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Abstract

G protein-coupled receptors (GPCRs) allosterically activate heterotrimeric G proteins and trigger
GDP release. Given that there are ~800 human GPCRs and 16 different Ga proteins, does a
universal allosteric mechanism govern Ga activation? Here we show that different GPCRs interact
and activate Ga proteins through a highly conserved mechanism. Comparison of Ga with the
small G protein Ras reveals how the evolution of short segments that can undergo disorder-order
transitions decouple regions important for allosteric activation from receptor binding specificity.
This might explain how the GPCR-Ga system diversified rapidly, whilst conserving the allosteric
activation mechanism.

Introduction

G proteins bind to guanine nucleotides and act as molecular switches in a number of
signaling pathways by interconverting between a GDP-bound inactive and a GTP-bound
active statel. They are comprised of two major classes2: monomeric small G proteins3 and
heterotrimeric G proteins4. While small G proteins and the alpha subunit (Ga) of
heterotrimeric G proteins both contain a GTPase domain (G-domain), Ga contains an
additional helical domain (H-domain) and also forms a complex with the G and Gy
subunits. Although they undergo a similar signaling cycle (Figure 1), their activation differs
in one important aspect. The GDP exchange factors (GEFs) of small G proteins are largely
cytosolic proteins, whereas the GEFs of Ga proteins are usually membrane-bound GPCRs.
While GEFs of small G proteins interact directly with the GDP binding region1,3, GPCRs
bind to Ga at a site almost 30A away from the GDP binding region5 and allosterically
trigger GDP release to activate them.
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The high-resolution structure of the Gas-bound [3,-adrenergic receptor (3,AR)5 provided
crucial insights into the receptor-G protein interface and conformational changes in Ga upon
receptor binding6,7. Recent studies described dynamic regions in Gas6 and Gai8, the
importance of displacement of helix 5 (H5) of Gas and Gat by up to 6A into the receptor5,
the extent of helical domain opening during GDP release9,10, and identified residues that
contribute to Gai activation7,10. These studies focused on single, specific Ga proteins,
however, in humans there are 16 different Ga genes, with at least 21 isoforms4 that group
into four functional subfamilies (Gas, Gai, Gaq, Gal2) which each regulate different
signaling pathways11. Although they belong to the same protein fold, they have diverged
significantly in their sequence such that each Ga protein can be specifically activated by one
or several of the ~800 human GPCRs4. Thus a fundamental question is whether there is a
universal mechanism of allosteric activation that is conserved across all Ga protein types10.
Allosteric communication in proteins is mediated through conformational changes, which is
facilitated by the re-organization of non-covalent contacts between residues. Thus studying
these contacts can provide detailed insights into the mechanism of allostery12-16. Based on
a comprehensive analysis, here we propose that GPCRs interact and activate Ga subunits
through a conserved mechanism. We describe molecular details of the key structural
transitions and pinpoint residues that constitute the ‘common core’ of Ga activation.

CGN: A numbering scheme for referring equivalent residues in Ga proteins

We created a structural and sequence alignment of 80 Ga structures from diverse organisms
and 973 sequences from 66 species that have a GPCR-G protein system (auto-activating
plant Ga proteins were not considered; Methods). To enable the comparison of any residue/
position between different Ga proteins, we devised the Common Ga Numbering (CGN)
system (Figure 2a). The CGN provides an ‘address’ for every residue in the D.S.P format,
referring to (i) the domain (D), (ii) the consensus secondary structure (S), and (iii) the
position (P) within the secondary structure element. For instance, Phenylalanine 336 in Gail
will be denoted as Phe336%-H5:8 as it is the eighth residue within the consensus helix H5 of
the G-domain. The corresponding position in Gas2 is Phe376%-H58, | oops are labeled in
lower case letters of their flanking secondary structure elements (SSE); e.g. s6h5 refers to
the loop connecting strand S6 with helix H5 (see Extended Figure 1, Methods and
Supplementary Note). A CGN mapping webserver is available at: http://www.mrc-
Imb.cam.ac.uk/CGN.

Consensus non-covalent contacts for different signaling states

The Ga structures were assigned to the four major signaling states (Figure 1) and the non-
covalent contacts between residues were calculated for each structure. We computed the
consensus non-covalent residue contacts from all Ga structures of the same signaling state.
Using the CGN, we integrated information on evolutionary conservation for every position
and derived the consensus contacts mediated by universally conserved residues for each
signaling state (Figure 2b). We find that each step of the signaling cycle undergoes contact
re-organization to variable extents. Since these conformational changes involve conserved
residues, the observed contact re-organization is likely to be universal for all Ga proteins. A
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description and additional interpretations are provided in the Supplementary Note and
Supplementary Material. Below, we describe the major findings pertaining to Ga activation.
We first focus on the GPCR-Ga interface and then describe molecular details of how the
non-covalent contacts are re-organized and propagated to the GDP binding pocket, leading
to GDP release.

Conserved and variable H5 interface residues

Analysis of the buried surface area (BSA) and residue contacts between the B,AR-Gas
interface5 shows that H5 contributes ~70% (845A2; 15 residues) of the total BSA. Other
SSEs (s2s3/h4hg/H4/h4s6/S6) cover ~20% (289A2; 14 residues), and the N-terminal
membrane-anchored helix HN and its loop with strand S1 contribute ~10% (120A2; 5
residues) of the total BSA (Figure 3a). H5 is the key interface element that contacts residues
in transmembrane helices (TM3, TM5, and TM6) and intracellular loops 2 and 3 (ICL2 and
ICL3) of the BoARS5. Contacts from the other Ga regions are mainly restricted to ICL3 of the
receptor. An analysis of the contacts of the Gat C-terminal peptides bound to rhodopsin17-
20 shows that conserved residues in H5 tend to interact with the corresponding,
topologically equivalent residues in rhodopsin (Supplementary Data).

We mapped evolutionary conservation onto the BoAR-Gas interface and find that H5 is the
only interface region that harbors residues that are highly conserved across species and Ga
protein types (~27% of H5; 7 residues; Figure 3b). These residues have significantly higher
BSA compared to the non-conserved H5 interface residues. Several highly conserved Ga
interface residues interact with conserved interface residues on the GPCR (Extended Figure
2a). Computational energy calculations show that these residues make the highest interface
energy contribution, and are likely to be important for complex formation (Extended Figure
2a). Thus, the universally conserved residues on H5 might form the conserved ‘interaction
hotspots’ for different Ga proteins to interact with their cognate receptors in a similar
binding mode. We also find that two-thirds of the H5 residues are variable but half of these
(8 residues) still contact the receptor. Thus H5 harbors distinct sets of interface residues that
are either conserved or variable across the different Ga proteins. The variable positions on
H5 together with the other interface regions (Figure 3b) could be important for selective
coupling to different receptors, as shown for individual Ga proteins21,22. This suggests that
the conserved Ga interface positions provide the basis for a common mode of receptor
binding while the variable positions might confer selectivity in receptor coupling
(Supplementary Note).

H5 disorder-order transition breaks H5-H1 contacts

In the 79 structures of Ga not bound to a GPCR, the C-terminal residues of H5 are
characterized by missing electron density (Extended Figure 2b). This region undergoes a
disorder-to-order transition and extends H5 upon receptor binding as shown for Gas/t/
i5,6,8,20,23. Analysis of H5 from 561 full-length Ga homologs suggests that the higher
disorder propensity of the last eight residues compared to the rest of H5 is a universal feature
(Extended Figure 2b). Within this disordered region, hydrophobic positions lleH5-15,
LeuH®-20 and LeuH>-25 contact the GPCR, fold into a helix and are conserved between
human proteins and the yeast homolog Gpalp (~1200 Mya). This highly conserved peptide
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motif24 is involved in the disorder-to-order transition upon receptor binding and suggests
that this structural transition mediated by the three key conserved interface residues is likely
to be a universal feature of all G proteins.

To understand the effect of GPCR binding on contact re-organization within Ga, we
analyzed the consensus contacts in the inactive state (11 structures) and the active state
(B2AR-Gas structure). Although we had only one structure of the receptor-G protein
complex, identifying changes in the consensus contacts of the inactive state allowed us to
focus on residues that are re-organized upon receptor binding (and hence relevant for all Ga
types). In all inactive state structures, the N-terminal part of H5 makes extensive contacts
with a number of SSEs within the G-domain of Ga. Two universally conserved positions
(PheH5-8 and ValH5-7) on H5 contact conserved positions in H1, S2 and S3 (left lobe), and S5
and S6 (right lobe), respectively (Extended Figure 3). In the GPCR-bound state, H5 loses
20% of its intra-Ga contacts (primarily with H1), and gains 27 inter-molecular residue
contacts with the GPCR (Figure 3c). Upon receptor binding, the H5 contacts with the right
lobe are not lost, but are re-organized to accommodate the structural changes and might be
important for the stability of the receptor-bound complex (for discussion, see Supplementary
Note and Sun et al25). Thus, H5 is composed of two highly conserved modules with distinct
functions, /.e. an interface module important for receptor binding, and a transmission
module that harbors intra-G protein contacts which are re-organized upon receptor binding
(Figure 3c).

In contrast to H5, the non-conserved interface regions from H4/h4s6/h4hg undergo less
dramatic reorganization of intra-Ga, contacts upon receptor binding (Extended Figure 3).
This suggests that the conserved mechanism of allosteric activation is primarily mediated by
breaking the contacts between H5 and H1. As the residues that form these contacts are
conserved in all 16 Ga types, this contact reorganization upon receptor binding is likely to
be universal for Ga proteins.

H1 unfolding and GDP release

In the inactive state, H1 acts as a structural ‘hub’ by linking different functional regions of
Ga. H1 contacts the N-terminal part of H5 (transmission module), H-domain and GDP
through universally conserved residues (Figure 4a). In this manner, H1 links the H-domain
and GDP binding site with the conserved residues in the H5 transmission module, which in
turn is physically linked to the H5 interface module that binds the receptor. The conserved
consensus contacts between H5 and H1 seem essential for the structural integrity of H1.
Computational calculations of the per-residue contribution to protein stability for the 79 non-
receptor-bound structures are consistent with their role in stabilizing H1 (Extended Figure
4). Upon GPCR binding, the H5-H1 contacts are lost, leading to unfolding of H1. The
contact-mediating positions in H1 have missing electron density in the B,AR-Ga structureb
and H/D exchange experiments have shown that this region is dynamic in Gas upon receptor
binding6. Upon becoming flexible, the conserved consensus contacts between H1, GDP and
the H-domain hinge region are lost. This results in the loss of a significant fraction of all
contacts made with GDP, thereby weakening its binding affinity, (Figure 4b) and H-domain
opening. Since the entire sequence of H1, the contacting residues on H5, and the H-domain
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hinge positions are highly conserved across all Ga proteins, the mechanism of GDP release
is likely to be universal for all Ga proteins.

Universal model for Ga activation

While variable interface residues in H5 and elsewhere allow specific binding to distinct
GPCRs, we find that H5 primarily harbors conserved positions that might allow a common
mode of receptor binding and a conserved mechanism of allosteric activation. The contact
re-organization between conserved residues links the disorder-to-order transition of H5 upon
receptor binding to a change in structural stability of H1, ultimately leading to GDP release.
More specifically, H5 is divided into: (a) The N-terminal transmission module, which forms
a mt- 7 cluster linking H5, S2, S3 and H1 via universally conserved residues PheH58,
HisH1-12 PheS2:6 and PheS3-3 in the inactive state and (b) the C-terminal interface module,
which undergoes a disorder-to-order transition in the intracellular cavity of the receptor via
universally conserved positions. This structural transition results in a displacement of the H5
transmission module, thereby interrupting the nt- 7 cluster. The re-organized residues in the
cluster (PheH5-8 and PheS3-3) contact conserved residues within ICL2 of the receptor
(extrapolated Ballesteros-Weinstein numbering: 3.58 and 3.57 of foARS), as confirmed
recently for the CB2 receptor-Gai complex26. Since the conserved r-m cluster is important
for the structural integrity of H1, its disruption leads to an increased flexibility of H1. H1 has
a central role in the inactive state by forming contacts both to GDP (Extended Figure 4) via
the Walker A motif2,27 and to the H-domain (through a ‘cation-m hinge’ motif; Extended
Figure 5). Thus, the increased flexibility due to the partial unfolding of H1 results in GDP
release and H-domain opening. The only other conserved inter-domain contact is an ‘ionic
latch’ between the C-terminal loop of helix HG of the G-domain and the hChD-loop of the
H-domain. This contact is broken upon receptor binding, which might be a result of the
reorganization of the right Ga lobe (Extended Figure 3).

In addition to H1, residues around HG and within the s6h5 loop (TCAT motif) contact the
GDP (Extended Figure 3). The conserved guanine-contacting TCAT motif preserves most of
its contacts within Ga upon receptor binding, although TCAT-to-H1 contacts are lost and
new contacts are formed between H5, S5, S6, and the TCAT motif (/.. the re-organized
right lobe). Likewise, residues that contact the guanosine moiety, including the interaction
between the TCAT motif and HG, s1h1 (P-Loop), S5 and S6, are not significantly re-
organized during Ga activation. Whether this arrangement poises Ga for GTP binding
(which differs from GDP by a single phosphate and whose physiological concentration
exceeds GDP several-fold22), and whether GTP has the capacity to stabilize H1 on its own
and trigger Ga release from the receptor, remains to be addressed. An analysis of the GTP-
bound Ga reveals that the presence of the third phosphate facilitates additional contacts with
the switch regions (Extended Figure 4c).

Conceptually, the GPCR-bound Ga conformation can be considered as a metastable Ga,
transition state that is stable only due to interactions with the GPCR. Thus, the lost intra-Ga
contacts between H1 and the transmission module of H5 are compensated by the helix
extension of H5, the gained receptor interface contacts, and some re-organized contacts in
the right lobe of Ga (H5 with S5, S6; see role of conserved Y320%-56-2 in Sun et al.25). In
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this manner, H5 and H1 act as the primary conduits of information transfer between the
receptor interaction interface (input) and the GDP binding site (output). The residues of the
structural motifs and functional elements described here are conserved in all the different
families of Ga proteins (Extended Figure 5a). Thus the mechanism described here is likely
to be universal for activation of all cognate GPCR/Ga protein pairs.

engineered Ga mutations

We analyzed disease-causing mutations in the human population and found three key
positions that are mutated, resulting in constitutive Ga activity: (i) a variant of the
transmission module residue PheM>8 in Gal1 causes autosomal dominant hypocalcemia
type 2 by becoming constitutively active28, possibly by destabilizing the contact between
H5 and H1, (i) Gai variant Alas®h5-3Ser, a position important for H1 stabilization and GDP
binding, causes testotoxicosis by constitutively activating adenylate cyclase29, and (iii)
Gal1l variant ArgH1-9Cys causes autosomal dominant hypo-parathyroidism30, possibly by
affecting H-domain opening and GDP release (see Supplementary Table 3 for a list of
mutations). We also analyzed previously performed perturbation experiments on different
Ga types using the CGN system and can rationalize how these mutations affect the
activation mechanism (Figure 5a and Supplementary Note). Furthermore, comprehensive
alanine-scanning mutagenesis performed on Gail, coupled with thermostability assays of
the mutants in the GDP-bound or nucleotide-free state coupled to rhodopsin25, is also
consistent with the analysis performed here (Figure 5b). For example, mutations in the H5
interface module mainly affect Gail-rhodopsin complex stability, whereas mutations in the
H5 transmission module primarily affect the nucleotide-bound state of Gail. Alanine
mutations in H1 highly destabilize the GDP-bound state, but not the Gail-rhodopsin
complex. In addition, mutating residues in the conserved wt-w cluster that interact with
PheH>8 significantly affects Gail stability in the GDP-bound form, but not in the receptor
bound form (see Sun et al25). Taken together, our analysis, the CGN numbering system and
the universal activation mechanism provides a unified framework to relate and interpret a
number of independent experimental and disease mutations in different Ga subfamilies.

Comparing Ga and monomeric G protein activation

We compared the crystal structures of each equivalent signaling state of Ga and Ras and
found that H5 and H1 have significantly changed their functional role. In Ras, H5 has a
disordered extension (hypervariable region) that is post-translationally modified for
membrane anchoring31. In Ga, the equivalent region forms the GPCR interface module (the
N-terminal disordered region of HN is the membrane-anchor32). The nucleotide-binding N-
terminal part of H1 is conserved in its sequence and its structural orientation in both Ras and
Ga (Figure 6 and Extended Figure 6). In contrast, the central part of H1, which contacts the
H-domain hinge, is only conserved in Ga. The C-terminal part of H1 plays a different role in
Ras and Ga. While the last turn of H1 in Ras folds back to bind the guanine moiety via a
conserved m-mt stack, the equivalent region in Ga forms the metastable part of H1 that
remains helical in the GDP-bound inactive state due to contacts with the N-terminal
transmission module of H5. These contacts are missing in Ras as the C-terminus of H1 and
the N-terminus of H5 are each three residues shorter, and H1 in Ras is stable without the
interactions with H5. This means that although Ras and Ga are evolutionarily related and
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share the same architecture, minor but crucial differences in the number and pattern of non-
covalent contacts between H5 and H1 have allowed the emergence of an allosteric
mechanism for GDP release in Ga. Small extensions in H1 and H5 permit H1 to sense
whether H5 is bound to the GPCR. The disordered C-terminal tail of H5 provides both
conserved and variable interface residues that allow for a conserved Ga activation
mechanism and yet permit the evolution of receptor binding specificity.

Discussion

Our analysis suggests that GPCRs interact and activate Ga subunits through a highly
conserved mechanism in which the interruption of the contacts between H1 and H5 is the
key step for GDP release. In this sense, while H1 is the molecular switch for GDP release,
H5 is the distal trigger that is “pulled” upon receptor binding. Given that Ga proteins belong
to the same fold, the existence of evolutionarily conserved residues per se is not surprising.
However, the observation that (a) the conserved residues form a network of non-covalent
contacts that links the GPCR-binding site with the GDP-binding pocket and that (b) this
network of contacts is consistently re-organized upon receptor binding suggest that this
mechanism might constitute the common conserved set of structural changes for the
allosteric release of GDP (Supplementary Note). While the conserved residue contacts are
crucial for Ga activation, non-conserved positions can still be important for allosteric
activation in distinct Ga proteins10. Thus, the identified residues are necessary but not
sufficient for G protein activation. The variable interface residues, as well as the By subunits
could play important roles in receptor binding specificity for individual proteins. Thus the
conserved universal mechanism likely represents the “skeleton” which can be incorporated
into different contexts in different Ga proteins to maintain a conserved mechanism of
allosteric activation and yet permit specific binding to the receptor.

A comparison to small G proteins revealed how Ga evolved to bind GPCRs at a site that is
distal to the GDP binding pocket. Emergence of short regions in H5 and H1 that can undergo
structural transitions seem to have been co-opted to make a new GEF (receptor) interface
and link it to the GDP binding site. In such a system, displacement of a secondary structure
element (H5) upon receptor binding can transmit information by re-organizing key non-
covalent contacts between conserved residues that connect different secondary structure
elements. Thus a common ancestor of the GTPase fold might have provided the structural
framework that can be perturbed by GPCR binding through the interruption of H5-H1
contacts. This ‘new’ allosteric site for GEFs is physically separated from the Ga effector and
regulator binding interfaces, and could have provided the basis for the expansion of the
GPCR family without affecting the downstream signaling factors.

Our findings suggest that in addition to evolving extensive interfaces and allosteric ‘wires’
as observed in other proteins13,33, another solution for allosteric communication is evolving
short segments that undergo disorder-to-order transitions upon a trigger (e.g. receptor
binding). This mechanism involves the reorganization of a network of existing contacts to
induce conformational changes that affect a distal site without the requirement of directly
contacting residues but linked by the same secondary structure (e.g. the interface and
transmission module of H5 make distinct sets of contacts but are linked through the protein
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backbone; like a puppet-on-a-string). Since disordered and loop regions tolerate more
sequence changes than structured regions34, an important implication is that such regions
allow the separation of binding specificity from a conserved allosteric activation mechanism.
Generalizing this principle, we suggest that disordered segments that can undergo structural
transitions (regulated folding or unfolding) and thereby re-organize existing networks of
contacts within structured regions could play an important role in other protein families and
may be exploited in protein engineering applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ga signaling states and activation.
Heterotrimeric G proteins (1) release GDP upon binding to a GDP Exchange Factor (GEF),

which are G protein-coupled receptors, (2) bind GTP and recruit downstream effectors, and
(3) hydrolyze GTP promoted by GTPase activating protein (GAP), leading to (4) the
inactive, GDP-bound state. Structures of the Ga subunit (blue) bound to GDP (1got; inactive
state; top) and bound to the f2-AR (grey) (3sn6; active state; bottom) are shown.
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Figure 2. The Common Ga Numbering (CGN) system and Ga conserved contact networks.
a, Every position in a Ga is denoted by its domain (D), the consensus secondary structure

element where it is present (S), and position (P) within the consensus SSE. Names of SSEs
are shown in the cartoon, loops are named with lower case of the flanking SSEs (e.g. hlha;
see Extended Figure 1 for all SSES). An alignment of all 973 Ga proteins belonging to all
the 4 subfamilies from 66 species allowed the identification of equivalent positions, P. An
online webserver allows mapping of any Ga sequence or structure to the CGN system. b,
Computation of consensus residue contact networks between conserved residues for
different Ga signaling states. See Methods, Supplementary Note and Supplementary Data.
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Figure 3. Helix 5 contains the conserved interface region and is comprised of two modules.
a, Inter Ga—GPCR residue contact network (inset) and buried surface area (BSA) analysis of

the heterotrimeric Gas—p2AR structure (3sn6). The line width between the nodes (SSE)
denotes the number of consensus residue contacts. GPCR positions are denoted by extending
the BW-numbering system (note parts of ICL3 become extended TM5). b, Scatterplot of Ga
sequence conservation and normalized BSA highlights the conserved and variable interface
residues. ¢, Consensus contact rewiring between the inactive and the GPCR-bound state by
H5 residues. Positions mediating intra G protein contacts (blue) and receptor-mediated
contacts (red) are shown. The circle size represents the number of contacts. H5 can be
divided into transmission and interface module. The disorder-to-order transition of the H5 C-
terminal region upon receptor binding and SSE contact rewiring are shown.
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Figure4. Helix H1l isthe key SSE that contacts H5, GDP and the H-domain.
a, Consensus SSE contacts involving H1. The line width between the nodes (SSE) denotes

the number of consensus residue contacts. Upon receptor binding, H5 is displaced and
crucial contacts between H1 and H5 are lost. This might explain the increased flexibility of
H1 in the GPCR-bound state, which results in the loss of GDP contacts and the H-domain
hinge region (formed by H1, hlha, and HF; light blue). b, The extent of GDP consensus
contacts mediated by the different SSEs. See Extended Figure 4.
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Figure 5. Mutational studies support the universal Ga, activation mechanism.
a, Disease and engineered mutations can be rationalized by the model of Ga activation in

different Ga subfamilies. b, Comparison of the stability of Gapy-GDP (ATm; °C) and the
Gapy-GPCR complex (A relative complex stability; %) by Gail alanine mutagenesis of
every position in H1 and H5. *Mutant FH2-8A is not stable in the receptor-free state but can
still form the complex with the receptor.
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Figure 6. H5-H1 interaction permitsthe allosteric activation mechanism.
a, GEF interaction surfaces (red) for Ga (3sn6) and the small G protein HRas (1bkd) in a

superimposed orientation. b, H1 and H5 of the inactive (1got, 4921) and GEF-bound state
(3sn6, 1bkd) for Ga (blue) and HRas (grey). ¢, Consensus sequences of equivalent residues
of H5 and H1 in Ga and Ras. The helical region is highlighted in a grey background and the
H5 disordered region is shown in a dashed grey box. See Extended Figure 6.
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Extended Figure 1. Human paralog reference alignment for Common Ga Numbering System.
a, Reference alignment of all canonical human Ga paralogs. The domain (D), consensus

secondary structure (S) and position in the SSE of the human reference alignment (P) are
shown on top of the alignment. b, Reference table of the definitions of SSEs used in the
CGN nomenclature.
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Extended Figure 2. Energy estimation of the GPCR-Ga residue contributionsand Ga disorder
propensity.

a, Energy contribution of single interface residues to the Gas-f2AR complex calculated with
FoldX (T = 298K, pH = 7.0, ion strength = 0.05M). Conserved Ga residues (blue sequence
logo) that were identified to form receptor-Ga inter-protein contacts with conserved GPCR
residues (red sequence logo) are shown. The contact network between residues of the 2AR
and Gas is shown (red, conserved receptor residue; blue, conserved Ga residue; grey,
variable residues; spheres represent Ca positions and links represent non-covalent contact.
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b, Consensus disorder plot for all Ga proteins. The mean value of the disorder propensity of
all full-length Ga sequences (561 sequences) from all 16 Ga types is shown as a black line,
the standard deviation at each position is shown as light red ribbon. The color tone of the
line indicates the number of gaps at an aligned position (black=no gaps). The left inset
shows the disorder propensity of H1. The right inset highlights that H5 is highly structured
in its N-terminus, and has increased disorder propensity towards the C-terminus, which is in
agreement with the missing electron density in the 79 structures.
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Extended Figure 3. Rewiring of consensus contacts between conserved Ga residues upon
receptor binding.

CGN numbers and sequence logo for consensus contacts within Ga in the inactive state
(left) and GPCR-bound state (right) are shown. Receptor residues are shown in red, H5
residues in dark blue, H1 residues in light blue and GDP in green. The domains are

highlighted with a blue background (G-domain darker blue, H-domain light blue).
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Extended Figure 4. Details of Helix H1 linking H5, GDP and the H-domain.
a, This Figure expands Figure 4 from the main text to provide residue-level details of the

role of Helix H1. Residues forming contacts with H5 are shown in blue, with the H-domain
in light blue and with GDP in green. Non-covalent consensus contacts between universally
conserved residues at the SSE level (left) and per residue-level (center). Lines denote non-
covalent contacts between residues. The degree of conservation is shown as sequence logo.
Residues are numbered according to the CGN. Helix H1 is almost 100% conserved across
all 16 Ga types and forms three structural motifs for interactions with H5, the H-domain and
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GDP (right). b, Average per residue energy contribution to Ga protein stability as calculated
from 79 structures from all four Ga families of the non-receptor bound signaling states using
FoldX (T = 298K, pH = 7.0, ion strength = 0.05M). The average energy contribution is
shown as dots, the standard deviation as bars. c, Per residue detail of Ga-GDP and Ga-GSP
(non-hydrolyzable GTP analog) consensus contacts. The barplot shows the frequency of
finding a contact mediated by topologically equivalent positions with GDP/GSP. Side-chain
contacts are shown as dark grey bars, main-chain contacts as light grey bars. The degree of
conservation of contacting residues (calculated from the 561 complete Ga sequences) is
represented in the right panel and the consensus sequence for each position is shown.
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Extended Figure5. Conserved structural motifs of Ga and known disease and engineered
mutations.

a, A universally conserved cluster of pi-pi and hydrophobic interactions between S2
(Phe®:52.6) and S3 (Phe®-53-3), H1 (Met®-H1-8 and HisC-H1-12) and H5 (PheG-H58) links H5
and H1 in the absence of the receptor. Upon receptor binding, residues within this motif
(Phe®-H58 and PheC-S3-3) interact with the conserved Pro and Leu of ICL2 of the receptor as
has been shown for Gas (3sn6) and Gai (Mnpotra et al). Interrupting the contacts between
H5 and H1 seems to be the trigger for transmitting the signal of GPCR binding to helix H1
(which interacts with GDP and the H-domain.) The only conserved residue contact between
the H-domain and the G-domain that is not in the hinge region is formed by a universally
conserved salt-bridge (H-domain ionic latch) between the very N-terminal end of HG of the
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G-domain (Lys®-s5h91) and the loop connecting HD and HE in the H domain (AspH-hdhe.5),
The hinge region is formed by H1, the loop between H1 and HA, and HF. H1 interacts via
(i) a cation-pi interaction mediated by a universally conserved residue with the loop
connecting H1 and HA (Lys®-H1.6 and TyrG-n1ha4y and (ii) a hydrophobic interaction with
HF (Lys®-H1-9 and LeuHHF5), b, Disease and engineered mutations that can be explained by
the universal Ga activation model mapped on a Ga protein. Ca position of residues are
shown as spheres; mutations at green positions cause spontaneous GDP release by
interrupting consensus contacts between conserved residues, thereby ‘mimicking’ the effect
of receptor-binding to Ga. Pink positions have also been reported to cause disease by
constitutively activating Ga. Insertion of an Ala, or Glys after the yellow position separate
the H5 transmission and interface module, thereby allowing GPCR-binding without
triggering GDP release.
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Extended Figure 6. Helix H5-H1 interaction in Ga providesthe allosteric GEF activation
mechanism.

a, Schematic representation of structural motifs on H1 that are shared or unique to Ga and
Ras. While the part of H1 with the phosphate-binding motif is conserved across both protein
families, the C-terminal part is conserved only in Ga. H1 in Ga has three additional residues
that allow for extensive residue contacts between H1 and H5. In Ras, these interactions are
missing and H5 and H1 are both 3 residues shorter. The consensus sequence and secondary
structure of equivalent residues of H1 in Ga and Ras is also depicted. b, Comparison of the
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residue contact network between topologically equivalent residues in H5 and H1 in the
corresponding inactive GDP-bound states of Ga (PDB 1got) and Ras (PDB 4q21). The
weight of the link between SSEs denotes the number of atomic contacts. ¢, Sequence

alignments of H1 and H5 of human Ga and Ras paralogs. The sequence alignment was
obtained based on cross-referencing the alignments using the structures of Ga and Ras.
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