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Photoswitching the Efficacy of a Small-Molecule Ligand for
a Peptidergic GPCR: from Antagonism to Agonism

Xavier Gomez-Santacana®, Sabrina M. de Munnik®, Prashanna Vijayachandran,
Daniel Da Costa Pereira, Jan Paul M. Bebelman, Iwan J. P. de Esch, Henry F. Vischer,

Maikel Wijtmans,* and Rob Leurs*

Abstract: For optical control of GPCR function, we set out to
develop small-molecule ligands with photoswitchable efficacy
in which both configurations bind the target protein but exert
distinct pharmacological effects, that is, stimulate or antagonize
GPCR activation. Our design was based on a previously
identified efficacy hotspot for the peptidergic chemokine
receptor CXCR3 and resulted in the synthesis and character-
ization of five new azobenzene-containing CXCR3 ligands. G
protein activation assays and real-time electrophysiology
experiments demonstrated photoswitching from antagonism
to partial agonism and even to full agonism (compound
VUF16216). SAR evaluation suggests that the size and
electron-donating properties of the substituents on the inner
aromatic ring are important for the efficacy photoswitching.
These compounds are the first GPCR azo ligands with a nearly
full efficacy photoswitch and may become valuable pharma-
cological tools for the optical control of peptidergic GPCR
signaling.

P hotopharmacology is an emerging discipline that involves
the dynamic regulation of protein activity with light. Amongst
others, freely diffusible photoswitchable ligands are used to
regulate protein activity in a non-invasive and reversible
manner with high spatiotemporal precision.'!’ A commonly
used strategy is to incorporate an azobenzene moiety into an
existing bioactive ligand (azologization!'")) to enable isomer-
ization from a planar trans configuration to a bent cis
configuration in response to near-ultraviolet light. Longer
wavelengths or thermal relaxation can revert this photo-
isomerization, thus offering a dynamic approach to modulate
ligand geometry. These geometrical changes can alter the
binding affinity and/or efficacy of the ligand for its target
protein.

In view of their important role in numerous (patho)phy-
siological processes and high therapeutic relevance, G
protein-coupled receptors (GPCRs) represent an excellent
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protein class for the development of photoswitchable
ligands.”) Recently, several photoswitchable ligands have
been reported for GPCRs,”®! with some examples involving
in vivo use.! Although it is not always straightforward to
discern contributions by affinity or potency shifting from the
contribution by any efficacy shift, most reported photo-
switchable GPCR ligands display light-induced alterations in
affinity or potency. We present herein the detailed photo-
chemical and biochemical characterization of a class of
photoswitchable ligands, the efficacy of which for a peptider-
gic G protein-coupled receptor can be controlled with light
from antagonism to partial and, unprecedentedly, to full
agonism.

To develop this proof of concept in GPCRs, we selected
chemokine receptor CXCR3, which belongs to the class A
GPCRs and is of interest because it plays a key role in T-cell
function and CXCR3 agonism can aid in tissue repair.
CXCRS3 signals through Go; proteins in response to the
endogenous agonist peptide ligands CXCL9, CXCL10, and
CXCL11."”) However, small-molecule CXCR3 agonists are
scarce and limited to peptidomimetic ligands” and non-
peptidomimetic biaryl-type ligands.”! Structure—activity rela-
tionship studies on the latter revealed that increasing the size
of a halogen substituent at the ortho position of the outer aryl
ring increases the agonist efficacy, while shifting it to the meta

A

Cycloaliphatic
anchqr”\
1a VUF 10990 X =3-Cl Antagonist
1b VUF 13746 X =3-Br Antagonist
] | 1c VUF 11058 X =2-Cl Partial Agonist
s 1d VUF 11222 X =2-Br Full agonist

[S) Aromatic
efficacy switch

Maintain ortho-bromine atom
Increase EDG nature and/or size of Y

Br
0
19
! Y

cis-2a-f
hypothesized agonist

A =360 nm

A =434 nm

NN
=87
S)
! Y

trans-2a-f
hypothesized antagonist

Figure 1. General design strategy. A) Examples of biaryl CXCR3 ligands
that show differences in efficacy based on the position and size of

a halogen substituent. B) Azologization of the scaffold of the biaryl
CXCR3 ligands with the ortho-Br atom maintained and tailored Y
groups to give photoisomerizable analogues of Ta—d (i.e. 2a-f).
Illumination at 360 nm enables a switch from the trans to the cis
configuration, and illumination at 434 nm reverts the photoisomeriza-
tion. EDG = electron-donating group.
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position yields antagonists (Figure 1 A).®) Quantitative struc-
ture—activity relationships suggested that the electron density,
a possible halogen bond, and/or geometrical differences as
a result of the biaryl dihedral angle contribute to the agonist
efficacies.®! In the current study, we aimed to mimic this
molecular efficacy hotspot by azologization of the biaryl
moiety and as such enable optical control over the efficacy of
the CXCR3 ligands.

A series of azobenzene-containing ligands was synthe-
sized by replacing the biaryl moiety of la-d with an
azobenzene moiety to obtain 2a—f (see Scheme S1 in the
Supporting Information). The geometrical differences
between trans and cis azobenzene isomers were hypothesized
to be able to mimic the spatial changes of the biaryl moiety in
1la-d. In all cases, the bromine atom at the ortho position of
the outer aromatic ring was maintained to accommodate
a potential halogen bond that was suggested to be important
for the agonism of the parent biaryl ligands.® To explore the
contribution of a possible conformational lock and electron
density in the azobenzene moiety to the targeted efficacy
switch, the substituent at the para position of the inner
aromatic ring (Y, Figure 1B and Table 1) was varied. To that
end, halogen atoms of different sizes and electronegativity (F,
Cl, and Br) and two different electron-donating groups
(-OMe, -NMe,) were used. On the basis of spatial consid-
erations, agonism was hypothesized to reside in the cis isomer
of these designed compounds.

First, the photochemical properties of 2a—f were inves-
tigated by recording the UV/Vis absorption spectra after
illumination (Table 1). In the dark, the trans isomers were
identified (Table 1 and Figure 2A; see also Figure S1 in the

Table 1: Photoisomerization properties and binding affinities of 2a—f for human CXCR3. Percentage of
photoisomerization, plCs, values, and photoinduced affinity switches are shown as the mean +
standard error of the mean (SEM) of at least three independent experiments, each performed in
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Supporting Information). Depending on the electron-donat-
ing properties of the Y substituent (Table 1), a slight redshift
in the wavelengths of maximal absorbance of the m—x* band
was observed. Upon illumination with 360 nm light, mainly
the cis isomers of 2a—e were observed (Figure 2A; see also
Figure S1 A-D), showing suitable photostationary states
(PSSs) containing 89-93 % cis isomer (Table 1). After sub-
sequent illumination of the samples with 434 nm light, mostly
trans isomers of 2a—e were detected (Figure 2A; see also
Figure S1A-D). Unfortunately, 2f decomposed under
360 nm illumination (see Figure SIE) and was therefore
omitted from further pharmacological characterization. Pho-
toisomerization of 2 e was confirmed by '"H NMR (Figure 2 C)
and LC-MS (Figure 2D) analysis. In both LC-MS and NMR
analysis, only trans-2e was observed in the dark, whereas
a PSS of 95% cis-2e after 360 nm illumination and a PSS of
75 % trans-2e after 434 nm back-illumination were identified
(in [Dg]DMSO). Compound 2e displayed high resistance
toward photochemical wear (Figure2E), and the long
relaxation half-lives of cis-2a-e indicate the bistable nature
of 2a—e (Figure 2B, Table 1; see also Figure S2).
Compounds 2a—e were tested for their ability to bind to
CXCR3. Control 1a inhibited [*I]JCXCL10 binding to
membranes prepared from CXCR3-expressing cells with
a plCs, value of 6.4+0.1, a result comparable to previous
findings.’! Compounds 2a-e were tested in the dark (corre-
sponding to >99% trans isomer) and at the PSS after
illumination for 15 min with 360 nm light. Owing to the
bistable nature of 2a-e, the photostationary state was
assumed to remain unaltered after illumination during the
assay time. All trans isomers of 2a—e inhibited ['*IJCXCL10
binding in a concentration-depen-
dent manner with similar submi-
cromolar ICs, values (Table 1 and
Figure 3A). On the contrary, after

triplicate. illumination to the PSS, 2a—e dem-
onstrated pICs, values increasing
Br with enhanced size and electron-
NN donating properties of substituent
Y (Table1 and Figure 3A). For
11\ .

Ne® example, 2a showed no photoin-
! Y duced affinity shift (PAS) upon
Photoisomerization ['%1]CXCL10 binding illumination, whereas 2e displayed
cpd. Y trans cis pssttl 1 pICso pICs PASE! the largest PAS with an eightfold
A M) A [nm]  [96] [days] trans at PSS higher pICs, value at the PSS than

2a  H 325 420 88.94+04 109 60£01 60+01 10+07 (hatofits irans form (Table 1).
2b F 327 420 927401 92 60400 62400 16+00 A ["SJGTPyS functional bind-
2 d 331 419 926402 55 59401 62401 20404 Iingassay was used to measure the
2d Br 334 424 92.64+0.2 61 58-+0.1 6.4+0.1 38+04 intrinsic activity (a) as a means to
2e OMe 353 428 92.1+0.1 29 59+00 6.8+00 83413 quantify the efficacy of these pho-

f] f] . .

2f  NMe, 387 dec.!! dec.! dec.!! toswitchable ligands. As CXCL11

[a] The absorbance maxima were extracted from UV/Vis spectra (10 um in HEPES buffer with 1% DMSO
at 25°C, Figure 2A, Figure S1). [b] The photostationary state (PSS) was measured as the percentage area
of the cis isomer as compared to the combined areas of cis and trans isomers as detected by LC at
265 nm. Samples were T mm in 68 vol % TRIS buffer and 32 vol % DMSO. [c] The thermal relaxation half-
life was determined by allowing a PSS sample (10 pm in HEPES buffer with 1% DMSO) to thermally
isomerize at 25°C in the dark (see Figure S2). [d] The plCs, value was measured by ['**I]CXCL10 binding
experiments using membranes prepared from HEK293T cells expressing CXCR3. [e] The photoinduced
affinity switch (PAS) was calculated as the ratio of the ICy, value of the trans isomer and that
corresponding to the PSS. [f] dec. = decomposition under illumination at 360 nm.

Angew. Chem. Int. Ed. 2018, 57, 11608 -11612
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has the highest potency and effi-
cacy of all three endogenous
ligands for CXCR3,”! it was
deemed the best chemokine con-
trol for functional assays. Control
1d (VUF11222) acts as a full ago-
nist, as compared to CXCL11 (see
Figure S3A,B), as was previously
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Figure 2. Photochemical properties of 2e. A) UV/Vis absorption spec-
tra of 10 um 2e in HEPES buffer with 1% DMSO at 25°C under dark
conditions (black), after illumination with 360 nm light for 2 min
(magenta), and after back-illumination for 2 min with 434 nm light
(turquoise). B) UV/Vis absorption spectra of 10 um 2e in HEPES
buffer after attainment of the PSS, measured every 24 h for 30 days at
25°C. C,D) Isomerization of 1 mm 2e in [Dg]DMSO as analyzed by

"H NMR spectroscopy (C; a-ammonium methylene hydrogen atoms
with signals at 4.56 and 4.31 ppm for the trans and cis isomers,
respectively) and LC-MS analysis (D). E) UV/Vis absorption measure-
ments of 10 um 2e in HEPES buffer at 360 nm after repeated cycles of
illumination with 360 (magenta) and 434 nm light (turquoise).

DMSO =dimethyl sulfoxide.

reported.®! We did not observe any alteration of potency or
efficacy of 1d as a result of illumination (Table?2; see
Figure S3B). All trans compounds 2a—e acted as antagonists
or very weak partial agonists with low efficacies (Figure 3C
and Table 2; see also Figure S3 C-F). On the other hand, 2a-d
illuminated to the PSS acted as partial agonists with
comparable submicromolar potencies (Table 2; see also Fig-
ure S3C-F). The efficacy of 2a-d at the PSS qualitatively
correlates with the size and the electron-donating properties
of the para substituent (Y) of the inner aromatic ring
(Figure 3B and Table 2). Confirming this trend, 2e at the
PSS acted as a full agonist (« =0.99; Table 2 and Figure 3 C)
and consequently showed the largest photoinduced difference
of efficacy (PDE; Table 2).

www.angewandte.org
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To address the possibility of nonspecific effects on the
receptor activity as a result of compound microprecipita-
tion,'”! we performed nephelometry experiments (see Fig-
ure S5),!"" which revealed no microprecipitation of trans-2a-
e or cis-2a—e at pharmacologically relevant concentrations.

The full agonism of 2e at the PSS can possibly be
explained by the size of the -OMe group in the Y position and/
or the more significant electron-donating properties as
compared to halogen substituents. Unfortunately, this poten-
tial explanation could not be further explored with a -NMe,
moiety owing to the chemical instability of 2f under
illumination. We observed a correlation between PDE and
PAS values (r=0.986, P=0.0024; see Figure S4). This
correlation is probably a result of more efficient inhibition
of ["*I]CXCL10 binding by photoisomers with higher efficacy
through preferential binding to a subset of CXCR3 confor-
mations that overlap with those preferentially binding the
endogenous agonist CXCL10."?

The photoinduced efficacy switch of 2e was evaluated
dynamically in real-time electrophysiology measurements
using the two-electrode voltage clamp (TEVC) technique in
Xenopus laevis oocytes transiently coexpressing CXCR3 and
G protein-coupled inwardly rectifying potassium (GIRK)
channels. Control agonist 1d induced GIRK channel activa-
tion, which was not affected by several illumination cycles
with 360 and 434 nm light, and the initial current was restored
upon washing out with a buffer (not shown). GIRK channels
were not activated by trans-2e (Figure 3D), as expected for
an antagonist/weak partial agonist, but a slight outward
current was observed. Indeed, it is well known that quater-
nary ammonium ions may interact with GIRK channels!™®! or
other potassium channels.""! Tllumination of the perfused
oocytes expressing CXCR3 and GIRK with 360 nm light
prompted the photoisomerization of frans-2e to the cis
configuration and consequently induced the activation of
CXCR3, leading to GIRK channel activation (Figure 3D)
and thus confirming CXCR3 agonism of 2e at the PSS in the
oocyte expression system. This effect could be reverted by
434 nm illumination, and repeated cycles of illumination with
360 and 434 nm light clearly showed the reversible activation
of CXCR3 by photoswitching trans-2e to its cis isomer and
vice versa (Figure 3D). The antagonist behavior of trans-2e
was confirmed by competition with agonist 1d in the same
CXCR3-expressing oocyte system (Figure 3E). In the dark,
trans-2e antagonized the CXCR3 activation induced by 1d,
and this effect was reverted upon illumination with 360 nm
light. Subsequent illumination with 434 nm light recovered
the antagonism of trans-2e.

Taken together, we have demonstrated optical control of
CXCR3 activity by photoswitching small-molecule antago-
nists/weak partial agonists to agonists with different efficacies
up to full agonism. The isomerization from the trans to the cis
configuration was designed to probe a very subtle efficacy
hotspot that was identified in earlier studies. Real-time
electrophysiology measurements confirmed the reversibility
of an efficacy switch from antagonism to agonism during
several illumination cycles. These compounds, particularly 2e,
will be excellent tools for elucidating CXCR3 signaling owing
to the distinctive spatiotemporal control of functional activity

Angew. Chem. Int. Ed. 2018, 57, 11608 -11612
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Figure 3. Pharmacological characterization of 2a-e. A) Binding experiments with ['*[JCXCL10 were performed in the presence of increasing
concentrations of 2e in the dark (turquoise) or at the PSS after illumination at 360 nm (magenta) using membranes prepared from HEK293T cells
expressing human CXCR3. B,C) Maximum responses (efficacy) of 1d and 2a-e after illumination at 360 nm (B) and concentration-response
curves of trans-2e and 2e at the PSS (C), as determined in a [**S]GTPYS binding experiment using membranes prepared from HEK293T cells
expressing human CXCR3. Data are presented as the percentage of specific [*IJCXCL10 binding (A) or as the percentage of the maximum
response induced by the endogenous agonist CXCL11 (B,C) and represent the mean + SEM from at least three independent experiments, each
performed in triplicate (A) or duplicate (B,C). D,E) Representative traces of two-electrode voltage clamp experiments in X. laevis oocytes
expressing human CXCR3 and GIRK in the presence of 2e (10 um; D) or 2e (10 um) in competition with 1d (1 um; E) with 360 (magenta) and
434 nm light (turquoise) illumination cycles (concentrations in high-potassium solution with 0.1% DMSO).

Table 2: Efficacy and potency of 2a—e and control 1d as determined by
[**S]GTPYS binding experiments using membranes prepared from
HEK293T cells expressing human CXCR3. Potency, intrinsic activity, and
values for PDE are shown as the mean 4+ SEM of three independent
experiments, each performed in duplicate.

VUF11222 (1d) Y
Cpd. Y a¥ trans o at PSS PDEM™ PECs, PECs,
trans at PSS
1d - 1.04+£0.08 1.03+0.07 0.00£0.03 6.9+0.0 6.940.0
2a H 0.0540.03 0.3040.01 0.2540.02 - 6.5+0.1
2b F 0.124+0.00 0.4140.03 0.304+0.03 - 6.2+0.1
2¢ 0.1140.01 0.5440.01 0.4240.01 - 6.3+0.1
2d  Br  0.14+0.02 0.58+0.05 0.45+0.04 - 6.240.1
2e OMe 0.16+0.01 0.99+0.04 0.83+0.06 -9 6.4+0.1

[a] The ligand intrinsic activity (a) was determined relative to the
maximum response of the endogenous full agonist CXCL11 (for which
a is set to 1.0). [b] The photoinduced difference of efficacy (PDE) was
obtained by subtracting the intrinsic activity under dark conditions from
the intrinsic activity at PSS. [c] Could not be determined, as the efficacy
and/or potency was too low.

provided by light. Such photocontrol may also be of interest
for topical treatments, such as wound healing, in which

CXCR3 agonism plays a key role.”! Further efforts will be

Angew. Chem. Int. Ed. 2018, 57, 11608 -11612

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

undertaken to understand the mechanism of action of these
compounds and improve their biocompatibility (e.g. redshift-
ing photoisomerization wavelengths).™ To our knowledge,
2a-e are the first small-molecule synthetic GPCR ligands that
harbor a rationally designed efficacy photoswitch. Moreover,
2e (VUF16216) represents the highest photoinduced efficacy
switch for a GPCR azo-ligand reported to date and provides
a real-time efficacy switch from antagonism to agonism. Our
results together with other reported GPCR efficacy photo-
switchers may contribute to the development of a second
generation of photoswitchable ligands with light-dependent
functional activity switches.
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