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Heterotrimeric G proteins are key molecular switches that control
cell behavior. The canonical activation of G proteins by agonist-
occupied G protein-coupled receptors (GPCRs) has recently been
elucidated from the structural perspective. In contrast, the struc-
tural basis for GPCR-independent G protein activation by a novel
family of guanine-nucleotide exchange modulators (GEMs) re-
mains unknown. Here, we present a 2.0-A crystal structure of Gai
in complex with the GEM motif of GIV/Girdin. Nucleotide ex-
change assays, molecular dynamics simulations, and hydrogen-
deuterium exchange experiments demonstrate that GEM binding
to the conformational switch Il causes structural changes that al-
losterically propagate to the hydrophobic core of the Gai GTPase
domain. Rearrangement of the hydrophobic core appears to be a
common mechanism by which GPCRs and GEMs activate G pro-
teins, although with different efficiency. Atomic-level insights pre-
sented here will aid structure-based efforts to selectively target
the noncanonical G protein activation.

guanine-nucleotide exchange modulator (GEM) | GIV/Girdin | X-ray
crystallography | hydrogen-deuterium exchange | molecular dynamics

eterotrimeric G proteins act as molecular switches that gate

the flow of information from extracellular cues to intra-
cellular effectors that control cell behavior (1, 2). Canonically,
heterotrimeric G protein signaling is initiated at the plasma
membrane where agonist-bound G protein-coupled receptors
(GPCRs) trigger dissociation of guanosine diphosphate (GDP)
from Gofy trimers and release of Gy subunits; in other words,
GPCRs serve as guanine nucleotide exchange factors (GEFs)
(1). This signal is fine-tuned by GTPase-activating proteins
(GAPs), guanine nucleotide dissociation inhibitors (GDIs), and
other “accessory proteins” (3).

Among these accessory proteins, the recently delineated family
of guanine-nucleotide exchange modulators, or GEMs (4, 5), stands
out due to their ability to modulate heterotrimeric G proteins
independently of GPCRs. GEMs are cytosolic proteins that
uniquely act as GEFs for Gai and as GDIs for Gas, all using the
same evolutionarily conserved GEM motif (6, 7). The motif was
initially identified based on homology to the synthetic peptide
KB752 that can bind and activate Gai (8); however, the motif has
since been found in several naturally occurring proteins (5). The
ability of GEMs to activate Gai in live cells downstream of diverse
classes of receptors has been demonstrated by various approaches:
Dissociation of Gy subunits from Gai was shown using fluores-
cence and bioluminescence resonance energy transfer (FRET/
BRET)-based reporters (9-11), Gai activation by conformation-
specific antibodies (12), and reduction in cellular cAMP by ra-
dioimmunoassay (12). These cited studies also demonstrated that
the spatiotemporal patterns of GEM-mediated Gai signaling are
remarkably distinct from those triggered by GPCRs (4). Further-
more, published work has provided insight into GEM biology
and demonstrated translational relevance of dysregulated GEM

16394-16403 | PNAS | August 13,2019 | vol. 116 | no. 33

signaling in disease (13), including cancer, organ fibrosis, and
diabetes.

Because heterotrimeric G proteins are expressed in virtually
all cell and tissue types, and are involved in most physiologic and
pathologic processes, the molecular mechanism and structural
determinants of G protein activation and action have been a top
priority in the field, yielding over 70 publicly available structures
in various conformations and complex compositions (SI Appen-
dix, Table S1). The structural basis for GPCR-dependent G
protein activation had challenged the field for decades but was
revealed in the past 8 y by a series of landmark structural studies
(14-18). These studies have demonstrated that one of the key
mechanisms of G protein activation by GPCRs involves pertur-
bation of the so-called hydrophobic core (19, 20) of the Ga
GTPase domain, which is mediated by displacement of the C-
terminal o5 helix and insertion of the GPCR’s intracellular loop
2 (14-18).
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In contrast to these insights, the structural basis of GPCR-
independent G protein activation has remained elusive (SI Ap-
pendix, Table S1). The present study reveals, at an atomic reso-
lution, the structural and dynamical basis for Gai activation by
GEMs. These insights would be invaluable for efforts of selective
pharmacological targeting of GEMs to treat GEM-driven diseases.

Results
Unique from GPCRs, GIV-GEM Binds and Stabilizes Switch Il of Gai.
The first and most well-studied member of the GEM family is
Ga-interacting vesicle-associated protein, or GIV/Girdin. GIV is
a large, multidomain (SI Appendix, Fig. S1A4) signal transducer
that mediates G protein activation downstream a variety of cell-
surface receptors to modulate diverse cellular processes (4, 21).
GIV-dependent signaling has been implicated in a number of path-
ophysiologic conditions, including diabetes, fibrosis, and cancer (4).
Here, the 31-amino-acid GEM motif of GIV/Girdin (amino
acids 1671-KTGSPGSEVVTLQQFLEESNKLTSVQIKSSS-1701)
was cocrystallized with GDP-bound rat Gai3 (henceforth Gai-GDP)
(SI Appendix, Table S2). In the crystallization construct, the flex-
ible 25-amino-acid-long N-terminal helix of Gai was deleted as
done previously (8) and replaced by a His-tag followed by a short
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linker (SSGLVPRGSHM,; SI Appendix, Fig. S1B, henceforth re-
ferred to as His-tag linker). The structure was determined to 2.0-A
resolution (Fig. 1 4 and B and SI Appendix, Fig. S1).

The structure demonstrated that GIV-GEM binds at the typ-
ical effector binding interface: the hydrophobic pocket between
Sw-1I and the o3-helix of Gai (Fig. 1 4 and B). By forming a short
antiparallel p-sheet with Sw-II residues Q204°3"23_R2(0g%-H24
[superscript denotes Common Ga numbering scheme (22)], the
peptide stabilizes Sw-II in a unique elevated conformation (Fig. 1
B-D). Key polar contacts at the interface include hydrogen
bonding of GIV E1678 and E1688 to Gai R208%1*  around
which the peptide folds in a loop-helix conformation, and a hy-
drogen bond from GIV Q1683 with Gai Q204%"23 3 residue
known for its role in GTP hydrolysis (23). The interface also
features hydrophobic packing of GIV F1685 against W211-"27,
12129128 F21597241 " and W258°"!7 of Gai, consistent with
the established role of F1685 as the key interaction determinant
(6). Residues L1682-N1690 of GIV form an o-helix that packs
favorably across the a3-helix of Gai (Fig. 1 B-D).

A number of Gai residues engaged by GIV-GEM are shared
by Gpy and GoLoco GDIs (Fig. 1 D-G and SI Appendix, Fig. S2).
For example, R208%H24 is important for RGS14, and K209%H23 is
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Fig. 1.

GIV-GEM binds Sw-Il of Gai. (A) Topology of the Gai protein with conformational switches and binding sites of key interactors marked. (B) Crystal
structure of Gai with GIV-GEM peptide bound at Switch (Sw)-II. (C) Overlay of Gai Sw-Il from Gfy-bound, GDI-bound, and GIV-GEM-bound crystal structures.
(D) A close-up view of the interaction interface between Gai and GIV-GEM. (E and F) Close-up views of Gai Sw-Il bound to Gpy [E, PDB ID code 1GP2 (36)] or
Goloco-motif GDI RGS14 [F, PDB ID code 1KJY (31)]. Key Sw-II residues shared by GIV and at least 1 of GBy or RGS14 are shown as spheres (aromatic/aliphatic)
or sticks (polar). (G) Bubble plot displaying the strength and the nature of contacts that Gai Sw-II residues make with GIV-GEM, Gy, or RGS14. The size of the

dot is proportional to the strength of the contact (57); backbone and side-chains contacts are shown in black and gray, respectively.
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critical for GPy. These findings provide insight into the mutual
exclusivity of GIV and Gfy, or GIV and GoLoco GDI, binding to
Gai (6, 24). Although paralleling the phenomenon of Gy dis-
placement by GPCRs, this mutual exclusivity has a different basis;
in the case of GIV, it is not mediated by nucleotide exchange.
Instead, the plausible mechanism of GIV-Gfy competition is similar
to that employed by GoLoco GDIs and involves GIV “capturing”
the post-GTP hydrolysis Gai molecules, thus preventing their reas-
sociation with Gf}y.

The basis for the previously described phosphoregulation of
GEM activity of GIV (25, 26) is evident from the structure and
molecular modeling. A phosphate on the N-terminal S1674 of
GIV-GEM is predicted to improve binding by creating an ad-
ditional polar contact with Gai R208°%# (Fig. 2 4 and B). By
contrast, a phosphate on the C-terminal S1689 of GIV-GEM
would disrupt a key hydrogen bond that this residue forms
with W258CH317 of Gai (Fig. 2C). These findings explain the
opposing roles of the two phosphoevents: The former is known
to enhance and the latter to abrogate the ability of GIV to bind
and activate Gai (25, 26).

Homology modeling of other GEM family members, Daple
and NUCBI, suggested a conserved mode of binding with a few
subtle differences that corroborate prior mutagenesis findings
(27-29) (Fig. 3 A-E). Both Daple and NUCBI appear to form a
salt bridge with Gai K248 (Fig. 3 D and E), which is not available
to GIV due to a nonacidic residue in the position of Q1683 (Fig.
3C). However, GIV and Daple, but not NUCBI, form a hydrogen

A

......... VT#..FL....+..........

GIV 1671-Kr@spEsEMiTECO SNERETS SSS-1701
DAPLE 1661-CSH..S. 0 . .RSSPTHBTP.C-1691
NUCB1  303-NEBITNQ . STQ T - 333

Fig. 2. Structural basis for phosphoregulation of
GIV binding and activity toward Gai. (A) Structure of
WT GIV-GEM, highlighting unphosphorylated 51674
and the various contacts of R208%H?# of Gai. (B)
Model of (pS1674)GIV-GEM highlighting the forma-
tion of an additional direct contact with R208%H24,
(C) Structure of WT GIV-GEM, highlighting a polar
contact that unphosphorylated S1689 makes with
W258%H317 of Gai.

bond with Gai W258%317 due to a Ser-to-Thr substitution in
NUCBI (Fig. 3 C and D). The presence of both hydrogen bonds in
Daple explains its tolerance toward individual mutations of
K2485H37 or W2585H317 \whereas binding of GIV and NUCBI
to Gai is lost exclusively upon mutations of W258%H317 or
K2489H37 respectively (27-29). Interestingly, the GEM motif of
NUCBI maps onto one of the EF-hand motifs of this protein (30);
modeling suggests not only full compatibility of the EF-hand to-
pology with Gai Sw-II binding but also structural mimicry between
such binding and the canonical EF-hand-mediated molecular fold
(Fig. 3F).

In our structure, the His-tag linker of each molecule binds to
its symmetry neighbor, positioning the linker Arg and sur-
rounding residues across the nucleotide cleft in a manner similar
to GoLoco GDIs (31) (SI Appendix, Fig. S3 A-C). Removal of
the His-tag linker or changing its position produced no crystals,
suggesting that the linker trapped an otherwise transient and likely
noncrystallizable GEF-induced conformation of Gai-GDP. Al-
though often overlooked, crystal packing against Sw-I is in fact
quite prevalent in published Gai crystal structures (2, 32). Here we
sought to directly assess if the observed packing confounded any
of the structural findings about GIV-GEM interface with Gai. To
this effect, we determined the structure of the His-tag linker-
containing Gai-GDP with KB752 (SI Appendix, Fig. S3 A and
E-G) and compared it to a previously published complex without
the His-tag linker (8) (Protein Data Bank [PDB] ID code 1Y3A).
No discernible differences were noted in the Gai-KB752 interface

B I GNAI3 mutants Citation
GEMs | W258F K248M (PMID)
GIV Impaired Not Affected | 20157114
DAPLE | Not Affected | Not Affected | 26126266
NUCB1 | Not Affected | Impaired 21653697

C Gai3+GIV-GEM
W258

D Gai3+DAPLE-GEM

F215 W258 F215

F1685 F1675

$1679 \ /
‘g
W
&« ”

E1678

E1668

K248 Q204

E Gai3+NUCB1-GEM F Gai3+GIV-GEM

Fig. 3. Homology models of Gai*GDP bound to the various members of the GEM family suggest a conserved mechanism of binding and action. (A) Sequence
alignment of the GEM motifs within human GIV, Daple, and NUCB1 (Calnuc) sequences. (B) Table summarizing previous mutagenesis studies. (C) Crystal
structure of GIV-GEM bound to Gai. (D and E) Homology models of (D) Daple and (E) NUCB1 bound to Gai created using the GIV-GEM-bound structure as
template. Hydrogen bonds explaining the mutagenesis in B are highlighted. (F) Overlay of our GIV-GEM-bound Gai structure with the EF-hand motif of

NUCB1, previously determined by NMR (PDB ID code 1SNL).
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(81 Appendix, Fig. S3 F and G), suggesting that the observed
features at the Gai—~GIV-GEM interface are also representative of
the native interactions. By contrast, pronounced differences were
observed in the position of Gai Sw-I, which is found in an inward-
collapsed conformation in the linker-free structure of Gai-
KB752 complex (8) but is propped by the crystal neighbor’s His-
tag linker in an outward conformation in our linker-containing
structure of the same complex (SI Appendix, Fig. S3G). Conse-
quently, we use caution in our interpretation of Sw-I position in
the Gai-GIV-GEM structure, and henceforth validate all struc-
tural observations with orthogonal biochemical, biophysical, and
computational methods.

GIV-GEM Binding Disfavors the High-GDP-Affinity Conformations of
Gai Sw-ll and Q2045323 Upon binding, GIV-GEM accelerates
the basal nucleotide exchange of monomeric Gai (6). To un-
derstand the structural basis for this phenomenon, we compared
the newly determined structure with all previously crystallized
GDP-bound complexes of Gai. The complexes were organized in
order of decreasing GDP affinity, from GoLoco GDI-bound and
Gpy-bound (high GDP affinity), through GDP-only (basal af-
finity) to KB752- and GIV-bound (low GDP affinity). A clear
trend emerged in the position of Sw-I and the molecular contacts
of Q2049323 in Sw-II. In high-GDP-affinity states, Q2045-3h23
appears to stabilize Sw-I in an outward position, away from the
nucleotide-binding pocket (Fig. 4 A and B). By contrast, in the
KB752-bound Goi structures (ref. 8 and this work), Q204953023
is displaced away from Sw-I; in the His-tag linker-free structure
(8), this allows Sw-I to “collapse” toward the bound nucleotide

(Fig. 4D). GIV-GEM produces a similar but more exacerbated
effect: It stabilizes an elevated conformation of Sw-II, hydrogen-
bonds to Gai Q204%%"23 via Q1683, and pulls it ~11 A away
from Sw-I, leading to an even greater contraction of the GDP
phosphate binding site that also involves a displacement of the
p2-strand (Fig. 4 E and F). Despite this collapse, the N-terminal
part of Sw-I is found in the outward position, due to the His-tag
linker-mediated crystal packing (Fig. 4E).

These observations prompted us to probe the role of Gai
Q20493 in GIV-GEM-mediated GDP release. A Q2049"*3A
mutant was generated and tested in a kinetic assay where GDP
released from Gaii is replaced by MANT-GTPyS, a nonhydrolyzable
fluorescent GTP analog (33, 34). Because GDP release is the
rate-limiting step of nucleotide exchange, increases in MANT-
GTPyS incorporation rate by Gai reflect the acceleration of
GDP release (35). Gai(Q20493"23A) fully retained its ability to
bind GTP (SI Appendix, Fig. S44). Compared with wild type
(WT), Gai(Q20493"23A) displayed a small but consistent in-
crease in the basal GDP exchange rate (1.28-fold; Fig. 4 G and H).
However, the mutant was significantly more sensitive to activation
by GIV-GEM (3.25-fold compared with 1.84-fold for WT Gai;
Fig. 4 G and H). These findings suggest that Q204" indeed
negatively regulates GDP release, likely by stabilizing Sw-I in the
high-GDP-affinity state. Interestingly, the direct contact between
GIV Q1683 and Gai Q204933 appears unnecessary for accelera-
ted nucleotide exchange because a GIV(Q1683A) mutant fully
retained its GEF function (SI Appendix, Fig. S4 B and C).
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Fig. 4. GIV binding to Sw-Il of Gai disrupts GDP-stabilizing interactions between Sw-Il and Sw-I and induces a low-GDP-affinity conformation of Gai. (A-E)
Comparison of Sw-I, Sw-Il, and Q204 in various GDP-bound structures of Gai, arranged from high (Left) to low (Right) GDP-affinity states. In the top part of C,
the only two existing structures of GDP-bound monomeric WT Gai are shown, PDB ID codes 1BOF and 1GDD, both with disordered Sw-Il. (F) Overlay of
structures shown in A, B, D, and E, highlighting differences in Sw-l and the f2-strand. (G) MANT-GTPyS incorporation into WT and Q204A5+323 Ggj proteins
was assessed in the presence of varying concentrations of WT GIV-GEM peptide. Findings are displayed as a line graph showing observed rates (kops, s~') for
nucleotide incorporation. Data shown are triplicates from a representative experiment; n = 3. (H) Same data as in G presented as a line graph showing
average nucleotide incorporation over time in the presence or absence of 50 uM WT GIV-GEM peptide. Statistical significance between means was calculated

using multiple comparisons in one-way nonparametric ANOVA.
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Binding of GIV-GEM to Gai Overcomes the Allosteric GDP-Stabilizing
Role of Hydrophobic Residues in Sw-II. Besides Q204Y53123 GIV-
GEM directly engages the aromatic residues W211°H27 and
F215902%1 in Sw-II of Gai; these residues were previously
proven critical for GIV-GEM binding (6). Structural compari-
sons suggest that each of these residues is stabilized by GIV-
GEM in a different position compared with the high-GDP-
affinity Gpy- [PDB ID code 1GP2 (36)] or GoLoco-bound
[PDB ID code 1KJY (31)] states (SI Appendix, Fig. S5). The
rmsd of the W211%"27 side chain between the GIV-GEM-bound
and GoLoco-bound structures is ~2.7 A, and its rotamer states are
completely different. The side chain of F215%"2*! is also displaced
~64 A in the GIV-GEM-bound structure compared with the
heterotrimer structure. These findings suggest that the conforma-
tions of W2119127 and F2159"%*1 in Gai Sw-II may be important
for regulating GDP affinity, and that the packing of these bulky
hydrophobic residues against the p-barrel of the GTPase domain
may stabilize GDP in the basal state (Fig. 54). If so, binding of
GIV-GEM to Sw-II may neutralize such GDP-stabilizing effects to
stimulate GDP release. Corroborating this hypothesis, alanine
mutants W2119H27A or F2159"2*1A retained the ability to bind
GTP (SI Appendix, Fig. S6A4) but resulted in substantial increases in
the basal nucleotide exchange rate of Gai in MANT-GTPyS in-
corporation assays (2.48- and 1.84-fold increases, respectively; Fig.
5 B and C). By contrast, mutation of V21851244 A 3 hydrophobic
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| |
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Fig. 5.

residue on Sw-II that is not necessary for GIV-GEM binding,
showed a small decrease in nucleotide exchange rate (Fig. 5 B
and C). Consistent results were obtained in thermal stability
assays where the two fast-exchanging Gai mutants, W2119H27A
and F2159"2*1 A displayed lower melting temperatures in both
native and GDP-bound state compared with WT Gai and
Gai(V2189M2*4A) (ST Appendix, Fig. S6 B and C). These results
support the idea that W211H27 and F215612*+1 on Sw-IT contrib-
ute to stabilization of the bound GDP, an effect that is neutralized by
GIV-GEM binding.

To understand the global allosteric changes in Gai caused by
the loss of bulky hydrophobic residues in Sw-1I, we subjected WT
and mutant Gai to hydrogen—deuterium exchange mass spec-
trometry (HDX-MS), a sensitive technique that uses deuterium
labeling of protein backbone amides (37) to probe conformational
dynamics and mutation-induced allostery (38, 39) (SI Appendix,
Table S3). The V218512*4A mutant showed only slight decreases
in deuterium uptake compared with WT Gai, notably in the C-
terminal end of the o3-helix through the o3-S loop (residues
F2509139_82639551 3,09 decrease) and the C-terminal end of
the oS-helix (residues A3389H510_N3479H519 239, decrease)
(Fig. 5D and SI Appendix, Fig. S7). By contrast, the fast-exchanging
W2119127A mutant exhibited regions of higher deuterium uptake
indicative of increased dynamics. The se%ment spanning Sw-I and
the p2-strand (residues R176'F6_F1919528) showed the highest
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Bulky hydrophobic residues in Sw-Il of Gai that are engaged by GIV stabilize GDP and influence the dynamics of Sw-I and the f2-strand. (A) Structure

showing hydrophobic residues in Sw-Il of Gai that were subjected to mutagenesis. (B and C) MANT-GTPyS incorporation into WT, W211ASH27 F215AGh254.1)
and V218A%"244 Gyi. Findings are displayed as a dot plot (B) showing the observed nucleotide incorporation rates (kops, s~') and as line graphs (C) showing
average nucleotide incorporation over time. Data shown are from three independent experiments; n = 9, 7, 8, and 7 for WT, W211ASH27 21576241 and
V218A%h244 raspectively. (D and E) Differences in relative deuterium uptake between V218A%"%44 and WT Gai (D) and between W211A%"27 and WT Gai
(E) at 5 min, as determined by triplicate HDX-MS assays. Blue and red coloring corresponds to —10% and +10% change, respectively; black indicates regions
that were not mapped. Regions exhibiting increased uptake in the W211A%"27 mutant are highlighted and the corresponding deuterium uptake plots shown
(SD error bars are within the symbols). Statistical significance between means was calculated using multiple comparisons in one-way nonparametric ANOVA.
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increase in deuterium uptake in the W2119"*7A mutant com-  (residues F140™"P-7_y 154" HE4 "4 29 increase), part of the
pared with the WT protein (7.2% increase; Fig. 5SE and SI Ap-  aG-a4 loop and a4-helix (residues 1285%-15-17_A3019-H46 3 39,
pendix, Fig. S7). Other regions with moderately increased increase), the C-terminal end of the o4-helix through the p6-strand
deuterium uptake in the mutant include the aA—aB loop and  (residues N3119M02_F3239565 and E3085-H420_F3235565 5,69
part of the oB helix (residues K92H-"">1_1,107-HB9 2.5% in-  increase), and the C-terminal end of the oS-helix (residues
crease), the aD—«E loop including the so-called NDS motif — A338%H>10_N3479H519 3,09 increase) (Fig. SE and SI Appendix,
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Fig. 6. Binding of GIV-GEM overcomes the GDP-stabilizing role of Sw-Il and releases conformational constraints on Sw-I, p2—p3 strands, and the hydrophobic
core of the GTPase domain. (A) Root mean square fluctuations (RMSF, angstroms) of Gai residues as determined by molecular dynamics simulations under the
three specified conditions. (B) Representative histograms showing the distribution, across all simulation frames, of residue rmsd in relation to the mean
position of the same residue (F191 in the left and Q204 in the right). (C) Residue RMSF differences between the GIV-GEM-bound Gai*GDP and Gai*GDP alone
mapped onto the structure of Gai. (D) Intramolecular distances where the most significant changes between the two simulation conditions (as in C), as
determined by PCA, are shown as dotted lines; significant distances beyond the hydrophobic core are colored silver. (E) Representative frames from the MD
simulations highlighting the conformational changes allosterically induced by GIV-GEM and perturbation of key interactions in the hydrophobic core of Gai.
(F) Distribution of interresidue distances for the indicated residue pairs throughout the molecular dynamics simulations.

Kalogriopoulos et al. PNAS | August 13,2019 | vol. 116 | no.33 | 16399

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906658116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906658116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1906658116/-/DCSupplemental

L T

/

1\

=y

Fig. S7). Although it is impossible to state whether these changes
are a trigger or a consequence of GDP release, the findings are
consistent with the role of W2119"%7 on Sw-II as an allosteric
stabilizer of Sw-I and the p2-strand of Gai, and thus of the overall
high-GDP-affinity state of the protein. Of note, the relatively small
magnitude of the observed changes in deuteration was not un-
expected, as these changes were determined in comparison with
monomeric WI' GDP-bound Guai, whose basal state is very dy-
namic when it is not stabilized by Gfy.

Interestingly, at an earlier 1-min time point, four regions within the
W2119H27A mutant (residues T120800e15_C13gHHDS (0o0qG545_
D2316:5435 Fpg7G853_Fp74G-HG4 and v3359H57_D3416-H5-13)
showed reduced deuterium uptake compared with WT (SI Ap-
pendix, Fig. S7). In other words, for these regions the localized
motions which gradually exposed amide protons to deuterium
exchange appeared partially slowed by the W2119H27A muta-
tion, with uptake into the W2119H27A mutant reaching that of
WT Gai only by 5 min of incubation with deuterium. These
segments stand out in contrast to the enhanced dynamics ob-
served for Sw-I, p2-strand, a4—P6 loop, and NDS loop, where
greater deuterium uptake was observed throughout all measured
time points. The reason for these differences may be entropic
compensation—a known phenomenon (40) whereby reduced
dynamics of some regions in the protein structure compensates
for an enhancement in others.

Molecular Dynamics Simulations Reveal GIV-Induced Rearrangements
in the Hydrophobic Core of Gai. To gain further insights into the
allosteric regulation of Gai and the mechanism by which GIV-
GEM accelerates GDP release, we carried out molecular dy-
namics (MD) simulations. Using the crystallized conformation of
Gai-GDP as a starting point, 350 ns of protein dynamics were
simulated in triplicates for the GDP-only and GIV-GEM-bound
states (1,050 ns total for each state) and 3 x 200 ns were simu-
lated in the GIV-GEM+His-tag linker-bound state. A root mean
square fluctuation (RMSF) analysis of the centers of mass of Gai
residues demonstrates that Sw-1I is highly dynamic in the GDP-
only simulation (Fig. 6 A4 and B), in agreement with its invariably
disordered state in WT Gai-GDP crystal structures (32, 41, 42)
(Fig. 4C). Binding of GIV-GEM to Gai Sw-II increased its ri-
gidity as expected, but it also unexpectedly stabilized Sw-III that
has no direct contact with the peptide (Fig. 6 A-C). The most
striking increase in dynamics was observed in the C-terminal
region of Sw-I and the B2-p3 strands (Fig. 6 B and C), which
normally pack against the al- and aS-helices of Gai to form the
hydrophobic core (20) of the GTPase domain. When simulations
were run in the presence of the His-tag linker, the dynamics of
Sw-II was unchanged with respect to the GIV-bound state, the
high mobility of Sw-III was restored to the GDP-only level, and
the GIV-induced increase in Sw-I and p2—f3 strand dynamics
was partially negated, in agreement with a potential role of the
His-tag linker in stabilizing GIV-GEM-bound Gai and facili-
tating its crystallization (SI Appendix, Fig. S84). These data
support the idea that binding of GIV-GEM to Sw-II allosterically
perturbs Sw-I and the B2-strand; it also suggests that the per-
turbation is further propagated to the hydrophobic core of the
GTPase domain of Gai.

To pinpoint the dominant allosteric changes in Gai induced by
GIV-GEM, we projected the pairwise Gai residue (center of
mass) distances onto a lower-dimension space via principal
component analysis (PCA; SI Appendix, Fig. S8B and Table S4).
Sw-II was excluded from the PCA to selectively detect allosteric
changes rather than direct consequences of GIV-GEM binding.
In the first principal component, the largest contributions were
from the residue distances within the hydrophobic core of the
GTPase domain that changed consistently and substantially upon
GIV-GEM binding: Those from the ($2-f3 strands to helix
al systematically increased, and those from a1 to a5 systematically
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decreased (Fig. 6 D-F and SI Appendix, Fig. S8C). Analysis of
representative Gai conformations from different areas in the PC
space demonstrates that GIV-GEM binding allosterically induces
an outward motion of the p2—f3 loop with a concomitant tilting of
the C-terminal part of the a5 helix toward the p2—f3 strands,
drastically perturbing the intramolecular packing in the hydro-
phobic core (Fig. 6E). Of note, the tilt in o5 conformation was
found to correlate with GDP release in other studies as well (43).
In addition, GIV-GEM binding resulted in a distance increase
between GDP and R178%"%%2 (a residue known to stabilize GDP)
and a concomitant decrease in distance between the GDP and the
aF-helix (preceding Sw-I) (SI Appendix, Fig. S8 D-F), indicative of
inward collapse of Sw-I as predicted (Fig. 4). Many of the Gai
residues highlighted by this analysis were retrospectively found to
play important roles in GDP binding (44).

GDP dissociation did not occur over the course of our 3 x 350-
ns simulations with GIV-GEM, consistent with the reported high
affinity of GDP to Gai and its ability to stay bound through much
longer simulations (total 42-ps simulation for Gai-GDP only)
unless the protein conformation is substantially perturbed (18).

Discussion

The present work provides an atomic-level structure of a natu-
rally occurring GEM bound to Gai. The structure provides
mechanistic insights into key aspects of GEM biology, including
the mutual exclusivity of GEM binding with Gfy (which pro-
motes Gfy signaling) and GoLoco-containing proteins (which
antagonizes the GDI action of such proteins) (6, 24). Further-
more, the structure explains the basis for phosphoregulation
of GIV-GEM.

This study also elucidates the mechanism by which GEMs
accelerate GDP release from Gai. MD simulations, HDX-MS,
and nucleotide exchange experiments reveal a previously un-
known role of Gai Sw-II in nucleotide affinity. Stabilization of
the elevated Sw-II conformation by GIV-GEM releases confor-
mational constraints on Sw-I and p2—f3 strands of Gui, allowing
for inward collapse of the former and higher mobility of the
latter. This perturbation propagates to the hydrophobic core in
the center of the GTPase domain that was previously shown to
contribute to both basal and GPCR-accelerated nucleotide ex-
change in Gai (19, 20). Structures of GPCR-bound G proteins
demonstrate that GPCRs perturb the hydrophobic core directly
by displacing the C-terminal a5 helix of Gai and also inserting a
hydrophobic residue from the intracellular loop 2 into the core
(14-17). Thus, our findings suggest that despite binding at non-
overlapping interfaces on Gai, GEMs and GPCRs converge on a
similar mechanism for acceleration of GDP release by either
directly or allosterically perturbing the intramolecular packing in
the hydrophobic core of the GTPase domain of Gai (Fig. 7).
These similarities escaped detection in earlier studies employing
molecular modeling (6) and NMR (45).

The presented data and model of GIV-GEM-triggered Gai
activation are in agreement with the findings of a prior study (45)
where the authors investigated the same complex by NMR. The
two studies converge on an almost identical set of GIV-GEM-
induced increases in the dynamics of Gai regions, including Sw-I,
the p2-p3, a3—p5 and ad—p6 loops, and the NDS motif of the
helical domain. In fact, the only difference between the two
studies is found in the phosphate-coordinating P-loop of Gai,
where de Opakua et al. (45) report an increase in dynamics while
we observe no significant difference by either HDX or MD.
However, it is important to note that our experiments are con-
ducted in the absence of excess GDP, by inherently different
techniques, and, in the case of HDX, on a mutant rather than the
Gai complex with GIV; therefore, subtle variations in findings
are expected. Despite this difference, the proposed dynamic
model of GIV-GEM-mediated GDP release is fully consistent
between the two studies, with the advance of our work being in
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providing an atomic resolution insight into the details of GIV-
GEM binding and action.

Our MD simulations of the Gai-GDP-GIV-GEM and other
complexes closely recapitulate the findings from the HDX
studies of the GEM-mimicking mutant W2119"7A In the
HDX studies of the mutant, several regions showed increased
deuterium incorporation, with the largest increases observed in
the p2 strand, a4—f6 loop, NDS loop, and o5 helix; these findings
were corroborated by the MD simulations. The main difference
between the HDX and MD studies was in the aD—-aE loop where
increased dynamics was observed in HDX but not in MD. The aD-
oE loop is important for stabilizing the contacts between the Gai
GTPase and o-helical domain, thus regulating domain separation.
The observed difference could be explained by insufficient sampling
due to moderate length of our MD simulations (total of ~1 ps)
where much longer simulations may be required to observe spon-
taneous domain opening (e.g., the total 42-us Goai-GDP as in ref. 18).

Recent studies have suggested the existence of a transition
state intermediate in G protein activation (43, 46, 47). These
studies utilize HDX-MS, hydroxyl radical-mediated protein foot-
printing MS, and computational methods to gain insight into
structural changes early in the G protein activation process. These
studies identified increased dynamics in the C-terminal region of
the a5-helix and 32-f3 strands to be some of the earliest motions
that occur during GPCR-mediated G protein activation and sug-
gest that disruption of interactions between the a5 helix and the
alN/B1 hinge and p-sheet (i.e., disruption of the hydrophobic core)
may be sufficient to destabilize the nucleotide-binding pocket. In
the present study, we also observe similar motions in the f2-
B3 and oS5 regions in both our HDX and MD studies, supporting
the idea that these motions may also be part of an early event in G
protein activation and GDP release triggered by GEMs. There-
fore, the recent computational studies (43, 46, 47) are fully con-
sistent with the results presented here and in the prior NMR study
of GIV-GEM (45).

Because nucleotide exchange is an inherently dynamic pro-
cess, our serendipitously identified His-tag linker has likely fa-
cilitated the crystallization of an otherwise unstable and transient
complex, much like crystal packing for a previously crystallized
accelerated exchange mutant (42) or the intentionally introduced
conformation-specific nanobodies in other GEF-bound struc-
tures of G proteins (14, 48-50). Several lines of evidence support
this claim. First, no crystals were obtained when the His-tag linker
was removed or placed in a different position, suggesting that the
linker assisted in crystallization. Second, MD simulations with and
without the His-tag linker showed pronounced differences, where
the presence of the linker reversed the destabilizing effects of the
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Non-canonical

Fig. 7. GEMs and GPCRs bind at nonoverlapping
interfaces on Gai but both perturb the hydrophobic
core of the GTPase domain to stimulate GDP release.
(Left) Structure displaying GPCR interface and sub-
sequent Gai dynamics that ultimately result in GDP
release. (Right) Structure displaying GEM interface
and subsequent Gai dynamics that ultimately result
in GDP release. Purple color highlights regions of Gai
that move during activation, and yellow arrows de-
scribe the direction those regions move. For clarity,
only part of the GTPase domain of Gai is shown.

GIV-GEM peptide and stabilized the hydrophobic core. Finally,
the similarities in Sw-I interactions between the His-tag linker and
GoLoco GDIs suggested a possible mechanistic basis by which the
linker counteracts the GEF action of the GIV-GEM peptide (S/
Appendix, Fig. S3C). Importantly, despite its role in crystallization,
the His-tag linker did not affect the Gai-GEM interaction in-
terface, as demonstrated by the comparison of our His-tag linker-
containing Gai—-KB752 structure with the previously solved linker-
free structure of the same complex. However, it clearly influenced
the position of Sw-I, which was expected to be found in an inward-
collapsed low-GDP-affinity conformation but was instead propped
in a partial outward high-GDP-affinity-like conformation. This il-
lustrates that the insights from the structure alone may be limited
by its static nature, and that only the orthogonal computational,
biophysical, and biochemical experiments can provide a holistic
understanding of the diverse mechanisms for allosteric regulation
of Gai.

Finally, our study reveals similarities between the mechanism
of action of GIV-GEM and the activation of small GTPases. It
has been postulated that a common ancestor of the GTPase fold
provided a structural framework that can be perturbed by the
interruption of a5—al contacts (22). GPCRs trigger the pertur-
bation by directly binding to o5 of their effector trimeric G pro-
tein, whereas GEFs of small GTPases typically act via binding to
Sw-I and Sw-II. Our study not only supports the conserved nature
of the ancestral a5—al activation mechanism but also suggests that
similarities between monomeric GTPases and trimeric G proteins
extend beyond it, because just like for small GTPases, Sw-I and
Sw-II in Gai may serve as allosteric “handles” by which the con-
served exchange mechanism is accessed by modulators.

Materials and Methods
Detailed materials and methods can be found in S/ Appendix.

Expression and Purification of His-Gai3. The 6xHis-tagged Gai3 constructs
(6xHis-Gai3, 6xHis-AN25-Gai3, or single-point mutants thereof) were trans-
formed into Escherichia coli BL21 (DE3; Invitrogen) cells. Cells were grown in
1-L flasks at 37 °C until optical density reached 0.8 to 1.0 then induced
overnight at 25 °C with 1 mM isopropyl -b-1-thiogalactopyranoside. Cells
were harvested via centrifugation and lysed at 15,000 p.s.i. by a single pass
through a cell disruptor (TS-Series; Constant Systems, Inc.) in running buffer
(RB; 50 mM NaH,PO,4, pH 7.4, 300 mM NacCl, and 0.5 mM EDTA) supple-
mented with 2x protease inhibitors (Roche Life Science) and 10 mM imid-
azole. Cell debris was removed by ultracentrifugation at 45,000 x g for
40 min, and the supernatant was loaded on a Ni-NTA His60 Superflow resin
(Qiagen) affinity column via fast protein liquid chromatography (AKTA; GE
Life Sciences). The resin was washed with RB + 60 mM imidazole and eluted
with RB + 300 mM imidazole. The eluted protein was concentrated at 1,500 x g
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(Amicon Ultra-15 30 molecular-weight cutoff centrifugal filter; Millipore) and
subjected to size-exclusion chromatography via Superdex 200 resin (GE
Healthcare) equilibrated with storage buffer (20 mM Tris-HCl, pH 7.4, 20 mM
NaCl, 1T mM MgCl,, and 5% glycerol). Fractions from major peak were
pooled, resulting in usually ~1 to 5 mg/mL Gai protein. Protein was then
aliquoted, flash-frozen, and stored at —80 °C. Protein concentration and
purity were checked throughout purification via SDS/PAGE and comparison
with known amounts of BSA.

Crystallization, Data Collection, and Structure Determination. Purified 3 mg/mL
6xHis-AN25-Gai3 (either freshly prepared or freeze-thawed once) was in-
cubated overnight in storage buffer (20 mM Tris-HCl, pH 7.4, 20 mM Nadcl,
1 mM MgCl,, and 5% glycerol) at a 3:1 (peptide:Gai3) molar ratio at 4 °C
then concentrated to ~15 mg/mL and set on 288-well Intelli-Plate trays (Art
Robbins Instruments) in 1:1, 1.5:1, and 2:1 volume ratios with mother liquor
(12 to 16% PEG 3350 and 0.2 M NH4Cl) at room temperature. Crystals
appeared after 1 to 2 d and grew to full size in 5 to 7 d. Crystals were cry-
oprotected by soaking in mother liquor supplemented with 10% glycerol
and flash-frozen with liquid nitrogen. X-ray diffraction data were collected
at 100 K at the Lawrence Berkeley National Laboratory Advanced Light
Source (8.2.2) and Stanford Synchrotron Radiation Lightsource (2, 9) at a
single wavelength. All diffraction data were indexed and integrated with
MOSFLM, processed with AIMLESS, and truncated with CTRUNCATE within
the CCP4 suite of programs (51-53) (v.7.0.056). Phases were estimated via
molecular replacement in Phaser (54) (v.2.8.1), using a previously published
model of human Gai1 (PDB ID code 1y3a, for Gai3*GDP with KB-752) or
human Gai3 (PDB ID code 4g5r, for Gai3+GDP with GIV-GEM) as a search
model. Further details can be found in S/ Appendix.

Molecular Modeling. Models of Gai*GDP with (pS1674)GIV-GEM, Gai*GDP
with Daple-GEM, and Gai*GDP with NUCB1-GEM were constructed by ho-
mology with the structure of GaisGDP with GIV-GEM using ICM versions 3.8-
6 to 3.8-7a (Molsoft LLC).

The GEM motif peptides from (pS1674)GIV (1671-KTG-pS1674-PGSEV-
VTLQQFLEESNK-1691) and Daple (1663-ASPSSEMVTLEEFLEESNR-1681)
were built ab initio; the GEM motif peptide from NUCB1 (305-DTNQ-
DRLVTLEEFLASTQRKEF-326) was extracted from the NMR structure of
NUCB1 [PDB ID code 1snl (30)]. The backbone atoms of the peptides were
confined to the crystallographic coordinates of the corresponding atoms of
GIV-GEM (residues 1676-GSEVVTLQQFLEES-1689 only) via a set of harmonic
distance restraints (tethers); the peptide flanks and side chains were kept
unrestrained. Full-atom conformational sampling of the peptides (back-
bone, side chains, and positional variables) and the surrounding side chains
of Gai was performed using 5 x 10° steps of biased probability Monte Carlo
optimization (55) as implemented in ICM, with the repulsive part of the van
der Waals potential capped at 20 kJ/mol. The top scoring pose of each
peptide was selected for analysis.

MANT-GTPYS Incorporation Assays. MANT-GTPyS incorporation into Gai3 was
quantified, either by FRET (excitation = 280; emission = 440) or by direct
MANT excitation (excitation = 350; emission = 440) using a microplate
fluorescence reader (Tecan Spark 20M). Fluorescence was measured every
30 s starting immediately after injection of MANT-GTPyS. Raw fluorescence
was plotted over time and observed rates (kops) were determined by fitting a
one-phase association curve to the data (GraphPad Prism v.7). Further details
can be found in S/ Appendix.

HDX-MS. HDX-MS measurements were made using a Synapt G2Si system
(Waters Corporation). Deuterium exchange reactions were carried out by a
Leap HDX PAL autosampler (Leap Technologies). Deuterated buffer was
prepared by lyophilizing 10 mL of 20 mM Tris-HCl, pH 7.4, 20 mM Nadcl, 5 uM
GDP, and 5% glycerol and resuspending it in 10 mL 99.96% D,0 immediately
before use. Each deuterium exchange time point (0 min, 1 min, 2.5 min,
5 min) was measured in triplicate. For each measurement, 5 pL of 100 uM
6xHis-Gai3 protein in storage buffer (20 mM Tris-HCl, pH 7.4, 20 mM Nadcl,
1 mM MgCl,, and 5% glycerol) was mixed with 55 pL of D,O buffer at 25 °C.
Deuterium exchange was quenched by combining 50 pL of the deuterated
sample with 50 pL of 0.1% formic acid and 3 M guanidinum-HCl for 1 min at
1 °C. The quenched sample was then injected in a 50-pL sample loop and
digested by an inline pepsin column (Pierce, Inc.) at 15 °C. The resulting
peptides were captured on a BEH C18 Vanguard precolumn, separated by
analytical chromatography (Acquity UPLC BEH C18, 1.7 pm, 1.0 X 50 mm;
Waters Corporation) using 7 o 85% acetonitrile in 0.1% formic acid over
7.5 min and analyzed in a Waters Synapt G2Si quadrupole time-of-flight
mass spectrometer following electrospray injection. Data were collected in
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Mobility, ESI+ mode, mass acquisition range of 200 to 2,000 (m/z), scan time
0.4 s. Continuous lock mass correction was performed using infusion of
leu-enkephalin (m/z = 556.277) every 30 s (mass accuracy of 1 ppm for calibra-
tion standard). For peptide identification, data were instead collected in MS
E (mobility ESI+) mode. Peptides masses were identified following triplicate
analysis of 10 uM Gai3 and were analyzed using PLGS 2.5 (Waters Corpo-
ration). Further details can be found in S/ Appendix.

MD Simulations. MD simulations were performed for three complexes:
Gai*GDP, Gai*GDP with GIV-GEM, and Gai*GDP with GIV-GEM and His-tag
linker (amino acid residues GLVPRGS from the linker of the crystallographic
neighbor molecule), using the AMBER package (v. 16) as described in
SI Appendix.

MD Trajectory Analysis. MD simulation analyses were performed in ICM v.3.8-
7a (Molsoft LLC), unless otherwise stated. Replicate simulations of a single
condition were concatenated together for analysis.

For RMSF analysis, MD frames from each condition were superimposed by
the backbone (C, N, O, and Ca atoms), using cpptraj, within the AMBER
package (56) (v.16). The coordinates of the center of mass of each Gai resi-
due j at frame f, r¢(j) ={x¢(j), y¢ (), z¢ (j)), were given by

 Seamia)xr(a)
=TS m@

where A; is the set of all nonhydrogen atoms in residue j, m(a) is the
atomic weight of atom a, and r(a)=(x(a),y(a), z(a)) is the vector of Car-
tesian coordinates of atom a. The mean coordinates of residue j over all F

frames of the trajectory were calculated as r(j) =%Zf:1rf(j), and the RMSF

of residue j as
1 F N 2
RMS/-',-:,/FZf=1|rf(j)—r(j) ,

where || denotes the length of the vector in Cartesian coordinates. Differ-
ences in residue RMSF between the MD conditions were mapped onto the
crystal structure and visualized.

To trace intramolecular motions in Gai induced by GIV-GEM, Euclidean
distances between centers of mass of amino acid residue pairs, or between
residues and GDP (50,721 pairs total), were calculated for each frame of the
simulation. Residue pairs were filtered to retain only 1658 pairs that satisfied
the following criteria: 1) they were at least two residues apart in the se-
quence; 2) they were separated by less than 12 A in at least one MD frame;
3) their distances displayed less than 75% overlap in frequency distribution
between the Gai*GDP and GaiGDP+GIV-GEM simulations; and 4) they did
not involve Sw-Il residues (residues 202%%3"21 to 21867244 To calculate the
overlap between the distance frequency distributions, the distance range
was broken into b 0.2-A intervals and the binned relative frequencies of the
center of mass distance were computed for each pair of residues i, j over the
course of the Gai*GDP trajectory:

b
(PSP (1,10, PSP, f). - PSP (00)), S PEPP ) =1
k=1

and the same was done for the Gai*GDP+GIV-GEM trajectory, giving
pCM (i,j), k€ {1, ..., b}. The overlap was given by >"2_ min(pCPP (i, ), p&" (i, /).
The 1,658 nontrivial residue pairs were subjected to PCA to identify those pairs
whose changing distances contribute the most to the dominant modes of
motion upon GIV-GEM binding, in an unbiased manner. Only the first PC was
analyzed because it correctly discriminated the simulation conditions (S/ Ap-
pendix, Fig. S8B). Residue pairs assigned with the largest weights and associated
with the first PC were mapped onto the crystal structure for visualization.

Statistical Analysis. Each experiment presented in the figures is representative
of at least three independent repeats (with at least two technical repeats for
each condition within each repeat). Statistical significance between the
differences of means was calculated using multiple comparisons in one-way
nonparametric ANOVA. All statistics and graphical data presented were
prepared using GraphPad Prism v.7. Histograms of MD simulation data were
generated in R v.3.4.4. All error bars are SD.
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