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Post-labelling cleavable substrates for self-labelling protein tags, such as
SNAP- and Halo-tags, can be used to study cell surface receptor
trafficking events by stripping dyes from non-internalized protein pools.
Since the complexity of receptor biology requires the use of multiple
and orthogonal approaches to simultaneously probe multiple receptor
pools, we report the development of four membrane impermeable
probes that covalently bind to either the SNAP- or the Halo-tag in the
red to far-red range. These molecules bear a disulfide bond to release
the non-internalized probe using the reducing agent sodium 2-
mercaptoethane sulfonate (MESNA). As such, our approach allows the
simultaneous visualization of multiple internalized cell surface proteins
in two colors which we showcase using G protein-coupled receptors.
We use this approach to detect internalized group Il metabotropic
glutamate receptor (mGluRs), homo- and heterodimers, and to reveal
unidirectional crosstalk between co-expressed glucagon-like peptide 1
(GLP1R) and glucose-dependent insulinotropic polypeptide receptors
(GIPR). In these applications, we translate our method to both high
resolution imaging and quantitative, high throughput assays, demon-
strating the value of our approach for a wide range of applications.

Introduction

The dynamic equilibrium between the cell surface and intracellular
compartments is central to the biological function of membrane
proteins. Understanding the intricate processes of endocytosis and
trafficking of membrane proteins in live cells is crucial for unravel-
ing the mechanisms underlying cellular signaling dynamics' which
control biological functions including nutrient uptake,>’
signaling,”” neuromodulation,® immune response,’ and the
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maintenance of cell homeostasis.® Importantly, membrane protein
trafficking dysregulation has been implicated in cancer, neurode-
generative disease, and immune system disorders.* "> Therefore,
studying these phenomena in depth may allow us to glean valuable
insights to drive the development of therapeutic strategies to
modulate receptor signaling and restore normal cellular function.

The ability to study the internalization and trafficking of cell
surface proteins has been greatly enhanced by the development
and application of self-labelling protein tags, such as the SNAP-
and Halo-tag.”*"® A bio-orthogonal handle, such as 0%
benzylguanine (BG) or a chloroalkane (CA), can specifically label
the SNAP- or Halo-tag, respectively, and when fused to a fluor-
ophore, enable the visualization and tracking of proteins by
microscopy. While many strategies exist to specifically label sur-
face versus intracellular pools,” it remains a major challenge to
isolate internalized proteins to study their intracellular trafficking
without confounding signal from remaining surface pools. Tradi-
tionally, fluorescent quenchers, such as Trypan Blue, have been
added to the medium to mask fluorescent signals from the
extracellular space,'® however, leaving fluorophores in place that
may contribute to background. Alternatively, pH-sensitive markers
like the fluorescent protein pHluorin or small molecules like the
pH indicator Oregon Green have been used for visualizing exo- and
endocytosis. However, these methods have limitations. The spec-
tral characteristics of pHluorin are weak, limiting its utility in high-
resolution techniques such as STED microscopy or PALM.'
Similarly, Oregon Green lacks selectivity as it does not bind to
any protein, further hindering its effectiveness.”® Another classic
strategy involves labeling the protein of interest with an antibody
and then stripping any remaining antibodies from the surface.”***
While effective, these techniques have limitations, including the
size of the probes and the time required for the process.

Recent advancements have led to the development of cleavable
probes, which offer several advantages over traditional methods,
including smaller probe size and faster processing times. By
placing a disulfide bond as a linker between the substrate and
the dye, surface-remaining proteins can be cleaved of their labels
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by cell-impermeant reducing agents. Together, this facilitates
precise visualization and quantitative measurements of endocyto-
sis and recycling dynamics of internalized protein pools with
drastically reduced background compared to strategies without a
cleavable linker.*>** With a limited repertoire of colors and tags to
date, typically only one protein has been addressable at a time with
this technique, making it difficult to observe multiple proteins and
protein complexes in the same experiment. A similar argument
can be made for BRET-based assays,>* where broad spectra make it
difficult to color-multiplex in order to assess multiple proteins in
the same preparation. To overcome these limitations, we synthe-
sized four novel probes in the red and far-red spectral region that
selectively bind to either the SNAP-tag or the Halo-tag, bear a
disulfide bridge, and thus are rapidly and irreversibly cleavable in
live cells via the impermeable reducing agent sodium 2-
mercaptoethane sulfonate (MESNA). We characterized these mole-
cules in vitro and in live cell settings, and investigated how they can
be used as tool to simultaneously visualize and co-localize different
metabotropic glutamate receptor (mGluR) heterodimers and class
C G protein-coupled receptors (GPCRs). We further probe the
internalization behaviour of two therapeutically relevant, co-
expressed class B GPCRs, ie. glucose-dependent insulinotropic
polypeptide receptor (GIPR) and glucagon-like peptide-1 receptor
(GLP1R) when stimulated with different (co-)agonists. Given the
simultaneous nature of our measurements, we are able to observe
co-internalization, and find evidence of receptor crosstalk.

Results and discussion

We aimed to design, synthesize, and evaluate four distinct
probes for labeling target proteins fused to a self-labelling
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protein tag (SLP-tag). All of our probes featured a disulfide
linker connecting the fluorophore to the SLP-tag substrate,
enabling reductive cleavage of the fluorophore (Fig. 1A). Prior
to our work, different strategies were employed by (i) utilizing a
probe containing BG for the SNAP-tag, connected to the fluor-
escent AlexaFluor488 through both a caproyl linker and a
disulfide linker, and (ii) employing a probe containing a CA for
the Halo-tag, also linked to AlexaFluor488 via a disulfide bond. The
disulfide bond cleavage in these previous designs was accom-
plished using the reducing agent tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) by Cole et al, while sodium 2-
mercaptoethane sulfonate (MESNA) was employed by Lee et al.
(Fig. 1B). Other studies have used this strategy to label the SNAP-
tag with a BG-SS-Lumi4-Tb chromophore for TR-FRET studies.>> >
Our primary objective was to expand the range of cleavable SLP-tag
substrates by developing two orthogonally labelable probes in the
red and farred, since in these regimes less autofluorescence is
observed. Using two highly hydrophilic fluorophores, SulfoCy3 and
SulfoCy5, render the molecules cell impermeable. To connect
these fluorophores to labeling moieties, we utilized a short dis-
ulfide bridge to attach them to either BG or CA, revealing that the
linker length (omitting the caproyl unit in BG-SS-Alexa488) is
sufficient. Consequently, we successfully synthesized four distinct
probes: BG-SS-SulfoCy3, BG-SS-SulfoCy5, CA-SS-SulfoCy3, and CA-
SS-SulfoCy5 (Fig. 1C and Fig. S2, ESIT). To evaluate the binding of
these newly developed probes to the respective tag, we conducted
in vitro labeling experiments using all four probes in conjunction
with the recombinantly expressed and purified self-labeling tag.*®
Additionally, we assessed the labeling efficiency both before and
after treatment with MESNA using full-length protein mass spec-
trometry (Fig. 1D, E), demonstrating that a 4-fold excess of each
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Fluorescent dyes for self-labelling protein (SLP) tags that are reductively cleavable. (A) Schematic of surface labelling with disulfide-containing

probe and cleavage via a reducing agent. (B) Previous approaches for releasable self-labelling fluorophores: BG-caproyl-SS-Alexa488 cleaved with TCEP
and CA-SS-Alexa488 cleaved with MESNA. (C) Structures of the four novel probes and approach for cleavage using MESNA. (D) Deconvoluted masses of:

SNAP-tag protein (black), SNAP-tag protein incubated 1 h with 4-fold excess

BG-SS-SulfoCy3 (teal), or BG-SS-SulfoCy5 (purple), 30 min after treatment

with 100 mM MESNA (grey). (E) As for D, but with Halo-tag protein (black), and CA-SS-SulfoCy3 (teal), or CA-SS-SulfoCy5 (purple).
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probe quantitatively labeled the respective protein, and, complete
cleavage of the probes was achieved within 30 minutes using an
excess of MESNA (100 mM), adhering to the concentration used in
previous studies (vide supra).

To evaluate the effectiveness of our probes in a cellular
environment, we conducted widefield imaging using live
HEK293 cells that were transfected with a SNAP-Halo-mGluR2
coding plasmid. Generally, fusing proteins with tags that
represent folded domains may hamper their endogenous
dynamic behaviour, especially for smaller proteins and peptides.
However, it has been shown in multiple studies, for mGIluR
subtypes®~>> as well as incretin GPCRs,*>*” that N-terminal
SLP-tagging does not influence native ligand affinity and down-
stream signalling (e.g. cCAMP generation or GIRK channel activa-
tion), including endocytotic uptake. For this reasons, any newly
tagged protein needs to undergo careful comparison to its wild-
type for validation, if ligand binding and subsequent signalling is
perturbed. Titration series with ligands in the case of cell surface
receptors may for instance be assessed by electrophysiology
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(for ion channels), second messenger generation (for GPCRs)
and Western blotting of intracellular phosphorylation (receptor
linked-enzymes). When expressed, metabotropic glutamate recep-
tor 2 (mGIuR2), a family C GPCR that is involved in a variety of
neurophysiological processes,**™° is trafficked to the cell surface,
where it N-terminally exposes both SNAP and a Halo-tags. As such,
intra and extracellular proteins pools are available as a testbed,
and since the construct is equipped with two bioorthogonal
self-labelling proteins, we could test two colors in parallel.***°
Transiently transfected cells were incubated for 30-minutes with a
combination of either BG-SS-SulfoCy3 and CA-SS-SulfoCy5, or BG-
SS-SulfoCy5 and CA-SS-SulfoCy3, resulting in labeling localised to
the cell surface (Fig. 2A). Upon addition of MESNA (100 mM in
fluorobrite, pH = 7.2 at 37 °C and 5% CO,) to strip the fluorophore
from the cell surface, we observed the cleavage of each probe in
real time. As expected, with MESNA treatment, there was a 80—
90% drop in fluorescence intensity. To analyze the kinetics of
stripping dyes from the surface, we took the mean of the full
image integrated density and corrected it by subtracting the mean
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Fig. 2 Time-dependence measurements of cleavable fluorescent dyes in cells. (A) Schematic representation of the experiment involving SNAP-Halo-
mGIuR2 transfected receptors binding to the respective probes, followed by cleavage with MESNA. (B) Half-life of BG-SS-SulfoCy3, BG-SS-SulfoCy5,
CA-SS-SulfoCy3, and CA-SS-SulfoCy5 before binding to the respective SLP in minutes. 5 images analyzed. (C) Fluorescent images of SNAP-Halo-
mMGIuR2 transfected HEK293 cells after incubation with BG-SS-SulfoCy3 and BG-SS-SulfoCy5 and after treatment with MESNA after 4 minutes.
(D) Normalized integrated density of BG-SS-SulfoCy3 and BG-SS-SulfoCy5 over a 15-minute interval with MESNA added after 4 minutes reveals cleavage
of the fluorophores. n = 5 images; mean =+ SD. (E) As for C, but with CA-SS-SulfoCy3 and CA-SS-SulfoCy5. (F) As for D, but with CA-SS-SulfoCy3 and
CA-SS-SulfoCy5.
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integrated density from regions of interest, where no cells are
present. The resulting curve was fitted mono-exponentially from
minute 5 on, and some bleaching was detectable in the first 4
frames. Interestingly, stripping from SNAP was significantly faster
compared to Halo (Fig. S1, ESIt), and the Cy5 conjugates were
cleaved more rapidly than Cy3 (Fig. S1, ESIt). Specifically, we
obtained the values for SNAP:SS-SulfoCy3 (1, = 1.66-1.97 min),
SNAP:SS-SulfoCy5 (t,, = 0.80-1.35 min), Halo:SS-SulfoCy3 (¢, =
3.10-5.93 min), and Halo:SS-SulfoCy5 (¢, = 1.54-2.43 min) by
integrating the signal intensity of the complete image (Fig. 2B).
Plateaus were reached for SNAP (Fig. 2C and D) and Halo (Fig. 2E
and F) within 6 minutes. The difference in kinetics remains
speculative, and may be attributed to the disparity in charge
(e.g. sulfonates in Cy5 are more separated and thereby do not
repell MESNA as much) or the accessibility of the disulfide bridge
(e.g. by different exposure due to dye-protein interactions). Nota-
bly, the integrated fluorescence intensity in these experiments
does not reach 0, presumably as a result from freely diffusing,
cleaved dyes that contribute to the measured signal through out-
of-focus light, and from a minor degree of constitutive receptor
internalization that occurs during labelling.

With these critical parameters in hand, we aimed to confirm
the orthogonality of our dyes in the same experiment before
and after endocytosis. An ideal testbed for assessing crosstalk
beween receptors are the group II mGluRs, mGluR2 and
mGIuR3, as these receptor subtypes form both homo- and
hetero-dimers.>*?%*' Using live cell imaging and single-
molecule pull-down assays (SiMPull), we recently found evi-
dence that mGIluR3 homodimers and mGIluR2/3 heterodimers,
but not mGluR2 homodimers, undergo beta-arrestin-mediated
endocytosis."***> However, in our prior study live cell imaging
was done with the aforementioned CA-SS-Alexa488 probe, and
as such, only one receptor subtype could be addressed at a
time, making our measurements of intracellular heterodimers
indirect. To further test the working model that mGluR2
homodimers do not internalize upon glutamate stimulation,
while mGluR2/3 heterodimers and mGluR3 homodimers do
(Fig. 3A), combinations of SNAP-mGluR2/Halo-mGluR2, SNAP-
mGluR3/Halo-mGluR3, or SNAP-mGIluR2/Halo-mGIluR3 were
transfected in HEK293 cells, before treatment with BG-SS-
SulfoCy3 and CA-SS-SulfoCy5. After fluorophore labeling and
washing, saturating (1 mM) glutamate was added for 60 min to
drive receptor activation and internalization. As expected,
HEK293 cells co-expressing SNAP-mGluR2/Halo-mGluR2 + glu-
tamate, exhibited fluorescence signals exclusively on the cell
surface for both fluorophores. Upon the addition of 100 mM
MESNA, we observed very dim remaining signals (Cy3: 4 + 2%;
Cy5: 6 = 3%, Fig. S2A, ESIY), consistent with a lack of inter-
nalization of mGluR2 homodimers (Fig. 3B). We applied the
same protocol to cells expressing SNAP-mGluR3/Halo-mGIluR3,
and observed clear intracellular fluorescence both pre- and
post-MESNA4, indicating endocytosis of mGluR3 homodimers
(Fig. 3C) (post MESNA signal Cy3: 67 & 5%; Cy5: 43 £ 30%, Fig.
S2A, ESIt). Similar results were obtained in cells expressing
SNAP-mGluR2/Halo-mGluR3 after incubation with glutamate
(Fig. 3D), further supporting the internalization of mGluR2/3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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heterodimers (post MESNA signal Cy3: 44 £+ 17%; Cy5: 52 +
20%, Fig. S2A, ESIt). Having confirmed that the internalization
propensity of mGIuR2 is dramatically enhanced by co-expression
of mGIuR3, we aimed to quantify intracellular dimer pools by
confocal microscopy in fixed specimens of HEK293:SNAP-mGIuR2/
Halo-mGluR3 and HEK293:SNAP-mGluR3/Halo-mGluR3 (Fig. S2B
and C, ESIf), showcasing the power of dual color labelling
and stripping. The degree of colocalization was assessed using
Pearson’s colocalization analysis, which demonstrated a more
pronounced correlation of mGluR3 homodimers over mGluR2/
mGIuR3 heterodimers (Fig. S2D, ESIT). This is intuitive, since (i)
the transfection of two separate constructs would also yield
homodimers, of which mGluR2 will not internalize, (ii) most
intracellular mGIluR2 fluorescence co-localize with mGluR3, which
(iii) is consistent with mGluR3 homo and heterodimers present.
Providing further data for heteroassemblies, we performed line
scan analysis (Fig. 3E) that show spatial overlap and co-localization
of the two receptors (Fig. 3F). Importantly, we were able to measure
dye communication via FRET by acceptor bleaching post MESNA
treatment (Fig. 3G), which further demonstrates that internalized
receptors are in close proximity (<10 nm) (Fig. 3H). Naturally,
after MESNA treatment no FRET was detectable for SNAP-mGluR2/
Halo-mGluR2 transfected cells while the propensity increased
stepwise for SNAP-mGluR2/Halo-mGIluR3 and SNAP-mGIuR3/
Halo-mGIluR3, with SNAP-Halo-mGluR3 serving as a positive con-
trol. We do not anticipate cleavage by endogenous, reduced
glutathione (GSH), since the environment in healthy endo- to
lysosomes stays oxidative.*> In addition to this, if the dye is
hypothetically cleaved when residing within the cells, it may not
escape its compartment due to the charged nature of SulfoCy3/5
used in this study. Given confocal resolution, this would still
account for accurate co-internalization, with the caveat that FRET
is not observable anymore. Importantly, we show that high FRET
signals stemming from intracellular sites can be obtained when
expressing a SNAP-Halo-mGluR3 fusion construct, supporting the
low probability of dye cleavage. Of note, other cleaving may be
implemented to circumvent such issues if they may appear, for
instance by using 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl
(Dde) and hydroxylamine or azobenzene and dithionite as a
cleaving pair.** Another possibility may be the incorporation of a
proteolytic peptide sequence (e.g. HRV 3C, TEV) in accordance with
their specific proteases.*

Having set the stage for the ability of cleavable dyes to
simultaneously interrogate multiple GPCR subtypes, we aimed to
employ our probes to investigate the relationship between agonist-
induced internalization of the glucose-dependent insulinotropic
polypeptide receptor (GIPR) and the glucagon-like peptide-1 recep-
tor (GLP1R). In pancreatic islets, GLP1R and GIPR are co-expressed
in beta cells, where they serve to potentiate insulin secretion to
regulate blood glucose after a meal.”® Both receptors are also
found in the central nervous system (CNS) where they regulate
appetite, and whilst the CNS distribution of GLP1R and GIPR is
mainly distinct, a small population of anorectic neurons is thought
to co-express both receptors.”” Combinational targeting of GLP1R
and GIPR has garnered significant attention, with tirzepatide
(TZP), a dual GIPR/GLP1R agonist and new player for the
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treatment of type 2 diabetes and obesity, showing impressive
results. The dual targeting approach of TZP is believed to produce
synergistic effects on insulin secretion, glycemic control, and
weight reduction, and reduced side effects.*® TZP is also of interest
because of its unusual “biased” GLP1R pharmacology, character-
ized by markedly reduced beta-arrestin recruitment and endocy-
tosis compared to native GLP1.*

View Article Online
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To investigate agonist-induced GLP1R and GIPR internalisa-
tion responses, adherent HEK293 (AD293) cells were co-
transfected with Halo-GLP1R and SNAP-GIPR in a 96 well plate.
After labelling with CA-SS-SulfoCy3 and BG-SS-SulfoCy5 for 30
min, agonist treatment was performed for 60 min, before
imaging of multiple fields-of-view before and after application
of MESNA using an automated microscope (Fig. 4A and B). This
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Fig. 4 High-throughput experiments on internalization and colocalization of two receptors dependent on agonist. (A) Schematic representation of the
experiment: Halo-GLP1R and SNAP-GIPR co-transfected cells are treated with cleavable fluorophores, treatment with agonist leads to internalization of
receptors, addition of MESNA cleaves fluorophores of remaining extracellular receptors, remaining fluorophores are imaged and quantified. Image
created with biorender.com (B) Widefield imaging of live cells co-expressing SNAP-GIPR and Halo-GLP1R after treatment with CA-SS-SulfoCy3 and BG-
SS-SulfoCy5 and respective agonist, before and after treatment with MESNA. (C) and (D) Dose-dependent internalization curves of different agonists for
Halo-GLP-1R (C), and SNAP-GIPR (D) (n = 6 repeats). (E) and (F) Quantification of internalization after treatment with respective agonist of Halo-GLP1R
with and without co-expressed SNAP-GIPR (E), and SNAP-GIPR with and without co-expressed Halo-GLP1R (F) (n = 4 repeats). (G) FRET analysis of
receptor internalization and proximity shows no increase in FRET efficiency. Min to max box and whiskers (n = 10-16 images) paired students t-test.
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high throughput approach allows quantification of both inter-
nalized receptor fractions at several concentrations, allowing us
to produce potency estimates for GLP1 (pECs, 95% CI = 8.61—
8.13 at GLP1R), GIP (7.97-6.84 at GIPR), equimolar co-applied
GLP1 + GIP (8.50-8.06 at GLP1R, 7.67-5.82 at GIPR), and TZP
(7.76-6.68 at GLP1R, 7.89-6.54 at GIPR) (Fig. 4C and D). We
note also that both receptors show a constitutive internaliza-
tion rate of ~20-30% per hour in the absence of agonist, that
maximal internalization with the respective native ligands is
reduced with GIPR compared to GLP1R as previously shown,
and finally that TZP has a reduced maximal GLP1R internaliza-
tion response compared to native GLP1, in keeping with pre-
vious data.*®

We then compared if co-expression leads to altered inter-
nalization levels of the respective receptor. For this experiment,
we treated cells co-expressing Halo-GLP1R and SNAP-GIPR or
each receptor individually with an empty pcDNA3.1 vector as
transfection control. While our experimental findings indicate
that the presence of the co-expressed SNAP-GIPR did not have
any discernible impact on the behavior of Halo-GLP1R with any
agonist (Fig. 4E), we observed a moderate but consistent
increase in SNAP-GIPR, both constitutively and when treated
with either GIP or GLP-1 alone (but not with both agonists
together or the co-agonist TZP) (Fig. 4F). Since we did not
observe an increase in Halo-GLP1R internalization when SNAP-
GIPR was co-expressed, we conclude that the internalization of
Halo-GLP1-R is independent of SNAP-GIPR. Conversely, it
appears that there is crosstalk between Halo-GLP1R and
SNAP-GIPR regarding the internalization of SNAP-GIPR. As we
did for mGIluR2 dimers, we also tested GLP1R/GIPR via FRET
measurements once internalized (Fig. 4G). The Forster radius
of Cy3/Cy5 has been determined to be between 5-6 nm, and
energy transfer is not observable when crossing a distance
further than 10 nm. This indicates that crosstalk is unlikely a
consequence of direct GLP1R/GIPR interaction or heterodimer-
ization, given the size of the receptors ectodomains (~3 x 3 x
4 nm). Although dye and SLP orientation influencing x> may
play a role, this points to non-mutual influence of receptor
trafficking occurring at the plasmalemma.

Summary

We have successfully developed four new releasable probes that
fluoresce in the red- and far-red regime. To evaluate their
binding and cleavage efficacy, we conducted both in vitro mass
spectrometric and and in cell microscopic imaging. Additionally,
we demonstrated that all probes can be cleaved within minutes
using excess MESNA, which is favorably on the time scale of
endocytosis. Validating our approach, we applied all probes to
mGluRs and observed internalization and intracellular colocaliza-
tion in live cells for both mGluR2/mGIuR3 and mGluR3/mGIuR3
assemblies when treated with glutamate. We also highlight the
power of our approach by interrogating the internalization beha-
viour of GIPR and GLP1R, two main targets in the treatment of
diabetes and obesity. In a 96-well plate assay to accelerate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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throughput, we determined dose-dependent internalization of
co-expressed receptors towards various key agonists, i.e. GLP1,
GIP and tirzepatide. Excitingly, we identified crosstalk between
these two class B GPCRs, emphasizing the potential of our novel
probes for studying endocytosis mediated trafficking. With
higher-throughput agonist quantification of two receptors at the
same time, we anticipate this method to be adoptable for multi-
plexible drug screening of cell surface proteins that undergo
internalization.

Materials and methods

Chemical synthesis and characterization, measurements of
photophysical and kinetic parameters, and procedures in cell
culture, molecular biology and imaging are reported in the
ESL.f Further information and requests for resources and
reagents should be directed to and will be fulfilled upon
availability by the lead contact, Johannes Broichhagen (broich-
hagen@fmp-berlin.de)

Author contributions

KR performed chemical synthesis and characterization. RB and
BJ performed cell experiments. JL and JB conceived and super-
vised the study. KR, JL, B] and JB wrote the manuscript with
input from all authors.

Data availability

The data supporting this article have been included as part of
the ESL.

Conflicts of interest

The authors declare no competing interests.

Acknowledgements

This project has received funding from the European Union’s
Horizon Europe Framework Programme (deuterON, grant
agreement no. 101042046 to JB). JL is supported by NIH grant
RO1NS129904. BJ is supported by an MRC Clinician Scientist
Fellowship (MR/Y00132X/1), as well as project grants from the
MRC, EFSD and Diabetes UK. The Section of Endocrinology
at Imperial College London is funded by grants from the
MRC, NIHR and is supported by the NIHR Biomedical
Research Centre Funding Scheme and the NIHR/Imperial Clin-
ical Research Facility. The views expressed are those of the
author(s) and not necessarily those of the NHS, the NIHR or the
Department of Health. We thank Aditi Jain for initial studies.

References

1 B.D. Grant and J. G. Donaldson, Pathways and mechanisms
of endocytic recycling, Nat. Rev. Mol Cell Biol., 2009,
10(9), 597.

RSC Chem. Biol., 2025, 6, 11-20 | 17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00209a

Open Access Article. Published on 18 November 2024. Downloaded on 2/2/2026 7:12:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

2

5

6

10

11

12

13

14

15

16

17

18

18

M. Becuwe and S. Léon, Integrated control of transporter
endocytosis and recycling by the arrestin-related protein
Rod1 and the ubiquitin ligase Rsp5, eLife, 2014, 3, €03307.
J. Kriel, S. Haesendonckx, M. Rubio-Texeira, G. Van Zeeb-
roeck and J. M. Thevelein, From transporter to transceptor:
signaling from transporters provokes re-evaluation of
complex trafficking and regulatory controls: endocytic inter-
nalization and intracellular trafficking of nutrient transcep-
tors may, at least in part, be governed by their signaling
function, BioEssays, 2011, 33(11), 870.

A. Sorkin and M. von Zastrow, Endocytosis and signalling:
intertwining molecular networks, Nat. Rev. Mol. Cell Biol.,
2009, 10(9), 609.

T. Taguchi, Emerging roles of recycling endosomes,
J. Biochem., 2013, 153(6), 505.

A. ]. Gonzalez-Hernandez, H. Munguba and J. Levitz, Emer-
ging modes of regulation of neuromodulatory G protein-
coupled receptors, Trends Neurosci., 2024, 47(8), 635.

B. A. Heesters, P. Chatterjee, Y. A. Kim, S. F. Gonzalez,
M. P. Kuligowski, T. Kirchhausen and M. C. Carroll, Endo-
cytosis and recycling of immune complexes by follicular
dendritic cells enhances B cell antigen binding and activa-
tion, Immunity, 2013, 38(6), 1164.

R. M. Steinman, I. S. Mellman, W. A. Muller and Z. A. Cohn,
Endocytosis and the recycling of plasma membrane, J. Cell
Biol., 1983, 96(1), 1.

R. Nussinov, C. J. Tsai and H. Jang, Neurodevelopmental
disorders, immunity, and cancer are connected, iScience,
2022, 25(6), 104492.

Y. Liu, S. Tian, B. Ning, T. Huang, Y. Li and Y. Wei, Stress
and cancer: The mechanisms of immune dysregulation and
management, Front. Immunol., 2022, 13, 1032294.

F. R. Maxfield and T. E. McGraw, Endocytic recycling, Nat.
Rev. Mol. Cell Biol., 2004, 5(2), 121.

I. Mellman and Y. Yarden, Endocytosis and cancer, Cold
Spring Harbor Perspect. Biol., 2013, 5(12), a016949.

C. Jing and V. W. Cornish, Chemical tags for labeling
proteins inside living cells, Acc. Chem. Res., 2011, 44(9), 784.
J. Lee, A. J. Gonzalez-Hernandez, M. Kristt, N. Abreu,
K. Rofimann, A. Arefin, D. C. Marx, J. Broichhagen and
J. Levitz, Distinct beta-arrestin coupling and intracellular
trafficking of metabotropic glutamate receptor homo- and
heterodimers, Sci. Adv., 2023, 9(49), eadi8076.

N. B. Cole and J. G. Donaldson, Releasable SNAP-tag probes
for studying endocytosis and recycling, ACS Chem. Biol.,
2012, 7(3), 464.

H. Jia, G. Hu, D. Shi, L. Gan, H. Zhang, X. Yao and J. Fang,
Fluorophore-Dependent Cleavage of Disulfide Bond Lead-
ing to a Highly Selective Fluorescent Probe of Thioredoxin,
Anal. Chem., 2019, 91(13), 8524.

P. Wolf, G. Gavins, A. G. Beck-Sickinger and O. Seitz,
Strategies for Site-Specific Labeling of Receptor Proteins
on the Surfaces of Living Cells by Using Genetically Encoded
Peptide Tags, ChemBioChem, 2021, 22(10), 1717.

M. Foley, A. N. MacGregor, J. R. Kusel, P. B. Garland,
T. Downie and I. Moore, The lateral diffusion of lipid probes

| RSC Chem. Biol., 2025, 6, 11-20

19

20

21

22

23

24

25

26

27

28

29

30

31

View Article Online

RSC Chemical Biology

in the surface membrane of Schistosoma mansoni, J. Cell
Biol., 1986, 103(3), 807.

K. J. Seitz and S. O. Rizzoli, GFP nanobodies reveal recently-
exocytosed pHluorin molecules, Sci. Rep., 2019, 9(1), 7773.
Y. Jang, S. R. Kim and S. H. Lee, Methods of measuring
presynaptic function with fluorescence probes, Appl.
Microsc., 2021, 51(1), 2.

J. Lippincott-Schwartz, L. C. Yuan, J. S. Bonifacino and
R. D. Klausner, Rapid redistribution of Golgi proteins into
the ER in cells treated with brefeldin A: evidence for
membrane cycling from Golgi to ER, Cell, 1989, 56(5), 801.
T. E. McGraw and F. R. Maxfield, Human transferrin
receptor internalization is partially dependent upon an
aromatic amino acid on the cytoplasmic domain, Cell
Regul., 1990, 1(4), 369.

S. Wang, C. Wan, G. T. Squiers and ]. Shen, in Membrane
Trafficking: Methods and Protocols, ed. Shen, J., Springer US,
New York, NY, 2022, DOI: 10.1007/978-1-0716-2209-4_14.
Y. Namkung, C. Le Gouill, V. Lukashova, H. Kobayashi,
M. Hogue, E. Khoury, M. Song, M. Bouvier and S. A. Laporte,
Monitoring G protein-coupled receptor and B-arrestin traf-
ficking in live cells using enhanced bystander BRET, Nat.
Commun., 2016, 7(1), 12178.

Z. Fang, S. Chen, P. Pickford, ]J. Broichhagen, D. J. Hodson,
I. R. Corréa, S. Kumar, F. Gorlitz, C. Dunsby,
P. M. W. French, G. A. Rutter, T. Tan, S. R. Bloom,
A. Tomas and B. Jones, The Influence of Peptide Context
on Signaling and Trafficking of Glucagon-like Peptide-1
Receptor Biased Agonists, ACS Pharmacol. Transl. Sci.,
2020, 3(2), 345.

H. Haruki, M. R. Gonzalez and K. Johnsson, Exploiting
ligand-protein conjugates to monitor ligand-receptor inter-
actions, PLoS One, 2012, 7(5), €37598.

C. T. H. Jonker, C. Deo, P. J. Zager, A. N. Tkachuk,
A. M. Weinstein, E. Rodriguez-Boulan, L. D. Lavis and
R. Schreiner, Accurate measurement of fast endocytic recy-
cling kinetics in real time, J. Cell Sci., 2020, 133(2), DOL
10.1242/jcs.231225.

R. Birke, J. Ast, D. A. Roosen, J. Lee, K. RofSmann, C. Huhn,
B. Mathes, M. Lisurek, D. Bushiri, H. Sun, B. Jones,
M. Lehmann, J. Levitz, V. Haucke, D. ]J. Hodson and
J. Broichhagen, Sulfonated red and far-red rhodamines to
visualize SNAP- and Halo-tagged cell surface proteins, Org.
Biomol. Chem., 2022, 20(30), 5967.

E. Doumazane, P. Scholler, J. M. Zwier, E. Trinquet,
P. Rondard and J. P. Pin, A new approach to analyze cell
surface protein complexes reveals specific heterodimeric
metabotropic glutamate receptors, FASEB J., 2011, 25(1), 66.
J. Levitz, C. Habrian, S. Bharill, Z. Fu, R. Vafabakhsh and
E. Y. Isacoff, Mechanism of Assembly and Cooperativity of
Homomeric and Heteromeric Metabotropic Glutamate
Receptors, Neuron, 2016, 92(1), 143.

P. Scholler, D. Moreno-Delgado, N. Lecat-Guillet, E. Doumazane,
C. Monnier, F. Charrier-Savournin, L. Fabre, C. Chouvet,
S. Soldevila, L. Lamarque, G. Donsimoni, T. Roux, J. M. Zwier,
E. Trinquet, P. Rondard and J. P. Pin, HTS-compatible FRET-

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1007/978-1-0716-2209-4_14
https://doi.org/10.1242/jcs.231225
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00209a

Open Access Article. Published on 18 November 2024. Downloaded on 2/2/2026 7:12:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

32

33

34

35

36

37

based conformational sensors clarify membrane receptor activa-
tion, Nat. Chem. Biol., 2017, 13(4), 372.

L. Iacovelli, G. Molinaro, G. Battaglia, M. Motolese, L. Di
Menna, M. Alfiero, ]J. Blahos, F. Matrisciano, M. Corsi,
C. Corti, V. Bruno, A. De Blasi and F. Nicoletti, Regulation of
group II metabotropic glutamate receptors by G protein-
coupled receptor kinases: mGlu2 receptors are resistant to
homologous desensitization, Mol. Pharmacol., 2009, 75(4), 991.
J. Ast, D. Nasteska, N. H. F. Fine, D. J. Nieves, Z. Koszegi,
Y. Lanoiselée, F. Cuozzo, K. Viloria, A. Bacon, N. T. Luu,
P. N. Newsome, D. Calebiro, D. M. Owen, J. Broichhagen
and D. J. Hodson, Revealing the tissue-level complexity of
endogenous glucagon-like peptide-1 receptor expression
and signaling, Nat. Commun., 2023, 14(1), 301.

S. N. Roed, P. Wismann, C. R. Underwood, N. Kulahin,
Iversen, K. A. Cappelen, L. Schiffer, J. Lehtonen,
Hecksher-Soerensen, A. Secher, ]J. M. Mathiesen,
Briduner-Osborne, J. L. Whistler, S. M. Knudsen and
. Waldhoer, Real-time trafficking and signaling of the
glucagon-like peptide-1 receptor, Mol. Cell. Endocrinol.,
2014, 382(2), 938.

S. N. Roed, A. C. Nghr, P. Wismann, H. Iversen, H. Brauner-
Osborne, S. M. Knudsen and M. Waldhoer, Functional
consequences of glucagon-like peptide-1 receptor cross-
talk and trafficking, J. Biol. Chem., 2015, 290(2), 1233.

V. Lagou, L. Jiang, A. Ulrich, L. Zudina, K. S. G. Gonzalez,
Z. Balkhiyarova, A. Faggian, J. G. Maina, S. Chen, P. V. Todorov,
S. Sharapov, A. David, L. Marullo, R. Migi, R. M. Rujan,
E. Ahlgvist, G. Thorleifsson, H. Gao, E. Evangelou,
B. Benyamin, R. A. Scott, A. Isaacs, J. H. Zhao, S. M. Willems,
T. Johnson, C. Gieger, H. Grallert, C. Meisinger, M. Miiller-
Nurasyid, R. J. Strawbridge, A. Goel, D. Rybin, E. Albrecht,
A. U. Jackson, H. M. Stringham, I. R. Corréa Jr., E. Farber-Eger,
V. Steinthorsdottir, A. G. Uitterlinden, P. B. Munroe,
M. J. Brown, ]J. Schmidberger, O. Holmen, B. Thorand,
K. Hveem, T. Wilsgaard, K. L. Mohlke, Z. Wang, A. Shmeliov,
M. den Hoed, R. ]. F. Loos, W. Kratzer, M. Haenle, W. Koenig,
B. O. Boehm, T. M. Tan, A. Tomas, V. Salem, 1. Barroso,
J. Tuomilehto, M. Boehnke, J. C. Florez, A. Hamsten,
H. Watkins, I. Njglstad, H. E. Wichmann, M. J. Caulfield,
K. T. Khaw, C. M. van Duijn, A. Hofman, N. ]J. Wareham,
C. Langenberg, J. B. Whitfield, N. G. Martin, G. Montgomery,
C. Scapoli, I. Tzoulaki, P. Elliott, U. Thorsteinsdottir,
K. Stefansson, E. L. Brittain, M. I. McCarthy, P. Froguel,
P. M. Sexton, D. Wootten, L. Groop, J. Dupuis, J. B. Meigs,
G. Deganutti, A. Demirkan, T. H. Pers, C. A. Reynolds,
Y. S. Aulchenko, M. A. Kaakinen, B. Jones and I. Prokopenko,
GWAS of random glucose in 476326 individuals provide
insights into diabetes pathophysiology, complications and
treatment stratification, Nat. Genet., 2023, 55(9), 1448.

H. S. Kizilkaya, K. V. Sgrensen, J. S. Madsen, P. Lindquist,
J. D. Douros, J. Bork-Jensen, A. Berghella, P. A. Gerlach,
L. S. Gasbjerg, J. Mokrosinski, S. A. Mowery, P. J. Knerr,
B. Finan, J. E. Campbell, D. A. D’Alessio, D. Perez-Tilve,
F. Faas, S. Mathiasen, ]J. Rungby, H. T. Segrensen, A. Vaag,
J. S. Nielsen, J. C. Holm, J. Lauenborg, P. Damm,

=Rl

© 2025 The Author(s). Published by the Royal Society of Chemistry

38

39

40

41

42

43

44

45

46

47

48

View Article Online

Communication

O. Pedersen, A. Linneberg, B. Hartmann, J. J. Holst,
T. Hansen, S. C. Wright, V. M. Lauschke, N. Grarup,
A. S. Hauser and M. M. Rosenkilde, Characterization of
genetic variants of GIPR reveals a contribution of B-arrestin
to metabolic phenotypes, Nat. Metab., 2024, 6(7), 1268.

C. M. Niswender and P. J. Conn, Metabotropic glutamate
receptors: physiology, pharmacology, and disease, Annu.
Rev. Pharmacol. Toxicol., 2010, 50, 295.

A. Reiner and J. Levitz, Glutamatergic Signaling in the
Central Nervous System: Ionotropic and Metabotropic
Receptors in Concert, Neuron, 2018, 98(6), 1080.

F. Nicoletti, J. Bockaert, G. L. Collingridge, P. J. Conn,
F. Ferraguti, D. D. Schoepp, J. T. Wroblewski and J. P. Pin,
Metabotropic glutamate receptors: from the workbench to
the bedside, Neuropharmacology, 2011, 60(7-8), 1017.

J. Lee, H. Munguba, V. A. Gutzeit, D. R. Singh, M. Kristt,
J. S. Dittman and J. Levitz, Defining the Homo- and Hetero-
dimerization Propensities of Metabotropic Glutamate
Receptors, Cell Rep., 2020, 31(5), 107605.

N. Abreu, A. Acosta-Ruiz, G. Xiang and J. Levitz, Mechan-
isms of differential desensitization of metabotropic gluta-
mate receptors, Cell Rep., 2021, 35(4), 109050.

C. D. Austin, X. Wen, L. Gazzard, C. Nelson, R. H. Scheller
and S. J. Scales, Oxidizing potential of endosomes and
lysosomes limits intracellular cleavage of disulfide-based
antibody-drug conjugates, Proc. Natl. Acad. Sci. U. S. A.,
2005, 102(50), 17987.

Y. Yang and S. H. L. Verhelst, Cleavable trifunctional biotin
reagents for protein labelling, capture and release, Chem.
Commun., 2013, 49(47), 5366.

M. Neukam, P. Sala, A. D. Brunner, K. Ganf$, A. Palladini,
M. Grzybek, O. Topcheva, ]J. Vasiljevi¢, J. Broichhagen,
K. Johnsson, T. Kurth, M. Mann, U. Coskun and
M. Solimena, Purification of time-resolved insulin granules
reveals proteomic and lipidomic changes during granule
aging, Cell Rep., 2024, 43(3), 113836.

F. Zhao, C. Zhang, Q. Zhou, K. Hang, X. Zou, Y. Chen, F. Wu,
Q. Rao, A. Dai, W. Yin, D.-D. Shen, Y. Zhang, T. Xia,
R. C. Stevens, H. E. Xu, D. Yang, L. Zhao and M.-W.
Wang, Structural insights into hormone recognition by the
human glucose-dependent insulinotropic polypeptide
receptor, eLife, 2021, 10, e68719.

A. E. Adriaenssens, E. K. Biggs, T. Darwish, ]J. Tadross,
T. Sukthankar, M. Girish, ]J. Polex-Wolf, B. Y. Lam,
I. Zvetkova, W. Pan, D. Chiarugi, G. S. H. Yeo, C. Blouet,
F. M. Gribble and F. Reimann, Glucose-Dependent Insuli-
notropic Polypeptide Receptor-Expressing Cells in the
Hypothalamus Regulate Food Intake, Cell Metab., 2019,
30(5), 987.

A. Liskiewicz, A. Khalil, D. Liskiewicz, A. Novikoff,
G. Grandl, G. Maity-Kumar, R. M. Gutgesell, M. Bakhti,
A. Bastidas-Ponce, O. Czarnecki, K. Makris, H. Lickert,
A. Feuchtinger, M. Tost, C. Coupland, L. Stinder,
S. Akindehin, S. Prakash, F. Abrar, R. L. Castelino, Y. He,
P. J. Knerr, B. Yang, W. F. J. Hogendorf, S. Zhang,
S. M. Hofmann, B. Finan, R. D. DiMarchi, M. H. Tschop,

RSC Chem. Biol., 2025, 6,11-20 | 19


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00209a

Open Access Article. Published on 18 November 2024. Downloaded on 2/2/2026 7:12:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

J. D. Douros and T. D. Miiller, Glucose-dependent insulino-
tropic polypeptide regulates body weight and food
intake via GABAergic neurons in mice, Nat. Metab., 2023,

5(12), 2075.

49 F. S. Willard, J. D. Douros, M. B. Gabe, A. D. Showalter, D. B.
Wainscott, T. M. Suter, M. E. Capozzi, W. ]. van der Velden,
C. Stutsman, G. R. Cardona, S. Urva, P. J. Emmerson, J. ]J.
Holst, D. A. D’Alessio, M. P. Coghlan, M. M. Rosenkilde,

20 | RSC Chem. Biol., 2025, 6, 11-20

View Article Online
RSC Chemical Biology
J. E. Campbell and K. W. Sloop, Tirzepatide is an imbal-

anced and biased dual GIP and GLP-1 receptor
agonist, JCI Insight, 2020, 5(17), DOI: 10.1172/jci.insight.140532.

50 Y. Manchanda, S. Bitsi, S. Chen, J. Broichhagen,

J. Bernardino de la Serna, B. Jones and A. Tomas, Enhanced
Endosomal Signaling and Desensitization of GLP-1R vs
GIPR in Pancreatic Beta Cells, Endocrinology, 2023, 164(5),
DOLI: 10.1210/endocr/bqad028.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1172/jci.insight.140532
https://doi.org/10.1210/endocr/bqad028
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cb00209a



