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Heterotrimeric G proteins are classified into four subfamilies
and play a key role in signal transduction. They transmit
extracellular signals to intracellular effectors subsequent to the
activation of G protein-coupled receptors (GPCRs), which are
targeted by over 30% of FDA-approved drugs. However,
addressing G proteins as drug targets represents a compelling
alternative, for example, when G proteins act independently of
the corresponding GPCRs, or in cases of complex multifunc-
tional diseases, when a large number of different GPCRs are

involved. In contrast to Gαq, efforts to target Gαi/s by suitable
chemical compounds has not been successful so far. Here, a
comprehensive analysis was conducted examining the most
important interface regions of Gαi/s with its upstream and
downstream interaction partners. By assigning the existing
compounds and the performed approaches to the respective
interfaces, the druggability of the individual interfaces was
ranked to provide perspectives for selective targeting of Gαi/s
in the future.

1. Introduction

G protein-coupled receptors (GPCRs) represent the largest
family of transmembrane receptors with more than 800
members controlling the signal transduction of physiologically
important processes. Through extracellular stimuli of the GPCRs,
the signal is transmitted via membrane-bound, intracellularly
localized heterotrimeric G proteins to intracellular effectors.[1–3]

The indisputable importance of GPCR-mediated signal trans-
duction is demonstrated by the fact that over 30% of the FDA-
approved drugs target GPCRs (Figure 1A).[4,5] The attractiveness
of addressing GPCRs lies in easily accessible druggable sites at
the cell surface.[4,6] GPCRs are targeted for numerous diseases,
including Alzheimer’s disease and cancer. In particular, onco-
genic mutations of GPCRs and G proteins have been identified
in a significant number of tumors.[4,7–10] As randomly mutated
GPCRs can occur, it is difficult to develop drugs that respond to
each of these mutations. Furthermore, multiple GPCR signaling
pathways may be involved in multifactorial diseases, such as
asthma or cancer, making it unsuitable to address the GPCRs
individually.[1,2,11] Therefore, targeting the downstream G pro-
teins may be an appropriate alternative, further strengthened
by the fact that overexpression, abnormal activation, mutations,
and dysregulation of G proteins are attributed with diseases
such as cancer (Figure 1B, C).[7,8,10] Besides cancer, G proteins are
also associated with cardiovascular diseases, for example, heart
failure, diabetes, and chronic inflammatory diseases like
asthma.[1,12,13]

G proteins are often referred to as “undruggable” because
they cannot be adequately targeted pharmacologically.[14] The
intracellular location and the consequent lack of accessible sites
on the cell surface is one of the reasons. Thus, molecules
addressing G proteins need to pass the cell membrane to

influence their activity. Of particular interest is the Gα subunit,
which acts as a molecular switch by binding guanine nucleotide
diphosphate (GDP, inactive) or guanine nucleotide triphosphate
(GTP, active).

With respect to Gα, the four existing G protein subfamilies,
Gαs, Gαi, Gαq/11, and Gα12/13 and their subtypes (Gαs: Gαs,
Gαolf; Gαi: Gαi1-3, GαoA/B, Gαt1-2, Gαgust, Gαz; Gαq/11: Gαq,
Gα11, Gα14-16; Gα12/13: Gα12, Gα13), have a high sequence
and structural similarity, making it difficult to selectively address
only one subfamily.[16–18] The development of selective and
efficient G protein activators or inhibitors (“modulators”) is of
crucial importance, as they can be used as tools to gain deeper
insights into G protein-mediated signaling and as lead
structures to design therapeutic drugs. In this regard, various
strategies have been applied to identify and develop modu-
lators of G protein activity. For example, the investigation of
natural compounds led to the discovery of G proteins in 1980,
for which A. G. Gilman and M. Rodbell were awarded with the
Nobel Prize for Physiology and Medicine in 1994.[19–21] Another
possibility for the identification of G protein modulators are
high-throughput screening techniques, which are commonly
used to identify small molecules and peptides. Due to the
structural similarity of the G protein subfamilies, small mole-
cules might have only moderate target specificity, as can be
exemplified with the imidazopyrazine derivatives BIM-46174
and BIM-46187.[22] Nevertheless, small molecules are able to
interact with proteins specifically on protein “hot-spots”.[23]

G proteins generally communicate through protein-protein
interactions (PPIs) to regulate cellular processes.[24] In this
context, the disruption of PPIs can lead to a specific modulation
of the protein activity.[25,26] Thus, (macrocyclic) peptides are
meanwhile regarded as suitable medium-sized molecules to
interrupt PPIs, while the requirement for cell penetration can be
met by incorporation of cell-penetrating peptide (CPP) sequen-
ces, as demonstrated for Cyclorasin 9 A5, targeting the small G
protein KRas.[25,27–31] Today, peptidic modulators can be identi-
fied by several methods, including (computational) structure-
based design or combinatorial approaches.[32–35]

Concerning Gα proteins, only the Gαq subfamily can be
addressed sufficiently by the two naturally occurring cyclic
depsipeptides YM-254890 and FR900359, which selectively
inhibit the Gαq-mediated signaling pathway and are widely
used in pharmacological studies, such as in uveal melanoma or
asthma research.[1,36–41] As modulators like FR900359 and YM-
254890 are still missing for Gαi and Gαs, we examined the
existing strategies and developments to provide a comprehen-
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sive analysis of Gαi/s as targets for chemical tools as well as
their interface regions (to GPCRs, Gβγ, effectors, accessory
proteins), which are crucial for respective signal transduction
pathways. Thus, this review aims at establishing the essential
prerequisite for the future development of highly specific and
potent modulators and tools for the investigation of G proteins
and their involvement in diseases.

2. Gαi/s Interfaces: Determinants of G Protein
Signaling

For the development of Gαi/s modulators, it is essential to
understand their different signaling determinants (Figure S1 in
the Supporting Information). A ligand binding to a GPCR results
in conformational changes of the GPCR and the associated G
protein and thus the GDP dissociation from the Gα subunit. The
resulting empty-pocket conformation has a very short lifetime
due to the high GTP concentration within the cell, which
facilitates rapid GTP binding to Gα.[42] The latter induces the
dissociation of the heterotrimer into GTP-bound Gα and Gβγ,
which can address different intracellular effectors (Fig-
ure S1).[16,17,42] The signaling is terminated by the intrinsic
GTPase activity of Gα, which causes GTP hydrolysis to GDP and
phosphate. Following reformation of the heterotrimer, the GDP-
bound G protein is restored to its original inactive state.[16,17]

Further accessory proteins such as AGS proteins (activators of G
protein signaling) or RGS proteins (regulators of G protein
signaling) can stimulate G protein signaling or accelerate its
deactivation.[43,44] AGS or RGS proteins can act as 1) GDIs
(guanine nucleotide dissociation inhibitors), which stabilize the

inactive, GDP-bound state and thus inhibit the activation of G
proteins,[45] 2) GEFs (guanine nucleotide exchange factors),
which can accelerate the exchange of GDP by GTP,[45] 3) GEMs
(guanine-nucleotide exchange modulators), which have a
bifunctional activity (GDI or GEF) depending on the G protein
substrate,[46] and 4) GAPs (GTPase accelerating proteins), which
enhance GTP hydrolysis and thus terminate the Gα signaling
(Figure S1).[45,47]

Concerning the intracellular effectors (Figure S1), the Gαs
subfamily stimulates the membrane-bound adenylyl cyclase
(AC), which catalyzes the formation of cyclic adenosine mono-
phosphate (cAMP) from adenosine triphosphate (ATP). On the
contrary, the Gαi subfamily members Gαi1-3 and Gαz inhibit AC
and consequently the formation of cAMP.[48] Subsequently,
cAMP can stimulate various downstream signaling pathways.
Furthermore, Gαt1-2 stimulates photoreceptor phosphodiester-
ase (PDE), Gαgust is thought to stimulate PDE activity and
absence of Gαo was found to be associated with ion channels’
regulation.[16,48,49]

In order to map out possible directions for future strategies
of Gα protein-targeted compound design based on the
proteins’ interface regions, it is required to analyze the
structures of Gαi/s in the different activation states and ligand-
complexed forms. Several X-ray and NMR structural analyses
were reported in the past decades,[16,50] starting from the crystal
structure analysis of Gαt in the active, GTPγS (guanosine-5’-O-
(γ-thio)triphosphate)-bound state (1993), and the inactive, GDP-
bound state (1994).[51,52] The Gα subunit has a conserved protein
fold consisting of two domains, the GTPase domain (or Ras-
domain, six-stranded β-sheet motif (β1-6) surrounded by five
helices (α1-5)), which is structurally homologous to small G
proteins and elongation factors of the G protein superfamily,
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and the helical domain (six α-helix bundle, with a large central
helix (αA) surrounded by five smaller helices (αB� F)), which is
unique for heterotrimeric G proteins (Figure S2).[51,52] Both
domains are connected by two polypeptide segments, linker 1
and linker 2, resulting in the following sequence of structural
elements starting from the N-terminal α-helix (αN): αN, β1, α1,
linker 1, αA-F, linker 2, β2, β3, α2, β4, α3, β5, αG, α4, β6, α5.[51,52]

Only the α3-β5 loop and the α4-β6 loop of Gαi1 and Gαs differ
in their sequence and structural conformation within the
conserved GTPase domain, which possibly influences the Gα
binding to GPCRs and effectors.[53] The Gαi subfamily exhibits a
high degree of conservation in sequence and structure, mostly
distinguishable by minor differences in the helical domain.[53] In
between the two domains is a deep cleft, where the respective
guanine nucleotide is bound (Section 2.2).[51,52] Upon G protein
activation, conformational changes occur in three adjacent
regions, namely Switch I (linker 1, beginning of β2), Switch II (C-
terminus of β3, α2, α2-β4 loop) and Switch III (β4-α3 loop,
Figure S2), which are mainly located in the GTPase
domain.[16,51,52] All Gα subunits, except Gαt, are reversibly post-
translationally modified (PTM) with palmitate on a N-terminal
cysteine.[16] Gαi subfamily members are additionally irreversibly
myristoylated on an N-terminal glycine, which has a significant
influence on αN. The latter is disordered in the unmodified
state and gets ordered upon Gβγ binding, while the ordered
αN in case of a myristoylated Gαi results in no further structural
change during Gβγ binding. Furthermore, myristoylation might
affect the effector interaction (Sections 2.4 and 3.4). Overall,
PTMs are important for the regulation of membrane association
and PPIs.[16,17,50]

The knowledge about the Gα structure supports the
development of artificial modulators and the identification of
natural products that influence the Gα protein activity. There-
fore, it is helpful to know, that mostly the surface of the GTPase

domain mediates interactions to GPCRs (Section 2.1), Gβγ
(Section 2.3), downstream effectors (Section 2.4), and accessory
proteins (Section 2.5, Figure 2).[50,53] The composition of the
nucleotide binding pocket and the GTPase mechanism (Sec-
tion 2.2) essentially contribute to the development of new Gα
protein modulators.[44]

In the following, we describe the individual interface regions
and their impact on the G protein-mediated signaling as well as
the nature of the guanine nucleotide binding pocket in more
detail. Our aim is to provide a more specific classification of the
already known modulators (Section 3) by understanding the
interface areas (Section 2), to assess the druggability of
individual protein regions and thus to develop strategies for the
identification of novel modulators.

2.1. Gαi/s-GPCR

For their pioneering work on GPCRs, Robert J. Lefkowitz and
Brian K. Kobilka were awarded with the Nobel Prize in
Chemistry in 2012,[56,57] which stresses the importance of G
protein-mediated signaling. GPCRs are characterized by seven
transmembrane-spanning α-helices (TM1-7), which are con-
nected by three intracellular (ICL1-3) and three extracellular
loops (ECL1-3). The N-terminus is extracellular and the C-
terminus, which contains an α-helix (HX8) in class A GPCRs, is
located intracellularly (Figure S3).[50] The TMs connect the
extracellular ligand binding site with the intracellular binding
site for the heterotrimeric G protein. Interestingly, the GPCR-G
protein interface is about 30 Å apart from the GDP binding
pocket, thus allosteric conformational changes within the
interface and Gα result in the receptor-mediated GDP release.
During reorganization of the cytoplasmic GPCR region upon
receptor activation, the rotation and large outward movement

Figure 1. Involvement of GPCRs and G proteins in human diseases and drug development. A) Distribution of approved drugs (small molecules and biologics)
per human protein family class derived from Santos et al.[15] B) Putative primary Gα protein coupling, based on the classification of GPCR signaling according
to Sriram et al.[5] C) Involvement of Gαi/s subfamilies in multiple disorders such as cancer, heart failure, endocrine disorders or thrombosis, adapted from Li
et al.[1]
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of TM6 together with the rearrangements of TM1, TM4, TM5
and TM7 is characteristic.[58–60] This results in a cytoplasmic
cavity, which can be occupied by the C-terminus of the Gα
subunit, especially the “wavy hook” (distal C-terminus) and α5,
after rotation and translation (Figure S3).[50,60–62] The resulting
GPCR-Gα interface is formed predominantly by hydrophobic
interactions between TM3, TM5-7, ICL3, HX8, and the Gα C-
terminal part (α4, α4-β6 loop, β6, α5). A second, less extensive
interface is established between αN, αN-β1 hinge, β1, β2-β3
loop, α5, and ICL2 (Figure S3). In addition, further Gα
interactions (α3-β5 loop, α2, α2-β4 loop) with the GPCRs are
described.[24,50,58,60,63]

Regarding the GPCR-G protein coupling selectivity, a
significant difference between Gi- and Gs-GPCR complexes is
the relative position of α5 (different rotation and orientation
within Gαi/s) and TM6 (outward movement less intense for Gi-
than for Gs-coupled GPCRs). This results in a wider open G
protein binding pocket for Gs-coupled receptors and enables
the binding of the sterically larger C-terminus of Gαs (α5 tilted
up), whereas α5 of Gi binds relatively further down in the TM
pocket allowing capping interactions with TM7/HX8.[58–64] Con-
sequently, the Gα C-terminus is mainly responsible for the
affinity and specificity of the G protein-GPCR interaction.[50,65,66]

Beside α5, an impact of αN, the αN-β1 loop, the α4-β6 region,
and α4 on the specificity of G protein coupling has been
suggested, due to specificity determining residues within these
regions.[24,50] Furthermore, TM6, ICL2 and ICL3 were related to
mediate the coupling selectivity.[50,59,61,63]

2.2. Gαi/s-nucleotide

G proteins are called molecular switches, switching between
the GDP-bound (“off”) and the GTP-bound (“on”) state to

regulate the downstream signaling.[1,16] The determinants of
nucleotide binding are based on the architecture of the binding
pocket (Figure 3), which structurally alters within 1) GDP release
and formation of the empty-pocket conformation, 2) GTP
insertion and heterotrimer dissociation, 3) the GTPase reaction,
and 4) the phosphate release together with the heterotrimer
reassociation. In the following, the Common Gα Numbering
system in the D.S.P. format (D: domain, with G: GTPase domain,
H: helical domain; S: consensus secondary structure, with S:
strand, H: helix; P: position within the secondary structure
element, all in superscriptions) according to Flock et al.[67] is
used to describe the involved Gα residues and to facilitate a
comparison between the different Gα subtypes and subfamilies.
Loops are written as lower case letters of the flanking secondary
structure elements.[67]

The guanine nucleotide binding pocket is located deep in
the core of Gα between both domains (Figure 3).[51,52] The
nucleoside contacts are formed by interactions with both
domains, whereas the phosphate contacts are mainly estab-
lished with linker 2 and the GTPase domain.[52,68] Two conserved
motifs, the NKXDG.S5.7-G.HG.2-motif and the TCA(T/V)DTG.s6h5.1-G.H5.1

motif (“TCAT-motif”) are crucial for the binding of the guanine
base and the stabilization of GDP in the binding pocket.[16,69]

The phosphate binding is mediated by the highly conserved P-
loop, GXGESGKSTG.s1h1.1-G.H1.3, which connects β1 with α1.
Furthermore, the RXXTXGIG.hfs2.2-G.S2.1 motif and the DXXGG.S3.7-

G.s3h2.2 motif are important for Mg2+ binding, whereby the latter
motif connects the Mg2+ binding site with Switch II.[16,67,69–72]

Mg2+ is octahedrally surrounded by ligands and coordinated by
four water molecules, Ser43G.H1.2 (P-loop) as well as the β-
phosphate in the inactive state.[51,52,73]

GDP release and formation of the empty-pocket conformation.
For GDP dissociation, domain separation is required along with
the destabilization of the GDP-binding contacts mediated by

Figure 2. Structural features of Gα proteins: Contact areas to the GPCRs (green), Gβγ (blue), effectors (yellow) and accessory proteins (red, most common areas
depicted) within the GDP-bound (violet) Gαi1 homology model (from PDB IDs: 3UMS[54] and 5JS8[55]).
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GPCR-induced conformational changes inside the G
protein.[58,72,74–77] The conformational changes in α5 cause
structural rearrangements of the adjacent β6-α5 loop (contains
TCAT motif, Figure 3) and the reduction of hydrophobic
interactions between α5 and α1, β2, and β3, and thus a
destabilization and structural change of α1 (contains P-loop,
Figure 3). As a consequence, the interface between the helical
domain and the GTPase domain is disrupted and the GDP
affinity is reduced.[58,76,78–80] However, the reduced contacts of α5
with β1-3 are compensated by new interactions to β4-β6, which
stabilize the receptor-bound complex.[80] Beyond that, the αN-
β1-loop contributes significantly to GDP dissociation by disturb-
ing P-loop contacts to GDP.[17,58,72,76] The GDP release is favored
as a result of the reduced GDP contacts along with a higher
structural dynamic in the nucleotide-binding region.[58,72] In the
resulting ternary complex, the helical domain exhibits increased
dynamics and moves away from the GTPase domain.[76] In

addition, the structure of the nucleotide binding pocket,
especially the β6-α5 loop, is more dynamic and exhibits a larger
solvent-accessible surface area, which promotes fast GTP bind-
ing induced by the high intracellular GTP concentration.[81]

GTP binding and dissociation of the heterotrimer. GTP binding
leads to stabilization of α1 and the interdomain interface and
induces the reclosure of both domains to a more rigid Gα
structure.[55,63,76,80] Herein, Mg2+ and GTP are deeply buried in
the binding pocket due to rearrangements of Switch I
(Arg174G.hfs2.2, Thr177G.hfs2.5, RXXTXGI motif), Switch II
(Gly199G.s3h2.2 and α2), and Switch III (Figure 3A, C, F).[69] The
structural changes within Switch I are induced by hydrogen
bond formation between the γ-phosphate of GTP with
Thr177G.hfs2.5 and Arg174G.hfs2.2, and the replacement of two water
ligands on Mg2+ by Thr177G.hfs2.5 and the γ-phosphate.[52,68] The
conformational change of Switch I towards the Mg2+ binding
site causes the interruption of Gα-Gβγ interactions and thus

Figure 3. Contacts of Gα to bound nucleotides. Gαt crystal structures (GDP-bound: PDB ID: 1TAG[52] (A), GTPγS-bound: PDB ID: 1TND[51] (C), nucleotides in
violet), domain arrangement[84] of Gα proteins (B) and contacts of nucleotides (D) to the P-loop (blue), RXXTXGI (yellow), DXXG (orange), NKXD (green), TCAT
(red), helical domain (cyan) are shown. Dotted lines indicate hydrogen bonds and grey bars van der Waals interactions. Residues are named according to the
crystal structures.

ChemMedChem
Reviews
doi.org/10.1002/cmdc.202100039

1702ChemMedChem 2021, 16, 1697–1716 www.chemmedchem.org © 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH

Wiley VCH Montag, 07.06.2021

2111 - closed* / 198201 [S. 1702/1716] 1

https://doi.org/10.1002/cmdc.202100039


contributes to the dissociation of the heterotrimer. The
structural changes in Switch I and Switch II are connected
through a newly formed hydrogen bond network.[52,68] Rear-
rangements in Switch II are initiated by a hydrogen bond
formation between Gly199G.s3h2.2 and the γ-phosphate of GTP,
which is coupled to conformational changes of α2 conveyed by
a hydrogen bond of Gly198G.s3h2.1 with Trp207G.H2.7. During this
process, contacts of the conserved Arg201G.H2.1, Arg204G.H2.4 (ion
pairs with Glu241G.H3.4, Switch III) and Trp207G.H2.7 to conserved
residues in α3 are formed.[52,68] Switch III (e.g., Glu232G.s4h3.10,
Glu241G.H3.4) responds to the conformational changes of Switch
II by forming a network of polar interactions with Arg201G.H2.1,
Arg204G.H2.4, and the Gly199G.s3h2.2.[52,73] Additional residues within
the β4-α3-loop and α3 stabilize the active conformation of
Switch III through interaction with the helical domain.[73] The
GTP binding leads to a destabilization of the heterotrimer,
mainly by changes within Switch II, and initiates dissociation
into Gα and Gβγ (Section 2.3).[73]

GTPase reaction. During GTP hydrolysis, the highly con-
served Arg174G.hfs2.2 (“arginine finger”, Switch I, RXXTXGI motif)
decisively stabilizes the pentavalent transition state by interact-
ing with the β- and γ-phosphates of GTP (Figure 3D).[68,82]

Additionally, the highly conserved Gln200G.s3h2.3 (Switch II) is
essential for the hydrolysis by interacting with the γ-phosphate
and the nucleophilic water, which initiates the in-line attack on
the γ-phosphate.[68,83] Hence, mutations of Arg174G.hfs2.2 or
Gln200G.s3h2.3 have been observed in a number of human
tumors, demonstrating the importance of these residues and
the GTPase reaction for the G protein signaling.[82] Within the
hydrolysis mechanism, the water molecule is further stabilized
by the Thr177G.hfs2.5.[68–70,83] RGS proteins are able to accelerate
the GTPase activity (Section 2.5).

Dissociation of phosphate and heterotrimer reassociation. In
the resulting Gα·GDP·Pi complex, Switch I moves marginally
away from the catalytic site leading to a weaker Mg2+ binding
and a hydrogen bond formation of Arg174G.hfs2.2 with the β-
phosphate and Pi, as well as Thr177G.hfs2.5 and Lys176G.hfs2.4.
Switch II undergoes a significant structural change, which
breaks the ionic interactions with Switch III, resulting in a
disordered Switch III. Thereby, Gln200G.s3h2.3 is shifted away from
the active center, a transient phosphate binding site is formed
and the Pi release is enabled.[83] The latter results in disordered
parts of the Switch II and thus, Switch I shifts away from the
nucleotide binding site, whereby Lys176G.hfs2.4 rotates out of the
active center, along with Mg2+ and Thr177G.hfs2.5. Then,
Arg174G.hfs2.2 is only weakly associated with the α- and β-
phosphate.[83] As Switch II is crucial for effector recruitment and
Gβγ binding (Section 2.3, 2.4), the structural changes in Switch
II reduce the affinity towards the effectors and promote Gβγ
binding.[73] The binding of Gβγ rearranged Switch II and,
furthermore, the conformational changes within Switch I and
Switch II seal the GDP in the nucleotide binding pocket.[83]

2.3. Gαi/s-Gβγ

Gβγ is composed of two polypeptide chains, Gβ and Gγ, which
can only be separated under denaturing conditions.[18,85] Crystal
structure analyses revealed that Gβ exhibits an N-terminal α-
helix and a seven bladed propeller structure composed of seven
WD40 sequence repeats with four twisted β-strands per
propeller blade (Figure S4). Gγ comprises two α-helices, with
the N-terminal helix binding to the N-terminal helix of Gβ via
coiled-coil interactions and the C-terminal helix engages with
the propeller. The membrane association is controlled by
prenylation of the Gγ C-terminus.[85–88] The contacts between Gα
and Gβγ are primarily made via two interface regions between
Gα and Gβ (Figure S4). The first interface is established between
the top of the Gβ propeller by hydrophobic interactions with
the hydrophobic pocket of Gα formed by Switch I and Switch II
(especially β2, β3, β3-α2 loop, α2, Figure S4). This interface is
additionally stabilized by hydrophilic/ionic interactions. The
second interface is located between blade 1 of the Gβ propeller
and αN of Gα. There is no structural evidence for direct
interactions of Gα and Gγ.[53,85–88] The structure of Gα in the
heterotrimer differs from free Gα.[86,87] In the heterotrimer, the
αN helix is continuous, whereas in the free state the N-terminus
can exhibit various structures.[86,87] The myristoylation of the N-
terminus increases the affinity of Gα to Gβγ (Section 2).[89] The
GTP-induced conformational changes especially in Switch II
(Section 2.2) lead to the heterotrimer dissociation by interrup-
tion of the stabilizing contacts within the first interface.[85–88]

2.4. Gαi/s-effector proteins

Crystal structure experiments of Gα-effector complexes showed
that the effectors insert hydrophobic side chains into a pocket
formed by the N-terminus of α2 (Switch II) and α3. The effector
specificity is defined by contacts with the C-termini of α2 and
α3 as well as interactions with the α2-β4 loop and the α3-β5
loop.[16,49,53,90–92] Since the α3-β5 loop differs in sequence and
structure between the subfamilies, it was assumed that it plays
the key role in effector selectivity.[49,53] A further contribution of
the α4-β6 loop was also reported.[16,53,90,93]

The Gαi and Gαs subfamily can interact with different
effectors, however, both subfamilies have an opposite effect on
the AC, whereby Gαs can bind to and activate all membrane-
bound isoforms of AC (ACI-IX) and Gαi1 and the near paralogs
can only address certain AC isoforms (ACI, V, VI).[90,94–96] The AC
consists of a cytosolic N-terminus, two transmembrane domains
separated by the cytosolic domain C1 (C1a–b), and followed by
a further cytosolic domain C2 (C2a–b, Figure S5). The active site
is located in the interface between C1 and C2.[97] The Gαs-AC
interface is established between Switch II (α2 and α2-β4 loop)
by insertion of α2 into the groove of AC (formed by C2), and
the α3-β5 loop with C1 and C2. At the same time, Phe991(C2)
binds into the Switch II/α3 cleft.[91–93,95] Mutagenesis experiments
and molecular docking studies indicate that the Gαi-AC inter-
face is located between C1 and Switch I–III as well as αB, which
is opposite to the Gαs binding site on AC (Figure S5). Thus the
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binding of Gαs and Gαi to the AC is not competitive.[53,90,93,98]

Further studies with Gαs and Gαt showed that the N-terminus
is crucial for effector binding. In the Gαs subfamily, no PTM is
necessary for the stimulatory function, whereas myristoylation
of the Gαi subfamily is required for AC inhibition.[16,53,97,99,100]

After GTP hydrolysis, Gα dissociates from AC due to a lower
affinity of the Gα·GDP compared to Gα·GTP. Although Gα·GDP
still has the ability to interact with effectors, its potency is lower
than that of Gα·GTP. Reassociation with Gβγ terminates effector
signaling since the Gα binding site for Gβγ (inactive state,
Section 2.3) largely overlaps with the effector binding site
(active state).[16]

2.5. Gαi/s-accessory proteins

Accessory proteins are capable of interfering with the G protein
signaling in different ways, in particular by binding to Gα
(Figure S6) and thus modulating the Gα activity. AGS proteins
are divided into classes I–IV with I) GEFs (all Gα subclasses), II)
GDIs (Gαi-selective), III) Gβγ binders or IV) Gα16-specific.[43,101–103]

RGS proteins are categorized into different structural and
functional classes, which are named after the prototypical
member (i. e. A/RZ (Gαz/i-specific), B/R4 (Gαi/o/q-specific), C/R7
(Gαi/o-specific), D/R12 (Gαi/o-specific)). Typically, such proteins
act as GAPs preferably with the Gαi subfamily.[44,103,104] In the
following, the structural aspects of 1) GDIs, 2) GEFs, 3) GEMs
and 4) GAPs are described in more detail.

GDIs. GDIs comprise one to four GPR motifs (G protein
regulating motif, TMGEEDFFDLLAKSQSKRMDDQRVDLAG,[105,106]

also known as GoLoco motif, consensus XXΦΦXΩΩX[+]
XQπXRΩXXQR,[107,108] Φ: hydrophobic, Ω: aromatic, π: small, X:
any amino acid)). The GPR motifs bind to and stabilize Gαi·GDP,
thereby inhibiting the nucleotide exchange and the accompa-
nied G protein activation (Figure S6). GDIs can prevent the
association of Gα with Gβγ through overlapping interface
regions, which may lead to prolonged Gβγ signaling.[45,103,108,109]

The binding of the GPR motif is directed to Switch II/α3, where
Arg of the Asp/Glu� Gln� Arg triad of the GPR motif is oriented
towards the GDP binding pocket and directly interacts with the
α- and β-phosphate of GDP.[45] The insertion of Arg is enabled
by the conformation of Gln (triad), which interacts with
Gln147H.hdhe.2 and Asn149H.hdhe.4 of Gαi. The GPR motif also
establishes contacts to Switch I and changes its conformation,
for example, Arg178G.hfs2.2 (RXXTXGI motif, Section 2.2) is dis-
placed by a salt bridge with Glu43G.s1h1.1 (P-loop) and forms
contacts to the GDP ribose entity. Further conformational
changes occur in Switch II and Switch III. The C-terminal part of
the GPR motif binds along the interdomain region, thus
possibly restricting interdomain movements and preventing
GDP dissociation.[102,108–111] Gαi specificity is assumed to be
mediated by contacts with the helical domain (αA-αB loop, αB-
αC loop),[102,108–111] and/or an acidic residue in the GTPase
domain that influences the orientation of Glu43G.s1h1.1.[112]

GEFs. The chaperones for nucleotide-free Gα subunits Ric8 A
(resistance to inhibitors of cholinesterase, Gαi/q/12/13-specific)
and Ric8b (Gαs/olf-specific) also function as GEFs through

partial Gα unfolding (in absence of Gβγ).[43,113,114] They bind
preferentially to Gα·GDP, cause GDP dissociation by domain
separation and stabilize the empty pocket conformation,
although GTP binding leads to Ric8 dissociation due to a lower
binding affinity (Figure S6).[114,115] Three Gα contact sites for Ric8
proteins were referred: α5, β4–6 and Switch II/α3 together with
the P-loop.[113,114,116] Similar to GPCRs, Ric8 interaction leads to a
major structural changes of α5 and detachment from the
hydrophobic β-sheet core (β4–6), which also rotates and is then
stabilized by Ric8. The α5 movement disrupts the nucleotide
contacts of the TCAT motif and the NKXD motif and destabilizes
the purine binding site (Section 2.2). The antiparallel β2–β3
hairpin moves away from the GTPase core, which destabilizes
and disordered α1 and thus leading to domain separation of
Gα, destabilization of the P-loop contacts to GDP and enhanced
GDP dissociation.[113,116–118] The interaction of Ric8 A probably
shifts Switch II to the binding position of the γ-phosphate,
which is associated with conformational changes in Switch I
and promotes GTP binding.[116–118] The interruption of the
contacts between Switch II and Ric8 A during GTP binding leads
to the reorganization of β2 and β3, and Ric8 A dissociation. The
selectivity determinants of Ric8 are probably family-specific
residues of Gα (α5), whereby the majority of Ric8 A and Ric8B
residues are conserved in the Gα contact region.[113,116–118]

GEMs. GEMs are the most recently discovered class of G
protein-affecting proteins, with GIV (Gα-interacting, vesicle-
associated protein) being first described as GEM (GEF for Gαi,
GDI for Gαs).[46,119] GEMs possess a common motif (~30 amino
acids, core consensus ΦTΦX[D/E]FΦ-motif,[120] Φ: hydrophobic,
X: any amino acid) that selectively binds to the GDP-bound or
empty-pocket conformation and affect monomeric Gα (Fig-
ure S6).[84,121] So far, only the GEF binding to Gαi3 has been
structurally analyzed. The binding of the GEM motif to the cleft
formed by Switch II (mainly contacts with Gln204G.s3h2.3,
Trp211G.H2.7, Phe215G.h2s4.1), α3 and the α3–β5 loop, induce
conformational changes in Switch I (RXXTXGI motif), β1, and the
P-loop and thus in the phosphate binding, which is sufficient
for Gα activation.[84,121] Allosterically induced conformational
change of the β2-β3 loop with associated α5 movement and
disturbances in the interdomain interface (Switch III, αD–αE
loop) is also observed, with the latter potentially resulting in
domain separation.[84,121] The binding site of the GEM motif
partially overlaps with the GDI and the Gβγ binding site.[84,121]

GAPs. GAPs interact with Gα·GTP and are able to catalyze
GTP hydrolysis by stabilizing the transition state. The respective
RGS proteins contain a functionally conserved RGS domain (~
120 [B1] amino acids, “RGS box”), which is responsible for the
Gα interaction and the catalytic activity.[45,103,122] The RGS domain
forms an interface to Gα, recognizing and stabilizing mainly
residues in Switch I-III (Figure S6). Three critical contacts are
reported: 1) A hydrogen bond between Asn128 (RGS4) and
Gln204G.s3h2.3 (Switch II), which orients Gln204G.s3h2.3 (Section 2.2)
to stabilize the γ-phosphate and the nucleophilic water
molecule. Asn128 also interacts with Switch II, thus stabilizing
the conformation of Switch I and II. 2) A hydrogen bond
between Asn88 (RGS4) and Thr182G.hfs2.6 (Switch I), which brings
Switch I–II into the conformation of the transition state, thereby
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Thr182G.hfs2.6 (Switch I) gets in contact with Lys210G.H2.6 and
Glu207G.H2.3 (Switch II). 3) Asp163 (RGS4) stabilizes Thr182G.hfs2.6

(Switch I), allowing the adjacent Thr181G.hfs2.5 (Switch I) to
stabilize the Mg2+ and to bring the nucleophilic water into an
ideal position for GTP hydrolysis.[44,91,104,122,123] RGS contacts with
Switch III and the helical domain (αA, αB-αC loop) are differ-
ently pronounced in the subtypes of the Gαi subfamily and
possibly contribute to Gα selectivity and the potency of GAP
activity.[91,104,122,124–127] The binding side of RGS proteins is
consistent with the fact that RGS proteins are antagonists for
effectors.[122,127] The specificity of the Gαi subfamily compared to
the RGS-GAP incompetent Gαs subfamily can be explained by
differences in the primary structure of the switch
regions.[91,104,122,124,125]

3. Modulators Targeting Gαi/s Interfaces

The analysis of the Gα interface regions demonstrates that the
contact regions are predominantly located in the GTPase
domain (especially Switch I–III, β-sheet core, α3, N- and C-
terminus). The helical domain is crucial for the nucleotide
exchange and may serve as a specificity feature within the Gα
subfamilies, as Gαi subfamily members are mostly distinguish-
able by minor differences in the helical domain.[53] The analysis
also reveal which regions are exposed at the Gα surface and
can be targeted by potential modulators. For example, Switch
II/α3 may be regarded as “druggable” because it is addressed
by Gβγ (Section 2.3), effectors (Section 2.4), and accessory
proteins (Section 2.5). The latter show that binding to this
region may have a functional impact on Gα and therefore
represents an interesting model for modulator development
(Section 3.5). Additionally, α5 (important for G protein activa-
tion, allosteric connection to nucleotide binding pocket), and
αN (important in GPCR coupling, Gβγ binding and PTMs), are
also interesting target structures (Section 3.1, 3.3). In the
following, the individual interfaces are investigated for already
known Gα binders and/or modulators as well as their identi-
fication methods. The classification of the individual interfaces
according to their druggability provides important perspectives
for future modulator development.

3.1. Gαi/s-GPCR

Within the Gα-GPCR interface, the C-terminus (wavy hock, α5)
and the N-terminus (αN, αN-β1, β1) play significant roles in the
allosterically induced GDP release (Figure S3). The essential
function of the C-terminus for the GPCR coupling as well as its
selectivity was recognized very early. For this reason, antibodies
targeting the C-terminus of the Gα subunit were developed
(Supporting Text in the Supporting Information, Figure S10).

3.1.1. Natural compounds

A number of natural compounds have been described for the
Gα-GPCR interface. These include a bacterial exotoxin and
numerous cationic amphiphilic substances, such as venom
peptides from bees or wasps, whereby the latters can reversibly
influence the Gα protein activity (Figure 4).

Pertussis toxin (PTX, 105 kDa[128]), is an exotoxin from
Bordetella pertussis and inhibits the Gαi subfamily (except Gαz,
Figure 4A, B). It can exert a mono-ADP-ribosyl transferase
activity, covalently and irreversibly transferring an ADP-ribose
element from nicotinamide adenine dinucleotide (NAD+) to the
C-terminal CysG.H5.23 conserved in the Gαi subfamily. Conse-
quently, Gi uncouples from the receptor, cannot be activated,
and remains GDP-bound leading to cAMP accumulation and
various pathological effects in the host cell.[1,21,128–130] In addition,
G protein-independent actions have also been described, which
renders PTX together with its irreversible modification incapable
for clinical use. Nevertheless, PTX has been applied in numerous
studies to analyze Gαi-specific effects.[1,129,131,132]

A variety of cationic, amphiphilic substances, including
neuropeptides, hormones, venom peptides, and polyamines,
exhibited activating properties on purified G proteins. They
have a high proportion of hydrophobic and basic groups
orienting in an amphipathic α-helical structure in the presence
of phospholipids (Figure 4C), and allowing them to penetrate
the cell membrane.[134,135] Prominent members of this group are

Figure 4. Natural compounds targeting the Gα-GPCR interface. A) Modifica-
tion of Gαi by pertussis toxin (PTX) derived from Mangmool et al.[129] PTX
transfers the ADP-ribose element from nicotinamide adenine dinucleotide
(NAD+) to Gαi CysG.H5.23. B) Crystal structure of PTX (gray, PDB ID: 1PRT[128]).
The S1 subunit (magenta) is important for Gαi inhibition. C) G protein-bound
NMR structure ensemble (14 structures) of mastoparan-X (H-INWKGIAA-
MAKKLL-NH2, PDB ID: 1 A13[133]).
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the wasp venom 14mer peptide mastoparan (H-INLKALAALAK-
KIL-NH2) and the bee venom 26mer peptide melittin (H-GIGA-
VLKVLTTGLPALISWIKRKRQQ-NH2). Both venom toxins are able
to disrupt cell membrane phospholipids and to cause
lysis.[131,136–139]

Mastoparan and related analogs (mastoparans) increase the
rate of GTP binding in a GEF-like manner and the GTPase
activity for Gi/o, but have only a weak effect on Gt and Gs
(except mastoparan-S, H-INWKGIASM-α-aminoisobutyryl-RQVL-
NH2).

[131,133,134,136,140,141] Mastoparan has been shown to engage
the Gα N- and the C-terminus and competes with GPCRs for G
protein binding and thus has been used as low-molecular-
weight GPCR mimetic.[133,142–147] Melittin comprises a predom-
inantly hydrophobic N-terminus and a hydrophilic C-terminus. It
stimulates Gi activity and inhibits Gs activity, which conse-
quently leads to inhibition of AC activity.[139,148,149] Furthermore,
activating effects on G proteins and their GTPase activity were
reported for the neurokinin substance P (H-RPKPQQFFGLM-
NH2), synthetic polyamine component 48/80 (C48/80, mixed
polymer of p-methoxy-N-methyl phenylethylamine crosslinked
by formaldehyde), the mast cell degranulating peptide (H-
IKCNCKRHVIKPHICRKICGKN-NH2, MCD), and other cationic am-
phiphilic substances.[132,134,136,142,150–157] Altogether, these com-
pounds are considered as pharmacological tools and candidates
with potential therapeutic applications.[137,158] In the context of
Gα modulators, the broad use of compounds such as melittin
and mastoparan, is restrictive because of their dose- and cell-
type dependency, nonspecific targeting and thereby induction
of various biochemical effects.[159,160]

In summary, the natural compounds interact mainly via the
Gα C-terminus, which appears well exposed and druggable,
and thus cause GPCR-G protein uncoupling. For PTX, this results
in a permanent inhibition of Gi, whereas the cationic amphi-
philic peptides lead to GPCR-independent activation and signal-
ing. The latter is a valuable starting point for tool development
at the G protein level, which circumvents the need to address
many GPCRs in multifactorial diseases.

3.1.2. Synthetic compounds

The described modulators from natural sources revealed that
cationic hydrophobic substances are able to act as G protein
modulators. Thus, these compounds have been further inves-
tigated. One synthetic compound is the polyamine C48/80
(Section 3.1.1), which activates Gi/o and stimulates GTPase
activity.[141,142] In addition, other cationic hydrophilic substances
such as hydrophobic amines[136,157] or derivatives of the lead
mastoparan[136,138,161] have also been described as Gα modula-
tors.

Quaternary hydrophobic amines have been referred in the
context of mastoparan and can affect the activity of purified
recombinant G proteins. For example, benzalkonium chloride
(BAC) antagonizes the Gi stimulation of mastoparan by
inhibiting the GDP exchange, whereas BAC alone slightly
increases the basal GDP exchange at high concentrations. In
contrast, BAC and other quaternary amines has been suggested

to stimulate the nucleotide exchange and the GTPase activity of
Go in response to the phospholipid concentration.[136] Other
quaternary long-chain alkylamines displayed equally stimulatory
properties on Go, whereas short-chain amines were ineffective.
However, high concentrations of hydrophobic amines destabi-
lize the G protein and might lead to denaturation.[136,157] Overall,
these amines are considered unsuitable for the modulation of
Gα protein activity, since they may also bind unselectively to
other proteins and influence their activity.

In numerous studies, various derivatives of mastoparan
(synthetic and natural) were investigated to explore the
structural determinants, including net charge, spacing, charge
localization, and proportion of α-helical conformation (Fig-
ure 4C), which define activity and cytotoxicity of the
lead.[136,138,147,161,162] To reduce the cytotoxicity of mastoparan
towards mammalian cells, [I5, R8]-MP was developed by
replacing Ala5Ile and Ala8Arg, resulting in antimicrobial activity
against bacteria and fungi but no cytotoxicity in HEK293 cells or
hemolytic effects towards human erythrocytes.[138] Conse-
quently, mastoparan is a prototype substance for the derivation
of valuable antiinfective agents from naturally occurring
antimicrobial peptides. However, due to G protein-independent
side effects, these compounds are less attractive as G protein
modulators.[138] In addition to mastoparans, GPCR-derived
peptides have been extensively studied in order to gain insight
into G protein-GPCR coupling and coupling selectivity.[163–166]

These GPCR-derived peptides, however, have a comparably low
potential, since each peptide can only interfere with the G
protein signaling of a few receptors possessing, for example,
similar ICL regions.

In summary, although the Gα-GPCR interface appears to be
druggable, the existing modulators for this interface have many
drawbacks for application as tool compounds. The interface
might not be well suited for selective Gα targeting, due to the
fact that there are multiple GPCRs adressing the same Gα
subfamily. Thus, the selective modulation of one distinct Gα
protein within the Gα-GPCR interface requires different modu-
lators to affect one G protein signaling cascade entirely. Apart
from this, this interface shows potential for exploiting the
different coupling selectivities of a GPCR to a Gα protein to
selectively affect a special GPCR-Gα interaction. In this context,
however, it appears easier to address the extracellular drug-
gable sites of a GPCR.

3.2. Gαi/s-nucleotide

The nucleotide binding pocket is not a typical PPI interface like
the other regions described, wherein, different guanine nucleo-
tides (GNPs, Figure S7) are able to bind. As GNPs are not
classical modulators and can bind unspecific to other guanine
nucleotide-binding proteins, we will only briefly discuss them
here. More detailed information can be found in the supporting
information. One application of GNPs is the ability to induce
different activity states, as demonstrated by various crystal
structure experiments and studies for quantifying the percent-
age of active G protein.[51,52,68,167,168] Altogether, GNPs represent
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crucial tools for the analysis of G protein-affecting compounds,
as they can be used, for example, in radioactive or fluorescently
labeled form, to determine the impact of the tested compound
on the nucleotide exchange as well as on the GTPase
activity.[167,169,170] Consequently, GNPs proofed to be efficient for
various applications.[51,52,68,167–170]

3.3. Gαi/s-Gβγ

There are not many modulators that address the Gα–Gβγ
interface by approaching Gα, thus we decide not to subdivide
this section. As shown in Section 2.3, Gα contacts Gβγ on the
switch regions and αN (Figure S4).[86] The G protein activation
enables the heterotrimer dissociation, whereby upon reassocia-
tion, the signaling is terminated since the effectors and Gβγ
share Gα binding sites (Section 2.3, 2.4).[87,171,172] Furthermore,
AGS class II proteins, such as AGS3 (contains four GPR motifs,
Section 2.5), are able to dissociate the heterotrimer, since the
GPR motif attaches and changes the conformation of Switch II
close to the Gα-Gβγ interface. Consequently, modulators
identified or developed for the Gα-accessory protein interface
may also affect the Gα-Gβγ interaction (Sections 2.5, 3.5,
Figure S6).[109,173–175] Moreover, Gβγ seems to compete with the
fluorescently labeled Alexa532-RGS4 protein for binding with
high affinity to Gαi·GDP·AlF4� , which implies that Gβγ can
inhibit the action of GAPs by binding to Gα.[176] Apart from that,
the prenylation of Gγ (Section 2.3) anchors Gβγ in the plasma
membrane and is highly required for the interaction with Gα
and effectors.[177–179]

Based on the G protein signaling partners, peptides that
bind to Gα on the Gα-Gβγ interface were developed. Kimple
et al.[109] exploited the RGS14 GoLoco region to design R14GL
(DIEGLVELLNRVQSSGAHDQRGLLRKEDLVLPEFLQ) derived from

rat RGS14 (also accessory protein interface), that binds to Gαi
between Switch II and α3 but not to Gαo, whereas the
interaction with Switch II imbricates the contact of Gαi1·GDP
and Gβγ.[109] Subsequently, Wang et al.[182] developed a Gβ-
derived peptide exhibiting the respective Gαi1-binding se-
quence of a second Gβγ binding site on Gα, which was able to
interrupt the respective Gαi1·GDP-Gβγ association.[182]

In addition to the natural partners within G protein signal-
ing, researchers intended to study PPIs by targeting the Gα-Gβγ
interface via different screening approaches. In this regard, Gβγ
modulators have also been developed, however, are not
described herein.[85,180] Suramin (1, Figure 5) is a drug discovered
by Bayer in 1916 and used to treat the African sleeping disease.
Initial studies implied that suramin binds directly to Gαs,
hinders the heterotrimer reassociation and thus the G protein–
receptor coupling.[1,183,184] Afterwards, experiments revealed that
suramin inhibits the GDP release from Gα. However, suramin
exhibits reduced selectivity, since it can inhibit Gαi and Gαs.[1]

Consequently, different suramin analogs have been developed
such as NF449 (2) and NF503 (3, Figure 5), which were superior
to the other, comprising a higher selectivity for Gαi and
Gαs.[1,2,181,183,185–187] The structural basis and the pharmacological
importance of these agents needs to be more specified in the
future. A further suramin derivative (NF023, Figure 7, Sec-
tion 3.5.2.1.) was identified to target the Gαi3-GIV binding
site.[188] A major drawback of these compounds is their limited
cell penetration due to the high negative charge of the sulfonic
acid groups, thus decreasing their pharmacological potential.[2]

Based on the aforementioned reports, it can be concluded
that this interface overlaps with the Gα-effector and -accessory
protein interface which hamper a clear distinction. Thus, these
common sites might be valuable targets for future therapeutic
applications.[180,189]

Figure 5. Chemical structures of suramin (1) and its analogues: NF449 (2) and NF503 (3).[1,180,181]
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3.4. Gαi/s-effector proteins

Effectors of Gα are enzymes, proteins or ion channels with AC
belonging to the most important effectors, which can be
affected by Gαi and Gαs (Section 2.4, Figure S5).[48,53,190,191] As
already mentioned, Gαi myristoylation is required for its
inhibitory effects to distinct AC isoforms.[99] These findings
provide a precious opportunity to modulate the Gα protein
activity with PTM-like modifications. Apart from that, natural
molecules that impair the association of Gαi/s and their
downstream effectors are rare. Only accessory proteins, such as
RGS16 (Section 2.5), can be given here since they may act
antagonistically with respect to G protein-effector binding. In
this regard, RGS16 was shown to bind to Gαt/o·GDP·AlF4

�

affecting the Gαt/o signaling pathway by inactivating the G
protein-effector binding.[104,192,193] Based on these observations,
the discovery of natural compounds or PTMs is anticipated to
broaden the knowledge about this interface.

Likewise, there are only few examples of synthetic com-
pounds that address this interface, which is why we have not
divided this section further. It was already known in the 1970s
that forskolin (Fsk) activates AC in a receptor-independent
way.[93,190] What is striking though, is the contribution of the Fsk-
Gαs·GTPγS complex in raising the binding affinity to two AC
analogs, VC1 (ACV) and IIC2 (ACII) and their catalytic activity
(Figure S8).[93] Furthermore, Yoo et al.[194] constructed AC-derived
peptides and found that a peptide encoding C2-α’2 (899–926),
and two more peptides, namely C1-β4-β5-α4 and C2-α3’-β4’,
possessed inhibitory features regarding Gαs stimulation on full
length ACII and ACVI (69% inhibition for the C1-peptide and
89% for the C2-peptides). Despite the aforementioned pep-
tides, additionally tested peptides exhibited higher IC50 values,
whereas others showed no inhibition.[194]

In summary, although crystal structures have provided
insights into the Gαi/s effector binding,[90,93] the availability of
compounds acting on this interface is rather low.[194] A possible
explanation could be that the Gα-effector interface is not easy,
if not impossible, to be manipulated. On the other hand, this
interface overlaps partially with the interface for accessory
proteins (Section 2.5, 3.5), making it non-trivial to clearly
separate these regions. In our opinion, this interface may not be
the most critical in studying G protein modulators, however,
should not be neglected.

3.5. Gαi/s-accessory proteins

Accessory proteins themselves are modulators of Gα protein
activity, acting as GDI, GEF, GEM, or GAP (Section 2.5, Fig-
ure S6).[45,46] Therefore, they serve as important templates for
modulator development based on the motifs that are critical for
their function and the interface that they bind to. Addressing
the Gα-accessory protein interface and the GTPase activity,
respectively, was of enormous importance in the past, as
inhibition of the Gαs GTPase function by cholera toxin (CTX,
Section 3.5.1) led to the discovery of G proteins.[21] Nowadays,

accessory proteins have also been considered as drug targets,
which is described in numerous excellent reviews.[44,103,195–197]

3.5.1. Natural Compounds

Regarding natural compounds targeting the Gα-accessory
protein interface, it is important to consider that Gβγ (inactive
state) and effectors (active state) represent natural competitors
for the binding of accessory proteins, since the interface within
Gα overlaps significantly (Section 2.3, 2.4, 3.2,
3.4).[16,45,49,109,121,122,127] Furthermore, bacterial exotoxins directly
affect the GTP hydrolysis.[198] Cholera toxin (CTX, 84 kDa,[199]

Figure 6A, C) is an exotoxin from Vibrio cholerae, the bacterium
responsible for the symptoms of the cholera disease.[21] In early
studies, it was observed that CTX increased the intracellular
cAMP level by a permanent Gαs activation, leading to the
discovery of G proteins.[21] The activation was caused by a
mono-ADP-ribosyl-transferase activity of CTX (similar to PTX,
Section 3.1.1), irreversibly transferring an ADP-ribose element
from NAD+ to Arg201G.hfs2.2 (arginine finger, Section 2.2) of Gαs
(Figure 6A).[1,21,193,198,200–202] As a consequence, the GTPase activity
is inhibited and Gαs·GTP is prevented from being
inactivated.[202–205] Using a similar mechanism, a heat-labile
enterotoxin (HLT, 86 kDa,[206] Figure 6C) from Escherichia coli
also selectively modifies and permanently activates
Gαs.[1,201,206,207] Furthermore, a toxin from Pasteurella multocida
(PMT, 146 kDa,[208] Figure 6B–C) modulates the Gα protein
activity of Gαi/q/13. PMT catalyzes the deamidation of
Gln205G.s3h2.3 (Gαi) and conversion to Glu205G.s3h2.3, thereby
blocking the GTP hydrolysis (Section 2.2, Figure 6B). Conse-
quently, Gαi remains in the active state resulting in a decrease
in cAMP level.[1,82,209–211] PMT preferentially interacts, unlike PTX
(Section 3.1.1), with monomeric Gα and can prevent conversion
with PTX by Gαi deamidation.[211] In addition, Photorhabdus
asymbiotica protein toxin (PaTox, 335 kDa, UniProt: C7BKP9,
Figure 6C) causes the Gln205G.s3h2.3 (Gαi) deamidation of Gαi/q/
11 analogous to PMT and is also capable of catalyzing tyrosine
glycosylation of Rho.[212] However, all of these bacterial exotox-
ins have the disadvantage to unrecoverably modify Gα, thereby
irreversibly affecting the G protein activity. Therefore, these
modulators have less clinical utility and should rather be
regarded as important pharmacological tools that can provide
insights into immunological processes or different aspects of G
protein signaling.[201] However, it cannot be denied that
targeting the GTPase function is a reasonable approach for
modulating the Gα activity, since an inhibition maintains the
Gα subunit in the active state whereas stimulation accelerates
the termination of the signaling pathway.

3.5.2. Synthetic compounds

The enormous potential of the Gα-accessory protein interface
has been recognized with the result that the development of
novel tool compounds (small molecules and peptides) was
primarily directed towards this interface region. High-through-
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put techniques, but also virtual design, have been increasingly
applied to identify or design novel modulators. Structure-
activity relationships derived from crystal structures of com-
plexes or molecular modeling and docking were frequently
performed, too.[188,215–217]

3.5.2.1. Small molecules

The development of small molecule modulators is a classical
approach in medicinal chemistry. In 2006 and 2009, the
imidazopyrazine derivatives BIM-46174 (BIM-monomer, 4) and
the disulfide-bonded BIM-dimer BIM-46187 (5, both in short:
BIM, Figure 7) were introduced, which showed antiproliferative
and pain relief effects, respectively, and thus have been
proposed as potential anticancer drugs.[11,218–220] For the selec-
tion of G protein-directed modulators, a differential screening
approach with human cancer MCF-7 cells was applied, compar-
ing the influence of potential modulators on CTX-stimulated
cAMP production (Gαs-mediated signaling) with the influence
on Fsk-stimulated AC activity (Section 3.4).[218] Both compounds
act as pan-inhibitors of Gα protein activity, preferentially
silencing Gαq signaling in a cellular context-dependent
manner.[22,220] At the molecular level, BIM reversibly binds to
Gα·GDP and prevents GTP binding after GDP dissociation.[11,22,220]

Consequently, Gα is pharmacologically frozen in the empty-

pocket conformation.[22] Using docking experiments and all-
atom molecular dynamics simulations, Switch II, Switch III, and
the αB-αC loop were postulated as BIM binding regions, which
could explain the BIM-mediated inhibition through conforma-
tional changes in the switch regions that are crucial for GTP
binding as well as a restricted domain separation of helical
domain and GTPase domain.[11,22] In further studies, BIM was
further analyzed with respect to Gαq targeting due to the Gαq
preference.[221,222]

In a computer-based approach performed in 2014, molec-
ular docking was applied to identify potential small molecules
with GDI activity that bind to and stabilize Gαi·GDP in the
presence of Gαi·GTP, Gαq·GDP, and Gαq·GTP.[223] Two com-
pounds (0990 (6) and 4630 (7); Figure 7) with GDI selectivity for
Gαi1 over Gαq, three compounds (8005, 8770, 4799) with GDI
selectivity for Gαq over Gαi1, and three compounds (2967,
6715, and 1026) with GDI activity towards Gαi1 and Gαq were
identified.[11,223] Some of these compounds were able to partially
block the α2-adrenergic receptor-mediated cAMP regulation
promoted by Gαi/o activation, however, neither compound
showed the desired inhibitory activity even at high
concentrations.[1,223] The quinazoline derivative 0990 was
studied in more detail and was suggested to bind to Gαi·GDP
(Arg178G.hfs2.2/Val199G.S3.6 or Glu43G.s1h1.1/Gln79H.HA.14 or Gln79H.HA.14/
Lys180G.hfs2.4), all mimicking important Gαi1-GDI interactions. In
structure-activity relationship studies, the basic hydrophobic

Figure 6. Natural compounds targeting the Gα-accessory protein interface. A) Modification of Gαs by cholera toxin (CTX). CTX transfers the ADP-ribose
element from nicotinamide adenine dinucleotide (NAD+) to ArgG.hfs2.2 of Gαs, thereby inhibiting GTP hydrolysis. B) Modification of Gαi by P. multocida toxin
(PMT). PMT catalyzes the deamidation of GlnG.s3h2.3 to GluG.s3h2.3 and thus inhibits GTP hydrolysis. C) Crystal structures (gray) of cholera toxin (CTX, PDB ID:
1XTC[213]), heat-labile enterotoxin (HLT, PDB ID: 1LTS[207]), P. multocida toxin (PMT, PDB ID: 2EC5[214]) and the P. asymbiotica protein toxin (PaTox)
glycosyltransferase domain (PDB ID: 4MIX[212]) in complex with UDP-GlcNAc (violet).
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phenyl-quinazoline-aniline core was shown to be crucial for the
GDI activity.[11,223]

In 2017, by an in silico ligand screening and a separate high-
throughput screening, the Gαi3-GIV interface (Section 2.5) was
addressed, and NF023 (9, suramin derivative, Section 3.3) and
ATA (8, aurintricarboxylic acid, both Figure 7) were identified.
Both compounds were confirmed as Gαi3 binder and inhibitor
of Gαi3-GIV binding.[188] NF023 binds to Switch II, α3 and α3-β5
loop, a binding site that overlaps with the binding site of the
GEM motif (Section 2.5).[84,120,121] However, no interference with
Gαi3� Gβγ binding was observed, although the interface regions
partially overlap (suggested for suramin, Section 3.3).[188]

The disadvantage of these small molecules is that NF023
(and suramin) are not cell permeable and can inhibit P2X
receptors in addition to Gα subunits, and ATA can also address
other targets such as topoisomerase II.[1,188] Apart from that, the
authors concluded that the Gαi–GIV interface is defined and
druggable and thus of interest for modulator design.[188]

The screening approaches employing small molecules
demonstrate the possibility to develop Gα modulators. How-
ever, a clear drawback is the selectivity of the compounds for
the individual subfamilies or G proteins themselves. This is
exemplified with BIM, a pan-inhibitor for Gα protein activity,
obtained from a screening experiment towards Gαs, while the
approach from 2014 identified compounds with Gαi/q selectiv-
ity that did not exhibit the anticipated inhibitory activity. NF023
and ATA also address other targets besides Gα and are
therefore not specific. Nevertheless, small molecules are
important tools to study G protein signaling pathways and to
explore the determinants for selectivity between the subfami-
lies.

3.5.2.2. Peptides

The approach of peptide engineering is of particular interest
regarding the Gα-accessory protein interface. For example,
peptide sequences derived from protein motifs, such as the
GPR motif,[106,107] GEM motif,[84,120] and RGS domain,[104,122] which
are important for the corresponding functions as GDI,[106–108]

GEM[119,120] or GAP,[122] can serve as templates for the peptide
design.[45,46]

GPR proteins and GPR-derived peptides were shown to act
as GDIs for Gαi in vitro.[1,102,224,225] Subsequently, CPPs such as a
hydrophobic K-FGF-derived peptide sequence (AAVALLPAVL-
LALLA) or basic TAT-derived sequence (GRKKRRQRRRPP) were
attached N-terminally to a GPR motif (H-TMGEEDFFDLLAKSQ-
SKRMDQRVDLAK-NH2) to increase the cell penetration of the
GPR peptide.[223] The TAT-GPR construct maintained GDI activity
and selectively blocked Gαi regulation of α2-adrenergic-medi-
ated AC activity in HEK293 cells.[223] The TAT-GPR construct has
therefore been proposed as a valuable pharmacological tool
and potential therapeutics. The authors, however, have tended
to consider the development of small molecule inhibitors
(Section 3.5.2.1) due to the relatively large size of the construct
(40mer peptide).[223] In a similar approach, a GIV-derived peptide
(GIV-CT, 210 amino acids), containing the GEM motif and an
SH2-like domain, was N-terminally coupled to a TAT-PTD
(peptide transduction domain) sequence to increase cell
permeability.[226] It has been shown that the construct can bind
to Gi in a cellular context and activates it in a GEF-dependent
manner.[226] Consequently, peptides derived from accessory
protein motifs can affect the Gα protein activity and intra-
cellular modulation can be achieved by CPP attachment. The
drawback to the described constructs is that they are relatively

Figure 7. Chemical structures of small molecules targeting the Gα-accessory protein interface. Imidazopyrazine derivatives BIM-46174 (4) and BIM-46187 (5),[11]

compounds 0990 (6) and 4630 (7),[223] aurintricarboxylic acid (ATA, 8) and suramin derivative NF023 (9).[188]
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large as to be used as chemical tools (e.g., 40mer peptide or
protein).

mRNA display approach. Along with using the actual protein
motifs to develop modulators, they have also been used as
templates for high-throughput techniques (peptide sequences
in Table S1). For example, the Roberts group used a GPR
consensus-derived mRNA display library for the screening
against Gαi1·GDP and identified the Gαi·GDP-specific R6A and
minimized its sequence to the 9mer peptide R6A-1. Both
peptides competed with Gβγ for Gαi1 binding. It was hypothe-
sized that the GDI activity was conserved, however, this was
contradicted in later studies for R6A-1.[227,228] R6A-1 binds to
Switch II/α3 of Gαi1 and also showed binding to the other Gα
subfamilies in the GDP-bound state.[228,229] Therefore, R6A-1 was
postulated as a core motif for Gα interaction[227,229] and was
subsequently used for the development of Gαi·GDP·AlF4

�

binders[230] and Gαs binders within Switch II/α3.[231] The first
approach yielded AR6-05, which competes with Gβγ for Gαi1
binding and favors the GDP-bound more than the GDP·AlF4

� -
bound state.[230] The second approach used a two-step selection
process, identifying two Gαs·GDP-specific peptides (GSP),
mGSP-1 and mGSP-2, which maintain specific contacts with
Switch II/α3 and inhibit the formation of the heterotrimer. It
was shown for GSP, mGSP-1, and mGSP-2 that they act as GDI
for Gαs, with GSP also acting as GEF for Gαi1, thus showing
bifunctional GEM-like properties.[231] Further optimization strat-
egies of R6A-1 included N-methylations in order to increase its
proteolytic stability.[232] By using an mRNA display with a
macrocyclic peptide construct, the proteolytic stability towards
chymotrypsin of the identified Gαi·GDP-selective cycGiBP (10,
Figure 8) was significantly increased compared to its linear
variant linGiBP. Both peptides compete with R6A for binding to
Gαi1, and therefore an equal binding site was assumed.[233]

Subsequently, the library was first digested with chymotrypsin,
followed by mRNA display selection against Gαi1·GDP, leading
to hits with increased chymotrypsin resistance and stability in
human plasma.[234] The respective peptides were referred to as
cyclic protease resistant peptides (cycPRP-1 (11), cycPRP-3 (12),
both Figure 8). Due to the similar core consensus, it was
suggested that both peptides also bind to Gαi1 on Switch II/
α3.[234] By using an mRNA display containing also unnatural
amino acids, the Gαi·GDP-selective SUPR (13, scanning unnatu-
ral protease resistant, Figure 8) was obtained exhibiting a
further improved stability in human serum, a half-life of
~900 min in liver microsomes and a 35-fold better in vivo
stability in mouse compared to cycGiBP.[235]

Recently, in a modified mRNA display approach, the
Gαs·GTP-selective GsIN-1 (14, Figure 8) was identified using a
Random nonstandard Peptide Integrated Discovery (RaPID)
system, which also addresses Switch II/α3 and inhibits Gαs.[217]

Phage display approach. The first phage display towards
Gαi1 was performed with a commercially available peptide
library and two peptide families (consensus ΩPXXΩHP (peptide
1) and LPΩXXXH (peptide 3) with Ω: aromatic amino acids)
with G protein-activating properties were identified, however,
no structural information was described.[236] In another phage
display experiment with Gαi1·GDP, the GDP-selective peptide

KB-752 was discovered showing GEM-like activity (GEF for Gαi1
and GDI for Gαs) and high similarity to the GEM motif.[215,237] In a
crystal structure analysis with Gαi·GDP, the peptide was shown
to bind into the hydrophobic cleft of Switch II/α3 (like the GEM
motif of GIV, Section 2.5, Figure S6).[215] Altogether, KB-752 is
able to inhibit cAMP production through its bifunctional
function within the G protein-mediated AC activity, which has
been shown in cell membrane preparations.[237] In addition, a
consensus to the previously described R6A-1 ([T/Y/F]-W-[WY]-
[ED]-[FY]-L) was identified, based on which the Switch II/α3
binding site of R6A-1 and the subsequently developed mRNA
display peptides were concluded.[228,231,233] In a second experi-
ment, a phage display was performed with Gαi1·GTPγS,
resulting in the active-state selective peptides KB-1753, KB-
1746, and KB-1755.[216,238] KB-1753 is capable of inhibiting the
interaction of Gαt with its effector cGMP PDEγ and Gαt-
mediated activation of cGMP degradation, as well as interfering
with RGS protein binding.[216,238] Crystal structure analysis of KB-
1753 in complex with Gαi1·GDP·AlF4

� showed that KB-1753 also
binds into a conserved hydrophobic pocket between Switch II
and α3.[216] Based on results in competition binding assays, it
was shown that the Gαi1 binding sites of KB-1753 and KB-1755
as well as of KB-1755 and KB-1746 partially overlap, whereas
the binding sites of KB-1753 and KB-1746 do not. Furthermore,
KB-1755 was shown to interact with Gα the effector and RGS
protein binding region. Thus, KB-1746 was thought to predom-
inantly interact with the RGS binding site of Gα, as KB-1753
predominantly addresses the effector binding site.[216,238]

OBOC library screening. In a recent study, using an one-
bead-one-compound (OBOC) library screening against
Gαi1·GDP, we identified a peptide, GPM-1, with high sequence
similarity to KB-752[237] and the GEM-motif,[119,120] which was
further modified to increase cell permeability and proteolytic
stability. The optimized peptides exhibited GDI activity towards
Gαs and GEF activity towards Gαi1 in a GEM-like activity. Thus,
the peptides may lower the cAMP concentration in the cellular
context via the G protein-mediated AC activity. Using molecular
modeling and docking analyses, the peptides were shown to
bind to Gαi1·GDP similarly to KB-752 and the GIV-GEM motif
within Switch II/α3. Such compounds may thus be considered
valuable tools for the study of G protein-mediated signal
transduction and pathogenesis (unpublished results).

In summary, the peptides described predominantly address
the Switch II/α3 region (Figure S9), which appears to be well
exposed and well targetable/druggable. This is demonstrated
by the fact that this region is not only targeted in directed
approaches, but also in non-directed attempts. The binding
cleft between the Switch II α2-helix and α3 is well accessible
within both, Gαi and Gαs, in either state of activity, as shown
by the diverse peptides presented in this section. The variation
in state selectivity and subfamily specificity is due to the varying
conformation of the switch regions, which allows only peptides
with certain structural features to bind. Thus, addressing the
Switch II/α3 region is an interesting objective for future
applications of both, peptides, which allow more selective
binding due to larger interaction areas, and small molecules.
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4. Summary and Outlook

G proteins play a crucial role in signal transduction and in a
variety of physiological processes. However, this might also
indicate that G proteins are involved in the development and
progression of diseases in case of malfunctions in respective
signaling cascades. GPCRs are already targeted by over 30% of

the FDA-approved drugs and are consequently well druggable
through their extracellular ligand binding site.[4,5] However,
targeting G proteins is an attractive alternative compared to
GPCR-directed drugs, for example, in cases of multifactorial
diseases, in which multiple GPCRs are involved, or in cases
where the disease pathogenesis occurs downstream of the
GPCR at the G protein level. To date, no drugs addressing G

Figure 8. Chemical structures of mRNA display-derived peptides targeting the Gα accessory protein interface. The peptides cycGiBP (10),[233] cycPRP-1 (11),
cycPRP-3 (12),[234] and Gα SUPR (13)[235] are Gαi1·GDP selective. GsNI-1 (14)[217] is Gαs·GTP selective.
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proteins have been approved or tested in clinical trials,
rendering the development of tool compounds crucial for
pharmacological research.[1,2,11,180]

The Gα subunit of heterotrimeric G proteins has a high
potential for manipulation by modulators, because of its various
structural determinants and its role as molecular switch. Here,
we examined the five different interaction sites of Gαi/s, namely
the Gα-GPCR, the nucleotide binding pocket, the Gα-Gβγ, the
Gα-effector, and the Gα-accessory protein interface, in more
detail highlighting the structural characteristics of these inter-
actions. Subsequently, all modulators known so far from the
literature were assigned to one of these interface regions, and
the approach used to identify these modulators was analyzed
for its potential to provide an important starting point for
targeting these previously “undruggable” proteins in the
future.[14]

Regarding the Gα-GPCR interface, many natural compounds
are known to address the Gα N- and C-termini, which are thus
readily accessible to potential modulators, as evidenced for the
N-terminus by its post-translational modifications and for the C-
terminus by the ability to develop specific antibodies for this
region (Supporting Information). However, the substances
targeting this interface also exhibit non-G protein-specific
activities, which renders them unsuitable for clinical studies and
as leads. We consider this interface to be less attractive for
modulator development, since the variety of GPCRs with their G
protein coupling selectivities only allows to address few specific
receptor-mediated signaling pathway simultaneously.

Targeting the nucleotide binding pocket by modulators is a
suitable tool to study G protein signaling and to evaluate novel
modulators occupying different interface regions. GNPs are
important to induce artificially different activation states and
thus distinct Gα conformations, for example within crystal
structure analyses. Furthermore, GNPs are valuable in evaluat-
ing whether compounds affect the nucleotide exchange, and
exhibit GDI, GEF or GEM activity, or alter the GTPase function,
which might be achieved by binding of the respective
compound to the Gαi/s-accessory protein interface. Addition-
ally, GNPs are also critical for determining the quality of
recombinant G proteins. For modulator development, these
compounds are less suitable because they can also target other
guanine nucleotide-binding proteins.

The assignment of modulators to the Gα-Gβγ and Gα-
effector interface is not trivial, since the interaction regions
overlap with the contact areas of accessory proteins, depending
on the Gα activation state. Thus, these interface areas have
potential for being addressed by tool compounds, although the
development starting from the accessory proteins is more
promising.

Finally, the Gα-accessory protein interface might possess
the highest potential for modulator design, since accessory
proteins themselves influence the Gα activity and can therefore
be used as models or lead structures. This is evident from the
fact that peptides derived from the GPR or GEM motif can affect
the G protein activity in vitro or in conjugation with CPPs
intracellularly. In addition to directed approaches that aimed to
directly address this interface, non-directed high-throughput

techniques also yielded compounds that were able to address
this interface. These compounds were frequently associated
with modulator properties. Overall, the analysis of this interface
has shown that especially the Switch II/α3 region is well
exposed and druggable, which has already been described by
DiGiacomo et al.[188] in the context of small molecules, but can
further be extended to the peptide level. This region could
therefore be approached experimentally on the basis of protein
motifs or already identified binders/modulators, or theoretically
by directed docking experiments using the above-described
approaches. Comparing the potential of small molecules with
that of peptides indicates that peptides show a higher
selectivity due to more specific contacts than small molecules.
In addition, the identified peptide modulators of the Switch II/
α3 region demonstrate that state-selective or subfamily-
selective modulators can be developed, as the conformation of
the Switch II/α3 binding cleft differs accordingly.

As a consequence for future investigations, novel modu-
lators may be identified based on the conformation of the
Switch II/α3 region, using especially directed high-throughput
techniques, but also the already identified compounds, which
can be further developed as lead structures. At the same time,
the approach of identifying natural compounds should be
considered as a valuable strategy, although it might be time-
consuming and non-directed.

In conclusion, Gα proteins have an enormous potential for
being targeted by pharmacological tools and drugs. Such
compounds would provide a viable alternative to circumvent
the necessity of targeting GPCRs in the future, especially in the
context of multifactorial diseases or diseases associated with
downstream defects of GPCR signaling.
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