiments were performed in triplicate (n�3).

Figure 6. Cellular evaluation of 10 as an intracellular CCR6 antagonist. A)
Cellular competition binding curve and pKi value (mean�SEM, quadrupli-
cate measurement, n=3) for 10 (grey) obtained with 5 (250 nM) and live
HEK293T cells transiently expressing CCR6_GSSG_Nluc. Ki values are given in
square brackets. The competition binding curve of 1 (dashed orange line) is
shown for comparison. B) Concentration-response curve of 10 in a cellular
NanoBiT-based β-arrestin-2 recruitment assay (n�3, see Experimental
Section for more details).
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cage of CCR6. Of course, this compound cannot be considered
as a CCR6 selective probe, due to its high affinity binding to
CXCR1 and especially CXCR2. Nonetheless, 10 represents a
highly valuable tool compound for studying the effects of
intracellular CCR6 inhibition in test systems where only CCR6 is
overexpressed.

Overall, we showed that our newly developed NanoBRET
assays form a highly valuable platform that will leverage the
discovery of future drug candidates binding to the intracellular
allosteric binding sites of CXCR1 and CCR6.

Supporting Information

The Supporting Information is available via https://doi.org/10.
1002/cmdc.202400284 and includes experimental details for
compound synthesis, biological tests, and molecular docking,
Supplementary Figures S1–S7, as well as NMR spectra and HPLC
traces for all final compounds. The authors have cited additional
references within the Supporting Information.[32]
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