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Abstract

Heterotrimeric guanine nucleotide-binding proteins (G proteins) that function as molecular
switches for cellular growth and metabolism are activated by GTP and inactivated by GTP
hydrolysis. A conserved glutamine residue critical for GTP hydrolysis in the G protein a.-subunit
is often mutated in Gaq or Ga.3, to either leucine or proline, in uveal melanoma. In contrast, other
glutamine mutations or mutations in other Ga subtypes are rare. To uncover the mechanism

of the genetic selection and the functional role of this glutamine, we analyzed all possible
substitutions of this residue in multiple Ga isoforms. Through cell-based measurements of
activity, we showed that some mutants were further activated and inactivated by G protein-coupled
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receptors (GPCRs). Through biochemical, molecular dynamics, and nuclear magnetic resonance
(NMR)-based structural studies, we showed that the Ga. mutants were functionally distinct and
conformationally diverse, despite their shared inability to hydrolyze GTP. Thus, the catalytic
glutamine residue contributes to functions beyond GTP hydrolysis, and these functions include
subtype-specific allosteric modulation of receptor-mediated subunit dissociation. We conclude that
G proteins do not function as simple on-off switches. Rather, signaling emerges from an ensemble
of active states, a subset of which are favored in disease and may be uniquely responsive to
receptor-directed ligands.

INTRODUCTION

Heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs)
recognize a broad array of drugs, hormones, neurotransmitters, and sensory signals, such
as light, taste, and odors (1). Upon receptor activation, the G protein undergoes molecular
rearrangements leading to the activation of effector proteins such as adenylyl cyclases,
phosphodiesterases, ion channels, and phospholipase C, among others. Together, these
events give rise to second messengers, which are involved in regulating a host of cellular
growth and metabolic processes (2-5).

Heterotrimeric G proteins consist of three subunits: an a subunit and an obligate py
heterodimer. The subunits are inactive when the Ga subunit is bound to GDP and Gy.
Exchange of GDP for GTP leads to conformational changes in Ga, dissociation of G-y
from the Ga subunit, and subsequent interaction of these subunits with their respective
effectors. The intrinsic cycling of guanine nucleotides is controlled by GPCRs, which
accelerate GTP binding, and by regulators of G protein signaling (RGS) proteins, which
accelerate GTP hydrolysis (6, 7). Thus, the timing of cellular signaling is a complex
interplay between intrinsic exchange and hydrolysis rates, which vary by subtype, and the
influence of regulatory proteins.

Nucleotide-dependent conformational changes occur primarily within three flexible regions
named Switch I, Switch 11, and Switch I11 (8). In particular, Switch Il contains a conserved
catalytic glutamine residue, GIn2%4 in Ga,j, that is critical for GTPase activity (9). The
glutamine coordinates the nucleophilic water molecule that is responsible for hydrolysis
and release of the -y-phosphate from GTP (10). Consistent with the important role of this
glutamine residue in catalysis, Ga mutants lacking the glutamine are unable to hydrolyze
GTP, even in the presence of a GTPase-activating protein (11), and are considered to be the
oncogenic drivers in several cancers (12). However, the Catalogue of Somatic Mutations in
Cancer (COSMIC) database reports an unequal distribution of naturally occurring oncogenic
substitutions in Ga.. For example, the glutamine-to-leucine (QL) and glutamine-to-proline
(QP) mutations occur most frequently in Gaq and Gay1, whereas other substitutions at

this site, or in other Ga. subtypes, are less frequent (Fig. 1, A and B) (13). Additionally,
COSMIC reports a predominance of these mutations in uveal melanoma (Fig. 1C). A
nonrandom pattern of mutagenesis has likewise been observed for oncogenic forms of
RAS (14). Whereas most KRAS mutations occur at Gly'2, most NRAS mutations occur at
GIn®1, Whereas KRASG12D mutations are most common in pancreatic cancer, KRASG12C
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is most prevalent in non-small-cell lung cancer. Thus, among both the large and small G
protein families, there appears to be a strong genetic selection for certain substitutions, in
selected isoforms, and in just a few distinct cell types. We speculate that the most common
substitutions are compatible with rapid cell growth, whereas others evoke oncogene-induced
differentiation, senescence, cell cycle arrest, cell death, or apoptosis.

The mechanism(s) responsible for mutational bias in oncogenic Ga. is unclear. It has been
suggested that the prevalence of glutamine-to-leucine or glutamine-to-proline mutations is
due to cytosine-to-thymidine transversions that result from exposure to ultraviolet light,
which is important for the development of certain cancers. However, the catalytic glutamine
in Gaq does not have a base-pair composition that would exhibit this transversion (13).
Based on these observations, we instead hypothesized that the mutational preferences
reflect differences in the signaling properties of the various Ga subtypes and mutants,
including their interactions with nucleotides, receptors, regulators, and effectors. In support
of this concept, Ga subunits containing the two most common substitutions, QL and QP,
exhibit important differences from one another with respect to dissociation from Gpy and
activation of effectors (15). Additionally, emerging studies of RAS show that different
GTPase-deficient mutations, including of the corresponding glutamine, confer very different
rates of intrinsic and GAP-stimulated GTP hydrolysis, intrinsic and stimulus-dependent
nucleotide exchange rates, as well as distinct downstream effector selectivity profiles (14,
16-18).

Mutations of the catalytic glutamine are routinely used to stabilize the GTP-bound state

of Ga, and by extension to reveal the biological importance of a given G protein subtype.
Pioneering investigations used glutamine-to-leucine, and to a lesser extent glutamine-to-
proline, mutations to demonstrate the oncogenic potential of Gag, Ga12, Gay3, and Ga,

in cultured cells (19-23). Here, we considered other G protein subtypes and alternative
glutamine substitutions, most of which are not associated with disease phenotypes. Through
a systematic comparison of all possible substitutions, in multiple isoforms of Ga., and

in multiple organisms, we determined that the catalytic glutamine is part of an allosteric
pipeline that links receptor activation to subunit dissociation. Rather than existing in either
an “on” or “off” state, the G protein can form an ensemble of active states, a subset of which
are still sensitive to receptor regulation.

Catalytic glutamine mutations confer distinct Ga.- and Gpy-mediated signaling outputs

The catalytic glutamine is essential for the deactivation of G proteins (24, 25). This residue
promotes GTP hydrolysis by positioning a water molecule for nucleophilic attack on the
y-phosphate of GTP (10). The glutamine is located at the beginning of the Switch I1 region
of Ga,, which upon activation adopts a helical conformation that displaces Gy and enables
the high-affinity binding of effectors (26). Thus, whereas all mutations at this site should
lead to a deficiency in GTPase activity, we postulated that different substitutions would
evoke distinct changes in Switch 11 that also differed in their ability to bind to GB-y and
activate effectors. Because the Gag11 Q209L and Q209P mutants are most commonly found
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in uveal melanoma (COSMIC v94), these mutations in particular may possess structural and
functional properties that favor the growth of the host cell.

To determine whether mutations found at the catalytic site were functionally distinct, we
compared the ability of all possible glutamine mutations to alter the coupling of known
binding partners and regulators of Ga subunits. We initially used the Saccharomyces
cerevisiae (yeast) model system. In contrast to the tremendous diversity of mammalian
signaling pathways, yeast has just one canonical GPCR, one RGS protein, and one G protein
and therefore offers a highly tractable and well-characterized signaling system (Fig. 2A).
First, we examined the functional consequences of Ga binding to the phosphatidylinositol
3-kinase Vps34, which is required for autophagy (27, 28). We previously showed that
Gpal@323L js a strong inhibitor of nutrient-driven autophagy (29). To determine whether
other GTPase-deficient mutants shared this property, we measured autophagy in wild-type
cells expressing the biosensor Rosella and a plasmid-borne copy of wild-type (WT) Gpal or
one of 19 glutamine mutants, in nitrogen-deficient medium (29, 30). Expression of an extra
copy of WT Gpal (not activated) in otherwise WT cells increased autophagy slightly. In
contrast, and as shown previously, the Gpal QL mutant attenuated the response (29) as did
the QE, QA, QI, and QY mutants (Fig. 2, B and C). The other substitutions had little or no
effect. These data suggest that catalytic glutamine mutations have substantial differences in
their ability to regulate the effectors of Gpal-GTP.

Mutants that lack GTPase activity are likely to bind to GTP, but a subpopulation might
nevertheless remain bound to GDP and GB+y (31). As an initial test of this, we used

a transcription-reporter assay that depends on the release of Gy (32). Expression of a
plasmid-borne copy of wild-type Gpal decreased basal transcriptional activity, indicating
that it could sequester Gy (Fig. 2, D and E). Several of the mutants displayed a
concentration-response curve similar to that of wild-type Gpal, indicating that these also
associated with GBy. In contrast, most of the mutants that we tested, including QP, increased
basal transcriptional activity, presumably by enhancing the ability of the receptor to activate
the wild-type endogenous Ga protein. This could possibly be achieved by simultaneous
coupling of wild-type and mutant Ga proteins to the receptor dimer (33-36). These data
indicate that some mutants promoted G-y dissociation and activation and did so in a
genetically dominant manner. We observed a similar response profile in cells lacking the
RGS protein Sst2 (fig. S1). Thus, our experiments showed that catalytic glutamine mutations
produced various levels of signaling through Ga— and Gpy-mediated pathways, whereas
RGS binding was unaffected in the yeast signaling system. Whereas some glutamine
mutants led to Ga-mediated inhibition of the autophagy pathway, others enhanced the
response. Some mutants sequestered G-y, whereas others triggered sustained release of
GPy. Together, these data revealed the existence of multiple distinct forms of “constitutively
active” Gpal.

Catalytic glutamine mutations confer substitution- and subtype-specific activation by
mammalian GPCRs

We next considered the function of catalytic site mutations in the human G proteins Gay,
Gas, and Gajz. To that end, we used bioluminescence resonance energy transfer (BRET)
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to measure the association of Ga with Gpy in HEK293 cells cotransfected with a plasmid
encoding the neurotensin receptor 1 (NTR1) (37). As expected, the Gaq mutants bound
poorly to GB+y, and consequently responded poorly to the stimulus (Fig. 3, A and B). In
contrast to Gag, the Gag mutants bound nearly as well to GBvy as did the wild-type protein
under basal conditions, and in most cases responded to stimulus as well as or better than
the wild-type protein (Fig. 3, C and D; fig. S2). To our surprise, many of the mutations
conferred on Gag the ability to respond to neurotensin through NTR1, a receptor to which
it is not predominantly coupled (38, 39). Finally, we observed a third pattern for Ga,js,
whereby a subset of mutant subunits was activated by neurotensin, whereas others were

not (Fig. 3, E and F). This effect appeared to be independent of the receptor used, because
we obtained a largely similar response with the p-opioid receptor (MOR) when activated
with DAMGO (fig. S2). These data indicate that the GTPase-deficient mutants could still
bind to GPy and could still be activated by receptor ligands. Thus, each glutamine mutant
responded differently to the same activated receptor, suggesting that each mutation confers
distinct changes in regions of Ga. that contribute to receptor coupling. For some Ga
mutants, these changes conferred the ability to respond to neurotensin (Fig. 3, C and D) (40,
41). Conversely, we showed that signaling by Gaq and Gajz mutants was attenuated after
the addition of the receptor allosteric modulator SBI-553 (Fig. 3, G to I; fig. S2) (42). Thus,
some mutationally activated forms of Ga could be further activated—and inactivated—by
receptor ligands.

Catalytic glutamine mutations confer substitution- and subtype-specific interaction with

Gpy

We then considered the main structural components contributing to mutation-specific
differences in receptor-mediated G protein subunit dissociation. There are two major GB-
binding sites in Ga (Fig. 4A): the N terminus, which is absolutely required for Gy binding,
and Switch Il, which is at the interface between Ga and GBy (43-45). The strengths

of the interactions in these two binding sites should correlate with GB+y dissociation, as

was determined experimentally (Fig. 3, A to F) (26). We calculated the interaction energy
between Gaj and GB-y subunits [averaged over the molecular dynamics (MD) simulation
trajectories for wild-type Ga; and selected mutants]. The Ga and Gy interaction energies
showed that, of these two regions, the Switch Il-based interactions exhibited more variation
among the mutants (Fig. 4, B and C). These results indicate that the catalytic glutamine,
like Switch 11, could promote GBy dissociation. We postulate that GIn294 is involved in
allosteric communication mechanisms that link receptor activation to the dissociation of
Gai from GB+y. For other Ga subtypes tested, Switch Il interactions with GB may play a
less important role because most glutamine mutants displayed weak receptor-mediated Gpy
dissociation.

To provide mechanistic insights into the disparate behaviors of GIn294 mutants in Ga,;

as compared with the corresponding GIn?% in Gag, we turned to MD simulations. The
dynamic nature of the Ga interface with G~y suggested that there may be correlated residue
motions that promote allosteric communication between the residues in Ga;, and possibly in
Gayg, located in the interface with GBy and with GPCRs. To that end, we used the Allosteer
method (46—-49), which uses statistical correlation in residue movements to calculate the
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pipeline of residues involved in allosteric communication between stipulated regions in the
protein structure.

Allosteer also calculates the allosteric communication strength between these stipulated
regions. The allosteric “hub score” is a calculated quantity that denotes the strength of
contribution by each residue located in the allosteric communication pipeline within Ga.
This analysis revealed the allosteric communication pipelines for Ga;j and Gay, initiated
from the residues in the GBy interface passing through the nucleotide-binding site residues
and ending with residues in the GPCR interface (Fig. 4, D to F and table S4). The allosteric
communication pipelines in Gaj appeared to be stronger than those in Gaq. In addition, the
allosteric hub score for the catalytic glutamine was higher in Gaj; than in Ga.

Our results indicated that the catalytic glutamine in Gaj; may play a role in mediating

the allosteric communication from the Gpy interface through the nucleotide-binding site

to the C-terminal a5 helix tip. Mutating GIn294 to other amino acids may therefore have
effects on regions located in the allosteric communication pipeline, including the Switch

I1 region, in Ga;. The allosteric communication strength between GIn2%4 and Switch I
may, in turn, partially explain why different substitutions in Ga,, but not in Gag, had
distinct receptor-mediated GB-y dissociation profiles. Together, these data indicate that some
mutants retained the ability to bind to GBy and receptors, and did so in a manner that

was substitution- and subtype-dependent. Furthermore, these data revealed that there is an
underappreciated contribution of the catalytic glutamine in allosteric communication leading
to receptor-mediated Gpy dissociation.

Biophysical characterization of glutamine mutants

Whereas all glutamine mutants should exhibit attenuated GTPase activity, they are not
necessarily all GTP-bound. Indeed, results from our BRET experiments indicated that

some of the mutants could still be stimulated by GPCRs. To determine how they adopt

an active state, we purified mutants with substitutions most commonly found in Ga-

driven cancers (leucine, proline, arginine, and tyrosine) (COSMIC v94). In addition, these
substitutions represent three of the four categories of side-chain properties (charge, size, and
hydrophobicity). We also included a fifth substitution as representative of polar, noncharged
residues (asparagine). For these and other biophysical experiments, we used Ga,; because it
is the only subtype for which there is an x-ray structure and NMR assignments in the GDP-,
apo-, and GTPyS-bound states (45, 50-52).

To verify that the catalytic glutamine was necessary for GTP hydrolysis, we purified wild-
type and the five mutant forms of Gaj; in the presence of GDP. We then combined each with
GTP conjugated to the BODIPY fluorophore and monitored fluorescence over time (53). All
six proteins bound to GTP, as indicated by the rapid increase in fluorescent signal (Fig. 5A).
Whereas the wild-type protein exhibited a subsequent reduction in signal, owing to the lower
quantum yield of the hydrolysis product, the mutant proteins did not. These data indicate
that all five mutants had substantially impaired GTPase activity.

Next, we tested the ability of each mutant to undergo nucleotide exchange, by loading Gaj;
with GDP and measuring the increase in fluorescence on binding to BODIPY-GTP-yS (54).
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The mutants exhibited a range of exchange rates, with most exchanging faster than the
wild-type (Fig. 5B). The fast intrinsic exchange of most mutants suggests that nucleotide
binding was destabilized. That some mutants were fast exchangers would explain why they
were poorly activated by receptors in cells. However, one of the mutants, QY, exchanged
more slowly than the wild-type and yet was unaffected by receptor stimulation (Fig. 3F).
Thus, there was no strict correlation between receptor-induced and intrinsic nucleotide
exchange rates.

Because Ga subunits were shown to function as pH sensors that can be regulated by proton
binding, we examined whether Ga mutants underwent pH-dependent nucleotide exchange

(55). The wild-type protein exchanged somewhat more rapidly at pH 6 than at pH 7, as did

the other fast-exchanging mutants; in contrast, the QY mutant exchanged more slowly (Fig.
5C). Thus, the G protein mutants were differentially regulated, and sometimes opposingly,

by proton binding.

To determine whether the differences in the intrinsic nucleotide exchange rates were caused
by unique preferences of these mutants for GTP, we measured the dissociation of BODIPY-
GTPyS in the presence of excess unlabeled GTPyS (Fig. 5D). Our results showed that

the QP mutant had a faster dissociation rate than that of the wild-type, indicating that this
mutant bound more poorly to GTPyS. Other mutations, such as QL, QN and QR, conferred
a more modest increase in GTP+yS dissociation rate relative to that of the wild-type. In this
assay, QY was again an outlier, exhibiting a dissociation rate that was considerably slower
than that of the wild-type. Whereas these mutants were all GTPase-deficient, they had
different exchange and dissociation kinetics. These differences likely reflect the existence of
conformationally distinct states of activation.

Nucleotide exchange (GDP to GTP) results in conformational rearrangements, which are
critical in maintaining the structural integrity of the active state and the cooperativity

of the switches (8, 45). To test whether the mutants underwent distinct conformational
rearrangements, we measured protein unfolding as a function of increasing temperature
with the SYPRO Orange dye. This dye has an increased quantum yield when bound to
hydrophobic areas, such as those that become more prominent during protein unfolding
(56). As reported previously, wild-type Gaj; was considerably more thermostable when
bound to GTP+yS than when bound to GDP (Fig. 5E) (57), consistent with the more rigid
conformation of the active state. In the GDP-bound state, all of the mutants had a melting
temperature (T) value similar to that of the wild-type. However, in the GTPyS-bound state,
the QP mutant showed a 7°C destabilization, whereas the QL, QN, and QR mutants showed
a 3 to 4°C destabilization (Fig. 5, F to H; table S1). The QY mutant was destabilized in
comparison to the wild-type, with a 15°C shift in Tm, in the active state (Fig. 5I; table S1).
Whereas these mutations led to a range of destabilization trends in the active state, there
were also differences in the cooperativity of the unfolding patterns. Some mutants, such as
QP and QY, showed more cooperative unfolding patterns, whereas the QL, QN, and QR
mutants showed less cooperative unfolding patterns, in comparison to that of the wild-type.
These data indicate that some mutations disrupted the cooperative stability provided by the
switch regions.
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Our thermostability data revealed mutation-specific differences in Switch 11, which
propagated throughout the protein, leading to differences in the cooperativity of unfolding.
Ga is a two-domain protein, consisting of a RAS-like domain and an all-helical domain. The
cooperativity of unfolding of Ga is dependent on both of these domains. To increase the
sampling of this two-domain protein and further analyze the cooperative unfolding of some
mutants, we used near-UV circular dichroism (CD) to confirm our Tm measurements (fig.
S3 A-E), as well as to analyze changes in secondary structure during thermal unfolding.
Wild-type Gai; had considerable a-helical content, as indicated by the pronounced peak

at 190 to 230 nm (Fig. 5J; fig. S3 F and G), and this signal is derived from the all-helical
domain and a portion of the RAS-like domain. The QL, QP, and QR mutants showed a
decrease in B-sheet content relative to that of the wild-type, suggesting a loss of interactions
that stabilize the B-sheet structure within the RAS-like domain. Conversely, the QN and QY
mutants showed a decrease in a-helical content, with no corresponding changes in B-sheet
content (Fig. 5K; fig. S3 H and I). These results demonstrated that each of the mutants
exhibits distinct secondary structural content and conformational rearrangements on binding
to GTP.

Structural analysis of the glutamine mutants

To more fully understand how the glutamine mutations affect Gaj; structural dynamics,
we applied two-dimensional heteronuclear single-quantum coherence (HSQC) NMR. Unlike
other biophysical techniques, such as X-ray crystallography, NMR reports site-specific
changes in protein structure and conformational dynamics on multiple timescales. Two
dimensional 1H-1°N HSQC spectra enable the detection of protons directly bonded to a
15N nucleus, including both backbone and side-chain NH resonances. These spectra are
highly informative, because they contain a “fingerprint” of the protein backbone, enabling
site-specific changes to be detected through shifts in peak intensity (line broadening) or
peak position relative to the assigned wild-type (chemical shift perturbation). Furthermore,
changes in dynamics can be inferred from the broadening or loss of peaks in the spectrum
(undetected peaks). We obtained HSQC spectra for 1°N-enriched wild-type and selected
glutamine mutants and compared their spectra to identify residue-specific differences. We
used previously published backbone assignments for GDP- and GTPyS-bound wild-type
Ga, (51, 57, 58).

We began with the QL mutant because it is the best-characterized of the glutamine variants
and there is a low-resolution crystal structure available (50). The wild-type spectrum of
15N-enriched Gaj-GTPyS had 310 NH detectable peaks of 321 observable NH peaks

(Fig. 6A). We transferred 82% of these assigned peaks using published assignments of Ga;-
GTP-yS (57). Conversely, the QL-GTPyS HSQC spectrum showed additional peaks, with
372 detectable NH resonances. These observations suggest that the QL mutant may adopt
an additional conformation detectable by NMR. Moreover, approximately 60 of these peaks
were shifted relative to the wild-type-GTP-yS spectrum (Fig. 6A). These shifts correspond
to resonances associated with B2, p4, B5, a5, and Switch I1 regions (Fig. 6B, red regions)
within the RAS-like domain. Moreover, comparison of the HSQC spectrum of QL-GTPyS
(Fig. 6A, black) with the wild-type-GTPyS (Fig. 6A, red) revealed several resonances that
were broadened in the QL spectrum (Fig. 6 B, magenta). For example, peaks from residues
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of QL-GTPyS in Switch | (Gly!83) and the a5 helix (Ala338) were broadened compared

to the spectrum acquired for wild-type-GTP-yS (Fig. 6B); we also examined the extent of
broadening for each residue in the mutants with respect to the wild-type (fig. S4). The
broadening of resonances in the spectrum suggested that the QL mutation may have altered
Gaj; dynamics. Together, our analyses indicate that the QL mutation caused structural
perturbations, predominately in the RAS-like domain, altered dynamics, and the formation
of an additional state detectable by NMR.

To understand the nature of the conformational dynamics, we performed MD simulations
on mutant and wild-type proteins bound to GTP-yS. To validate the flexibility seen in

the MD simulations, we calculated the change in RMSF for each residue going from the
wild-type protein to the corresponding mutant and compared it to the peak broadening
observed by NMR analysis. This comparison showed that MD simulations recapitulated the
peak-broadening changes for 13 of 19 residues in the QL mutant (fig. S4B). To further
understand the major domain motions, we performed principal component analysis (PCA)
on the MD simulation trajectories of the wild-type and QL proteins. We projected the

MD simulation snapshots on the top-weighted two PCs, PC1 and PC2. PC1 represents a
twist motion between the RAS-like and helical domains, whereas PC2 represents domain
separation at the hinge region of Ga.. We prepared a population density map of the
conformation ensemble from the MD simulations for QL (Fig. 6C). Whereas the dynamics
of the wild-type protein showed one conformational minimum, the QL mutant showed
greater flexibility, with two distinct minima, in accordance with the additional NH peaks
observed by NMR. We identified the regions in Gaj; that showed conformational changes in
the two distinct conformations of the QL mutant (fig. S4).

We then sought to determine the structural basis for functional differences exhibited by
the QR and QP mutants. The HSQC spectrum of QR-GTPyS (purple) showed 100 fewer
peaks compared to that of wild-type-GTPyS (red). Unlike the QL mutant, the QR mutant
had few chemical shift perturbations (Fig. 6, D and E). The missing peaks included those
from both the RAS-like and the all-helical domain, as well as at the domain interface

(Fig. 6E). The large number of undetected peaks suggest that this mutant possesses altered
conformational dynamics properties. MD simulations recapitulated the peak-broadening
observed by NMR in the QR mutant (fig. S4B). The population density map from the

MD simulations showed three major conformational minima for the QR mutant (Fig. 6F),
indicating a highly dynamic system with respect to both PC1 and PC2. The large number of
undetected peaks for the QR mutant may be a consequence of motions within and between
the RAS-like and all-helical domains.

Finally, we compared the HSQC spectrum of QP-GTP-yS (blue) with wild-type-GTPyS
(red). In this case, the QP mutant (312 peaks) showed a number of peaks similar to
wild-type (310 peaks), and there were a substantial number of resonances in QP that
overlapped with the wild-type (Fig. 6G). The HSQC spectrum of QP showed that most
resonance perturbations exhibited peak shifts, as opposed to resonance broadening. Most of
the chemical shift perturbations corresponded to residues in important conserved nucleotide-
binding motifs such as G-1 (in al), and G-3 (in Switch II), G-4 (in a G), and the G-5

boxes (7). Residues in these nucleotide-binding motifs are involved in contacts with the
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a, B, and -y phosphates, magnesium binding, and guanine base recognition within the
RAS-like domain (Fig. 6H). The localized changes in these regions of QP may explain

the fast nucleotide exchange kinetics and destabilization of the active state (Fig. 5, B to

). Analysis of the MD simulation trajectories showed the dynamics of the residues in the
nucleotide-binding region through their contribution to PC1 of the QP mutant compared to
wild-type (fig. S5, A to C). Thus, the HSQC spectrum for QP was distinct from those of
QL and QR. The new peaks for the QL mutant suggested that it may exist as two (or more)
conformeric states. In contrast, new peaks were not observed for the QP mutant. Rather, the
population density map for the MD simulation—generated conformational ensemble showed
one densely populated basin close to the wild-type and a sparsely populated wider sub basin
along the PC2 axis (Fig. 61). The overlay of major basins between QP and the wild-type

is consistent with our NMR analysis, and showed substantial overlap between the two
proteins. In particular, MD simulations recapitulated the peak-broadening changes for 16
of 19 residues observed by NMR. Moreover, the flexibility of the residues in the RAS-like
domain, as quantified by their RMSF values calculated from MD simulations of the QP
and QL mutants, was higher compared to the all-helical domain (fig. S5, B to D); this may
partially explain the chemical shift perturbations observed predominantly in the RAS-like
domain for the QL and QP mutants. Thus, each of the mutants appeared to have a unique
structure, and the QP mutant was the mutant most similar to the wild-type.

In summary, NMR measurements combined with PC analysis of MD simulation trajectories
revealed unique conformational dynamics in the Ga mutants, with respect to PC1 and PC2.
The QL mutant populated two minima, one with an interface similar to that of the wild-type
and the other, more densely populated, basin with a slightly shifted interface and broken
interactions between Switch 111 and the all-helical domain (fig. S5, E and F). In contrast,

the QR mutant had three equally populated conformations, suggesting a considerably higher
degree of flexibility than that of either QL or QP. The major movement of QR along the
PC2 axis signified domain separation and the uncoupling of the domain interface. The
higher flexibility of QR was evident in the loss of more than 100 peaks in the NMR
spectrum. The QR mutant also displayed movement along the PC1 axis, which suggested
that this mutant also adopts new interfaces. Due to the high flexibility, we likely cannot
capture these new conformations on the NMR timescale. The ability of the QR mutant to
simultaneously separate the domains and adopt new conformations may account for the fast
exchange kinetics, while still maintaining a relatively high thermostability in the active state
(Fig. 5G). Finally, the QP mutant displayed movement only along the PC2 axis, with one
densely populated basin close to the wild-type basin. In conclusion, each of the mutants
tested showed conformational heterogeneity and dynamics in the active state. Whereas

the QP mutant was the most similar to wild-type, other mutants, such as QL and QR,
adopted previously uncharacterized conformers. Thus, a GTPase-deficient mutation does not
necessarily confer a wild-type—like, GTP-bound state as was previously thought.

Catalytic glutamine mutations confer distinct Ga-mediated signaling outputs in
mammalian cells

Our biochemical and biophysical analysis revealed an unexpected plasticity in each of
the glutamine mutants. Rather than being permanently locked in a single, static and fully
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activated state, each of the mutants was distinct and structurally dynamic. The structural
differences are highlighted by our CD, NMR analysis, and MD simulations. Our BRET
measurements provided evidence for functional differences in receptor coupling and subunit
dissociation. Our next goal was to determine whether these differences in structure and
subunit dissociation led to differences in the coupling of Ga to effectors. To that end,

we first tested the activation of the extracellular sighal-regulated kinase (ERK) signaling
pathway by measuring induction of the serum response element luciferase transcriptional
reporter (SRE-luc). HEK293 cells were transfected with the SRE-luc construct, Renilla
control, and plasmids encoding each of the five mutants or wild-type Gaq. The QP and

QY mutants induced increased transcriptional activity compared to that induced by the wild-
type control, whereas the QL and QR mutants showed intermediate transcriptional activity.
Surprisingly, the QN mutant showed no response, similar to that seen for the wild-type
protein, presumably because it was poorly expressed (Fig. 7A; fig. S6). Thus, mutating the
catalytic glutamine did not always result in pathway activation, even when the G protein is
considered to be constitutively active.

The varied transcriptional responses may indicate differences in the effector coupling, or
“pathway specificity,” of the catalytic glutamine mutants. Although Ga.q signals through its
effector phospholipase CB (PLCP) to activate the canonical ERK pathway and to initiate
tumor formation, studies showed that Ga also signals through a noncanonical signaling
axis mediated by the RhoGEF TRIO, leading to the activation of focal adhesion kinase
(FAK) to control aberrant cell growth (59). Indeed, the QL, QP, QR, and QY mutants

all activated the FAK pathway, but had distinct effects on ERK activity (Fig. 7, A to D),
mirroring the results obtained from the transcriptional response experiments. The QN mutant
did not activate either the ERK or the FAK pathway and instead showed a response similar
to that of wild-type Gaq. These data suggest that not all of the catalytic glutamine mutants
are properly expressed and that they may fail to activate pathways involved in aberrant cell
growth.

Thus far, we showed that most mutations intrinsically activated Ga.g-driven downstream
pathways. Our BRET data indicated that some mutants could be further activated by GPCRs
(Fig. 3, A and B). In light of these results, we tested whether further GPCR activation of

the glutamine mutants resulted in distinct functional activity in the cell. To that end, we used
HEK293 cells that expressed a subset of glutamine mutants and a synthetic Gaq-coupled
GPCR (Gaq DREADD) that is activated by a pharmacologically inert ligand, clozapine
N-oxide (CNO) (60). Most glutamine mutants intrinsically activated downstream signaling
under basal conditions, as expected, but were not further activated upon the addition of CNO
(Fig. 7E). Whereas the QN mutant did not show intrinsic pathway activation, it showed
robust activation of downstream signaling pathways after CNO addition. Thus, even a poorly
expressed mutant could be activated by receptors.

Having determined that the glutamine mutants showed increased, albeit varied, intrinsic
and GPCR-mediated pathway activation, we next considered whether these observations
directly translated to enhanced cell proliferation or proliferative potential. To test this, we
co-transfected NIH3T3 cells with plasmids encoding Gaq wild-type or glutamine mutants
and GFP, and then measured the amounts of the nuclear protein Ki67, which is used
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as a marker for cell proliferation (61). We found that the QR and QN mutants behaved
similarly to wild-type Gagq, whereas the QL, QP, and QY mutants resulted in considerably
increased cellular proliferation. These findings revealed that GTPase deficiency in Ga does
not necessarily determine the constitutive activation of signaling pathways, and that we
cannot assume a strict correlation between constitutive activity and cellular proliferation.
More broadly, we conclude that the various glutamine mutants exhibit distinct structural and
molecular properties, and these are manifested in distinct cell signaling behaviors.

DISCUSSION

Large genome sequencing campaigns, such as those performed by The Cancer Genome
Atlas, have provided new and surprising information about the contribution of G protein
mutations to cancer and other diseases (12). In uveal melanoma, mutations in Gaq or Ga1;
are commonly observed (13). These mutations are almost always at the catalytic glutamine
site, and this residue is almost always replaced with leucine or proline. Moreover, mutations
at GIn299 are much more prevalent than those at Arg183, even though both sites are important
for GTPase activity. Other G protein isoforms are rarely affected, although mutations in Gag
and Ga.j, are present in some cancers (62—-64). Thus, there appears to be a strong genetic
selection for two of nineteen possible substitutions, at one of two amino acids important for
catalysis, in just two of sixteen Ga subtypes, and in just one of multiple cell types in the
human body.

To understand the broader functional relevance and to uncover additional roles of the
catalytic glutamine, we measured multiple functional outputs, for multiple G protein
subtypes, in yeast and animal cells, for all possible replacements of the active site

residue. We conducted a broad array of cell signaling assays (BRET, effector activation,
transcriptional induction, and cell proliferation), as well as molecular analyses (nucleotide
binding, thermostability, CD, NMR and MD simulations). We profiled the most commonly
occurring mutant forms of Ga and, just as importantly, mutants that occur rarely and may
be incompatible with sustained cell growth. Depending on the specific substitution and the
specific subtype of the G protein examined, changes at the catalytic glutamine resulted in
distinct and sometimes opposing outputs. Whereas most of the mutants were constitutively
active, some were inactive, and others were activated by receptors (including a receptor

to which they do not predominantly respond). These differences were unexpected because
it had been widely assumed that loss of GTPase function confers a singular, GTP-bound,
fully activated form of the protein. Additionally, there are differences in the prevalence of
individual mutations that may be due to unequal codon usage, phenotypic selection, or the
environmental origins (as yet uncharacterized) of mutagenesis. Thus, whereas G proteins
have long been regarded as simple on-and-off switches, our findings reveal that they adopt
multiple functional states and that different activating or deactivating mutations populate a
subset of those states.

In support of the model, our NMR studies revealed considerable diversity in protein
structure and dynamics; whereas all glutamine mutations tested here shifted the equilibrium
toward the active state, they did so in multiple distinct ways. We showed further that the
GTP-bound state of a G protein a-subunit was an ensemble of active state conformations,
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rather than a single conformational state, and that these conformations differed among
the various glutamine substitutions. Whereas the QR substitution affected the helical and
RAS-like domains, the effects of other substitutions were concentrated at the RAS-like
domain, including nucleotide-binding motifs, or G-boxes, and Switch I1. We showed further
that the catalytic glutamine has a noncatalytic role in mediating allosteric communication
between the receptor, nucleotide-binding pocket, and G-y subunits. Finally, our MD
simulation analyses showed stronger involvement of the catalytic glutamine in allosteric
communication within Ga; as compared to Gag. Thus, our analysis reveals important
roles for the conserved glutamine in regulating protein structure and function, beyond

its established role in catalysis. These functional effects include alterations in receptor
coupling, and they differ substantially among G protein subtypes. The ensemble of states
resulting from mutations also led to different patterns in downstream signaling.

In the long term, our findings have the potential to guide new pharmacology. One approach
is to target the G proteins directly (65-67). In contrast to protein kinases, however, the

high affinity of Ga subunits for their substrate nucleotide precludes the development of
effective competitive inhibitors of GTP binding. This, combined with the high concentration
of GTP in the cell, makes it unlikely that successful competition with a nucleotide analog
can be achieved (68). A potential alternative is to develop compounds that allosterically
inhibit GDP release or GTP binding, in opposition to receptors that act allosterically to
promote nucleotide exchange. Attention has focused on two natural products with the
desired activity. YM-254890 and FR900359 are cyclic depsipeptides, isolated from the
bacterium Chromobacterium sp. and the plant Ardisia crenatasims, respectively. YM-254890
inhibits Gaq by allosterically stabilizing the protein in the GDP-bound form, preventing
nucleotide exchange, and locking it in the inactive state (69, 70). FR900359 inhibits
receptor-dependent activation of the G protein, and appears to do so in a long lasting

or “pseudo-irreversible” manner (71, 72). FR900359 suppresses the hallmark features of
malignant melanoma in cells and in animals expressing Gaq??%%" and Ga.1; 2%, and
inhibition occurs within minutes after administration (59, 71, 73, 74). Our identification of
putative allosteric druggable sites, some of which are unique to G protein subtypes, could
lead to the identification of additional subtype-selective inhibitors of G protein activation.
A third alternative, one that also emerged from our analysis, is to target cell surface
receptors. In particular, we showed that a subset of Ga mutants retained some element of
agonist-dependent activation and could also be inhibited by a receptor allosteric modulator.
Thus, our efforts establish a biochemical basis for sorting specific mutations into functional
subclasses, which could inform future laboratory-based or clinical studies and enable the
stratification of cancer patients into specific treatment groups. This would provide biological
selection criteria for selecting agents that target one pathway or another and would also
provide a set of testable hypotheses about the effect of each mutant on cellular signaling
pathways.
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MATERIALS AND METHODS

Cell lines

HEK293T cells (ATCC; CRL-11268) overexpressing human Gyo-GFP2 and wild-type or
mutant human Ga-Rluc8 donors were used for BRET assays. Cells were grown at 37°C

in Dulbecco’s Modified Eagle Medium (DMEM, Corning; 10-017-CV) with 1% dialyzed
fetal bovine serum (FBS, GIBCO; A3382001). HEK293 cells used for transcriptional
reporter assays and for Western blotting studies were grown at 37°C in DMEM (Sigma
Aldrich; D6429) with 10% sterile-filtered FBS (Sigma Aldrich; F2442). NIH3T3 cells
used for cell proliferation studies were grown at 37°C in DMEM with 10% sterile-filtered
newborn calf serum (Sigma Aldrich; 4637). Cell lines were tested for contaminants with
the Lonza MycoAlert Mycoplasma detection kit (Lonza; LT07-418). Yeast Saccharomyces
cerevisiae strains BY4741 (MATa his3A1 leuZA0 met1500 ura3A0) barl:KanMX (barlh)
or sst2:KanMX (sst2A) (Research Genetics; 95401.H2) were used for transcription-reporter
and autophagy analysis. Cells were grown at 30°C in selective (SCD) medium, comprised
of yeast nitrogen base without amino acids and without ammonium sulfate (1.7 g/l),
ammonium sulfate (5 g/l), complete synthetic media powder (MP Biomedicals), and 2%
dextrose.

Mutagenesis

Primestar Max (Takara Bio; R045B) mutagenesis was performed with primers containing 5
bp 5’ of the codon and 20 to 30 bp 3’ of the codon (see table S2).

Transcription

Pheromone-induced gene induction was monitored as described previously (32). Briefly,
BYA4741 bariA cells cotransformed with the plasmids pRS423-pFUS1-lacZ (2, ampR,
HIS3+) and pRS316-GPA1 (wild-type or mutant) (CEN/ARS, ampR, URAZ+) were grown
to an ODggq of ~ 1. Cells were treated with synthetic a factor for 90 min at 30°C

and then treated with the substrate fluorescein di-B-D-galactopyranoside for 90 min. The
fluorescein signal was quantified at 485 nm excitation and 530 nm emission with a
Molecular Devices Spectramax M5 plate reader. Data were normalized as a percentage of
the average fluorescence value of cells transformed with the empty vector. Data were fit to a
three-parameter log agonist to response curve in GraphPad Prism 8.

Autophagy assay

Cytoplasm-to-vacuole autophagy was monitored as described previously (29, 30). Briefly,
BY4741 barIA cells cotransformed with the plasmids pAS1INB-DsRed. T3-SEP (2u, ampR,
LEU2+) and pRS316-GPAL (wild-type or mutant) were grown to an ODggg of ~1. Cells
were then washed and resuspended with SCD medium lacking ammonium sulfate (SCD-
nit). Background fluorescence was measured with medium without cells. Measurements
were made with a black clear-bottom 96-well microplate (Corning; 3631) that was sealed
to decrease evaporation (adhesive PCR plate seal, Thermo Fisher Scientific; AB0558).
Measurements were made with a Molecular Devices SpectraMax M5 for 8 hours at

30°C. Fluorescence was measured every 30 min for super-ecliptic pHIuorin (SEP) (488
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nm excitation, 530 nm emission) and DsRed.T3 (543 nm excitation, 587 nm emission).
Time-course data were generated by calculating the ratio of DsRed.T3 to SEP fluorescence
and fit to a fourth-order polynomial model in GraphPad Prism 8.

TRUPATH bioluminescence resonance energy transfer

HEK?293T cells (ATCC; CRL-11268) were used to measure receptor-mediated dissociation
of Ga and Gy, as described previously (37). Cells were transfected with plasmids
expressing Gas, Gag, or Gaijz fused to Renilla luciferase 8 (Rluc8), GB3, Gyg fused to

GFP, and either the NTR1 neurotensin receptor or p-opioid receptor in a 1:1:1:1 ratio.

The approximate cell density for transfection was 750,000 cells in 3 ml of medium.

After transfection (approximately 12 to 16 hours), the cells were plated onto poly-D-
lysine—coated, 96-well white clear bottom plates (Greiner Bio-one; 655098) in DMEM

with 1% dialyzed FBS and then incubated overnight. The next day (12 to 16 hours

later), the cells were washed twice with assay buffer [20 mM (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (HEPES), Hanks’ Balanced Salt Solution, (pH 7.4)]. Rluc8
substrate (Coelenterazine 400a, 10 ul, Nanolight) was added per well at a final concentration
of 5 uM. Cells were then incubated for 5 min in the dark. DAMGO (30 pl of 3X) or
neurotensin agonist in drug buffer (contains assay buffer, 0.1% bovine serum albumin and
0.1% ascorbic acid) was added per well, which was then incubated for 5 min in the dark.
Plates were read for luminescence for 1 s per well with a Mithras LB940 multimode
microplate reader (395 nm excitation, 510 nm emission). The BRET ratio was determined
by dividing the fluorescence by the luminescence (GFP/RIuc8). The receptor-catalyzed
dissociation of the heterotrimer (net BRET) was measured by comparing the energy

transfer from donor to acceptor and reported as ratios: GFP/RIuc8 per well — Basal BRET
(GFP/RIluc8 at lowest dose of agonist) = Net BRET. The net BRET was plotted as the
GFP/RIuc8 ratio as a function of ligand concentration and fit to a nonlinear regression
log-inhibitor vs. response (three parameters) curve in GraphPad Prism 8. BRET experiments
with SBI-553 (MedChemExpress; HY-125880) were performed as described earlier with
minor modifications. After the cells were washed twice with 60 pl of assay buffer,15 pL

of SBI-553 was added per well at a final concentration of 10 uM. After the addition of
SBI-553, the cells were incubated at room temperature in the dark for 90 min. Rluc8
substrate (Coelenterazine 400a, 10 pul, Nanolight) was added per well at a final concentration
of 5 mM. Cells were then incubated for 5 min in the dark. Neurotensin agonist (15 pl of

6X) in drug buffer (contained assay buffer, 0.1% bovine serum albumin) was added per well,
which was then incubated for 5 min in the dark.

Expression and purification of Ga,;

Protein purification was performed as described previously, with minor modifications

(75). BL21DE3 RIPL cells were transformed with PET-SUMO Gaj; plasmids (75) and
grown overnight until they reached saturation in 5 ml of LB medium with 50 mg/mL
kanamycin. One liter of fresh medium was then inoculated with the 5-ml starter culture.
Cells were grown at 37°C until they reached an ODggg of 0.6 to 0.8. Protein expression was
induced by the addition of 400 uM isopropyl p-d-1-thiogalactopyranoside. The cell culture
temperature was reduced to 18°C for overnight expression. Cell cultures were harvested by
centrifugation for 1 hour at 1789g at 4°C. Cells were resuspended in phosphate buffer [25
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mM KH,POy, 25 mM K,;HPO4, 300 mM KCI, 500 mM (tris(2-carboxyethyl)phosphine)
(TCEP), 50 uM GDP, 50 uM MgCl5] and then lysed by sonication on ice. Lysates were
clarified by centrifugation at 716g for 1 hour at 4°C. Clarified lysate was poured onto a
column containing 5 ml of Ni-NTA resin (Thermo Fisher Scientific; 88222) that had been
equilibrated in phosphate buffer and then washed with 5 column volumes of phosphate
buffer to remove nonspecific binding proteins. Gaj; was eluted by the addition of 6
column volumes of elution buffer (phosphate buffer + 250 mM imidazole). Eluent was
dialyzed overnight in 4 | of phosphate buffer in dialysis membrane tubing (3.5 kDa cut-off)
with 1 mg of ULP1 protease. Cleaved protein was collected the following day by reverse-
nickel chromatography. Protein was further purified with a Sepharose anion-exchange Q-
column (Hi-trap Q high performance column, Cytiva; GE17-1154-01) equilibrated with
equilibration buffer [25 mM Na,HPO,4 (pH 8), 50 pM MgCl,, 100 mM NacCl] and the
flowthrough was collected. Protein was eluted with 25 mM NayHPO4 (pH 8), 50 uM MgCl,,
and 1 M NacCl.

Fluorescence spectroscopy

Fluorescence experiments were conducted with an LS55 luminescence spectrofluorometer
(Perkin-Elmer). Fluorescence (498 nm excitation, 508 nm emission) was measured in 1-ml
cuvettes with constant stirring with magnetic stir bars. Data were acquired through FL
WinLab software (Perkin-Elmer) (53, 54). To measure BODIPY-GTP hydrolysis, Gaj; was
preincubated with equimolar concentrations of GDP. Baseline fluorescence was collected
with 83 nM BODIPY-GTP in 1 ml of hydrolysis buffer [20 mM TRIS/HCI (pH 7) and

10 mM MgCl,]. BODIPY-GTP loading and hydrolysis were initiated by the addition of

10 pM Gaj; to 1 ml of hydrolysis buffer containing the fluorescent analog. To measure
nucleotide exchange and dissociation, baseline fluorescence was collected with 83 nM
BODIPY-GTPvyS in 1 ml of exchange buffer (20 mM HEPES, 10 mM MgCl,, and

10 mM dithiothreitol) at pH 6 and pH 7. Exchange was initiated by the addition of

5 UM Ga.j;. Fluorescence was measured until nucleotide exchange reached saturation.
After saturation of exchange at pH 7, 400 uM GTP-yS was added to initiate nucleotide
dissociation. Fluorescence was measured until the signal reached a previously established
baseline fluorescence. All fluorescence measurements were normalized and fit to nonlinear
regression one-phase association and dissociation kinetic models in GraphPad Prism 8.

Thermal shift assay

Five UM Gajy in assay buffer [20 mM NapyHPO4 (pH 7), 10 mM MgCl,, 10 mM NaCl] was
incubated with 50 pM GTP+yS and 2X SYPRO Orange protein gel stain 5000x concentrate
in DMSO (Thermo Fisher; S6650) (76). The protein-dye mixture was added to a 96-well
PCR plate in 40-pl aliquots. Data were collected at 30°C to 90°C at 1°C increments in

a QuantStudio 7 Flex System (Thermo Fisher Scientific) gPCR instrument. Fluorescence
values were normalized and fit to Boltzmann sigmoidal curves in GraphPad Prism 8 (see
table S1).

Circular dichroism, thermal melt, and spectrum analysis

For spectrum analysis, 5 uM Gaj; was exchanged with an Amicon ultracentrifugal filter (10
kDa cutoff; Millipore Sigma; UFC901024) into 10 mM MgSO,, 500 uM TCEP and was
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incubated in 100 pM GTP+yS. A baseline datapoint was collected to subtract the background.
Spectral analysis data points were collected at 30, 50, 70, and 90°C. CD (mdeg) data were
collected at 185 to 260 nm at 0.5 nm increments with 1.25 s per timepoint. The mean
residue ellipticity was calculated and plotted against the wavelength and used as input for
the secondary structure prediction webserver BeStSel (77). For thermal melt, 5 UM Ga,j;
was exchanged into 10 mM MgSO, with 500 UM TCEP and then was incubated in 50

UM GTP-yS. CD (mdeg) was collected at 208 and 222 nm and from 30°C to 90°C in
1°C/min increments. The buffer baseline was subtracted from the datapoints. The melting
temperature (T,) was obtained by nonlinear fitting of protein denaturation to the Gibbs-
Helmhotz equation. Thermal melt data were then plotted as mean +/- SD in GraphPad
Prism 8. All CD experiments were performed on a Jasco J-1000 Series Circular Dichroism
Spectropolarimeter.

NMR sample preparation and spectroscopy

15N-enriched wild-type and mutant Ga,j; were produced by large-scale expression in
BL21(DE3)-RIPL E. coli grown in M9 minimal medium containing 1 g/l 1°NH,CI
(Cambridge Isotope Laboratories) as the sole source of nitrogen and purified as described
earlier (75). 1°N-enriched Ga; was exchanged into NMR buffer [20 mM K2HPO, (pH

7), 50 mM KCI, 5 mM dithiothreitol, and 5 mM MgCl5] containing 5% (v/v) D,0 and
concentrated to 100 to 200 uM. The protein sample was incubated with a 10-fold excess of
GTP-yS (1 to 2 mM). NMR spectra were acquired at 25°C on a Bruker Avance 850 MHz
NMR spectrometer. Two-dimensional 1H-1°N HSQC experiments were recorded with 1024
and 128 complex points in the direct and indirect dimensions, respectively, with 20 scans
per increment and a recovery delay of 1.0 s. Spectra were processed with Bruker Topspin
4,1,1 and analyzed with Sparky (UCSF). Average 1H-1°N chemical shift perturbations were
calculated with the formula A8 = [(AIHN)2 + (A15N/5)2]%-5 where A'H and AN correspond
to chemical shift changes associated with 1H and 15N resonances, respectively. PyMOL
(https://pymol.org/2/) was used to generate all images of molecular structures.

Molecular dynamics simulations

All simulations performed in this study are listed in table S3. We performed all-atoms MD
simulations on four Ga, subunit-GTPyS-Mg?2* systems (wild-type, Q204L, Q204R, and
Q204P) with three random initial velocities for 800 ns each. The initial conformations for
the four systems were prepared by homology modeling based on the Gi sequence acquired
from Uniprot. We performed homology modeling with SWISS-MODEL by inputting the
wild-type sequence or the three mutated sequences using the PDB ID 1GIA, an active Gi
structure, as a template (78). The generated apo-state active form structures were aligned
with PDB ID 1GP2, and the binding pose of GTPyS-Mg?* was transferred from 1GP2 to
acquire the active Gaj; ~GTPyS-MgZ* complexes. We also simulated NTR1-Gi and one
NTR1-Gq system to gain insight into the BRET experimental data. The NTR1 receptor
structure was modeled based on the existing cryoEM structure of NTR1 bound to the
GajpP1y2 protein complex and the NTS1 peptide (residues 8 to 13) (PDB ID: 60S9) in the
canonical C-form. The cryo-EM structure is missing the a-helical domain of the G protein,
as well as residues 11 to 56, 184 to 234, and 241 to 355. Thus, the full heterotrimeric G
protein based on the x-ray structure of human Ga; bound to GDP was aligned with the
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NTR1 bound to the NTS1 peptide with PyMOL (PDB ID: 1GP2). This structure was still
lacking the last six residues of the C terminus of the Ga, protein and hence we modelled
them with MAESTRO (Schrddinger, LLC). For G, the heterotrimeric Gaq (PDB 1D:
3AHB) bound to an inhibitor YM-254890 was used. We modelled the Gaq protein with

the SWISS-MODEL web server using the initial orientation of Ga; from PDB ID 1GP2.
The resulting complex was then minimized with the MacroModel suite in Maestro-2015-
4.2 (Schrodinger Release 2021-4: MacroModel, Schrddinger, LLC, 2021). The sidechain
residues within 5 A of either the peptide or the nucleotide were allowed to freely minimize,
whereas backbone atoms were fixed with a 200 kcal/mol/AZ2 force constant. A similar
minimization scheme was used for the NTR1:Gaj/a interface. All sidechains within 5

A of the interface were allowed to freely minimize, whereas the corresponding backbone
atoms were fixed with a 200 kcal/mol/AZ force constant. The orientation of the nucleotide
GTP-yS was taken from the monomeric x-ray crystal structure of the Ga; (PDB ID: 1GIA).
The bonding connectivity of the small molecule was determined with the Ligprep utility

of SCHRODINGER (Schrddinger Release 2021-4: LigPrep, Schrodinger, LLC, 2021).
Charges and topological parameters were derived with the CgenFF module of CHARMM
(79). The obtained topology from CgenFF was given a low molecular penalty and hence
we decided to proceed with the same. The NTR1-Gi/Gq systems were simulated for 400

ns with three random initial velocities. To study the early events of dissociation between
the Ga and G subunits, five GajpB1y> trimer systems without NTR1 were prepared
based on the NTR1-bound structure by removing NTR1 from the complex. Four Gaj2f1y2
systems without NTR1 were prepared based on the NTR1 structure by removing NTR1 from
the complex. The five systems included wild-type-GDP, wild-type-GTPyS-Mg2*, Q204P-
GTPyS-Mg?*, Q204D-GTPyS-Mg?*, and Q204L-GTPyS-Mg2*. The mutations were made
and energy-minimized by Maestro according to the protocol described earlier. The trimer
systems were simulated for 400 ns with three random initial velocities. We used CHARMM-
GUI (79) to construct the simulation system based on the acquired complex structures with
the CHARMM36m force field (80). The force field parameter for GTPyS was offered

in the standard CHARMM force field library. The four Gi-GTPyS-Mg%* complexes were
immersed in a 90 A3 cubic TIP3 water box, and then the solvated system was neutralized
with 0.15 M NaCl. The five Gaipy trimer complexes were immersed in a 113 cubic A3
TIP3 water box, which was neutralized with 0.15 M NaCl. The two NTR1-G protein
systems were solvated in 199 explicit lipid (palmitoyl oleoyl phosphatidylcholine, POPC)
bilayer and water with the CHARMM-GUI web server (79). The total system was made

up of ~135,000 atoms in a periodic box of roughly 90*90*170 A3. We then added sodium
and chloride counterions, maintaining the salt concentration of the system at 0.15 M. We
performed all of the simulations with the GROMACS 2019 package (81). The LINCS
algorithm was applied to all bonds and angles of water molecules with a 2-fs time step
used for integration. A cutoff of 12 A was applied for nonbond interactions, and the particle
mesh Ewald method was used to treat long-range van der Waals interactions (82). Each
system generated from CHARMM-GUI first went through energy-minimization with the
steepest descent method until the maximum force was <1000 kJ/mol/nm. The system was
then slowly heated from 0 to 310 K in NVVT ensemble during a 1-ns heating process. The
temperature was maintained using the Nosé-Hoover thermostat (83). A harmonic position
restraint of 5 kcal/mol-A2 was applied on all heavy atoms of protein and ligand during
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the heating process. We further equilibrated the system in the NPT ensemble for 30 ns

to gradually release the restraint from 5 to 0 kcal/mol-A2 with a 1 kcal/mol-A2 per 5 ns
window. The constant pressure was maintained by the Parrinello-Rahman method when
coupled to a 1-bar bath (84). The last frame from the equilibrium process was used as the
initial conformation for production simulations. We used three random seeds to generate
different initial velocities for the three production runs, which lasted for 800 ns for Ga,
systems and 400 ns for the NTR1-G protein system. The last 200 ns of the three 800-ns
production runs from the Gaj simulations were combined into a 600-ns trajectory for future
analysis. In a similar fashion, the last 200 ns of the three 400-ns production runs from the
NTR1-G protein simulations, and the last 200 ns of three 400-ns production runs from the
GajpP1y2 trimer simulations were combined into a 600-ns trajectory for further analysis.

Principal component analysis

We performed principal component analysis (PCA) on the 600-ns trajectory of all four Ga;
systems to study the differences in their dynamics. The Ca atoms of all four systems were
removed and merged into a single 2400-ns trajectory for PCA, so that the results could

be readily compared for all of the four systems. PCA was performed with the GROMACS
covar and anaeig modules. The top two PCs occupied >55% of the cumulative covariance,
which suggested that PC1 and PC2 were sufficient to describe the most dominant motion
of all of the four systems. To compare the dynamics of the RAS domain from MDS to

the NMR perturbation observed, we performed PCA on the Ca atoms in the RAS domain
(residues 34 to 60 and 185 to 341). We then calculated the contribution of each of the Ca
atoms of residues in the RAS domain to the PC1 eigenvalue (fig. S5).

Conformational clustering analysis

We showed the dominant motion occurring in the QL, QP, and QR mutants with PC1 and
PC2 (fig. S4). Because the QL mutant showed a major change in the PC1 space and QP
showed a major change in the PC2 space, the centroids of the QL and QP clusters were
used as representative structures to illustrate the motion in the PC1 and PC2 spaces. We
first clustered QL/QP/QR sampling points based on their PC1 and PC2 values and then
performed clustering analysis with the sklearn module in Python (85). All sampling points
were clustered by the agglomerative method by defining the number of clusters as two

for QL and QP, and three for QR. The centroid structures for each cluster were selected

by sklearn. These centroid structures for each conformation cluster for the wild-type and
mutants were used for all structure-rendering figures. We aligned the centroid structures
by helical domain to show the movement of the RAS-like domain. PC1 was dominated by
a sheer motion centered at the hinge region between two domains (fig. S4), whereas PC2
was mostly the open-and-close motion that causes the nucleotide-binding site to open (fig.
S4). Movies showing the motion of PC1 and PC2 are available in Supplementary Materials.
The contacting residue pairs in each representative structure between the RAS domain

and the all-helical domain (fig. S5A) were identified with “Get_contact” software (https://
getcontacts.github.io/). In the contact analysis, the RAS domain was defined as residues 34
to 60 and 185 to 341. The all-helical domain ranged from residues 63 to 176.
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RMSF analysis

To validate the MDS results, we performed root mean square fluctuation (RMSF) analysis
and compared our results to residue peak-broadening extracted from the NMR analysis.

The RMSF results generally agreed with the NMR broadening analysis (fig. S4). RMSF
analysis was performed with the GROMACS rmsf module by selecting protein backbone

N atoms. The RMSF was calculated per residue after aligning the trajectory with the

initial conformation. The RMSF values were plotted as SRMSF (WT-mutant) with NMR
broadening data (Imytant/lwT; fig. S4). Both SRMSF and NMR broadening are shown as
binary states as to whether they were broadened or not. Red blocks indicate no broadening,
and blue blocks indicate broadening. White blocks represent peaks missing from the NMR
readout. For dRMSF, broadened residues were defined as residues that had less than average
SRMSF (WT-mutant) from all residues. For NMR-broadening data, broadened residues were
defined as residues that had an lyytant/lwT Value of < 0.9. The comparison between RMSF
and NMR broadening showed a general trend that high RMSF correlated with low NMR
broadening or missing peaks in the broadening data. To further understand the difference in
dynamics between the RAS domain and the all-helical domain, we separated the trajectory
for the RAS domain (residues 34 to 60 and 185 to 341) and from that of the all-helical
domain (residues 63 to 176). We then aligned the snapshots for each of these domains within
their respective trajectories. Then, we performed the RMSF and RMSD analysis for each
domain (fig. S5A)

Interaction energy analysis

The interaction energy between the Ga and Gp interfaces was calculated from the 600-ns
merged trajectories described earlier. There are two major protein-protein interfaces between
the Ga and Gp subunits: the Switch Il region from Ga., which binds to the loop regions

of GB, and the N terminus of Ga,, which interacts with the p-sheet structures of Gp. The
interface interaction energy calculation was only performed on the pairs of residues that
maintained more than 40% simulation time over the 600-ns trajectory. Get_contact (https://
getcontacts.github.io/) was applied to calculate the contact frequency between residues in the
two interface regions. The interaction energy was calculated as the sum of the van der Waals
interaction energy and the electronic interaction energy. The calculation was performed with
the GROMACS energy module and plotted as a bar graph to show the comparison among
WT and mutant systems (Fig. 4, B and C).

Allosteer analysis

We applied in-house software called Allosteer to study the allosteric communication residue
network to shed light on the noncatalytic role of GIn2%4 and especially its distinct roles in
Gi and Gq. Allosteer was used to identify the allosteric communication pipelines starting
from the Ga residues in the GB+y interface (including both the N terminus and the Switch

Il region) through the nucleotide-binding site and ending in the Ga C terminus. Allosteer
calculates the mutual information in torsional angle distribution for all pairs of residues

in the trimeric Gs and Gi proteins. We thenused graphic theory to calculate the shortest
pathway with the highest mutual information connecting distant pairs of residues. The
number of allosteric communication pathways passing through each residue is defined as
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a “hubscore” and this score is used to describe the strength of the residues in allosteric
communication. To define the Ga residues located in the G-y interface, nucleotide-binding
site, and the C terminus, we used the MDS trajectories to identify the list of residues in
these interfaces. The contact frequencies between the Ga. N terminus/Switch 11 region,

GB, and Ga-GTPyS were calculated with get_contact (https://getcontacts.github.io/). The
residues from Ga, which had >40% contact frequency with GTP-yS or G, were defined as
nucleotide-binding site residues and Ga/Gp-binding site residues, respectively. The last 10
residues in the Ga C terminus were defined as C-terminal residues. The detailed residue list
is shown in table S4. The sum of the hubscores for every residue involved in the pipelines
was used to evaluate the strength of the allosteric communications. We showed that the
strongest pipelines went through regions of interest defined earlier for both Gi and Gq
simulation. These are shown in Fig. 4, D and F, as red tubes; the radius of each tube was
scaled by their sum of hub scores. The ratio of the hub score of Gi GIn2%4 and Gq GIn2%°
(GIn204 equivalent) was plotted as a bar graph in Fig. 4E to show the relative ratio of the hub
score of Gq GIn209 to that of Gi GIn2%4,

Luciferase assays

HEK?293 cells were cotransfected with the Turbofect transfection reagent (Thermo Fisher;
R0534) with pCEFL-3x-Flag-Renilla-luciferase and pGL4.33[luc2P/SRE/Hygro] (Promega;
E1340) or pGL4.34[luc2P/SRF-RE/Hygro] (Promega; E1350), with pcDNA5-Gaq wild-
type, mutant, or pCEFL-GFP control for 48 hours (86). For experiments with Gag-
DREADD, HEK?293 cells were co-transfected with pCEFL-3x-Flag-Renilla-luciferase,
pGL4.33, pCEFL-HA-Ga4-DREADD, and pcDNAS5-Gaq wild-type, mutant, or pCEFL-
GFP control (86). Cells were serum-starved overnight, and luciferase activity was assessed
with a Dual-Glo Luciferase Assay Kit (Promega; E2920) according to the manufacturer’s
instructions and read with a Spark multimode microplate reader (Tecan).

Western blotting

Extracts of yeast BY4741 bariA, transformed with the plasmids pRS316-ADH1-GPAl

and pRS316-ADH1-GPA1-Flag (wild-type or mutants) (CEN/ARS, ampR, URA3+) (table
S2) (87), were resolved by 10% acrylamide gel electrophoresis and subjected to Western
blotting, as described previously (26). Gpal was detected with mouse anti-Flag (Sigma-
Aldrich; F3165, 1:3000) and horseradish peroxidase (HRP)-conjugated goat-anti-mouse
(Jackson ImmunoResearch Laboratories; 62—6520, 1:10,000) antibodies, and visualized with
the ECL-plus reagent (Life Technologies; 1705061) on a ChemiDoc Touch Imaging System
(Bio-Rad). HEK293 cells were transfected with pCEFL-empty vector control and pcDNAS5-
Gag wild-type or mutants with the Turbofect transfection reagent for 48 hours. Cells were
serum-starved overnight, washed three times with cold 1X PBS, and lysed with 1X Cell
Lysis Buffer (Cell Signaling Technologies; 9803) prepared with 1X Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific; 78440). Lysates were centrifuged
at 4°C for 10 min at 14,000g and heated for 5 min at 98°C with 4X Laemmli Sample Buffer
(BioRad Technologies; 1610747) prepared with 2-mercaptoethanol. Primary antibodies
were diluted at 1:1000 unless otherwise stated: FAK (Cell Signaling Technology; 71433),
phospho-FAK (Y397) (Cell Signaling Technology; 8556), p44/42 MAPK (Erk1/2) (Cell
Signaling Technology; 4695), Phospho-p44/42 MAPK (Thr202/Tyr204) (Cell Signaling
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Technology; 4370), B-actin (Cell Signaling Technology; 4970, 1:3000), Gaq (Santa Cruz
Biotechnology; sc-393, 1:2000). Goat anti-rabbit IgG-HRP secondary antibody was diluted
1:30,000 (Southern Biotech; 4040-05). Western blots were developed with the Pierce

ECL Western Blotting Substrate (Thermo Fisher Scientific; 32106) according to the
manufacturer’s instructions. Signals were quantified with ImageJ software (US National
Institutes of Health).

Flow cytometric analysis of cell proliferation

NIH3T3 cells were co-transfected with pCEFL-H2B-GFP and pCEFL-empty vector control,
PcDNA5-Gaq wild-type or mutants, at a 5:1 ratio of pCEFL-H2B-GFP to experimental
vector with the Turbofect transfection reagent (Thermo Fisher Scientific; R0531) for 72

hr. Cells were serum-starved overnight before collection, at which point they were fixed
with the Invitrogen eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo
Fisher Scientific; 50-112-8857) according to the manufacturer’s instructions. Cells were
stained with Zombie Aqua Viability Dye (BioLegend; 77143), Alexa Fluor 700 anti-mouse
Ki-67 Antibody (BioLegend; 652420), and Alexa Fluor 488 anti-GFP Antibody (BioLegend:;
338008). Samples were processed with a Novocyte Advanteon (Agilent Technologies) and
analyzed with FlowJo software (FlowJo, LLC).

Statistical Analysis
Data are = SD from three or more independent experiments with two or more measurements
each. Pair-wise comparisons are presented as *£< 0.05, **P< 0.01, ***£< 0.001, and
****P<0.0001 by one-way ANOVA. Data are fit to one phase exponential decay curves or
Boltzmann sigmoidal curves, where indicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Prevalence and distribution of catalytic glutamine mutationsin cancer.
(A) Graphical view of all of the mutations found in GNAQ from patient samples curated

by COSMIC (v94). (B) Pie chart showing the distribution of observed substitutions in Ga
from patient samples. (C) Pie chart showing the tissue distribution of catalytic glutamine
mutations.

Sci Signal. Author manuscript; available in PMC 2023 March 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Hewitt et al. Page 29

Pheromone

(@)
A N
of 4
Foass l Pheromone -
- o
MAPKKK
MAPKK
@@ MAPK
- L
Endosome
Transcriptional Response:
FUS1-lacZ
Autophagy Autophagy
*kk
I *okkok
B c | *kk
2.0 ! X
15 -o- \ector 25 *k
: _ - 2.0
ge i1l = T
-g_% 1.0 Z — z *x - = 1 - QL .g_% 15
3 8 10
<x 05 - QP <g
73 x 0
z8 o~ = Z8 05
O.CJ 4
2 4 6 8
oy
0.5 Time (hours) A@§§@z§§~§@b§§&é§&&@§§&§o®§
D E
. 8x10"
150+ 2
@ g 6x108
% 1004 & =y
§ £ 2 4x10
B '
=) i
Sk 50 G 2x108
E-3- @D
2 §
3 0 = 0
g - RS A S A
g F LIS FPFESFFe TS eT S
504 log [pheromone] X

Fig. 2. Catalytic glutamine mutations confer distinct Ga- and Gpy-mediated signaling outputs.
(A) The yeast mating pathway is activated by the binding of pheromone to the GPCR (Ste2).

Ste2 catalyzes the exchange of GDP for GTP and dissociation of Ga (Gpal) from Gpy
(Ste4/Ste18). Ste4/Stel8 activates a MAPK kinase kinase (Stell), a MAPK Kkinase (Ste7),
and the terminal MAPK (Fus3). Fus3 promotes induction of mating genes. Gpal binds to
the sole phosphatidylinositol 3-kinase in yeast, Vps34, and the Gp-like regulatory subunit,
Vpsl5, which promote autophagy under nitrogen-deficient conditions. (B) The autophagy
biosensor Rosella was used to measure Gpal-dependent cytoplasm-to-vacuole targeting in
BY4741 barlA (wild-type) cells. Time-course of vacuole targeting initiated by nitrogen
depletion in wild-type cells with plasmids expressing Gpal wild-type (WT), the indicated
Gpal mutants, or vector with no insert (pRS316). Fluorescence was measured every 30 min
for 8 hours.(C) Rosella assay values measured at 8 hours. (D) The FUSI-lacZ transcriptional
reporter was used to measure Ste4/18-dependent transcription in wild-type cells transformed
with Gpal WT, Gpal mutants, or vector with no insert (pRS316). Cells were treated with 0
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to 3 uM a-factor pheromone, and fluorescence was measured after 90 min. Data represent
the percentage of maximum transcriptional activity in cells relative to that in cells with
empty vector. (E) Transcriptional reporter activity when no a-factor was added. Symbols
in (B) and bars in (C) are means = SD from three independent experiments with two
measurements each. Pair-wise comparisons with vector are *£< 0.05, **P< 0.01, ***P<
0.001, and ****P< (0.0001 by one-way ANOVA. Symbols in (D) and bars in (E) are the
means of two independent experiments with two measurements each.
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— Gq QP+SBI-553

Fig. 3. Catalytic glutamine mutations confer substitution- and subtype-specific activation by
GPCRs.

(A to I) G protein subunit dissociation was measured with TRUPATH biosensors consisting
of Ga-RLuc8 (donor), Gp3, and Gyg-GFP2 (acceptor), which were activated by stimulation
of the neurotensin receptor 1 (NTR1) in HEK293T cells. Cells were treated with the
indicated concentrations of neurotensin, and the ratio of GFP2 to RLuc8 was measured.

(A) BRET for wild-type (WT, green), QL (red), QP (magenta), and 17 other (gray) mutant
forms of Ga. (B) Net BRET at the highest agonist concentration, in bar-graph form. (C)
Gag BRET. (D) Net BRET for Gag. (E) Gajz BRET. (F) Net BRET Gas. (G) BRET for
WT Gagq without (green) or with (blue) SBI-553 allosteric ligand treatment. (H) BRET for
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Gaq QL without (green) or with (blue) SBI-553 treatment. (1) BRET for Gag QP without
(green) or with (blue) SBI-553 treatment. Data in (A), (C), (E) and (G to I) are means
(symbols) from two measurements and are representative of three independent experiments.
Data in (B), (D), and (F) are means £+ SD from three independent experiments (symbols)
with two measurements each. In (B), all pair-wise comparisons with WT were £< 0.0001 by
one-way ANOVA. In (D), pair-wise comparisons with WT were *P< 0.05, **P< 0.01, ***P
< 0.001, and ****P< 0.0001 by one-way ANOVA.
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Fig. 4: Catalytic glutamine mutations confer substitution- and subtype-specific interaction
energies.

(A) gtructure of the Gaj1py trimer (PDB ID: 1GP2). The red region is Switch I, the blue
region is the N terminus of the Ga unit. (B) Interaction energies between Gaj Switch 1l

and Gp, averaged across the three MD simulation runs, for WT-GTP/GDP and the indicated
mutants. The error bars indicate the SD across the three simulations. (C) Interaction energies
between the Gaj N terminus and G, averaged across the MD simulation trajectories, for
WT-GTP/GDP and the indicated mutants. (D) Allosteric communication pipeline (tube in
red) starting from the Gap interface residues and passing through the nucleotide-binding
site to the C-terminal residues in Ga,. The radius of the red tube is proportional to allosteric
communication strength. The nucleotide is shown as sticks and GIn294 is shown as a

cyan sphere. (E) Normalized allosteric hub score comparison between Gaj and Gag. A
greater score means stronger contribution to the allosteric communication. (F) Allosteric
communication pipeline (tube in red) starting from the Gap interface and passing through
the nucleotide-binding site to the C terminus in Gag. The radius of the red tube is
proportional to allosteric communication strength. The nucleotide is shown as sticks and
GIn209 is shown as a cyan sphere. Data in (B) and (C) are means + SD from three
independent simulations.
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Fig. 5. Biophysical characterization of glutamine mutants.
(A) Gaj1-GDP was combined with BODIPY-GTP, and binding and hydrolysis were

assessed by measuring the increase and decrease in fluorescence, respectively. RFU, relative
fluorescence units. (B) Ga.j;-GDP was combined with a nonhydrolyzable GTP analog,
BODIPY-GTPyS at pH 7. The intrinsic rate of exchange was determined by measuring the
increase in fluorescence. (C) Ga.j;-GDP was combined with BODIPY-GTPyS at pH 6. (D)
Gai1 bound to BODIPY-GTP-yS was combined with excess GTP+yS. The rate of dissociation
was measured as the decrease in fluorescence. (E to |) Thermostability of Gaj; in GDP-and
GTPvyS-bound states, as determined by SYPRO fluorescence labeling of buried hydrophobic
regions. (J) Circular dichroism (CD) spectrum analysis for Gaj; WT and the indicated
mutants, in the GTP-yS-bound state. Spectral scans ranged from 185 to 260 nm at 30°C
(shown), and 70 and 90°C (fig. S3, F and G). (K) Secondary structure predictions based on
CD measurements. Data in (A to D) are representative of three independent experiments,
and are fit to one phase exponential decay curves. In (B) and (C), pair-wise comparisons
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of WT and mutants are **£< 0.01 and ****P< 0.0001 respectively, by one-way ANOVA.
Data in (E to J) are representative of two independent experiments, and are fit to Boltzmann
sigmoidal curves.
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Fig. 6. NMR HSQC spectral overlay of GTPyS-bound wild-type Gaj; with the QL, QR, and QP

mutants.

(A) 2D [15N, IH] HSQC NMR spectra were acquired on a Bruker Avance 850 at 25°C for
100 to 200 pM 15N-enriched Ga,j;. Decreases in peak intensity indicate line broadening.

Shifts in peak position relative to the assigned WT were considered as chemical shifts.

Peaks missing in the mutant spectrum relative to the WT were considered as undetected
peaks. Spectral overlay of WT (red) and QL (black) in the GTPyS-bound state. The WT had

approximately 310 peaks and the QL mutant had 372 peaks in total. Spectral overlay shows
extensive peak broadening relative to chemical shift changes for QL and a subset of 60 peaks

not evident in the WT. Labeled arrows indicate examples of broadened residues in the QL

spectrum. Unlabeled arrows indicate an example of undetected peaks in the QL spectrum.
(B) Structural rendering of the Ga; structure with PyMOL (PDB: 1GIL), highlighting

undetected peaks (red), shifted peaks (CSP, chemical shift perturbation > 1.4; yellow), and
broadened peaks (magenta) in QL. (C) Projecting MD simulation trajectory snapshots of
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WT (red) and QL (black) onto PC1 and PC2. The contour line is related to population
density with a darker color indicating greater density. (D) Spectral overlay of WT Ga; (red)
and the QR mutant (purple) in the GTP-yS-bound state. The QR has 100 fewer peaks than
those seen for the WT. Spectral overlay shows extensive resonance-broadening in both the
RAS-like and helical domain. Arrows indicate undetected peaks in the QR spectrum. (E)
Structural rendering of the Ga,j; structure with PyMOL (PDB:1GIL) highlighting undetected
peaks (red), shifted peaks (yellow), and broadened peaks (magenta) in QR. (F) Projecting
MD simulation trajectory snapshots of WT (red) and QR (magenta) onto PC1 and PC2.

The contour line is related to the population density, with a darker color indicating greater
density. (G) Spectral overlay of WT Ga.j; (red) and the QP mutant (blue) in the GTP-yS-
bound state. QP has 312 peaks in total. Spectral overlay shows chemical shift changes

in the RAS-like domain relative to that of the WT. Arrows indicate examples of shifted
peaks in the spectrum of QP in putative nucleotide-binding regions (G-boxes). (H) Structural
rendering of the Ga,j; structure with PyMOL (PDB: 1GIL) highlighting undetected peaks
(red), shifted peaks (yellow), and broadened peaks (magenta) in QP. (1) Projection of MD
simulation trajectory snapshots of WT (red) and QP (blue) onto PC1 and PC2. The contour
line is related to the population density, with a darker color indicating greater density. Data
in (A), (D), and (G) are representative of two independent experiments.
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Fig. 7. Catalytic glutamine mutations confer distinct Ga-mediated signaling outputsin
mammalian cells.

(A) SRE-luciferase reporter activity in HEK293 cells co-transfected with a plasmid
expressing SRE-luc reporter in combination with control vector (GFP), or plasmids
encoding Gaq WT or the indicated glutamine mutants. (B) Representative Western blotting
analysis of FAK and ERK phosphorylation in HEK293 cells transfected with empty vector
(EV) or plasmids encoding Gagq WT or the indicated glutamine mutants. (C) Quantification
of the amount of phosphorylated ERK (pERK) relative to that of total ERK from the
experiments shown in (B). (D) Quantification of the amount of phosphorylated FAK (pFAK)
relative to that of total FAK from the experiments shown in (B). (E) SRE-luciferase reporter
activity in HEK293 cells cotransfected with the SRE-luc reporter and Ga.,-DREADD in
combination with empty vector control (EV) or plasmids encoding Gaq WT or the indicated
glutamine mutants. Reporter activity was measured under basal conditions and in response
to 1 pM CNO for 6 hours. (F) Cell proliferation in NIH3T3 cells co-transfected with GFP
and empty vector control (EV) or plasmids encoding Gaq WT or the indicated glutamine
mutants. Measurement of the percentage of GFP*/Ki67* cells was used to assess the
proportion of transfected proliferative cells. Data in (A) and (C to F) are means + SEM from
three independent experiments (symbols) with three measurements each. *P < 0.05,***P <
0.001, and ****P < 0.0001 by one-way ANOVA. Data in (B) are representative of three
independent experiments.
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