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Intracellular GPCRmodulators enable
precision pharmacology

Check for updates

Brian E. Krumm1 & Bryan L. Roth1,2

G-protein-coupled receptors (GPCRs) have proven to be the most successful target class for drug
discovery but their complicated signal transduction pathways cause difficulties for drug development.
Recently, ligands have been identified that engage an intracellular binding site which promotes
pathway biased signal in cooperation with orthosteric ligands. Here, we explore the topic of biased
signaling and intracellular modulators to understand their application for precision pharmacology of
Class A or Rhodopsin-Like GPCRs.

G-protein-coupled receptors (GPCRs) are a large and diverse family of cell
surface receptors that play critical roles in transmitting extracellular signals
to the interior of the cell. GPCRs represent one of the largest protein families
in the human genome, with over 800 differentGPCRs identified in humans,
and are involved in regulating processes such as neurotransmission, hor-
mone signaling, immune responses, and sensory perception. GPCRs are
categorized into six classes based on sequence and function, namely Class A
are rhodopsin-like receptors, Class B is the secretin family, Class C are the
metabotropic glutamate receptors, Class D are the fungal mating pher-
omone receptors, Class E are cAMP receptors, and Class F are frizzled
(FZD) and smoothened (SMO) receptors1. Similarly, vertebrate GPCRs
have been grouped intowhat is referred to asGRAFS systemof classification
that groups GPCRs into five main families - Glutamate, Rhodopsin,
Adhesion,Frizzled/Taste2, and Secretin2. The largest class of receptors is the
ClassARhodopson-Like receptors andwill be the predominant focus of this
perspective.

In part, due to their ubiquitous nature, GPCRs have been impli-
cated in numerous diseases, including heart disease, cancer, neurolo-
gical disorders, and infectious diseases, making them important
therapeutic targets. Indeed, approximately 30% of all FDA approved
medications target GPCRs3. In contrast to the current “one-size-fits-
all” approach for disease treatment and prevention along with the
underlying research and development of approved drugs, precision
medicine would allow doctors and researchers to predict more accu-
rately which treatment and potential prevention strategies for a par-
ticular disease will work in a subset group of individuals. While
pharmacogenomics, the study of how genes affect an individual’s
response to a given drug, is a part of precision medicine and combines
pharmacology and genomics to develop effective, safe medications and
doses that are tailored to variations in a person’s genes4. In this per-
spective, we will explore and discuss the topic of biased signaling and
intracellular modulators to understand their application in precision

medicine and the pharmacology of Class A or Rhodopsin-Like GPCRs
but at times will discuss GPCRs of other classes to bring about a
given topic.

Canonical Class A GPCR Signaling
As transmembrane proteins, the intracellular portions of activated GPCRs
couple to not only heterotrimeric G proteins but can also couple to reg-
ulatory and scaffolding proteins such as arrestins, PDZ-domain-containing
scaffolds and non-PDZ scaffolds, that initiate or control distinct patterns of
signaling5. GPCR canonical signaling involves the coupling of an activated
GPCR to heterotrimeric G proteins that hydrolyze guanosine 5′-tripho-
sphate (GTP) initiating downstream signaling with subsequent receptor
phosphorylation by GRK(s) and the recruitment of β-arrestin(s) (discussed
below) (Fig. 1)6. Heterotrimeric G proteins are comprised of three subunits:
Gα, Gβ, and Gγ. When a GPCR is activated, G-protein Gα subunit dis-
sociates from Gβγ subunit, allowing both subunits to perform their
respective downstream signaling effects. Furthermore, G-protein Gα sub-
units are divided into four main subgroups: Gαs (GNAS/GNAL), Gαi/o
(GNAI/GNAO), Gαq/11 (GNAQ/GNA11), and Gα12/13(GNA12/
GNA13)7. Depending on the type of Gα subunit of the heterotrimeric G
protein that a given GPCR couples, activation can lead to secondary mes-
sengers, such as inositol triphosphates (Gαq) productionor cyclic adenosine
monophosphate (cAMP) stimulation (Gαs) or inhibition (Gαi/o).
G-protein Gβγ family consists of 5 Gβ and 12 Gγ isoformmembers. Upon
release fromG-proteinGα subunit, freeGβγ interacts and activates a diverse
range of signaling regulators including kinases, lipases, GTPases, and ion
channels. Gβγ family consists of 48 members, which show cell- and tissue-
specific expressions, and recent reports show that cells employ the subtype
diversity in Gβγ to achieve desired signaling outcomes8,9.

Intracellular signaling via G proteins can be termed G protein-
dependent signaling versus G protein-independent signaling (discussed
below)6. G protein-dependent signaling can be modulated by accessory
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proteins that alter and or enhance G protein activity. These accessory
proteins include but not limited to activators of G protein signaling (AGS)
and regulators of G protein signaling (RGS) proteins. Members of these
familiesmay containGTPase-activating protein (GAP), guanine nucleotide
exchange factor (GEF) or guanine nucleotide dissociation inhibitor (GDI)
activities10. GEFs affects G protein activity by increasing the rate of GTP
association with Gα subunits, whereas GDI-containing accessory proteins
act to inhibit the dissociation of GDP from Gα subunits, inhibiting Gα
protein-mediated signaling. RGS proteins that contain GAP activity accel-
erate GTPase activity of Gα subunits, which in turn decreases the amplitude
and duration of Gα protein-mediated signaling10–12.

Other intracellular effector proteins can bind to GPCRs and pro-
duce signal transduction pathways typically referred to as G protein-
independent signaling as they proceed via transduction pathways dif-
ferent from G protein-dependent signaling pathways. The most widely
recognized G protein-independent signaling involves β-arrestin
dependent signaling pathway13. Upon the activation of GPCRs, a family
of protein kinases called G-protein-coupled receptor kinases (GRKs)
phosphorylate intracellular serine and threonine residues of GPCRs in
what is referred to as phosphorylation barcoding14. Phosphorylated
GPCRs then recruit β-arrestins, which often mediate the desensitiza-
tion ofGPCR signaling, internalization ofGPCRs and therefore serve as
negative feedback of G-protein-dependent GPCR signaling. It is also
thought that variations of phosphorylation barcodes act as a molecular
“code” that regulates receptor behavior, including desensitization,
internalization, and signaling specificity which give rise to specific
downstream signaling events14–17. Additionally, atypical chemokine
receptors (ACKRs) bind with high affinity to chemokines but do not
couple to any known G proteins, preferentially coupling to β-arrestins
and thus signal via G protein-independent signaling pathways18–20.

GPCRs can form functional complexes not only with signal trans-
duction proteins such as heterotrimeric G proteins, β-arrestins, and GRKs
but also adapter proteins andmolecules tofine tune an intracellularmessage
that is often contextually different depending on the orthosteric ligand and
the cellular milieu. Although targeting the orthosteric site has been suc-
cessful for many GPCRs21–25, the conserved nature of the orthosteric site
between GPCR subtypes renders the task of precisely design subtype-
selective drugs difficult. Recently, a new sub-type of allosteric modulators
has been identified along with their GPCR complex structures determined.
These so called intracellular biased allostericmodulators (BAMs) selectively
activate G protein or β-arrestin transduction pathways, allowing for the
precise targeting of desired pathways while avoiding undesirable signaling
events.

GPCR Biased Signaling
Agonist binding to a given GPCR’s orthosteric site promotes the stabiliza-
tion of conformations that facilitate coupling to signal transducers which in
turn elicit second messenger signaling, kinase cascade activation, and ion
channel modulation, as discussed above. In some cases, such as with the
binding of endogenous dopamine and partial agonist SKF-83953 to the
dopamine D1R GPCR, the signaling cascade appears to be balanced
between G protein signaling and β-arrestin signaling or recruitment, thus
not favoring or biasing one signaling transduction event over another
(Fig. 2)26.

GPCR biased signaling also known as functional selectivity27 refers to
the phenomenon where a given ligand (such as a drug or endogenous
molecule) binds to a given GPCR’s orthosteric site and preferentially acti-
vates certain downstream signaling pathways. This bias occurs even though
the ligand may trigger seemingly similar conformational changes in the
receptor comparable to neutral or unbiased ligands. Ultimately, however,

Fig. 1 | Canonical Class A G Protein Signaling Pathways - Schematic diagram
depicting the major Class A canonical GPCR signaling transduction pathways.
Upon GPCR stimulation with extracellular ligand, Gαs coupled receptors activate
adenylyl cyclase (AC) resulting in an increase of cAMP; GαI coupled receptors
inhibit AC, and the subunits activate ERK pathway; GαQ coupled receptors
activate phospholipase C (PLC) to produce inositol trisphosphate (IP3) and dia-
cylglycerol (DAG), which in turn increases intracellular calcium concentration

(Ca++); Gα12/13 coupled receptors activate small G protein RhoAGTPase. GPCR
can also be phosphorylated by GRKs and in turn couple to β-arrestins resulting in
desensitization and internalization. Upon liberation from heterotrimeric G pro-
tein complex, the βγ complex can in turn interact and regulate ion channels, PLC
and PI3Ks. Figure was created with BioRender.com. Krumm, B. (2025) https://
BioRender.com/x39b767.
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the ligand selectively activates one signaling pathway over another while
minimizing or preventing activation of other pathways associated with the
givenGPCR28,29. The structural basis for ligand bias andGprotein selectivity
of multiple GPCRs has been revealed in combination with molecular
dynamic and mutagenesis using known biased ligands that have been
identified via functional assays. These include (but not limited to) β1AR30

and β2AR31, D2 dopamine receptor (D2R)32, κ- and μ-opioid
receptors23,33–35, 5-HT1B, 5-HT2A36, and 5-HT2B receptors37. Despite the
abundance of data, there does not appear to be a conserved mechanism of
ligandbias between orthosteric pockets of differentGPCR families but some
degree of conservation of ligand bias exist within the same family, as could
be expected. It is also worth noting that there is a degree of conserved G
protein selectivitywithin the conserved residues of the intracellular ICL236,38.
Additionally, in the GPCR intracellular, a study of β2AR phosphorylation
patternsby individualGRKs, demonstrated that theβ-arrestin-biased ligand
(carvedilol) induced aphosphorylationpattern thatwas distinct from that of
isoproterenol, an unbiased full agonist. This suggests that biased ligands can
recruit distinct GRKs and produce a distinct phosphorylation pattern14,28.

When the effects of a GPCR orthosteric agonist on different cellular
pathways reveal differences in the activation of signaling pathways that are
notdue toobservational or systembias39, this canbe attributed to ligandbias.
Different intracellular signaling pathways have various sensitivities to ago-
nists, such that ligand bias must be detected and quantified by comparing
the activity of agonists within one assay to a selected standard agonist (in
order to remove observational bias and system bias). The relative activity of
each agonist in one assay can then be compared to its relative activity in
other assays (compared to the same reference agonist in each assay) to yield
a relative activity ratio that corrects for system bias and observational bias
and can be used across assays to detect true ligand bias between signaling
pathways39.

Additional observational and system bias can be removed from the
investigation by having comparable assay formats and conditions. For
example, assays such as cAMP production (Glosensor)40 and Presto-
Tango41 are amplified messenger assays. The GloSensor cAMP biosensor
(Promega) uses a modified form of firefly luciferase containing a cAMP-
binding motif. Upon cAMP binding, a conformational change leads to
enzymecomplementation followedby incubationwith a luciferase substrate
results in a luminescence readout42. In the Presto-Tango assay, the
C-terminus of the GPCR of interest is fused with the C-terminal tail of the
V2 vasopressin receptor followed by a Tobacco Etch Virus (TEV) protease

cleavage site and a tTA transcription factor. Ligand stimulation of theGPCR
of interest results in the recruitment of a β-arrestin - TEV fusion protein to
the receptorwhich results in the cleavage of tTA from the receptor. The tTA
can then translocate to the nucleus, in which it transcribes a stably
expressing luciferase reporter gene followed by incubation with a luciferase
substrate results in a luminescence readout41.However, other assays formats
are available tomeasureGPCR activity including assays such as Pathhunter,
calcium flux, Inositol trisphosphate (IP3) measurement to name a few43.

For bias factor calculations, the mean efficacy (Emax) and potency
(EC50) are obtained from at least three independent concentration-
responses for all agonists in cAMP and β-arrestin recruitment assays. We
prefer to use the bias factor calculation and formulas as recommended by
Kenakin (2017)44. Briefly, Emax and EC50 values for each agonist are
entered into the log(Emax/EC50) equation for both cAMP or Tango
β-arrestin recruitment assays and then subtracted from the log(Emax/
EC50) for the reference agonist, to obtain a Δlog(Emax/EC50). To obtain a
ΔΔlog(Emax/EC50), the Δlog(Emax/EC50)β-arrestin is subtracted from Δlo-
g(Emax/EC50)cAMP. The inverse log of ΔΔlog(Emax/EC50) is the G protein
bias factor. The β-arrestin bias factor is obtained by subtracting the Δlo-
g(Emax/EC50)cAMP from Δlog(Emax/EC50)β-arrestin to calculate the ΔΔlo-
g(Emax/EC50). The β-arrestin bias factor is the inverse of ΔΔlog(Emax/
EC50). Compounds with values close to one represent unbiased agonists
while compounds with large numerical values, typically >100, represent
extremely biased agonists.

GPCR biased signaling holds significant therapeutic potential by
allowing for the development of drugs that preferentially activate specific
signaling pathways which couldminimize unwanted side effects or enhance
therapeutic activity45. This approach is particularly valuable in conditions
where GPCRs mediate complex and diverse cellular responses, such as in
painmanagement, cardiovascular diseases, and neurological disorders21. By
selectively modulating G-protein versus β-arrestin pathways, biased ago-
nists can reduce adverse effects like desensitization, tolerance, or off-target
toxicity, which are common challenges in traditional GPCR-targeted
therapies21. For example, biased agonists at the μ-opioid receptor (MOR),
such as Oliceridine (TRV130), preferentially activate G-protein-mediated
analgesia while minimizing β-arrestin-driven side effects like respiratory
depression46–48. Conversely, carvedilol, a nonsubtype-selective ß-adrenergic
receptor (ßAR) antagonist and an approved drug for the treatment of heart
failure, was later discovered to be an arrestin biased signaling compound at
the ß2AR49. However, other biased drug candidates have not fared as well

Fig. 2 | Orthosteric Biased Agonism - Schematic diagram depictingGPCR biased
signaling. (Left) Balanced agonists activate both the G protein and β-arrestin sig-
naling pathways. (Middle)G protein biased agonists preferentially activateGprotein
signaling pathway(s). Sustained G protein signaling can affect cellular responses

through second messenger signaling. (Right) β-arrestin biased agonists pre-
ferentially activate β-arrestin signaling pathways leading to distinct physiological
outcomes. Figure was created with BioRender.com. Krumm, B. (2025) https://
BioRender.com/u39j412.
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with biased ligands for the AT2-angiotensin receptor have been studied in
Phase 2 trials humans but were not advanced to Phase 350,51. It is worth
noting that bias is context dependent and observed bias in one format or
assay may not translate bias in an endogenous setting due to unforeseen
variables outside the scope of this perspective.

GPCR Allosterism
GPCR allosterism refers to the condition wherein an allosteric molecule
interacts with a site distinct from the orthosteric GPCR binding site thereby
modulating the activity of the orthosteric ligand (Fig. 3)52. Such allosterism
can lead to a variety of outcomes, including changes in signaling pathways,
shifts in ligand binding properties, or alterations in receptor desensitization
and internalization53–56. Thus, “allosteric regulation” occurs when the
binding of an effector at one site on the receptor influences the receptor’s
activity at another site. Thus, allosteric modulators can remotely regulate
GPCRs and regulate their signal transduction pathways, offering novel
strategies for the development of GPCR-targeted drugs57,58.

Allosteric modulators can be divided into three principal categories
depending on their pharmacological properties or effects on GPCR
signaling59. Positive Allosteric Modulators (PAMs) are modulators that
enhance the receptor’s response to the orthosteric ligand. PAMs can
increase the receptor’s affinity for the orthosteric ligand or enhance the
efficacy of signal transduction. Negative Allosteric Modulators (NAMs) are
modulators that reduce the receptor’s response to the orthosteric ligand,
either by decreasing its binding affinity or by inhibiting the signaling cas-
cade. Neutral Allosteric Modulators are modulators that do not have a

positive or negative regulatory effect (neutral effect) on signal transduction
of the receptor after binding to the allosteric site but can act as “silent”
modulators that prevent other allostericmodulators (PAMsorNAMs) from
binding and exerting their effects on the receptor. Additionally, some
allosteric modulators exhibit intrinsic agonism (known as ago-PAMs) or
inverse agonist profiles when tested in the absence of GPCR orthosteric
ligand. Notably, an allosteric modulator’s effects can depend on the
orthosteric ligand, and the receptor signaling pathway and is therefore
deemed to be probe-dependent60.

Typically, three-independent dose-response assays for the known
agonist and allosteric modulator of interest are obtained. As it is not usually
known the effect the modulator will have on different transduction path-
ways, we typically employ BRET β-arrestin recruitment and G protein
activation assays as a starting point61–63. Empirically it should be determined
if pre-incubation with the allosteric modulator is necessary to achieve a
significant response over the no allosteric modulator control. The dose-
response curves are normalized to the ‘no allosteric modulator’ control and
thenfit to theOperationalModel forAllosterism64. At this point, allosterism
should be obvious when the dose-response curves are plotted on the same
graph. An excellent review of the derivation of the Operational Model for
Allosterism model parameters can be found in ref. 65.

GPCR Allosteric Modulators
Many GPCRs have been shown to be modulated by ions such as sodium,
magnesium, manganese, and zinc, of which the most studied of these ions
being the effects of sodium ions on GPCR ligand binding66. It was first

Fig. 3 | GPCR Allosterism - Schematic diagram depicting GPCR allosterism and
the effects of recent intracellular biased allosteric modulators (BAMs) on GPCR
signaling. (Left) Overview of GPCR allosterism in which a receptor’s activity can be
modulated by molecules such as ions, small molecules, cholesterol (lipids) and
MRAPs/RAMPs. (Middle) Parathyroid Hormone Receptor 1 (PTHR1) in complex
with intracellular biased allosteric modulator PC0371. In vitro assays revealed

PC0371 blocked β-arrestin recruitment biasing PTHR1 towards G protein signaling.
(Right) Neurotensin Receptor 1 (NTSR1) in complex with intracellular biased
allosteric modulator SBI-553. In vitro assays revealed SBI-553 blocked Gαq sig-
naling, potentiated β-arrestin recruitment biasing NTSR1 towards β-arrestin. Note -
absent directional arrows indicate this pathway was not tested. Figure was created
with BioRender.com. Krumm, B. (2025) https://BioRender.com/a15y277.
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suggested that sodium ions could decrease opioid receptor agonists binding
while having relatively little effect on opioid receptor antagonists67. Sub-
sequent studies suggested that the sodium ion effect was likely due to
sodium-induced conformational changes of the receptor68. Mutagenesis
studies further identified a highly conserved aspartic acid residue, D2.50

(Ballesteros-Weinstein designation) in the second transmembrane helix of
class A GPCRs as being key to the putative allosteric sodium site69. Subse-
quently, the structural basis for sodium ion allosterism of Class A GPCRs
was shown in the high-resolution inactive state crystal structure of the delta
opioid receptor70. The crystal structure revealed a highly coordinated
sodium ion and water network in the transmembrane bundle in which the
sodium ion allosteric site appears to collapse in active-state structures,
suggesting that the allosteric site and sodium ions play key roles in con-
straining Class A GPCRs in an inactive state66. Furthermore, studies on D4
dopamine receptors indicated that the sodium site is essentially pre-formed
in the inactive state71.

The melanocortin receptor accessory protein (MRAP) family com-
prises two accessory proteins (MRAP1 and MRAP2) that generate distinct
phenotypes by regulating different melanocortin receptors in vivo. As a
single transmembrane protein, MRAP1 and MRAP2 both interact with all
fivemelanocortin receptors (MC1R–MC5R) andmodulate their cell surface
expression and ligand-responsiveproperties72. Recent data also suggests that
MRAP1 and MRAP2 can interact and alter the surface expression and
pharmacological profile of other metabolic-related GPCRs73.

Receptor Activity-Modifying Proteins (RAMPs) are a three-member
family of single-pass transmembrane proteins that act as protein allosteric
modulators for certain GPCRs, particularly the Class B calcitonin receptor-
like receptor (CLR) and calcitonin receptor (CTR) and other receptor
families of Class B GPCRs74,75. Although first identified in Class B GPCRs,
recent data suggest that RAMP allosterism on GPCR activity can also be
found in other GPCR classes76. MRAPS and RAMPs influence receptor
conformation and signal transduction pathways at sites distinct from the
orthosteric ligand-binding site, making family members of these accessory
proteins GPCR allosteric regulators.

Recent Cryo-EM structures of GPCR:transducer complexes has
revealed many GPCR with both bound lipids and cholesterol. Given that
GPCRs are integral transmembrane proteins, it is not surprising that the
lipid bilayer canhave an influenceon agivenGPCR’s behavior. Probably the
best studied example of how aGPCRcan bemodulated by a lipid is through
its interaction with cholesterol77–79. In the crystal structure of β2-AR, in
which two cholesterol molecules were identified80 a cholesterol consensus
motif (CCM) was postulated for the β2-AR and for many other GPCRs.
Although the extent to which the CCM site affects cholesterol binding, and
the modulation of the receptor has not been completely explored. Given,
increases in GPRC agonist affinity with increased membrane cholesterol
content is not always observed for all GPCRs.

Whenone thinks of allostericmodulators it is typically in the context of
small molecules that bind at a site different from the orthosteric site which
affects the receptor’s signal transduction. To date, there are numerous
GPCRs with at least one identified small molecule allosteric modulators81.
Structurally, allosteric modulators have been shown bind to multiple loca-
tions on GPCRs including the extracellular vestibule, transmembrane
regions, and intracellular region82–84.

Intracellular allosteric modulators that have recently been determined
via Cryo-EMwhichmay have actions similar to so-calledmolecular glues85.
Molecular glues differ from other known allosteric modulators in that they
cause apparent allosteric modulation by binding to both the GPCR and the
transducer simultaneously, other known GPCR intracellular allosteric
modulators bind only to the receptor85. For example, 2-PCCA is a synthetic
ago-allosteric modulator of the orphan receptor GPR88. 2-PCCA binds to
the exterior of the cytoplasmic ends of TM5 and TM6 but extends into the
interior of the cytoplasmic cavity and interacts with the C-terminus of the
Gi1 α5 helix and stabilizes the active state of the receptor86.

An interesting subset of intracellular allosteric modulators are those
that can either be a NAM or a PAM (or some combination thereof)

depending on the signal transduction pathway. These compounds can
function as biased allosteric modulators (BAMs) for a given pathway.
Examples of intracellular biased allosteric modulators whose Cryo-EM
structures have been determined recently include PCO371 in complex with
the Class B GPCR parathyroid hormone type 1 receptor (PTH1R) and SBI-
553 in complex with the Class A GPCR neurotensin receptor 1
(NTSR1)55,87,88. PCO371 binds within the intracellular cavity of PTH1R and
directly interacts with the G protein Gαs subunit. The PCO371 binding
mode rearranges the intracellular region of PTH1R towards the active
conformation stabilizing the significantly outward-bent conformation of
transmembrane helix 6, which in-turn biases PTH1R signaling towards the
Gαs protein pathway with little to no recruitment of β-arrestins.

In- vitro assays of G protein activation and β-arrestin recruitment
revealed SBI-553 has complex effects onNTSR1 signaling pathways55,56,89. It
was discovered that SBI-553 can act as a NAM for Gq signaling, neutral for
Gi signaling, and as an ago-PAM for β-arrestin recruitment. It was revealed
in the Cryo-EM structure that SBI-553 interacts and rearranges the side-
chain of R1673.50, a member of the DRY motif 90 and a key residue for
receptor activation and G protein interaction, thus competing for NTSR1
and blocking G protein interaction55,88. It is worth noting that in the Cryo-
EM complex structure with the GoA Gα subunit, the interface is skewed
allowing permissive binding of both SBI-553 and G protein in the NTSR1
intracellular cavity while having interactions with both NTSR1 and G
protein. Thus, additional Cryo-EM structures of NTSR1 will be needed to
fully understand the complex effects SBI-553 has on transduction pathways
at the receptor:G protein interface.

Discussion and Conclusion
Precision medicine, sometimes referred to as “personalized medicine” is an
approach tailored towards disease prevention and treatment that takes into
account differences in an individual’s genetic makeup, environment, and
lifestyle. Precision medicine is increasingly prevalent in areas of oncology,
immunotherapy, pharmacogenomics, and rare diseases. For example, tar-
geted cancer therapies for breast cancerpatientswithmutantHER2-positive
tumors has significantly improved outcomes for these cancer patients91.
More recently, the FDA has approved a bispecific antibody (talquetamab-
tgvs) which targets both CD3 on T Cells and cancers cells that express the
Class C GPCR GPRC5D for the treatment of multiple myeloma92,93.

The growing understanding of GPCR structure and signaling
mechanisms has provided opportunities for the design of safer and more
effective drugs, offering potential breakthroughs in what we term ‘precision
pharmacology’. Orthosteric biased GPCR agonists opened the door for
GPCR precision pharmacology by selectively activating specific signaling
pathways and minimizing unwanted effects, these biased agonists have the
potential to improve the treatment of diseases ranging from pain manage-
ment to cardiovascular diseases, neurological conditions, and cancer. Given
that GPCRs are highly diverse, with different subtypes that display subtype
specificity with regards to orthosteric ligands and the complexity of GPCR
signal transduction along with the need for context-dependent modulation
of signal transduction, future research and drug development in orthosteric
biased ligands will be challenging but hopefully rewarding.

The potential for pathway specific intracellular biased ligands for a
given GPCR to treat and interrogate diseases and disease mechanisms, can
be envisioned through the development of drug candidates and or mole-
cular probes that target the intracellular cavities at the receptor:G protein
interface. To illustrate this concept we propose two examples: (1) a single
point mutation (W276C/A) in the endothelin receptor subtype B (ET(B)R)
impairs Gq/11 signaling while having no effect on other signaling pathways
which is associated with reduced congenital brain development leading to
the intestinal disease, Hirschsprung’s disease94; (2) mutations in G protein
Gq/11 subunit at Q209 along with mutations at L129 in the Cysteinyl
leukotriene receptor 2 (CYSLTR2) stimulate Gq/11 constitutive pathway
activity and have been implicated in the oncogenic disease uveal melanoma
(UM)95,96. A Gq NAM biased intracellular allosteric modulator specific for
these receptors has the potential to ameliorate these conditions.
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Consider the fact that owing to the conserved nature of the
orthosteric binding sites between GPCR subtypes, developing biased
orthosteric ligands between subtypes has been challenging97,98. One
could also expect that this degree of GPCR subtype specificity could be
extended to allosteric sites, making the design of selective allosteric
modulators also challenging. GPCRs are conformationally flexible and
undergo multiple conformational states, which can make it difficult to
predict how allosteric modulators will behave across different receptor
subtypes or cellular contexts. Thus, the interplay between the orthos-
teric binding site and potential allosteric sites can lead to complex
signaling outcomes, requiring careful consideration of how these
pathways are regulated in different physiological and pathological
contexts99. Whereas orthosteric biased ligands and allosteric ligands
are akin to “targeting signal transduction from afar” intracellular
biased allosteric ligands (BAMs) and molecular glues are akin to tar-
geting signal transduction at the direct site of interaction between the
receptor and the transducer.

As well, the orthosteric site of GPCRs has evolved to be highly selective
for a given GPCR’s endogenous ligand, taking into account the potential
number of endogenous ligands available. On the other hand, the GPCR
intracellular cavity is less discriminative with many GPCRs being able to
couple to different G protein classes and subtypes. Designing and screening
intracellular biased allosteric ligands to investigate the diverse signaling
pathways of GPCRs is an extremely complex and daunting task. Biased
agonists such as PC0371 and SBI-553 were discovered and optimized via
screening of large chemical libraries, and the exact mechanism governing
their biased agonism and allosterism remained undetermined until their
discovery by Cryo-EM complex structure determination100,101. Super-
position of NTSR1 Cryo-EM structures in complex with Gq and GoA
revealed a convincing overlap of receptor:G protein interface with key
determinants of SBI-553’s transducer selectivity (bias) which involved not
only conserved residues of the G protein C-terminus but also the total
receptor:G protein interface55. Despite these challenges, some very modest
gains in selectivity of transducer pathwayshave recently been achievedusing
analogs of SBI-553providing insight for the further development of SBI-553
analogs and potentially other intracellular biased allosteric modulators
(BAMs)102.

It is also worth considering the potential utility of precision intracel-
lular biased allosteric modulators (BAMs) versus biased orthosteric ligands.
As discussed above, orthosteric biased ligands selectively activate canonical
G protein or β-arrestin pathways. Further testing of non-canonical G pro-
tein pathways62 frequently reveals additional levels of real and potential
bias21. Signaling pathway specific intracellular biased allosteric modulators
such as SBI-553, provide potential models in which to precisely tune
receptor-transducer interactions.

The discovery and rational development of intracellular biased allos-
teric modulators (BAMs) is an emerging concept for precision pharma-
cology which would have been impossible without the recent Cryo-EM
structures of these compounds revealing their respective binding sites.
However, further investigation into their mechanisms is needed especially
given the apparent failure of PC0371 in clinical trials (https://clinicaltrials.
gov/study/NCT04209179). Conceivably, BAMs have the potential to pro-
vide a powerful orthogonal approach for precision pharmacology. Current
assays and large-scale docking to identify potential BAMs alongwith further
structure guided design are already being used to advance the field, an
approach not dissimilar to the identification of orthosteric ligands103,104.
However, additional tools such as cell specific assays and pathway specific
stable cell lines might be needed to interrogate the complexity of allosteric
signaling and cell bias which has been discussed briefly previously.

Data availability
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