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Abstract

G protein-coupled receptors (GPCRs) are the largest family of plasma
membrane-embedded signaling proteins. These receptors are involved in a wide
array of physiological processes, marking them as attractive targets for drug devel-
opment. Bitopic ligands, which are comprised of a pharmacophore that targets the
receptor orthosteric site and a linked moiety that binds to a separate site, have
considerable potential for addressing GPCR function. Here, we report the synthesis
and evaluation of novel bitopic conjugates consisting of a small molecule pharmaco-
phore that activates the adenosine A2A receptor (A2AR) linked to antibody fragments
(nanobodies, Nbs). This approach leverages the high-affinity and specificity binding
of Nbs to non orthosteric sites on engineered A2AR variants to provide bitopic Nb-
ligand conjugates that stimulate strong and enduring signaling responses. We further
demonstrate that such bitopic conjugates can induce activation by spanning two
distinct receptor protomers. This property enables the selective targeting of receptor
pairs over either individual receptor, as a form of “logic-gated” activity. We showcase
the broad applicability of bitopic conjugates in this context by demonstrating their
activity in targeting several pairs of co-expressed receptors, including GPCR mono-
mers from different classes. Furthermore, we demonstrate that this dual-targeting
strategy initiates signaling responses that diverge from those induced by monovalent
ligands. The ability to target receptor pairs using Nb-ligand conjugates offers a pow-
erful strategy with potential for cell type-selective signaling and implications for GPCR
drug discovery efforts more broadly.

Introduction

G protein-coupled receptors (GPCRs) form the largest family of mammalian cell
surface proteins and are well-established drug targets, comprising the target of
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approximately 35% of currently marketed therapeutics [1]. Their widespread distri-
bution and diverse functional properties make GPCRs prime candidates for drug
development. GPCRs are activated by diverse ligands, ranging from small molecules
to peptides and proteins. GPCR agonists bind to the orthosteric site of the receptor.
This binding event induces a conformational change which, in turn, activates hetero-
trimeric G proteins and downstream intracellular signaling cascades. Most GPCR
drug discovery efforts to date have focused on targeting orthosteric sites. Such sites
are highly conserved across GPCR subtypes, which presents challenges for the
identification of highly specific ligands. Binding sites outside of the receptor ortho-
steric pocket, also known as allosteric binding sites, may exhibit more divergence
between GPCR subtypes and offer better prospects for the generation of highly spe-
cific binders [2]. However, the engagement of allosteric sites frequently fails to induce
desired signaling responses. One approach to address this issue focuses on bitopic
ligands—molecules comprised of both an orthosteric and an allosteric pharmaco-
phore that are chemically linked to allow targeting of two binding sites [3]. Despite
their potential for achieving selectivity, the rational design of bitopic compounds is
challenging, especially for class A GPCRs that often lack highly defined secondary
binding sites.

Class A, or rhodopsin family GPCRs, represent the largest GPCR subset and
have been studied extensively. Most class A GPCRs are characterized by a small
fragment exposed to the extracellular space, although many exemptions are known
[4]. One representative member, the A2A adenosine receptor (A2AR), is an important
target for drug development. Efforts in structure-based molecular docking, rational
drug design, medicinal chemistry campaigns, and high-throughput screening have
expanded the repertoire of A2AR ligands [5]. These efforts have yielded new com-
pounds with diverse pharmacological profiles; however, there remains a critical need
for new approaches to provide ligands with requisite specificity.

Challenges in specificity are further accentuated by the expression of individual
GPCRs, such as A2AR, in different tissues. Activation of a GPCR in one tissue can
lead to a different physiological response than observed when the same GPCR is
activated in a separate tissue or cell type. A2AR is expressed widely in tissues such
as the brain, heart, stomach, bladder, liver, immune cells, and adipose tissue [6].
Disease-related changes in GPCR function may occur only in a specific sub-population
of cells. Efforts to modulate the function of these widely expressed receptors for
therapeutic purposes may be complicated by drug action in other tissues resulting in
on-target, off-tissue adverse side effects. One approach to address such complications
entails the development of ligands that act in a tissue-specific manner [7]. Ligands that
exert activity only upon expression of two distinct targets, analogous to the action of
an “AND” logic gate, offer the prospect of inducing biological responses only on cells in
which both targets are expressed. Logic-gated activity offers the prospect for targeting
widely expressed receptors (such as A2AR) only in specified tissues by making ligand
activity conditional on the expression of a second marker preferentially expressed
at the anatomical site of interest. Despite the appeal of this approach, the design of
ligands with logic-gated activity remains challenging [8,9].
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Antibodies and related biologics present unique possibilities for GPCR drug discovery owing to their high affinity and
ability to bind receptor surfaces poorly addressed with small molecules [10,11]. Nanobodies (Nbs), derived from heavy
chain-only antibodies found in camelids, offer advantages over other modalities due to their small size (12—15kDa),
modularity enabling multimerization, and high antigen-binding affinity [11—13]. Such single-domain antibody fragments
sometimes exhibit the capacity to bind GPCR epitopes that are poorly addressed with conventional monoclonal antibodies
[11]. These properties mark Nbs as ideal building blocks for assembling multispecific constructs. Past work from our group
has shown that linking Nbs to bioactive GPCR ligands, which both bind to the same receptor, provides bitopic conjugates
that exhibit specialized and useful properties [14—19]. However, these past studies were limited to GPCR targets bound by
peptide ligands. The capacity of these ligands to act in a logic-gated manner has also not been evaluated.

Here, we present a new semi-synthetic, chemical biology approach that provides small molecule-Nb conjugates in
which Nb binding tethers linked small molecule agonists near to their site of action to facilitate targeted receptor activation.
These engineered bitopic small molecule-Nb conjugates demonstrate high potency activation of A2AR that is fully depen-
dent on the binding of Nb to their epitope target on the cell surface. We further elaborate on this platform to show that
Nb-ligand conjugates can act in a logic-gated manner. By linking a GPCR ligand to a Nb that targets a receptor distinct
from that bound by ligand, we produce conjugates that exhibit activity only when both targets are co-expressed in a single
cell population. Such conjugates do not show activity when either the ligand- or Nb targets are expressed individually,
clearly demonstrating logic-gated behavior. This methodology offers a path towards tissue-specific pharmacology, with
implications for GPCR drug discovery and therapies with reduced side effects.

Results

Past work from our group for targeting cell surface receptors focused on the construction of conjugates comprised of Nbs
and medium-to-large peptide GPCR ligands [14—19]. In this context, the sites chosen for attachment of linkers to peptide
ligands were selected based on structural and structure-activity relationship studies. Linkers were installed at the pep-
tide termini (N- or C-) distal to the portion of the ligand most intimately engaged with the receptor orthosteric site. Most
small-molecule GPCR ligands do not possess such obvious sites for linker installation. To overcome this challenge, we
designed small-molecule ligand-Nb conjugates based on the structure of A2AR bound to the adenosine analogue and
agonist CGS21680 (CGS) [20]. CGS engages the A2AR orthosteric site while simultaneously projecting a carboxylate
group into the extracellular vestibule of the receptor (Fig 1). This feature provided an attractive handle for attachment of a
linker to enable construction of CGS conjugates without abrogating ligand agonist properties. Past work has shown that
analogues of CGS functionalized at this site retain robust agonist activity [21,22]. We attached an azide group to CGS via
a short polyethylene glycol (PEG,) chain (Fig 1 and Fig Ain S1 Text). Notably, this approach enables the preparation of
bitopic conjugates without modifying the core structure of the CGS pharmacophore.

There are currently no Nbs reported that bind to the extracellular face of A2AR. To facilitate the evaluation of CGS-Nb
conjugates that target A2AR, we engrafted tag sequences into the distal N-terminus (extracellular portion) of A2AR. These
tag sequences, introduced through engineering of receptor expression plasmids, were comprised of either a Nb that rec-
ognizes a 14-mer epitope tag (Nb,. in Fig 1B, right) [18] or tandem epitope tags (BC2, 6E, and ALFA) recognized by other
Nbs (Fig 1B, middle). Both constructs contain an ALFA epitope tag [23], recognized the Nb, ... The engrafted tags serve
as high-affinity anchoring sites for either epitope tag-binding Nbs (e.g., Nb, ., binds to A2AR-Nb,_-ALFA or A2AR-BC2-
6E-ALFA) or an epitope peptide (e.g., 6E peptide binds to AZAR-Nb _-ALFA). We hypothesized that the Nb-tag interac-
tions would facilitate high-affinity ligand binding, thereby increasing the local concentration of the ligand at the receptor
orthosteric site. Each of these Nb-tag pairs have been previously characterized, including in the context of GPCR engi-
neering efforts [14—19]. The affinity of each of these Nb-tag interactions is high, with K values that range from to nanomo-
lar (6E tag, BC2 tag), to picomolar (ALFA tag) [18,23-25].
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Fig 1. Composition of engineered bitopic ligands and receptor. A) Synthetic scheme for production of conjugates comprised of Nbs and a small
molecule G protein-coupled receptors ligand (CGS). Detailed synthetic methodology and characterization of small molecules and conjugates is provided
in Materials and Methods and Figs A and B in S1 Text. B) Schematic of receptor constructs. (Left) Structure of the unmodified A2AR in complex with
CGS (PDB: 4UG2). (Middle) Epitope tags (BC2, 6E, ALFA) were genetically engrafted into the N-terminus (extracellular portion) of A2AR to enable Nb
recognition. (Right) The ALFA epitope tag and Nb,_ were genetically engrafted into the N-terminus of A2AR. Models of A2AR receptor variants were
generated using Alphafold2 via Colabfold (see Materials and methods).

https://doi.org/10.1371/journal.pbio.3003424.9001

We generated chimeric ligands that bind to both the receptor orthosteric site and a high affinity non-orthosteric (tag)
binding site; a method previously established in our laboratory [14—19]. Nbs (Nb,_, Nb, .., and the negative control Nb )
[26], equipped at their C-termini with a sortase A recognition motif (LPETG), were expressed recombinantly in Escherichia
coli, (Fig Aiin S1 Text). The Nb C-termini were site-specifically modified with a triglycine functionalized dibenzylcyclooc-
tyne (DBCO) probe using sortagging [27]. An azide-labeled analogue of CGS (CGS-azide) and DBCO-labeled Nbs were
conjugated through a strain-promoted azide-alkyne cycloaddition (“click”) reaction (Fig 1 and Fig Ain S1 Text). We also
synthesized a set of peptide-based conjugates in which an analogue of CGS was linked to 6E epitope tag peptide, based
on previously published methods (Fig B in S1 Text) [18]. The identity of each of the bitopic CGS-Nb and CGS-peptide con-
jugates were confirmed by analysis with mass spectrometry (Tables A and B in S1 Text). An assessment of CGS-Nb,_ for
binding to its epitope (6E tag) using an enzyme-linked immunosorbent assay (ELISA) revealed that it retained high-affinity
target binding, with affinity very similar to Nb,_ (Fig C in S1 Text). This observation suggests that the style of ligand linkage
used in this study does not negatively impact the affinity of Nbs for their epitopes.

We assessed the functionality of engineered receptors and the capability of semi-synthetic conjugates to induce
their activation by measuring production of intracellular cyclic adenosine monophosphate (cAMP), a common readout
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of GPCR-mediated Ga_ signaling. Our assay employed HEK293-based cell lines that stably express individual A2AR
receptor variants of interest along with a luciferase-based biosensor for real-time monitoring of receptor signaling and
cAMP production [28,29]. Each of these cell lines exhibited staining with a fluorophore conjugated analogue of CGS
(CGS-AZ647), with A2AR-BC2-6E-ALFA, or A2AR-Nb6E-ALFA showing the highest levels of staining (Fig D in S1 Text).
We compared the agonist properties of CGS with CGS-6E, CGS-Nb,, CGS-Nb, .,, and CGS-Nb__, in cell lines express-
ing A2AR, A2AR-BC2-6E-ALFA, or A2AR-Nb_-ALFA. Treatment with CGS demonstrated a concentration-dependent
induction of cAMP production across all the receptor variants, validating the functionality of the engineered receptors

(Fig 2). Application of engineered Nb- and peptide-CGS conjugates to wild-type A2AR, which does not possess epitope
tags, resulted in little activity. This finding aligns with previous work showing that the linkage of Nbs that do not bind to the
receptor of interest to ligands with modest affinity drastically diminishes agonist activity [14,17]. Exposure of cells express-
ing A2AR-BC2-6E-ALFA to specific CGS-Nb conjugates (CGS-Nb,. and CGS-Nb, _,) resulted in full activation of cAMP
production with potencies 25-fold greater than CGS itself (Fig 2B). The conjugation of CGS to negative control Nb (CGS-
Nb,..) [26], which recognizes an epitope (green fluorescent protein, GFP) not present, rendered the conjugate essentially
inactive at this receptor (Fig 2).

Similar experiments were performed on the cells expressing A2AR-Nb,_-ALFA [18]. Here, CGS-6E and CGS-Nb, .,
exhibited a 30-fold enhancement in potency compared to CGS. In contrast, CGS-Nb,_ was no longer active since this
receptor variant lacks the 6E tag (Fig 2C). We also generated a receptor construct in an enhanced GFP variant was
inserted into the receptor ectodomain (A2AR-GFP). The “negative control” CGS-Nb_, conjugate was more effective than
any other ligand tested on this receptor, in contrast to its inactivity on all other A2AR variants lacking GFP (Fig E in S1
Text). These findings confirm that conjugate activity is dependent on Nb-epitope interactions, potentially operating through
a ligand tethering mechanism.

The duration of ligand-induced signaling responses can contribute to the strength of the overall biological response
induced [30]. To determine whether Nb-mediated tethering of small molecule agonists to their site of action affects the
duration of signaling, we measured cAMP responses over an extended period following extensive washout. Briefly, cell
lines expressing receptors of interest were stimulated for a defined period, during which peak cAMP production was
reached, after which the agonist was washed out. The duration of the CGS-induced cAMP response following washout
was relatively short, which is consistent with previous observations (Fig 2) [18]. In contrast, active CGS-Nb conjugates
induced cAMP responses that were prolonged compared to CGS (Fig 2). We quantified signaling duration by measuring
the area under the curve (AUC) after washout, which revealed substantial differences in the duration of action among the
conjugates and the unconjugated ligand (Fig F in S1 Text). This trend suggests that the affinity of the Nb for the tag may
promote continued signaling after washout.

Alternative tools and assay formats were enlisted to further explore the activity of bitopic conjugates. A bioluminescence
resonance energy transfer (BRET)-based G protein activation assay platform was adapted to measure A2AR activation
[31]. This method enables the assessment of ligand activity by measuring the translocation of G protein biosensors, a
proximal event in GPCR activation, which minimizes the signal amplification effects that are inherent in methods that
measure the production of downstream second messengers (such as cAMP). This BRET assay was applied in the same
A2AR-Nb _-ALFA cell line that was used for cAMP-based experiments above. Using this BRET assay, CGS exhibited simi-
lar potency to previously reported values [31] and the two conjugates tested (CGS-6E and CGS-Nb, .,) were substantially
more potent, in agreement with cAMP assays (Fig G in S1 Text). Ligand-induced changes in BRET signals persisted for
the full length of the assay (30 m), indicating enduring stimulation of G protein activation (Fig G in S1 Text). Future studies
will benefit from extension of BRET biosensor assays such as TRUPATH or bystander BRET to report on the dynamics of
G protein activation following ligand washout [31,32].

Another common complication in assessing GPCR agonists relates to the use of cell lines transfected with exogenous
constructs to drive high levels of receptor expression. Such cell lines provide high signal-to-noise assay readouts, but they
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Fig 2. Assessment of engineered ligand signaling activity. The activity of Nb-ligand conjugates for stimulating G _-mediated cAMP responses

were assessed in cells stably expressing (A, B) A2AR, (C, D) A2AR-BC2-6E-ALFA, or (E, F) A2AR-Nb,.-ALFA. (A, C, E) Representative concen-
tration—response curves for ligand-induced cAMP production. Y-axes refer to the peak cAMP response signals recorded approximately 12min after
ligand addition. Responses are quantified by luminescence counts per second (cps). (B, D, F) Representative kinetic measurements of ligand-induced
cAMP responses upon ligand addition and after ligand washout. Following ligand addition (12 m, “ligand on”), excess/unbound ligand was removed,
fresh media was added to cells, and responses were measured for an additional 30 min (“ligand off”). Compiled and quantified data describing
concentration-dependent signaling during the washout period (area under the curve measurements, AUC) is shown in Fig F in S1 Text. Data correspond
to mean+S.D. from an individual experiment with two technical replicates. Concentration—-response curves were generated using a three-parameter
logistic sigmoidal model. Tabulated data that incorporates 3-5 biological replicates is shown in Table 1. Underlying data can be found in the S1 Data.

https://doi.org/10.1371/journal.pbio.3003424.9002

sometimes fail to predict ligand action in more physiological contexts. To probe this variable, we generated a cell line that
expresses lower levels of A2AR-Nb, -ALFA using limiting dilution and clonal selection. Expression levels of the two A2AR-Nb,-
ALFA cell lines were assessed using a flow cytometry-based assay (Fig H in S1 Text) [18]. The high-density AZAR-Nb,_-ALFA
cell line showed intense staining with the tracer peptide, whereas cells with low receptor density showed substantially (~200-
fold) lower staining intensity. This prompted us to assess agonist activity in cells with lower receptor expression. Among all the
conjugates tested, CGS-Nb, , activated the receptor with the highest potency and efficacy, whereas the natural agonist CGS
and CGS-6E only showed activity at high concentrations (Fig H in S1 Text). This observation suggests that Nb-small molecule
ligand conjugates are promising candidates for applications in which receptor levels are low, as commonly observed in vivo.
We also sought to test the extent to which the engineered bitopic ligands interact with the receptor through a two-site

(tag and orthosteric binding) mechanism (Fig 3A). To evaluate the importance of continued engagement at either the
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Table 1. Summary of the activity of ligands for inducing cAMP responses at A2AR and variants.

EC,, (+SEM), nM Ligands ‘ peak cAMP ‘ Washout AUC
A2AR-BC2-6E-ALFA
CGS 144 (25) 714 (180)
CGS-Nb,. 14 (4) 7(1.4)
CGS-Nb, ., 4.8 (1.3) 5(1)
CGS-Nb., >10,000 >10,000
A2AR-Nb_-ALFA
CGS 52 (8) 95 (6.7)
CGS-6E 1.8 (0.5) 0.8 (0.2)
CGS-Nb,. >10,000 >10,000
CGS-Nb, ., 2.6 (0.7) 0.9 (0.3)
CGS-Nb., >10,000 >10,000

EC,, values correspond to mean measurements from five independent experiments. Entries denoted
“>10,000” indicate that EC, values could not be determined due to weak ligand activity in that assay.
“Peak cAMP” EC, values are derived from fitting a sigmoidal concentration-response model to peak
luminescence responses recorded after ligand addition (typically measured at 12 m). “Washout” data are
derived from fitting a sigmoidal concentration—response model to integrated area under the curve (AUC)
values from sequential measurements performed every 2 m for a total of 30 m following ligand removal.
E,.. values are similar across active compounds and are not listed for clarity. Representative concentra-
tion—response graphs are shown in Fig 2 and Figs E and F in S1 Text. A comprehensive tabulation of data,
which incorporates data shown here, is provided in Table C in S1 Text.

https://doi.org/10.1371/journal.pbio.3003424.t001

receptor orthosteric site or the Nb-epitope binding site, we introduced a competitor at the initiation of the washout phase
(Fig 3B). We added free 6E peptide to compete for the interaction between CGS-Nb,. and A2AR-BC2-6E-ALFA (Fig 3C).
Addition of the 6E competitor peptide caused a rapid abatement of the cAMP signaling for CGS-Nb,_, which was quanti-
fied via AUC measurements (Fig | in S1 Text). In contrast, neither CGS nor CGS-Nb, ., showed any reduction in signaling
when tested under identical conditions, as predicted. The very rapid loss in signaling for CGS-Nb,_ upon the addition of
6E peptide suggests that the bitopic ligand does not maintain continuous engagement with the 6E tag binding through the
duration of the signaling response.

This observation led us to ask whether engineered bitopic ligands are also susceptible to competitors that target the
A2AR orthosteric site. We evaluated the effects of xanthine amine congener (XAC), a potent A2AR receptor orthosteric
antagonist, on ligand washout [33]. Upon addition of XAC during the washout phase, both CGS-Nb,. and CGS-Nb, .,
exhibit a modest reduction in signaling duration, also observed in dose-response plots based on AUC measurements (Fig
3D and Fig I in S1 Text). A similar, but less pronounced reduction in signaling was observed upon addition of XAC during
the washout phase for CGS. The relatively rapid loss of signaling observed for CGS-Nb,. and CGS-Nb, ., suggests that
these bitopic conjugates may not continuously engage the receptor orthosteric site and may instead toggle between
binding the Nb epitope and the receptor orthosteric site. Similar behavior was previously observed in studies of bitopic Nb-
ligand conjugates targeting parathyroid hormone receptor-1 (PTHR1) [17].

Success in developing bitopic ligands targeting a single receptor led us to investigate whether this platform could
be adapted to address two distinct cell surface proteins (heteromeric conjugates). We envisioned a scenario in which
the Nb from a conjugate would bind to one target while the linked ligand would activate a GPCR co-expressed on
the same cell. We hypothesized that the activity of heteromeric conjugates would depend on cellular expression of
both the subject of Nb binding and the GPCR targeted by ligand. Such dual dependency would enable development
of conjugates that exhibit “AND” logic-gated behavior in which biological responses are only induced in cells co-
expressing both targets.
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https://doi.org/10.1371/journal.pbio.3003424.t001

PLO&&. Biology

A) B) Remove medium (add +/- 6F) Remove medium (add +/- 6)
ligand on T 1 ligandon T 1
I B B — |
6E peptide (Nbgg Nbg,..... o g 6000 . . CGS1uM
competition) Gs 8 O CGS1uM+6F

7]

£ & CGS-Nbgg 10nM

E O COS-Nbyz 10nM +6
A2AR- ¢ ; & CGS-Nby £, 10nM

0 < & CGS-Nbj s 10 1M + 6

6E-Alfa 4@ ®.  XAC (orthosteric ©

antagonist) bt o
e o (m) t(m)
‘' Xi_‘&w/@/ C) Remove medium (add +/- XAC) Remove medium (add +/- XAC)

! 1

" ligandon T 1 i T
A=y 50000 ligand on

e cGS1uM
40000 s aEEE*A o cGS1uM+XAC

B CGS-Nbge 10nM

O CGS-Nbgg 10 nM + XAC
4~ CGS-Nby 410 1M

& CGS-Nby g4 10 1M + XAC

30000

20000

- N w S [$2]
[=3 (=3 (=3 (=3 (=3
=] =] =] =] =]
] o <3 S S
o o (=) =] =]

10000

cAMP (luminescence)
cAMP (luminescence)

t(m)

Fig 3. Mechanistic studies of washout signaling responses. A) Schematic of a washout competition assay. Ligand washout assays were performed
using cells expressing A2AR-BC2-6E-ALFA as described above with the modification that 6E peptide or xanthine amine congener (XAC) was added
during the washout phase. B) Time course for cyclic adenosine monophosphate (CAMP) production in HEK293 cells stably expressing A2AR-BC2-6E-
ALFA in the presence or absence of competitor 6E peptide. Note that identical CGS signaling data is shown in the left and right graphs to enable clearer
visualization. Quantified concentration—response area under the curve data are provided in Fig | in S1 Text. C) Analogous data for cAMP washout
responses in the presence or absence of the antagonist, XAC. Note that identical CGS signaling data is shown in the left and right graphs to enable
clearer visualization. Agonist potency parameters derived from three independent experiments are summarized in the Fig | in S1 Text. Underlying data
can be found in the S1 Data.

https://doi.org/10.1371/journal.pbio.3003424.9003

We first applied this approach to target two different GPCRs chosen from different receptor classes. A2AR is a class A
GPCR, whereas PTHR1 is a member of class B, which is characterized by a large extracellular domain involved in ligand
recognition and receptor activation [34]. We built upon the approach described above to synthesize a new set of conju-
gates based on linkage of a previously characterized PTHR1-binding Nb (Nb,., -,) [14,17] with CGS. The biological activity
of the CGS-Nb,, ., conjugate was assessed in an assay with cells expressing PTHR1 and/or A2AR. As expected, CGS-
Nb,., -, Was inactive on cells expressing either A2AR or PTHR1 alone (Fig 4A and 4B). In contrast, co-expression of both
receptors led to robust bioactivity for CGS-Nb,, ., (Fig 4C). We hypothesized that variation in the levels of PTHR1 and
A2AR, both in absolute terms and relative to each other, might lead to variation in responses to the heteromeric conju-
gates. To address this possibility, we evaluated CGS-Nb,,, ., in cells with varying receptor expression levels, induced by
plasmid transfection (Fig 4D—4G). CGS-Nb,,,,., induced robust cAMP responses when equivalent amounts of plasmid
were used for cell transfection (Fig 4C). Ratios of plasmids of up to 10:1 (w/w basis) were also tested (Fig 4H and Table D
in S1 Text). Using a 10:1 ratio of AZAR:PTHR1-encoding plasmids, CGS-Nb,,,., was still effective in stimulating a cAMP
response, albeit with somewhat lower efficacy compared to CGS (Fig 4G). Conversely, when plasmid encoding PTHR1
was used at 10-fold higher levels than the plasmid for A2AR, CGS-Nb,_, ., demonstrated cAMP-inducing potency that
exceeded the response seen with CGS alone (Fig 4D). These observations suggest that the activity of Nb-ligand conju-
gates correlate with levels of Nb-binding target expression. Further, a high level of expression of the Nb-target can enable
heteromeric Nb-ligand conjugates to exhibit biological activity that exceeds the response seen with same ligand alone in
an identical context. These findings illustrate the principle of receptor co-expression as a means of restricting heteromeric
Nb-ligand conjugate activity (Fig 41).
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Fig 4. Logic-gated activation of signaling by targeting G protein-coupled receptor pairs using an engineered bitopic ligand. A-G) Representa-
tive concentration—response curves for induction of cyclic adenosine monophosphate (CAMP) responses in cells co-transfected with varying amounts of
plasmids encoding parathyroid hormone receptor-1 (PTHR1) and/or A2A adenosine receptor (A2AR). Data in panels A-G correspond to mean+SD from
technical duplicates in a single representative experiment. H) Heat map depicting the maximal cAMP responses induced by the ligands upon transfection
of cells with varying amounts of A2AR and PTHR1 encoding plasmids. Corresponding numerical data are provided in the Table D in S1 Text. I) Proposed
mechanism of receptor-dependent activity of bitopic ligands. Structures of PTHR1 and A2AR used in this panel were generated using Alphafold2 (see
Materials and methods). Underlying data can be found in the S1 Data.

https://doi.org/10.1371/journal.pbio.3003424.9004

To assess the adaptability of the heteromeric Nb-ligand conjugate-based approach, we also measured the activity of
CGS-Nb,,r, in @ HEK293 cell line stably expressing PTHR1 (HEK-PTHR1, instead of transient transfection as above)
[29] that was subsequently transiently transfected with A2AR-Nb,_-ALFA (Fig J in S1 Text). Unconjugated ligands (PTH, ,,,
PTH,_,,, and CGS) were included as controls to validate receptor expression and functionality. Consistent with results
above, CGS-Nb,, ., induced a concentration-dependent increase in cAMP production in cells co-expressing PTHR1 and
A2AR-Nb.-ALFA. This conjugate was inactive in cells not expressing the A2AR variant (Fig J in S1 Text). Past work with
Nb-ligand conjugates targeting PTHR1 revealed highly selective activation of cAMP signaling without concomitant induc-
tion of B-arrestin recruitment (biased agonism) [17]. Other work has shown that unlike most GPCRs, activation of A2ZAR
does not stimulate arrestin recruitment [31]. Hence, B-arrestin recruitment assays were not performed for conjugates
targeting this pair of receptors.

We also tested a different configuration of heteromeric Nb-ligand conjugates in which the directionality of Nb-binding
and ligand targeting moieties was reversed. Here, a weakly active ligand for PTHR1 (PTH,_,,) was linked to Nb, .,. The
choice of PTH, ,, was based on past precedent with Nb-ligand conjugates [14]. The PTH, ,.-Nb, ., conjugate exhibited a
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20-fold increase in cAMP-induction potency relative to PTH, ,, in cells co-expressing PTHR1 and A2AR-Nb__-ALFA (Fig
Jin S1 Text). In contrast, cells lacking A2AR-Nb,_-ALFA were nearly unresponsive to PTH, ,.-Nb, _,, demonstrating the
requirement for co-expression of both targets for signaling. These findings confirm the activity of heteromeric CGS-Nb
conjugates under a variety of conditions.

Although past work had shown that Nb-ligand conjugates in which both Nb and ligand targeted PTHR1 were unable to
induce receptor internalization, it was unclear whether Nb-ligand conjugates co-targeting A2AR and PTHR1 might behave
differently. To probe this question, we performed a cell-based ELISA to measure the disappearance of receptor from the
cell surface upon treatment with agonists (Fig K in S1 Text). Only the prototypical PTHR1 agonist PTH, _,, stimulated a
decrease in the level of cell surface PTHR1. In contrast, neither PTH, . -Nb, . nor CGS-Nb__, .. reduced the level of
PTHR1 detected at the cell surface. This observation may be connected to the previous finding that PTH, _,.-Nb conju-
gates failed to induce pB-arrestin recruitment [17]. It is also relevant that A2AR activation does not stimulate substantial
recruitment of B-arrestin or receptor internalization [31,35]. Previous work demonstrating that bivalent conjugates targeting
CXCRY7 (a GPCR) can induce target internalization [36] suggest that further studies will be beneficial in revealing contexts
in which bivalent conjugates stimulate target downregulation.

Further variations upon the heteromeric Nb-ligand conjugate strategy were also tested. We constructed a con-
jugate in which CGS is linked to a Nb that binds to a cell surface protein complex, Class | major histocompatibility
complex (MHC-I) [37], which is naturally expressed at high levels on most cells. Application of a CGS-Nb, ., con-
jugate to cells expressing an A2AR variant resulted in negligible cAMP production (Fig L in S1 Text). We confirmed
high levels of MHC-I expression and Nb binding to HEK cells using flow cytometry (Fig L in S1 Text). These findings
demonstrate that high-level expression of a Nb-bound target is not sufficient to ensure the activity of Nb-ligand
conjugates.

Whether the composition and length of the linker connecting Nb to ligands in heteromeric conjugates was important for
biological activity was also tested. Our initial choice of linker length was based on previous studies from our group using
CGS-peptide conjugates, in which a medium-length PEG linker was effective [19]. CGS-Nb conjugates with varying linkers
were synthesized using the same synthetic approach described above (Fig M in S1 Text). We hypothesized that longer
linkers might alleviate distance constraints that could have a negative impact on conjugate activity. Linkers were incorpo-
rated with linear chains of polyethylene glycol (PEG) building blocks either 4- or 24-units in length. These conjugates were
tested in cells co-expressing PTHR1 and A2AR. This collection of CGS-Nb,,, .., conjugates showed similar activities for
inducing cAMP responses (Fig M in S1 Text). The conjugate containing the longest linker, CGS-(PEG),,-Nb,., -,, demon-
strated a statistically significant reduction in maximal response compared to the prototype CGS-Nb__ .. ligand conjugate
(Fig M in S1 Text). This reduction in efficacy may be related to longer linkers failing to preserve the enhancements in local
concentration enabled by shorter linkers.

We also wondered whether the Nb-ligand conjugate could induce signaling by bridging two receptors expressed in
distinct cell populations. We co-cultured HEK293 cells expressing either PTHR1 (Nb target) or cells expressing A2AR
(ligand receptor) (Fig N in S1 Text). The CGS-Nb,, ., conjugate failed to induce intercellular activation of GPCR signaling,
suggesting that this tethering mechanism functions only when a single cell population co-expresses both receptors.

The generalizability of receptor activation dependent upon coexpression of two receptors was assessed in a sepa-
rate system. In this new version, A2AR was coexpressed with glucagon-like peptide receptor with an N-terminal 6E tag
(GLP1R-6E) in HEK293 cells. Like PTHR1, GLP1R is a class B GPCR that is bound by a Nb previously characterized by
our group (Nb, .,:) [17]. We compared CGS-Nb,. and CGS-Nb,, . to the endogenous peptide agonist of GLP1R (GLP-
pep, see Table G in S1 Text for sequence) [17]. When tested in cells co-expressing GLP1R-6E and A2AR, CGS-Nb,_ and
CGS-Nb ., induced cAMP responses similar to CGS (Fig 5). In contrast, these conjugates were completely inactive in
cells only expressing GLP1R-6E (Fig 5 and Table E in S1 Text), thus illustrating the adaptability of heteromeric Nb-ligand
conjugates for logic-gated signaling.
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The above examples involve co-targeting two receptors that primarily signal through the G__ pathway, with one receptor
coming from class B GPCRs (PTHR1, GLP1R) and the other from class A (A2AR). We wondered whether we could use a
similar approach with two class A GPCRs, or receptors that primarily signal through pathways other than Ga_ (see below).
To assess the first possibility, we produced conjugates comprised of Nbs that target mu-opioid receptor with an N-terminal
(extracellular) 6E tag (MOR-6E). We assessed activation via (co-) expression of MOR-6E and A2AR. We first evaluated
whether CGS-Nb conjugates could induce cAMP responses when the Nb component bound MOR-6E. CGS-Nb,. was
indeed active for inducing cAMP responses in cells co-expressing MOR-6E and A2AR (Fig O in S1 Text), and this activity
was absent in cells expressing A2AR alone. In contrast to examples above, the efficacy of the cAMP response induced by
CGS-Nb,. was lower than that of CGS alone (Fig O in S1 Text).
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Fig 5. Extension of bitopic Nb-ligand conjugates to alternative G protein-coupled receptor pairs and signaling pathways. A) Schematic depict-
ing activation of the GLP1R-A2A adenosine receptor (A2AR) pair by biopic Nb-ligand conjugates. B) Concentration-response assessment of ligand-
induced cyclic adenosine monophosphate (CAMP) production in cells expressing GLP1R-6E and/or A2AR. C) Schematic showing activation of MOR-6E
and PTHR1 signaling by bitopic conjugates. Note that MOR activation induces cellular responses (Gai activation, B-arrestin recruitment) not mediated
by A2AR activation. D) Ligand-induced Ga,, activation (TRUPATH biosensor, BRET) and E) B-arrestin recruitment (BRET) in cells expressing MOR-6E
and/or PTHR1. Data points correspond to mean + SD from technical replicates in a representative experiment. Agonist potency parameters derived from
three independent experiments are summarized in the Tables E and F in S1 Text. Underlying data can be found in the S1 Data.

https://doi.org/10.1371/journal.pbio.3003424.9005
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Previous work from our laboratory showed that Nb-ligand conjugates in which both components target PTHR1 strongly
activate Ga_ signaling without inducing recruitment of B-arrestin 2, in a dramatic example of pathway-selective signaling
[17]. Pathway selective signaling was correlated with the ability of PTH-Nb conjugates to act across two separate receptor
protomers. We wondered whether targeting two distinct types of receptors would also result in pathway-selective signal-
ing. To test this, we developed Nb-ligand conjugates that target MOR-6E and PTHR1. Worth noting, activation of either
MOR or PTHR1 is known to stimulate the recruitment of B-arrestin, although these receptors signal through opposing
G-protein pathways (Ga, versus Ga,, respectively).

We produced conjugates consisting of Nb,,, ., and a fragment of the MOR agonist peptide Dynorphin A (DynA8-
Nb,., ., See Table G in S1 Text for DynA8 sequence) using a synthetic approach analogous to that used to generate
Nb-PTH agonists [17]. DynA8-Nb,., ., was compared to a prototypical MOR agonist (DAMGO), DynA8 itself, and a conju-
gate consisting of DynA8 linked to a negative control Nb that binds an epitope absent from the cell surface (DynA8—aneg).
We evaluated DynA8-Nb_. .., in assays measuring Ga,, activation [32]. DAMGO and DynA8 showed comparable activities
in stimulating Gai in cells expressing MOR-6E alone and in those co-transfected with MOR-6E and PTHR1 (Fig 5 and
Table F in S1 Text). In contrast, DynA8-Nb,., ., was substantially less active in cells expressing MOR-6E alone compared
to cells expressing both MOR-6E and PTHR1, where it showed activity like that of DAMGO and DynA8 (Fig 5 and Table F
in S1 Text).

DynA8-Nb conjugates were also assessed in assays measuring the recruitment of f-arrestin to the plasma membrane
upon GPCR activation [31]. Surprisingly, DynA8-Nb__, .. exhibited a potency for stimulating B-arrestin 2 recruitment that
was >10-fold higher than DAMGO or DynA8 when MOR-6E and PTHR1 were co-expressed (Fig 5). DynA8-Nb, ., was
completely inactive for stimulating arrestin recruitment in cells expressing MOR-6E alone (Fig 5 and Table F in S1 Text).
These findings are in sharp contrast with past findings using bitopic Nb-ligand conjugates that solely target PTHR1, which
showed negligible B-arrestin 2 recruitment [17].

To gain further mechanistic insights into the enhanced -arrestin recruitment shown by DynA8-Nb_., .., relative to
conventional MOR ligands, we performed additional experiments. We varied the levels of plasmids encoding MOR-6E
and PTHR1 used to induce receptor expression via transfection. We then measured the activity of DynA8-Nb conjugates
in these transfected cells. The use of higher amounts of MOR-6E-encoding plasmid compared to PTHR1 (MOR-6E to
PTHR1 ratios 3:1 and 10:1) led to weaker activity for DynA8-Nb__, ., relative to DAMGO in B-arrestin recruitment assays
(Fig P in S1 Text). In contrast, the use of higher levels of PTHR1-encoding plasmid (MOR-6E to PTHR1 ratios 1:3 and
1:10) led to DynA8-Nb,_, ., showing greater activity relative to DAMGO (Fig P in S1 Text). This data demonstrates that
high levels of Nb target expression led to high activity for Nb-ligand conjugates. These findings were unexpected and
demonstrate for the first time that Nb-ligand conjugates co-targeting two receptors can robustly stimulate signaling through
pathways other than Ga_ (Ga, and B-arrestin), with activities that surpass that of the parent ligand alone.

Discussion

The bitopic conjugates developed in this study offer two major advances. First, we describe Nb-ligand conjugates made
from a small molecule agonist (CGS21680) of A2AR (Fig 1). This represents a major extension from past work in which
ligands used for conjugate synthesis were restricted to peptide agonists [14—17,38]. Many GPCRs are activated only

by non-peptide small molecules [1], and the approaches described here should be useful for developing Nb-ligand con-
jugates to target these receptors, as shown for the CGS-Nb conjugates described above. Second, we harnessed the
ability of bitopic conjugates to induce activation through spanning two receptor protomers to enable selective targeting of
receptor pairs expressed on a single cell (Figs 4 and 5). We showed that such Nb-ligand conjugates only exhibit activity
when both the Nb- and ligand targets were co-expressed. Such dual-target dependent signaling offers a promising path
for generating conjugates with activity only within a specified biological niche while minimizing on-target, off-tissue side
effects [39]. The expression of A2AR across various tissues [40,4 1] presents opportunities for exploring the consequences
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of tissue-restricted activation of a widely expressed receptor. For example, the functional effects of A2AR activation in the
brain are likely to differ from those observed upon activation in the immune cells [6]. CGS-Nb conjugates exhibit some of
the requisite properties needed for such investigations, although further exploration, particularly in native tissue contexts,
is needed.

One notable observation from these studies is that CGS-Nb conjugates induced more enduring signaling responses
at engineered A2AR compared to the CGS alone (Figs 2 and 3). This observation suggests that the sustained activation
of bitopic conjugates is related to the distinct binding sites of the Nb and CGS, with cooperative interactions leading to
prolonged engagement with the receptor. It remains unclear whether the Nb and ligand components from a single conju-
gate bind simultaneously or if only one component can bind at a time. Studies of CGS-Nb conjugates with longer linkers
suggest that simultaneous engagement is feasible but is perhaps not an important contributor to prolonged signaling
responses (Fig M in S1 Text). Structural studies of CGS-Nb conjugates bound to receptor will be crucial in addressing
these questions. Long-acting ligands have particular significance for A2AR, a well-established therapeutic target for sev-
eral diseases. Studies on human A2AR have demonstrated a strong correlation between ligand activity in vivo and recep-
tor residence time. For example, the strong efficacy of the long-acting A2AR agonist UK-432097 in addressing pulmonary
inflammation suggests that extended residence times may enhance therapeutic efficacy [6,42]. The bitopic targeting
strategy developed here offers a means for rationally designing ligands with favorable pharmacological properties.

The approach described in this work has parallels with past efforts to develop molecules that selectively target
pre-specified GPCR assemblies [43]. GPCR monomers such as A2AR often dimerize or oligomerize with other GPCRs
in the membrane when co-expressed in a single cell [44,45], presenting an enticing opportunity to develop highly specific
tools for modulating receptor function [46,47]. However, the design of ligands with specificity for GPCR dimers or higher
order oligomers remains challenging. We reasoned that simultaneously leveraging both antibody (nanobody) and ligand
binding could provide a path toward selective targeting of GPCR heteromers [3]. We have shown that such Nb-ligand
conjugates are active only on cells expressing both targets (“AND” logic gate) [8]. While such properties are potentially
accessible using traditional ligand design strategies, the modularity of Nb-ligand conjugates may enable more efficient
extension to new receptor pairs. In situ formation of multivalent conjugates offers another appealing path forward [48].

Emerging evidence highlights the functional roles of GPCR assemblies in mediating biochemical processes that were
previously assigned to individual receptors [46]. Studies have shown that GPCR assemblies can consist of receptors
that signal either through the same G-protein pathways (e.g., A2ZAR-1/B2 adrenergic receptor pairs, via Ga,) or through
opposing G-protein pathways (e.g., A2ZAR-D2R pairs, via Ga_ and Ga, interactions). A comprehensive understanding of
how GPCR assemblies integrate ligand stimuli and environmental cues to generate unique cellular responses remains
obscure. Here, we examined signaling induced upon expression of various GPCR pairs, including receptors from differ-
ent classes and with differing cognate G proteins (such as A2AR-PTHR1, A2AR-GLP1R, A2AR-MOR), when targeted by
Nb-ligand conjugates (Fig 5). These experiments revealed several interesting trends. The strongest signaling responses
induced by Nb-ligand addition were observed in cells where the Nb-targeted receptor was expressed at higher levels than
the ligand-binding receptor. We also showed for the first time that bitopic conjugates can induce signaling through signal-
ing partners besides Ga, (Ga, B-arrestin). One surprising observation was that a bitopic conjugate (DynA8-Nb) targeting
cells expressing PTHR1 and MOR more robustly induced arrestin recruitment than the ligand (DynA8) alone (Fig 5).
These results contrast previous examples in which bitopic ligand conjugates exclusively targeting PTHR1 exhibited strong
G-protein activation with minimal arrestin recruitment [17]. These findings pose intriguing questions about the ability of
co-expressed GPCR pairs to generate specialized signaling responses, compared to situations in which receptors are
expressed individually. These trends are highly relevant in physiological contexts, where single cells co-express a multi-
tude of membrane proteins, potentially expanding the complexity of receptor function in native cellular environments.

The use of Nb-ligand conjugates for logic-gated receptor activation offers several appealing opportunities for future
investigation. For example, activation of glucagon family receptors (GLP1R, GIPR, GCGR) shows therapeutic efficacy in
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treating type-2 diabetes and obesity [49]; however, these receptors are expressed in multiple tissues [50]. The contribution
of tissue-specific pharmacology to overall therapeutic efficacy and side effect profiles is unclear. Logic-gated bitopic con-
jugates could facilitate cell type-specific receptor activation based on co-expression of a secondary cell marker, thereby
enabling mechanistic investigations. The modular and programmable nature of our strategy could enable the possibility of
engineering ligands for a diverse array of physiologically relevant GPCRs at their site of action in vivo. Extension into new
areas of physiology will benefit from new approaches to identify Nbs that bind to GPCRs [11,51-55]. Further work will be
needed to design Nb-ligand conjugates that can act by spanning two cells (intercellular function) to act across cell types in
heterogeneous tissues.

Materials and methods
Materials

Specified reagents were purchased from commercial vendors: PTH1-34 (Genscript, RP01001), DAMGO (Caymen Chem-
ical, #21553), D-luciferin (GoldBio, LUCNA-1G), Coelenterazine prolume purple (Nanolight Technology, #369-1), and
CGS21680 (SelleckChem, #52153), XAC (Cayman Chemical, #23077), and THPTA (Vector Laboratories, #CCT-1010-
100). Solvents (dimethylformamide, dichloromethane, acetonitrile, diethyl ether, and dimethylsulfoxide) and other chemical
reagents (diisopropylethylamine, diisopropylcarbodiimide, Oxyma, trifluoroacetic acid, triisopropylsilane) were purchased
from Sigma Aldrich. Other reagents were synthesized in-house (or purchased) as described in relevant figure captions
and in methods.

Cell culture and analysis

Methods for cell culture, cell transfection, and analysis of ligand binding with flow cytometry are described in S1 Text.
Plasmids produced using a commercial gene synthesis and cloning service (Genscript) were used to transfect cells to
express GPCRs of interest.

Measurement of cAMP responses (including washout and competition assays)

Receptor activation via the Gs signaling pathway was quantified using a cAMP luciferase reporter assay [28,29]. HEK293
cells expressing cAMP reporter and receptors of interest were trypsinized and seeded in a white-walled 96-well flat
clear-bottom plate (Corning #3610). The cells were grown to full confluency prior to use in bioassays. Prior to bioassays,
the growth medium was removed, and serum-free CO,-independent medium containing 0.5 mM D-luciferin was added.
Luminescence was monitored using a multiwell plate reader (Biotek Neo2 plate reader) for 10 min to establish a stable
baseline. Ligands diluted in CO,-independent medium were added to the wells for a final well volume was 100 pL. The
luminescence response was measured every 2 min for 12 min total. The peak luminescence responses (typically mea-
sured at 12 m) were used to generate concentration-response curves. The concentration—response curves were fitted to
individual experiments utilizing a three-parameter sigmoidal dose-response model (log[agonist] versus response) using
GraphPad Prism to produce EC,, and E,,, values.

For the measurement of cAMP washout responses, the cells were stimulated with an agonist for a specified period
(typically 12 m) as described above (ligand-on phase). At this time, the medium containing ligands was discarded. New
CO, independent medium containing fresh luciferin was added to all wells and luminescence responses were measured
every 2min for an additional 30 min (ligand-off phase). For competition-washout assays, the experimental protocol was
performed as described above, except that competitors were added during the ligand-off phase. Concentration—response
curves for washout assays were generated by quantifying AUC for kinetic measurements of luminescence for the wash-
out phase. Uncertainty measurements at each time point during the washout phase were propagated to provide standard
error values for AUC measurements, which are depicted as error bars in relevant graphs.
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Bioluminescence resonance energy transfer (BRET) assays to measure B-arrestin translocation and G-protein
trafficking (G, TRUPATH and G_ dissociation)

HEK293 cells expressing the receptor of interest were seeded in a 10-cm dish using approximately 2,250,000 cells

and allowed to adhere and grow for 12h at 37°C. Adherent cells were then transfected with plasmids encoding
membrane-tethered BRET acceptor plasmid (rGFP-CAAX or rGFP-FYVE, 1,008 ng) and Rlucll-conjugated B-arrestin 2
BRET donor plasmid (B-arrestin 2- Rlucll, 72ng) using Lipofectamine 3000 as previously described [17,31]. For Ga_ disso-
ciation BRET assays, 1,008 ng of rtGFP-CAAX plasmid and 144 ng of Ga_-Rlucll plasmid were transfected [17,31].

For TRUPATH G -activation assay, 1 ug of G, TRUPATH plasmid encoding Ga,,, GB,, and Gy, was used for transfec-
tions [32]. Transfected cells were grown for an additional 20—24 h. After transfection, cells were resuspended in standard
growth medium and seeded into a white, clear-bottom 96-well plate at a density of 70,000 cells/well. After 24 h of growth,
plated cells were incubated in assay buffer consisting of Hanks-buffered saline solution supplemented with 5mM HEPES
and 1.3 pyM Prolume Purple for 5 m before the addition of serial dilutions of ligand or nanobody-ligand conjugates. BRET
signals were measured on a Biotek Neo2 plate reader with measurement of emissions at 400 and 510 nm using appropri-
ate filters. Plate reads took approximately 150 sec and were repeated for a total of 30—40 min. BRET ratios (515/410 nm)
were calculated for each well at each time point. Concentration—response curves were generated by quantifying the AUC
of kinetic measurements of BRET ratios using GraphPad Prism. Standard error values are calculated by propagating the
standard deviations measured at each time point.

Alphafold-enabled receptor structural modeling

The online tool ColabFold [56] implementing Alphafold2 was used to predict tagged receptor and Nb-receptor com-
plexes [57]. The default AlphaFold2 settings were applied, resulting in generation of five models for each input sequence.
Top-ranking models were applied to generate all graphics using PyMOL. In certain cases, models were aligned with
related experimentally determined structures using the “align” command in PyMOL.

Chemical synthesis

A description of the synthesis, purification, and analysis of peptides and small molecules is provided in the synthetic
methodology section of S1 Text and Figs A and B in S1 Text. Characterization of these compounds are provided in Tables
Aand B in S1 Text.

Protein expression and labeling using sortagging

Details describing the expression and purification of Nbs and their labeling using Sortase A are provided in S1 Text. Mass
spectrometry characterization of Nbs and Nb conjugates are provided in Table B in S1 Text.

Statistical analyses

Normalization of data only performed when explicitly mentioned in figure legends. Data with replicates are shown as
mean £ SD or mean + standard error with sample sizes (n) listed. For statistical testing, Statistical significance was
assessed by one-way ANOVA, with Dunnett’s post hoc correction. Statistical comparisons were performed using Graph-
Pad Prism.

Supporting information

S$1 Text. Supplementary figures, tables, and methods.
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PLOS Biology | https://doi.org/10.1371/journal.pbio.3003424 November 20, 2025 15/18



http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003424.s001

PLO&&. Biology

S1 Data. Raw data used to generate graphics shown in the main text.
(XLSX)

S2 Data. Raw data used to generate graphics shown in S1 Text.
(XLSX)

Acknowledgments

We thank M. Bouvier (University of Montreal) and J. English (University of Utah) for provision of plasmids used for BRET-
based assays of B-Arrestin and G-protein signaling. We acknowledge the intramural mass spectrometry core facility in
NIDDK (J. Lloyd) for characterization of peptides and conjugates. We thank S. Ferre (NIH), K. Jacobson (NIH), and F.
Ciruela (University of Barcelona) for helpful discussions.

Author contributions

Conceptualization: Shivani Sachdev, Swarnali Roy, Ross W. Cheloha.
Data curation: Shivani Sachdev, Swarnali Roy, Ross W. Cheloha.

Formal analysis: Shivani Sachdev, Swarnali Roy, Ross W. Cheloha.
Funding acquisition: Ross W. Cheloha.

Investigation: Shivani Sachdev, Swarnali Roy, Ross W. Cheloha.
Methodology: Shivani Sachdev, Swarnali Roy, Ross W. Cheloha.
Supervision: Ross W. Cheloha.

Writing — original draft: Shivani Sachdev, Swarnali Roy, Ross W. Cheloha.

References

1. Zhang M, Chen T, Lu X, Lan X, Chen Z, Lu S. G protein-coupled receptors (GPCRs): advances in structures, mechanisms, and drug discovery.
Signal Transduct Target Ther. 2024;9(1):88. https://doi.org/10.1038/s41392-024-01803-6 PMID: 38594257

2. Slosky LM, Caron MG, Barak LS. Biased allosteric modulators: new frontiers in GPCR drug discovery. Trends Pharmacol Sci. 2021;42(4):283-99.
https://doi.org/10.1016/j.tips.2020.12.005 PMID: 33581873

3. Sachdev S, Cabalteja CC, Cheloha RW. Strategies for targeting cell surface proteins using multivalent conjugates and chemical biology. Methods
Cell Biol. 2021;166:205—22. https://doi.org/10.1016/bs.mcb.2021.06.004 PMID: 34752333

4. Zhou Q, Yang D, Wu M, Guo Y, Guo W, Zhong L, et al. Common activation mechanism of class A GPCRs. Elife. 2019;8:50279. https://doi.
org/10.7554/eLife.50279 PMID: 31855179

5. Jacobson KA, Gao Z-G, Matricon P, Eddy MT, Carlsson J. Adenosine A2A receptor antagonists: from caffeine to selective non-xanthines. Br J
Pharmacol. 2022;179(14):3496-511. https://doi.org/10.1111/bph.15103 PMID: 32424811

6. Jacobson KA, Tosh DK, Jain S, Gao Z-G. Historical and current adenosine receptor agonists in preclinical and clinical development. Front Cell
Neurosci. 2019;13:124. https://doi.org/10.3389/fncel.2019.00124 PMID: 30983976

7. Zhao Z, Ukidve A, Kim J, Mitragotri S. Targeting strategies for tissue-specific drug delivery. Cell. 2020;181(1):151-67. https://doi.org/10.1016/].
cell.2020.02.001 PMID: 32243788

8. Chen Z, Kibler RD, Hunt A, Busch F, Pearl J, Jia M, et al. De novo design of protein logic gates. Science. 2020;368(6486):78-84. https://doi.
org/10.1126/science.aay2790 PMID: 32241946

9. Oostindie SC, Rinaldi DA, Zom GG, Wester MJ, Paulet D, Al-Tamimi K, et al. Logic-gated antibody pairs that selectively act on cells co-expressing
two antigens. Nat Biotechnol. 2022;40(10):1509-19. https://doi.org/10.1038/s41587-022-01384-1 PMID: 35879362

10. Peterson SM, Hutchings CJ, Hu CF, Mathur M, Salameh JW, Axelrod F, et al. Discovery and design of G protein-coupled receptor targeting anti-
bodies. Expert Opin Drug Discov. 2023;18(4):417-28. https://doi.org/10.1080/17460441.2023.2193389 PMID: 36992620

11. Salom D, Wu A, Liu CC, Palczewski K. The impact of nanobodies on G protein-coupled receptor structural biology and their potential as therapeu-
tic agents. Mol Pharmacol. 2024;106(4):155-63. https://doi.org/10.1124/molpharm.124.000974 PMID: 39107078

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003424 November 20, 2025 16/18



http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003424.s002
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3003424.s003
https://doi.org/10.1038/s41392-024-01803-6
http://www.ncbi.nlm.nih.gov/pubmed/38594257
https://doi.org/10.1016/j.tips.2020.12.005
http://www.ncbi.nlm.nih.gov/pubmed/33581873
https://doi.org/10.1016/bs.mcb.2021.06.004
http://www.ncbi.nlm.nih.gov/pubmed/34752333
https://doi.org/10.7554/eLife.50279
https://doi.org/10.7554/eLife.50279
http://www.ncbi.nlm.nih.gov/pubmed/31855179
https://doi.org/10.1111/bph.15103
http://www.ncbi.nlm.nih.gov/pubmed/32424811
https://doi.org/10.3389/fncel.2019.00124
http://www.ncbi.nlm.nih.gov/pubmed/30983976
https://doi.org/10.1016/j.cell.2020.02.001
https://doi.org/10.1016/j.cell.2020.02.001
http://www.ncbi.nlm.nih.gov/pubmed/32243788
https://doi.org/10.1126/science.aay2790
https://doi.org/10.1126/science.aay2790
http://www.ncbi.nlm.nih.gov/pubmed/32241946
https://doi.org/10.1038/s41587-022-01384-1
http://www.ncbi.nlm.nih.gov/pubmed/35879362
https://doi.org/10.1080/17460441.2023.2193389
http://www.ncbi.nlm.nih.gov/pubmed/36992620
https://doi.org/10.1124/molpharm.124.000974
http://www.ncbi.nlm.nih.gov/pubmed/39107078

PLON. Biology

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cheloha RW, Harmand TJ, Wijne C, Schwartz TU, Ploegh HL. Exploring cellular biochemistry with nanobodies. J Biol Chem. 2020;295(45):15307—
27. https://doi.org/10.1074/jbc.REV120.012960 PMID: 32868455

Hamers SMWR, Boyle AL, Sharp TH. Engineering agonistic bispecifics to investigate the influence of distance on surface-mediated complement
activation. J Immunol. 2024;213(2):235-43. https://doi.org/10.4049/jimmunol.2400091

Cheloha RW, Fischer FA, Woodham AW, Daley E, Suminski N, Gardella TJ, et al. Improved GPCR ligands from nanobody tethering. Nat Commun.
2020;11(1):2087. https://doi.org/10.1038/s41467-020-15884-8 PMID: 32350260

Braga Emidio N, Cheloha RW. Semi-synthetic nanobody-ligand conjugates exhibit tunable signaling properties and enhanced transcriptional out-
puts at neurokinin receptor-1. Protein Sci. 2024;33(2):e4866. https://doi.org/10.1002/pro.4866 PMID: 38088474

Braga Emidio N, Small BM, Keller AR, Cheloha RW, Wingler LM. Nanobody-mediated dualsteric engagement of the angiotensin receptor broadens
biased ligand pharmacology. Mol Pharmacol. 2024;105(3):260—71. https://doi.org/10.1124/molpharm.123.000797 PMID: 38164609

Sachdev S, Creemer BA, Gardella TJ, Cheloha RW. Highly biased agonism for GPCR ligands via nanobody tethering. Nat Commun.
2024;15(1):4687. https://doi.org/10.1038/s41467-024-49068-5 PMID: 38824166

Cabalteja CC, Sachdev S, Cheloha RW. Characterization of a nanobody-epitope tag interaction and its application for receptor engineering. ACS
Chem Biol. 2022;17(8):2296—303. https://doi.org/10.1021/acschembio.2c00407 PMID: 35930411

Cabalteja CC, Sachdev S, Cheloha RW. Rapid covalent labeling of membrane proteins on living cells using a nanobody-epitope tag pair. Bioconjug
Chem. 2022;33(10):1867-75. https://doi.org/10.1021/acs.bioconjchem.2c00334 PMID: 36107739

Lebon G, Edwards PC, Leslie AGW, Tate CG. Molecular determinants of CGS21680 binding to the human adenosine A2A receptor. Mol Pharma-
col. 2015;87(6):907—15. https://doi.org/10.1124/mol.114.097360 PMID: 25762024

Larrafiaga-Vera A, Toti KS, Flatow JS, Haraczy AJ, Warnick E, Rao H, et al. Novel alendronate-CGS21680 conjugate reduces bone resorption and
induces new bone formation in post-menopausal osteoporosis and inflammatory osteolysis mouse models. Arthritis Res Ther. 2022;24(1):265.
https://doi.org/10.1186/s13075-022-02961-0 PMID: 36494860

Jacobson KA, Pannell LK, Ji XD, Jarvis MF, Williams M, Hutchison AJ, et al. Agonist derived molecular probes for A2 adenosine receptors. J Mol
Recognit. 1989;2(4):170-8. https://doi.org/10.1002/jmr.300020406 PMID: 2561548

Gotzke H, Kilisch M, Martinez-Carranza M, Sograte-Idrissi S, Rajavel A, Schlichthaerle T, et al. The ALFA-tag is a highly versatile tool for
nanobody-based bioscience applications. Nat Commun. 2019;10(1):4403. https://doi.org/10.1038/s41467-019-12301-7 PMID: 31562305

Ling J, Cheloha RW, McCaul N, Sun Z-YJ, Wagner G, Ploegh HL. A nanobody that recognizes a 14-residue peptide epitope in the E2
ubiquitin-conjugating enzyme UBC6e modulates its activity. Mol Immunol. 2019;114:513-23. https://doi.org/10.1016/j.molimm.2019.08.008 PMID:
31518855

Braun MB, Traenkle B, Koch PA, Emele F, Weiss F, Poetz O, et al. Peptides in headlock—a novel high-affinity and versatile peptide-binding nano-
body for proteomics and microscopy. Sci Rep. 2016;6:19211. https://doi.org/10.1038/srep19211 PMID: 26791954

Kirchhofer A, Helma J, Schmidthals K, Frauer C, Cui S, Karcher A, et al. Modulation of protein properties in living cells using nanobodies. Nat
Struct Mol Biol. 2010;17(1):133-8. https://doi.org/10.1038/nsmb.1727 PMID: 20010839

Braga Emidio N, Cheloha RW. Sortase-mediated labeling: expanding frontiers in site-specific protein functionalization opens new research ave-
nues. Curr Opin Chem Biol. 2024;80:102443. https://doi.org/10.1016/j.cbpa.2024.102443 PMID: 38503199

Binkowski BF, Butler BL, Stecha PF, Eggers CT, Otto P, Zimmerman K, et al. A luminescent biosensor with increased dynamic range for intracellu-
lar cAMP. ACS Chem Biol. 2011;6(11):1193—7. https://doi.org/10.1021/cb200248h PMID: 21932825

Cheloha RW, Maeda A, Dean T, Gardella TJ, Gellman SH. Backbone modification of a polypeptide drug alters duration of action in vivo. Nat Bio-
technol. 2014;32(7):653-5. https://doi.org/10.1038/nbt.2920 PMID: 24929976

Hoffmann C, Castro M, Rinken A, Leurs R, Hill SJ, Vischer HF. Ligand residence time at G-protein-coupled receptors-why we should take our time
to study it. Mol Pharmacol. 2015;88(3):552—60. https://doi.org/10.1124/mol.115.099671 PMID: 26152198

Avet C, Mancini A, Breton B, Le Gouill C, Hauser AS, Normand C, et al. Effector membrane translocation biosensors reveal G protein and Barrestin
coupling profiles of 100 therapeutically relevant GPCRs. Elife. 2022;11:e74101. https://doi.org/10.7554/eLife.74101 PMID: 35302493

Olsen RHJ, DiBerto JF, English JG, Glaudin AM, Krumm BE, Slocum ST, et al. TRUPATH, an open-source biosensor platform for interrogating the
GPCR transducerome. Nat Chem Biol. 2020;16(8):841-9. https://doi.org/10.1038/s41589-020-0535-8 PMID: 32367019

Jacobson KA, Ukena D, Kirk KL, Daly JW. [3H]xanthine amine congener of 1,3-dipropyl-8-phenylxanthine: an antagonist radioligand for adenosine
receptors. Proc Natl Acad Sci U S A. 1986;83(11):4089-93. https://doi.org/10.1073/pnas.83.11.4089 PMID: 3012550

Cheloha RW, Gellman SH, Vilardaga J-P, Gardella TJ. PTH receptor-1 signalling-mechanistic insights and therapeutic prospects. Nat Rev Endocri-
nol. 2015;11(12):712—-24. https://doi.org/10.1038/nrendo.2015.139 PMID: 26303600

Zezula J, Freissmuth M. The A(2A)-adenosine receptor: a GPCR with unique features? Br J Pharmacol. 2008;153 Suppl 1(Suppl 1):S184-90.
https://doi.org/10.1038/sj.bjp.0707674 PMID: 18246094

Pance K, Gramespacher JA, Byrnes JR, Salangsang F, Serrano J-AC, Cotton AD, et al. Modular cytokine receptor-targeting chimeras for targeted
degradation of cell surface and extracellular proteins. Nat Biotechnol. 2023;41(2):273-81. https://doi.org/10.1038/s41587-022-01456-2 PMID:
36138170

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003424 November 20, 2025 17718



https://doi.org/10.1074/jbc.REV120.012960
http://www.ncbi.nlm.nih.gov/pubmed/32868455
https://doi.org/10.4049/jimmunol.2400091
https://doi.org/10.1038/s41467-020-15884-8
http://www.ncbi.nlm.nih.gov/pubmed/32350260
https://doi.org/10.1002/pro.4866
http://www.ncbi.nlm.nih.gov/pubmed/38088474
https://doi.org/10.1124/molpharm.123.000797
http://www.ncbi.nlm.nih.gov/pubmed/38164609
https://doi.org/10.1038/s41467-024-49068-5
http://www.ncbi.nlm.nih.gov/pubmed/38824166
https://doi.org/10.1021/acschembio.2c00407
http://www.ncbi.nlm.nih.gov/pubmed/35930411
https://doi.org/10.1021/acs.bioconjchem.2c00334
http://www.ncbi.nlm.nih.gov/pubmed/36107739
https://doi.org/10.1124/mol.114.097360
http://www.ncbi.nlm.nih.gov/pubmed/25762024
https://doi.org/10.1186/s13075-022-02961-0
http://www.ncbi.nlm.nih.gov/pubmed/36494860
https://doi.org/10.1002/jmr.300020406
http://www.ncbi.nlm.nih.gov/pubmed/2561548
https://doi.org/10.1038/s41467-019-12301-7
http://www.ncbi.nlm.nih.gov/pubmed/31562305
https://doi.org/10.1016/j.molimm.2019.08.008
http://www.ncbi.nlm.nih.gov/pubmed/31518855
https://doi.org/10.1038/srep19211
http://www.ncbi.nlm.nih.gov/pubmed/26791954
https://doi.org/10.1038/nsmb.1727
http://www.ncbi.nlm.nih.gov/pubmed/20010839
https://doi.org/10.1016/j.cbpa.2024.102443
http://www.ncbi.nlm.nih.gov/pubmed/38503199
https://doi.org/10.1021/cb200248h
http://www.ncbi.nlm.nih.gov/pubmed/21932825
https://doi.org/10.1038/nbt.2920
http://www.ncbi.nlm.nih.gov/pubmed/24929976
https://doi.org/10.1124/mol.115.099671
http://www.ncbi.nlm.nih.gov/pubmed/26152198
https://doi.org/10.7554/eLife.74101
http://www.ncbi.nlm.nih.gov/pubmed/35302493
https://doi.org/10.1038/s41589-020-0535-8
http://www.ncbi.nlm.nih.gov/pubmed/32367019
https://doi.org/10.1073/pnas.83.11.4089
http://www.ncbi.nlm.nih.gov/pubmed/3012550
https://doi.org/10.1038/nrendo.2015.139
http://www.ncbi.nlm.nih.gov/pubmed/26303600
https://doi.org/10.1038/sj.bjp.0707674
http://www.ncbi.nlm.nih.gov/pubmed/18246094
https://doi.org/10.1038/s41587-022-01456-2
http://www.ncbi.nlm.nih.gov/pubmed/36138170

PLON. Biology

37. Domanska K, Vanderhaegen S, Srinivasan V, Pardon E, Dupeux F, Marquez JA, et al. Atomic structure of a nanobody-trapped domain-swapped
dimer of an amyloidogenic beta2-microglobulin variant. Proc Natl Acad Sci U S A. 2011;108(4):1314-9. https://doi.org/10.1073/pnas.1008560108
PMID: 21220305

38. Cheloha RW, Fischer FA, Gardella TJ, Ploegh HL. Activation of a G protein-coupled receptor through indirect antibody-mediated tethering of
ligands. RSC Chem Biol. 2021;2(6):1692-700. https://doi.org/10.1039/d1cb00118c PMID: 34977584

39. Simic MS, Watchmaker PB, Gupta S, Wang Y, Sagan SA, Duecker J, et al. Programming tissue-sensing T cells that deliver therapies to the brain.
Science. 2024;386(6726):eadl4237. https://doi.org/10.1126/science.adl4237 PMID: 39636984

40. Peterfreund RA, MacCollin M, Gusella J, Fink JS. Characterization and expression of the human A2a adenosine receptor gene. J Neurochem.
1996;66(1):362-8. https://doi.org/10.1046/].1471-4159.1996.66010362.x PMID: 8522976

41. Wang M, Li Z, Song Y, Sun Q, Deng L, Lin Z, et al. Genetic tagging of the adenosine A2A receptor reveals its heterogeneous expression in brain
regions. Front Neuroanat. 2022;16:978641. https://doi.org/10.3389/fnana.2022.978641 PMID: 36059431

42. Hothersall JD, Guo D, Sarda S, Sheppard RJ, Chen H, Keur W, et al. Structure-activity relationships of the sustained effects of adenosine A2A
receptor agonists driven by slow dissociation kinetics. Mol Pharmacol. 2017;91(1):25-38. https://doi.org/10.1124/mol.116.105551 PMID: 27803241

43. Newman AH, Battiti FO, Bonifazi A. 2016 Philip S. Portoghese medicinal chemistry lectureship: designing bivalent or bitopic molecules for
G-protein coupled receptors. the whole is greater than the sum of its parts. J Med Chem. 2020;63(5):1779-97. https://doi.org/10.1021/acs.jmed-
chem.9b01105 PMID: 31499001

44. Nguyen KDQ, Vigers M, Sefah E, Seppéala S, Hoover JP, Schonenbach NS, et al. Homo-oligomerization of the human adenosine A2A receptor is
driven by the intrinsically disordered C-terminus. Elife. 2021;10:€66662. https://doi.org/10.7554/eLife.66662 PMID: 34269678

45. Ferré S, Ciruela F, Casadé V, Pardo L. Oligomerization of G protein-coupled receptors: Still doubted? Prog Mol Biol Transl Sci. 2020;169:297-321.
https://doi.org/10.1016/bs.pmbts.2019.11.006 PMID: 31952690

46. Dale NC, Johnstone EKM, Pfleger KDG. GPCR heteromers: An overview of their classification, function and physiological relevance. Front Endo-
crinol (Lausanne). 2022;13:931573. https://doi.org/10.3389/fendo.2022.931573 PMID: 36111299

47. Liu W, Wang D, Wang L, Hu S, Jiang Y, Wang Y, et al. Receptor dimers and biased ligands: novel strategies for targeting G protein-coupled recep-
tors. Pharmacol Ther. 2025;269:108829. https://doi.org/10.1016/j.pharmthera.2025.108829 PMID: 40023322

48. Saha SJ, Cheloha RW. Chemically induced dimerization via nanobody binding facilitates in situ ligand assembly and on-demand GPCR activation.
JACS Au. 2024;4(12):4780-9. https://doi.org/10.1021/jacsau.4c00711 PMID: 39735930

49. Jastreboff AM, Kaplan LM, Frias JP, Wu Q, Du Y, Gurbuz S, et al. Triple-hormone-receptor agonist retatrutide for obesity—a phase 2 trial. N Engl J
Med. 2023;389(6):514-26. https://doi.org/10.1056/NEJM0a2301972 PMID: 37366315

50. Drucker DJ. Mechanisms of action and therapeutic application of glucagon-like peptide-1. Cell Metab. 2018;27(4):740-56. https://doi.org/10.1016/j.
cmet.2018.03.001 PMID: 29617641

51. McMahon C, Baier AS, Pascolutti R, Wegrecki M, Zheng S, Ong JX, et al. Yeast surface display platform for rapid discovery of conformationally
selective nanobodies. Nat Struct Mol Biol. 2018;25(3):289-96. https://doi.org/10.1038/s41594-018-0028-6 PMID: 29434346

52. Krohl PJ, Fine J, Yang H, VanDyke D, Ang Z, Kim KB, et al. Discovery of antibodies targeting multipass transmembrane proteins using a suspen-
sion cell-based evolutionary approach. Cell Rep Methods. 2023;3(3):100429. https://doi.org/10.1016/j.crmeth.2023.100429 PMID: 37056366

53. Schlimgen RR, Peterson FC, Heukers R, Smit MJ, McCorvy JD, Volkman BF. Structural basis for selectivity and antagonism in extracellular
GPCR-nanobodies. Nat Commun. 2024;15(1):4611. https://doi.org/10.1038/s41467-024-49000-x PMID: 38816420

54. YuJ, KumarA, Zhang X, Martin C, Van Holsbeeck K, Raia P, et al. Structural basis of y-opioid receptor targeting by a nanobody antagonist. Nat
Commun. 2024;15(1):8687. https://doi.org/10.1038/s41467-024-52947-6 PMID: 39384768

55. Fontaine T, Busch A, Laeremans T, De Cesco S, Liang Y-L, Jaakola V-P, et al. Structure elucidation of a human melanocortin-4 receptor specific
orthosteric nanobody agonist. Nat Commun. 2024;15(1):7029. https://doi.org/10.1038/s41467-024-50827-7 PMID: 39353917

56. Mirdita M, Schitze K, Moriwaki Y, Heo L, Ovchinnikov S, Steinegger M. ColabFold: making protein folding accessible to all. Nat Methods.
2022;19(6):679-82. https://doi.org/10.1038/s41592-022-01488-1 PMID: 35637307

57. Sachdev S, Roy S, Saha SJ, Zhao G, Kumariya R, Creemer BA, et al. Evaluation of AlphaFold modeling for elucidation of nanobody-peptide epi-
tope interactions. J Biol Chem. 2025;301(7):110268. https://doi.org/10.1016/j.jbc.2025.110268 PMID: 40409557

PLOS Biology | https://doi.org/10.1371/journal.pbio.3003424 November 20, 2025 18/18



https://doi.org/10.1073/pnas.1008560108
http://www.ncbi.nlm.nih.gov/pubmed/21220305
https://doi.org/10.1039/d1cb00118c
http://www.ncbi.nlm.nih.gov/pubmed/34977584
https://doi.org/10.1126/science.adl4237
http://www.ncbi.nlm.nih.gov/pubmed/39636984
https://doi.org/10.1046/j.1471-4159.1996.66010362.x
http://www.ncbi.nlm.nih.gov/pubmed/8522976
https://doi.org/10.3389/fnana.2022.978641
http://www.ncbi.nlm.nih.gov/pubmed/36059431
https://doi.org/10.1124/mol.116.105551
http://www.ncbi.nlm.nih.gov/pubmed/27803241
https://doi.org/10.1021/acs.jmedchem.9b01105
https://doi.org/10.1021/acs.jmedchem.9b01105
http://www.ncbi.nlm.nih.gov/pubmed/31499001
https://doi.org/10.7554/eLife.66662
http://www.ncbi.nlm.nih.gov/pubmed/34269678
https://doi.org/10.1016/bs.pmbts.2019.11.006
http://www.ncbi.nlm.nih.gov/pubmed/31952690
https://doi.org/10.3389/fendo.2022.931573
http://www.ncbi.nlm.nih.gov/pubmed/36111299
https://doi.org/10.1016/j.pharmthera.2025.108829
http://www.ncbi.nlm.nih.gov/pubmed/40023322
https://doi.org/10.1021/jacsau.4c00711
http://www.ncbi.nlm.nih.gov/pubmed/39735930
https://doi.org/10.1056/NEJMoa2301972
http://www.ncbi.nlm.nih.gov/pubmed/37366315
https://doi.org/10.1016/j.cmet.2018.03.001
https://doi.org/10.1016/j.cmet.2018.03.001
http://www.ncbi.nlm.nih.gov/pubmed/29617641
https://doi.org/10.1038/s41594-018-0028-6
http://www.ncbi.nlm.nih.gov/pubmed/29434346
https://doi.org/10.1016/j.crmeth.2023.100429
http://www.ncbi.nlm.nih.gov/pubmed/37056366
https://doi.org/10.1038/s41467-024-49000-x
http://www.ncbi.nlm.nih.gov/pubmed/38816420
https://doi.org/10.1038/s41467-024-52947-6
http://www.ncbi.nlm.nih.gov/pubmed/39384768
https://doi.org/10.1038/s41467-024-50827-7
http://www.ncbi.nlm.nih.gov/pubmed/39353917
https://doi.org/10.1038/s41592-022-01488-1
http://www.ncbi.nlm.nih.gov/pubmed/35637307
https://doi.org/10.1016/j.jbc.2025.110268
http://www.ncbi.nlm.nih.gov/pubmed/40409557

