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PREFACE
AND
PERSEPCTIVES

Heterotrimeric G proteins represent an important node in the intracellular signaling
network. Ubiquitously expressed in all mammalian cells, heterotrimeric G proteins are
responsible for relaying extracellular signals which activate G protein Coupled Receptors
(GPCRs) into a message the cell can understand and respond to. With over 800 different
GPCRs in the human genome, this represents a significant amount of signal transduction from
a wide array of extracellular ligands. Heterotrimeric G proteins, composed of a monomeric Ga
subunit and an obligate GPy dimer, must therefore coordinate the propagation and
amplification of the signal with a high degree of integrity. This is done through a highly
regulated cycle of protein-protein interactions whose affinities for one another alter based on
subtle deviations across the Ga structure. Therefore the Ga subunit acts as a regulatory switch
protein and effectively manages and maintains signaling across each of the different stages of
the cycle based on its structure.

The study of G protein activation through their cognate GPCRs has been the focus of
intensive research for decades. However, it is still not known the direct order of events leading
to the allosteric Ga activation and subsequent G protein dissociation from the ternary complex
upon coupling to an activated receptor. Indeed, recent work has focused on the interaction and
some selectivity measures around the a5 helix of the Ga subunit as it is a primary interface for
GPCR coupling. Advances from X-ray crystallography, DEER/EPR, and crosslinking studies
(discussed in detail in Chapter 3) have shed much light on this interface and the dynamics
around these protein players. However, there still remains no unified understanding of G
protein activation and dissociation.

Some open questions in the field less than five years ago were: How does the activated
GPCR induce an allosteric change through the Ga subunit’s GTPase and nucleotide binding
domain to induce nucleotide exchange? How does this activation vary across the five primary
Ga families? What does this network of communication need to look like to move the
information from the receptor interface all the way to the nucleotide binding pocket? What
residue positions confer self-activation of the Ga subunit versus requiring GPCR-GEF
activation? Does the helical domain have to open to allow nucleotide exchange? How much
must it open? Once the helical domain has opened to allow exchange, how does it close again?

What is the order of this closing in regards to subsequent ternary complex dissociation? Does

Xiii



Ga release directly from the complex or does the trimer release from the receptor before
GPy are freed? After release, how does RGS catalyze hydrolysis of GTP in a coordinated
manner? How would this be similar or different from a 7TM-GAP regulator of hydrolysis?

Since positing these initial questions, intensive studies from the Hamm, Meiler, and Stadler
labs have resulted in new insight into G protein activation, allosteric communication, and
evolution. Specifically, studies focused on Ga activation looked at the residue-residue
interaction networks underlying allosteric communication across the GPCR-Go-GBy complex.
These interactions were mapped using in silico calculations of predictive energy scores using
the software suite, Rosetta (Chapter 4-5). These approximations for energy contributions
between side chain and back bone atoms were then translated into predictions for critical
residues necessary for propagation of the information from the GPCR interface to the
nucleotide binding pocket and across the different G protein signaling states (see Chapter 5-7).

To test these predictions, site-specific point mutations and cross-linking studies were
employed to assay for variations in nucleotide exchange in the presence and absence of the
receptor and for stabilization of the ternary complex. Membrane binding studies shed light on
the ability of the mutant proteins to bind activated receptors and dissociate appropriately.
Additional efforts for crystallization of different mutants also assisted in the characterization of
these mutations. All of this information was then fed into creating more accurate models of G
protein activation.

Further characterization teasing apart the details of the allosteric G protein activation
pathway suggested that not only were a collective of conserved residues necessary for signal
propagation, but also a conserved hydrophobic core was responsible for transmitting GPCR
coupling to the nucleotide binding pocket and helical domain. These studies were foundational
in showing how secondary structure elements such as the a5 helix, al helix and the six B-
strands of the GTPase domain communicate across interfaces. All biochemical in vitro assays
were informed by in silico predictive models, while all in silico models were improved through
iterations of in vitro mutations and assays.

Additional characterization of this information flow was carried out across several
signaling states of the G protein signaling cycle. These predictive networks are in the process
of being validated in order to highlight the power of this computationally inexpensive approach

to assisting functional studies of dynamics and function (Chapters 5-7).
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Other questions regarding subfamily specificity across this allosteric network were also
addressed. Is there a unified activation mechanism across all families of Ga? To answer this,
deep multiple sequence alignments (MSAs) were constructed to evaluate the contribution of
specific residue positions to structure and function. It was hypothesized that though some
variation would be necessary for differences in GPCR and effector selectivity, there would be a
conserved mechanism for information propagation across the Ga subunit leading to helical
domain opening, nucleotide exchange, and subsequent activation.

While interrogating this question by constructing quality sequences for construction of the
MSAs, we uncovered a larger problem regarding the curation and annotation of G protein
sequences. Though several groups had created tentative theories of G protein evolution,
complications in genome sequencing and assembly, limited species knowledge, and in accurate
annotations had led to several disparate attempts to understand the evolution of the Ga subunit,
specifically within Deuterostomes.

To untangle these confounds and to create high quality MSAs, | collaborated with the
Stadler laboratory in Leipzig, Germany to create a novel curation and annotation algorithm to
aid in the assessing fragmented genome assemblies. Through the use of the ExonMatchSolver,
many new Ga sequences were uncovered in species that had yet to be studied. These
discoveries led to a new proposed theory of G protein evolution in Deuterostomia. Combined
with other recent studies in Metazoa, Holozoa, and Opisthokonta, we have charted a new
trajectory for when each Ga paralog emerged in Opisthokonta evolution.

While outlining the new theory of Ga evolution, we have created deep, species diverse,
high quality MSA which can now be used to evaluate the sequence-based constraints
underlying Go function. Initial efforts to evaluate subfamily specific questions of interaction
and selectivity across various receptor and effector proteins will not be included herein but will
be the work of future study. Combining these efforts with ongoing structural studies evaluating
ensembles of communication interaction maps across the G protein signaling states will lend
further credence to our working model of the mechanism of G protein activation.

In addition, efforts to characterize and map different GPCRs will further assist our
mechanistic model. The proteinase-activated receptor (PAR) 1 and 4 are both expressed on
human platelets and are thrombin receptors. Current efforts to structurally characterize these

proteins in vitro, in vivo and in silico will shed light on cleavage-induced activation and the
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first steps leading to G protein activation.

Overall, my studies have resulted in new understanding of G protein activation, evolution,
and function. As GPCRs represent the targets of roughly half of all therapeutics, increasing our
understanding of the intracellular transducing element and the system around these proteins is
critical for continued improvement and development of therapeutics. As many diseases are
caused by erroneous G protein signaling, study of the mechanism of G protein evolution,

activation and signaling remains paramount for the improvement of human health.
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CHAPTER 1

INTRODUCTION: GENOMES AND Ga EVOLUTION

1.1 Introduction

Chapter 1
Lokits AD, Meiler J, Hamm HE, “Mini-Review: Genomes and Ga. proteins’ Neuroscience
Letters 2017 in submission

Contribution

I am first author of this manuscript. | contributed the text: abstract, introduction, review
and assessment of all included articles and conclusion. | edited all sections and created the
Figure 1.2 as well as Table 1.1. Figures 1.3 and 1.4 were of my creation but previously
submitted in a manuscript to the journal of BMC Evolutionary Biology. Lokits AD, Meiler
J, Hamm HE, “Tracing the evolutionary history of the heterotrimeric G protein Ga subunit
in Deuterostomia” BMC Evolutionary Biology 2017 in submission.

Figures 1.1 was reprinted from . Bradford, W., Buckholz, A., Morton, J., Price, C., Jones,
A. M., and Urano, D. (2013) Eukaryotic G protein signaling evolved to require G protein-
coupled receptors for activation, Sci Signal 6, ra37. Reprinted with permission from
AAAS.

Table 1.2 was reprinted from 2. de Mendoza, A., Sebé-Pedrés, A., and Ruiz-Trillo, I.
(2014) The evolution of the GPCR signaling system in eukaryotes: modularity,
conservation, and the transition to metazoan multicellularity, Genome Biol Evol 6, 606-619
by permission of Oxford University Press or the sponsoring society.

Abstract
The heterotrimeric G protein has evolved to integrate and amplify a wide range of

signals into intracellular communication cascades. The Ga subunit of the heterotrimeric G
protein is a tightly regulated molecular switch, whose subtle structural changes convey
alternating affinity for the various protein and nucleotide components it interacts with
across the distinct stages of the G protein signaling cycle. Indeed, how the Ga subunit is
regulated to transition between these stages has evolved to vary significantly across
different branches of Eukaryota. The most notable dichotomy is the inverted mechanism of
signal regulation found between animal and plant G proteins. Canonically, 7

transmembrane (7TM) receptors, such as the G protein coupled receptors (GPCRS) in
1



Metazoa (animals), initiate signaling cascades by inducing Ga activation to act as the
transducing element between an extracellular stimulator and the intracellular response
pathway. However, in Archaeplastida (which includes land plants), “self-activating” Ga
subunits are relied on to initiate intracellular signaling cycles, independent of the 7TM
receptor. There is much speculation around which regulatory modality arose first in
Eukaryota evolution. In this review, we describe the initial discoveries and studies
evaluating the proposed evolution of Go across the major branches of Unikonta
(Opisthokonta -- such as animals, fungi, etc., -- and Amoebozoa) and Bikonta
(Archaeplastida — such as plants, algae, etc., -- Chromalveolata, Excavata, and Rhizaria),
and we survey the current understanding of G protein signaling mechanics across
Eukaryota. Looking forward, leveraging knowledge of the G protein’s dynamic system of
regulation and control will lead to more targeted, therapeutically relevant moieties able to
differentiate and distinguish between human signaling components versus those from
pathogenic Fungi, Amoebozoa, and other microbial organisms. The regulatory constraints
imposed through evolution can therefore highlight subtle divergences between these
conserved signaling networks.

Introduction

Heterotrimeric guanine nucleotide-binding proteins (G proteins) are critical signal
transducing elements which integrate and amplify intracellular signaling cascades.
Canonically, these responses are induced by interacting with activated G protein coupled
receptors (GPCRs). Therefore, the G proteins act as switch proteins to relay important
signals by activating or inhibiting effector proteins and modulating the production of

second messengers such as CAMP®®, ¢cGMP®, or releasing calcium from intracellular



8 Composed of a monomeric Go subunit and an obligate Gpy dimer®,

stores”
heterotrimeric G proteins integrate a wide array of signals by coupling to the roughly 800
different GPCRs encoded in the human genome'®. Their cognate receptors bind and
respond to a diverse assortment of ligands ranging from small molecules, proteins,
peptides, ions, neurotransmitters, lipids, and even photons of light® **. With only 16
different Ga subunit proteins encoded in the human genome, G protein signaling has
evolved to be a highly regulated and efficient means of signal transduction to incorporate
responses from so many receptors. As these transducing elements represent the nexus of
many protein interactions, understanding their evolution in order to take advantage of
constrained residues which preserve the necessary structure and/or function will be the new
frontier for targeted therapeutic approaches which aim to bias signaling and modify
signaling sensitivity, rate and amplitude.

As this finely tuned signaling cycle is elegantly poised to initiate, amplify, and
terminate intracellular pathways, it is curious that the G protein signaling mechanism
appears to have evolved to be differentially regulated between Unikonta and Bikonta
(Figure 1.1). Unikonta can be divided into two primary branches, Amoebozoa and
Opisthokonta (composed of animals and fungi, etc.). Bikonta can be approximated into
four major phyla: Archaeplastida (plants, algae, etc.), Chromalveolata, Excavata, and
Rhizaria. In each of these branches, genome level studies have sought to identify sequences
for the various components of G protein signaling® # ***. The presence and absence of
each protein moiety across the different phyla suggests several alternative means of
regulation are present outside of the canonical, animal model of G protein signaling. In this

review we evaluate the discovery and initial understanding of G protein evolution,



specifically around the Go subunit, in vertebrates and across the different major
phylogenetic branches. In addition, we briefly relay the arguments for and against two

predominant theories of G protein evolution and regulation * 2.



1.2 Theories of G protein evolution

Early predictions of G protein evolution

Ga evolution is linked to monomeric G proteins and elongation factors

The first efforts for sequencing G proteins occurred in the early 1980’s. Then, only
small peptide fragments were sequenced’. Yet despite their size, it was clear that Ga had
sequence homology to GTPase proteins such as the Ras family (also known as the
monomeric G protein family) and Elongation Factors'®. Between these three protein
families, conserved motifs were found which could form a binding pocket for coordinated
GDP and GTP binding, and a catalytic site for GTP hydrolysis. In the mid- to late-1980’s
cloning and sequencing efforts boomed for G proteins. These studies showed that more
than the two known G protein Ga subunits were present in mammals. Originally, only an
Adenylyl Cyclase stimulator (Gas) and inhibitor (Gai) were thought to exist. Advances in
cloning and sequencing showed two different Ga subunits existed in the rods and cones of

the eyes (Gatl and t2, respectively'’*®

); this expanded search efforts for new Ga subunits
to other organs of the body. Ultimately 16 Ga proteins were found to be expressed in
human and other mammalian species®.

Evolutionary relationship within Ga families based on sequence, expression, and

function
The human Ga subunits are divided into 5 primary families (S, i, 12, g, and v)

21, 22. It
was first discovered by sequence similarity that the genes could be related® (See Table 1
for sequence similarity). The largest family, Gai, is composed of eight members which
share high sequence similarity (>50% between all eight proteins in humans). These
members include Gail, i2, i3, t1, 2, t3, o, and z. Gail-3 share >85% sequence similarity in

humans and have significant overlap in expression and in function®?. Gatl-3, as

mentioned previously, all possess more restricted, tissue-specific expression patterns and
5



are classically known for their importance in different neurosensory perceptions of vision
and taste’™ ?°. Gao (which stands for “other” due to its unknown function upon its
discovery) is expressed abundantly in the brain®" ?®, Goz, the final member of the Gai
family is expressed in the brain and other neuronal tissue types® and serves various
functions in catecholamine behavioral responses?.

Closest to the Gai family in sequence is the Gaq family. Gaq has four members: Gagq,
11, 14, and 15. Gaq and 11 are ubiquitously expressed® and share a high level of sequence
(90% in humans) and functional overlap as all members of the Gaq family can activate
Phospholipase C*" *? but GPCRs do not seem do discriminate between Gagq and Gal1% 3
% Gal4 and 15 are more diverse in sequence (Gal4 is 81% similar to Gag, and Gal5 is

3. 37 in liver,

56% similar to Goq) and possess more restricted, tissue-specific expression
kidney, lung (Ga14) and hematopoietic cells (Gal5).

The Gas family is composed of two members, Gas and Goolf. As with the Gai and
Gagq families, one member, Gas, is ubiquitously expressed in all tissues?® while the second
member, Goolf, possesses more restricted expression in the olfactory tissues and other
brain regions®. Both can stimulate cAMP production through interaction with all subtypes
of Adenylyl Cyclase®. The Gas family share 79% sequence similarity to one another and
~40% to the other Ga subunits.

The fourth family is composed of Gal2 and 13. Unlike the other families, both
members of the Gal2 family appear to be ubiquitously expressed™®. Based on sequence,
this family shares 66% sequence similarity in humans and ~40% to other Ga subunits.

Indeed Ga12 and 13 have a very specific function within the cell; specifically they have

been shown to signal to monomeric G proteins such as Rho to modulate acto-myosin



structures® .

A new fifth family of Ga paralogs shed light on G protein evolution
A recent advance in the understanding of G protein evolution came from the discovery

of a new family of Ga*’. Named Gav (the Roman numeral v for five), the fifth and final
family, Gav is composed of only its one namesake member. This protein was discovered
exactly 40 years after the first experiments led to the discovery of G proteins* and almost
20 years after all members of the other four families had been defined®. Its late discovery
is primarily due to the wide-spread loss of this gene, GNAV, in the genomes of many
vertebrate and model organisms. The evolution of Gav has been traced through many
lineages including: teleost fishes, cartilaginous fishes, cephalochordates (lancelets),
echinodermates (sea urchins), beetles, annelids (segmented worms), mollusks and
sponges®” *2. Though the gene is absent in fruit flies, nematodes, tetrapods, and jawless
vertebrates, the Gav paralog has played a role in G protein signaling and evolution. The
function of Gav is unclear though it has a wide tissue distribution in zebrafish?.

It was posited that Gav was as ancient as the other four classes of Ga** *2. Indeed, Gav
is the most similar in sequence to the Gai family (44-47% between coelacanth Gov and all
human Gai family proteins) despite several critical differences in ADP-ribosylation
sensitivity??, and altered exon border positions between the gene structures* (discussed
below).

In the original discovery and analysis?, the lineage-specific losses were thought to be
indicative of a “birth and death” mode*® of evolution, counter to the previous theory of

»# which suggests that multimember genes families evolve together

“concerted evolution
in concert. In the birth and death model, new genetic material is introduced through gene
duplication and reinsertion; some of these new genes will be maintained, gain new function
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or tissue specificity for subfunctionalization. Others will become inactivated and/or
deleted®. These findings of a birth and death model of evolution are consistent with
current findings surrounding Go evolution after the two rounds of whole genome
duplication (2R WGD) which occurred at the emergence of the vertebrate lineage'*.

Relationship through gene arrangements across G protein families
Shortly after their initial discovery and sequencing in mammals, Ga encoding genes

(GNA-) were identified as being a highly conserved “housekeeping genes” due to their lack
of a TATA box and high concentration of GC motifs**. Many of the Ga genes are arranged
in tandem duplication pairs along the mammalian genome®. As seen in Figure 1.2, these
gene paralogs are arranged in a head-to-tail or head-to-head arrangement. GNAV, while not
present in mammals also does not appear as a tandem pair in other vertebrate lineages™.
The conserved exon-intron structure of all vertebrate GNA- genes suggests evolutionary
links between the five Go families (Figure 1.3). The Gai family share eight conserved
protein coding exons. The only exception is GNAZ (Gaz), which possesses two exons, the
first encoding the sequence of exons 1 through 6 of other Gai genes and the second exon
aligning with exons 7 and 8. The Gaq family appears to be the most similar to Gai
members as it possesses seven protein coding exons. All seven of the exons align with the
exon border positions of the Gai family with the exception of exon 2, which encompasses
the sequences of both exon 2 and 3 of Gai (Figure 1.3). GNAV shares six exon border
positions with the Gai and Goaq families in vertebrates. Again, exon 2 and 3 have
mismatched border positions between these families, but exon 7 of Gai (exon6 of Gaq) is
also divided into two exons in GNAV. Gai, q, and v all share four exon border positions
with the Gas family. This suggests that Gai, q and v are more closely related to one

another than to Gas™. Unlike the other families, Gal2 shares no exon border positions
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with any other Ga family. Instead, GNA12 and GNA13 are composed of 4 exons each.
Their exon border positions, dissimilar sequence and protein function is indicative of a
retrogene that gained introns after being reinserted into the genome before undergoing
14, 46, 47

neofunctionalization

Original theory of evolution
Using only mammalian sequences, the first major theory on the origins of G protein

paralogs, postulated that a progenitor Ga subunit gene, GNA-, underwent several
duplication events resulting GNAS, GNA12, and GNAI/Q (Figure 1.4a). GNAI/Q underwent
a tandem duplication that led to the two side by side genes, GNAI/Q’—GNAI/Q’’. The

tandem pair duplicated once more to result in two sets of tandem pairs which differentiated

into GNAI'—GNAI” and GNAQ'—GNAQ"". In this theory, GNAS, GNA12, GNAQ’

GNAQ’’ and GNAI'—GNAI’’ all duplicated at least once more, though the timing of these
duplications are unknown relative to one another. These duplications ultimately created the
two family members GNAS and GNAL (Gas and Goolf), the two family members GNA12
and GNA13 (Gal2 and Goal3) as well as the two pairs of genes GNAQ—GNA14,

GNA11—GNA15 which encode the Gaq family (Gagq, 14, 11, and 15). For the tandem pair

GNAI'—GNAI"’, the duplication resulted in GNAI—GNAT, and GNAO (whose second
gene in the pair was partially deleted to allow for an alternatively spliced ending in the Gao
transcript). In this theory, the GNAI—GNAT pair duplicated twice more to give rise to the
rest of the Gai family (Gail-3, Gatl-3). In addition, GNAZ was believed to arise from a
retrotransposition of a Gai family member*®. Some postulation on the timing of these
events suggested that the duplications must have occurred prior to the divergence of
different mammalian species though no definitive timeline assessment was possible given
the limited data set. In addition, GNAV had yet to be discovered, and was therefore not
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included in the original assessments of Ga evolution;

Expanded theories of evolution through chemosensory processing in animals

Phototransduction

Focusing on the radiation of phototransduction and the visual system, Nordstrom et al.
evaluated the evolution of the transducins (Gatl and Gat2) in both visual rods and cones in
the context of the entire visual protein signaling cascade within the retina, effectively
launching a series of publications around the evolution of these proteins first in humans*’
then in vertebrates and into chordates with non-deuterostome species as outgroups*®°.
Using the theory set by Wilkie et al. of Ga evolution as a springboard*, they found that
many of the Ga subunits were arranged as paralogons within the human genome, meaning
that many of the genes necessary for vision had been duplicated as sets of genes in
chromosomal regions or “blocks” of linked genes*’. They proposed that the duplicated
genes blocks subsequently gained tissue specificity and underwent subfunctionalization for
the development and diversification of proteins specific to the phototransduction system.
This is in accordance with the aforementioned hypothesis*, in which an ancestral GNAI—
GNAT gene pair were duplicated twice to give rise to three sets of GNAI—GNAT pairs”’.

Next, they integrated sequences from vertebrates to invertebrate chordates (tunicates)
to further evaluate the evolution of phototransduction genes*® that may have arisen as a
result of whole genome duplication events prior to the emergence of vertebrates™ *%. Using
the conservation of synteny (gene neighbors) as readouts of a co-evolutionary history
between the Gai and Gat subfamilies, they propose that Goi maintained the ancestral,

progenitor protein function to inhibit CAMP production with a more ubiquitous expression

pattern while the second genes within the pairs, encoding Gat proteins, were able to
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subfunctionalize with new tissue specificity*®. In addition, further studies showed that Got
did not exist outside of vertebrates, but two Gat encoding genes were present in the jawless
vertebrate lamprey species™ ** 493 Investigation of Goi across invertebrates (fruit fly, sea
urchins, lancelet and tunicates) supported that Gai emerged prior to the emergence of the
vertebrate lineages™ **°. However, despite these findings, it was proposed instead that the
duplication of GNAI into the GNAI—GNAT pair occurred before the divergence of
protostomes and deuterostomes and that GNAT was subsequently lost in all invertebrate
deuterostomes. It was only suggested as an alternative hypothesis that GNAT arose after the
emergence of vertebrates, but it was unclear if this coincided with the 2R WGD*.

Chemosensory perception of taste
Knowledge of Ga subunit evolution has been expanded from phototransduction into the

chemosensory and neurosensory organs of taste and smell. Specifically, Oka et al.
investigated how the nervous system in fish evolved to process external sensory
information®* as the chemosensory property of taste is closely related to food intake
behavior. The report from Oka et al. suggests a non-redundancy of Ga subunits expressed
in teleost fishes (zebrafish, pufferfish, medaka, etc.) as compared to the redundant
expression of several Ga subunits in the taste bud and gustatory epithelium tissues seen in
mammals™. Therefore biased evolution for tissue-specific expression of Goi2, Gag, Gal4,
and Gat3 in mammals may have occurred. Gat3 (gustducin) is lost in a lineage-specific
manner in teleost fishes despite its role as a primary Ga subunit for the mammalian taste of
bitter®, umami, and sweet flavors®’; instead only Gail is expressed in the taste cells of
teleost fishes. These studies, though not as expansive as those centered on the visual
system, represent the first steps to analyzing the evolution of other neurosensory signaling
systems in animals involving Ga, outside of studies focused on GPCR-specific evolution.
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New theory of Ga evolution in Opisthokonta
Since the original cloning and genomic composition of the G proteins were solved, Ga

subunits from the five primary families have been specifically traced across the animal

2, 12-14

kingdom . Indeed much attention has been paid to Gas and Gai due to their
foundational roles as the first G proteins to be discovered and purified*. Gatl and Gat2
have also received attention due to their role in the expansion of the visual

4750 The evolution of the other Ga subunit

phototransduction pathway in vertebrates
paralogs is less well studied outside of mammalian phylogeny and model organisms such
as C. elegans®®. Indeed, very little focus has been placed on the evolution of the Goq or
Gal2 families due to the difficulties of expressing and purifying these proteins. However
all five families of Ga have critically shaped vertebrate evolution. Therefore understanding
how they emerged across evolution before vertebrate and mammalian expansion is
paramount to understanding the nature of their function and how that function has been
modulated over time.

In addition, the Ga subunit underwent a large radiation at the emergence of vertebrate
evolution*® ** 8 % Following the two rounds of whole genome duplication (2R WGD),
new Gao genes either underwent neofunctionalization, acted as redundant safeguards for
preserving critical functions or were subsequently removed from the genome. Within
vertebrates, new paralogs gained signaling and tissue specificity. It is clear from many
studies that the Ga subunit is the most evolutionarily dynamic component of the G protein
signaling cascade, and it is the most susceptible to diversification® # 3 4.

The newest theory of G protein evolution (see Figure 1.4b) posits a progenitor or
ancestral Go. subunit existed in the last common ancestor of Eukaryota™. However instead

of this ancestor duplicating several times to give rise to GNA12, GNAS, and GNAI/Q, it
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suggests that the ancestor GNA- subunit only duplicated into GNAS-like and GNAI/Q-like
genes prior to the emergence of Opisthokonta. The GNAI/Q gene then duplicated and
differentiated into the two separate GNAI and GNAQ genes prior to Holozoa. After
duplication and differentiation, it is hypothesized that GNAQ was reinserted into the
genome and the retrogene GNA12 emerged. In addition, the exon/intron structure of
GNA12 supports the theory of its emergence through reinsertion and subsequent intron
reinsertion; however, it is not entirely clear if GNAQ or GNAI was the progenitor
sequence’®; though Gal2 and Gal3 proteins do share functional selectivity with GPCRs
which couple to the Goq family™. Also in Holozoans, GNAV emerged through a
duplication of GNAI* 2%, The similarity in gene structure and sequence support this
hypothesis.

In the Metazoa lineage, GNAO arose through a duplication of GNAI. GNAO and GNAI
both possess the conserved eight protein-coding exons indicative of the Gai family. Also in
Metazoa, the GNAI and GNAQ genes each independently underwent tandem duplications.
The exact timing of these duplication events is not known. However this is in contrast to
the previous theories of G protein evolution which posit that GNAI/Q was tandemly
duplicated before an additional duplication which led to the divergence of GNAI and
GNAQ™. New evidence of the gene structure, particularly the protein-coding exon/intron
structure, supports the theory that GNAI and GNAQ differentiated as separate genes before
their independent tandem duplication events™®.

At the root of vertebrates, two rounds of whole genome duplication (2R WGD)
occurred® ®2. As the GNA- subunits are considered housekeeping genes®*, many paralogs

were maintained in the vertebrate genome. Specifically, the progenitor GNAS duplicated to
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give rise to the GNAS and GNAL members. The progenitor GNA12 gene duplicated
retained a second member, GNA13. GNAV and GNAO, though both present before the 2R
WGD, did not retain any duplicated copies in the vertebrate lineage. Instead, GNAO gained
the ability to be alternatively spliced through the mutually exclusive inclusion of its final
two exons (exons 7 and 8). GNAV was subsequently deleted, in a lineage specific
manner, from Agnatha (jawless vertebrates — ie lampreys) and Sauropsida (amphibians,
birds, mammals)™ 422 42,

The Goq family retained two sets of gene pairs. These diverged into the genes
GNAQ—GNA14 and GNA11—GNAI15. In the Goi family, three of the four gene pairs of
GNAI—GNAT were retained in vertebrates. There is some evidence that a fourth GNAI
gene was maintained in the lamprey lineage alone* >*. In addition, GNAZ arose as a

retroinsertion of a Gai family member after the 2R WGD. It has been hypothesized that

GNAZ arose from GNAI3, but this hypothesis has not been validated in current reports™.
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1.3 Regulation of G protein signaling across Eukaryota

Two Primary G protein Signaling Mechanisms

Canonical 7TM receptor-GEFs and Ga signaling

Since their initial discovery in Metazoa (animals), heterotrimeric G proteins have been
shown to couple to a seven transmembrane (7TM) receptor, known as their cognate GPCR,
to initiate an intracellular signaling cycle (Figure 1.1b). The Ga subunit of the heterotrimer
is bound to GDP in its basal, non-signaling state. Upon agonist binding and activation of
the GPCR, the membrane-associated heterotrimer couples to the 7TM receptor. This
interaction induces a conformational change within the Goa subunit that releases GDP in
exchange for cytosolically abundant GTP. Therefore, the activated 7TM receptor acts as a
guanine nucleotide exchange factor (GEF) and induces Ga activation by overcoming the
rate-limiting step of nucleotide exchange® ®. Upon GTP binding, the activated Ga(GTP)
subunit dissociates from the GPCR-trimer complex and initiates downstream signaling
through interaction with effector proteins. Along with Goa(GTP) activation and
dissociation, the Gy subunits are also freed in order to initiate their own downstream
signaling pathways. The duration of signaling is tied to the hydrolysis of the y phosphate of
GTP which is cleaved through the intrinsic enzymatic ability of Ga; this results in GDP +
Pi and therefore an inactive Go(GDP) subunit. Ga(GDP) has a higher affinity for the Gy
subunits than for the downstream effector proteins. The signaling is terminated when
Ga(GDP) re-associates with GBy, and another round of signaling can begin. The rate of
GTP hydrolysis in Metazoa is tightly maintained by Regulators of G protein Signaling

(RGS) proteins, which stabilize the transition state to encourage hydrolysis. In this way, the

RGS protein act as a guanine triphosphatase (GTPase)-activating protein (GAP), which
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modifies the integrity of signaling timing and duration by catalyzing hydrolysis and
altering the rate of cleavage. In animals, there are no known transmembrane RGS proteins®
212 Instead the soluble RGS proteins function as GAPs and the 7TM GPCRs act as GEFs.

7TM receptor-GAPs and Ga signaling
Curiously, this canonical signaling mechanism was found to be inverted in non-animal

species (Figure 1.1c), specifically land plants®® (and presumably in other species of
Archaeplastida and different Bikonta groups such as Excavata, Chromalveolata etc.}),
though the Ga subunits were found to be structurally similar to their animal counterparts®.
Instead of the 7TM receptor acting as a GEF, in many plants, the Go subunit of the
heterotrimer can spontaneously exchange nucleotide, swapping GDP for GTP, in order to
activate®” . Nucleotide exchange is, therefore, no longer the rate-limiting step for G
protein activation in plants®™ ®. Instead, it is the hydrolysis of GTP to GDP + P; for signal
termination which is rate-limiting®" ®2. The self-activated and dissociated Ga(GTP) subunit
must interact with a 7TM receptor-RGS protein to catalyze hydrolysis® ®. The receptor is
still regulated by ligand binding®’; however, it is the ligand-free 7TM receptor which
inactivates heterotrimer signaling, making the plant 7TM receptor a GAP. When ligand-
bound, the 7TM receptor is inhibited from catalyzing GTP hydrolysis (effectively
inhibiting the inhibitor). Therefore, any activated Ga(GTP) subunits are free to continue
signaling and inactive Ga(GDP) subunits may continue to exchange nucleotide for GTP
spontaneously®® ® % The fundamental difference in mechanism lies within the intrinsic
Ga properties of these two modalities. In one, stimulating the 7TM receptor-GEF induces
Ga activation and signaling; in the other, ligand binding blocks the GAP activity of the

7TM receptor-RGS on the self-activating Ga subunit.
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Ga evolu_tion and mechanisms of signal regulation in other Unikonts

(F}ljxnglllbunits were first discovered in Fungi in 1993 from Neurospora crassa; this
subunit was initially considered a Goi family member®®. Now, there are four known,
distinct families of Ga genes within Fungi with many subfamily representatives7o’ 1 these
paralogs have been renamed GPA1-4. Though all group closer to the animal Gai family
than to the other four animal Ga families (~55% sequence similarity to mammalian Gai),
they are distinct from Gai in many ways® . Indeed, these genes may have arisen from the
putative ancestral GNAI/Q progenitor predicted to exist in Opisthokonta'. Their presence
in many phyla and subclassifications of Fungi (Ascomycota, Basidiomycota,
Mucoromycotina, and Chytridiomycetes) further supports the theory of a Go subunit

present in the last common ancestor of Opisthokonts™ * ™

, though Ga subunits in Fungi
and Metazoa (and Holozoa) have greatly diverged. Go subunits within Fungi have been
identified as critical signaling components necessary for growth and development, nutrition
and pheromone sensing, mating, and various pathogenesis responses (reviewed in "* "4,
As some Fungi genomes possess both 7TM receptor-GEF and 7TM receptor-GAP genes,
(Table 2 from ?), functional studies are required to ascertain if the mechanisms of Go

signaling relies on self-activation or a 7TM receptor-GEF.

Amoeboza
Amoebozoa is the sister group of Opisthokonta as both form the branch of Unikonta.

Study of Amoebozoa Ga subunits and the cAMP receptor responses began in the late
1980°s">"". Eight Go subunits have been found in Dictyostelium genomes’®®°. Many
groups have confirmed previous reports on the presence of Ga subunits and other signaling

8284 ‘and RGS proteins' as well as finding arrestins®) in

components (GBygl, 7TM receptors
different species of Amoebozoa (Table 2). Ga appears to be a dynamic protein within this
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group as some species have anywhere from one to 30 different Go subunits™, all of which
are distinct from Ga sequences found in Opisthokonta®. Like the canonical GPCR-GEF
mechanism found in Metazoa, Go subunits in Amoebozoa do not appear to be self-acting
as 7TM receptor-GEFs are required for inducing signaling’’. This suggests that the GEF-
regulated Go. mechanism of signaling to be a common ancestral modality’ which must

have evolved prior to Unikont emergence.

Ga evolution in Bikonta (Archaeplastida, Chromalveolata, Rhizaria, and Excavata)
The evolution of heterotrimeric G proteins in Bikonta (Chromalveolata,

Archaeplastida, Excavata, and Rhizaria) appears to have differed significantly from the
evolution of subunits in Unikonta. Outside of animal and fungal species, the next best
studied group of Ga subunits comes from land plants (Archaeplastida). Different species of
land plants retained various numbers of Ga subunits®; though it appears, unsurprisingly,
that in general, diploid plants have very few G protein while polyploids may have more®®.
The emergence of Ga was initially thought to coincide with the acquisition of terrestrial
habitats before the discovery of G proteins in aquatic plants®’; this pushed back the theory
of Ga emergence to coincide with embryophytic life cycles of “alternation generations”
roughly 450 million years ago as both aquatic and land plants may share this cycle. Since
then, Ga subunits have been found in more “ancient” species, specifically within species of
Charophyta green algae®; Klebsormidiophyceae (of the Charophyta branch) are the most
primitive green plants to date shown to contain G proteins (Ga and GB no Gy).This
suggested that the acquisition of embryophyte life cycles were not correlated with the
emergence of G proteins but rather with more ubiquitous signaling behaviors from photo-
autotrophic organisms such as the appearance of structures cell division®.
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To date, no solid evidence for GPCRs or 7TM receptor-GEFs have been found in
plants (reviewed in %). Instead many putative plant GPCR-like proteins have been shown
to not possess the 7TM domain topology or the ability to interact with and activate G
proteins®® . Therefore, canonical 7TM receptor-GEF signaling is not suspected to be
present in plants; 7TM receptor-RGS proteins appear to be the primary mechanism for Ga
GAP regulation. It should be noted that though 7TM receptor-RGS components have been
found in many plants, a subgroup of monoconts, the cereals, lack functional 7TM receptor-
RGS proteins entirely®. Instead, in these species, Go is capable of hydrolyzing GTP to
GDP in the absence of RGS proteins, though other GAP proteins may exist °* . Given
these varying reports, more studies are required to couple genome-wide searches for 7TM
receptor-GEF versus -GAP sequences with functional and structural evidence.

Recently, Ga, GP and Gy subunits, 7TM receptors, RGS proteins, and other
components of the G protein signaling cascade have been found in all other branches of
Bikonta™ % *2. However, each of these reports have conflicting views on the presence and
gene counts for each of these moieties. In Excavata, Bradford et al. suggests there are no
7TM receptors-GEFs at all, only 7TM receptor-GAP sequences’. Other studies® ** have
also found several hundred 7TM receptors in various branches of Excavata, but with more
than half of them corresponding to GPCR-like or 7TM receptor-GEF sequences. These
analyses have been expanded into the Chromalveolata and Rhizaria branches with the same

dichotomy between their results™ > *?

. Looking towards the G protein, the Go subunit
appears to be present in most branches of Bikonta, though there are some lineage specific
deletions; again, these deletions are not consistent across all studies. Therefore, conflict

remains between the genome-level studies themselves based on the species evaluated, the
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sensitivity of their search paradigms, and other metrics within their analyses.

Conflicting views on Ga signaling mechanisms across evolution

7TM receptor-GAPs are ancestral

Following in this view of Archaeplastida G protein evolution, recent work posited that
the 7TM receptor-GAP mechanism of G protein signaling in Bikonta was ancestral to the
7TM receptor-GEF modality found in Unikonta’. Indeed, 7TM receptors with carboxy-
terminal, intracellular RGS protein motifs have been found in Archaeplastida, Fungi, and
the “ancient” branch of Excavata (within genera of Trichomonas and Naegleria). Barring
some potential lateral transfer between Trichomonas and Archeaplastida, the 7TM
receptor-RGS appeared to be a primary component of the self-activating Ga signaling
modality in these branches’’. No 7TM receptor-RGS proteins exist in Metazoa™ % 2.
Therefore, 7TM receptor-GEF activity was proposed to be a more evolutionarily recent

development within Unikonta and radiated in the lineage of Vertebrata.

7TM receptor-GEFs are ancestral
This is contrary to work that suggests GPCR-GEF activity was present in the last

common ancestor of Eukaryota®. Outside of Archaeplastida, it is unclear whether 7TM
receptors, like the GPCR, maintained the canonical GEF activity or if the plant-like GAP
role is more universal as there is limited functional data across this broad range of species™
2. One recent study evaluating gene presence and absence at the system level of 7TM
receptors, G proteins, and other GEF and GAP proteins (Table 2) suggested that some
species across the six primary branches of Eukaryota may maintain both 7TM receptor-
GEF and 7TM receptor-GAP mechanisms of signaling within the same organism?.
Therefore, Ga may be both “self-activating” or “GEF-regulated” depending on protein

expression and microdomain architecture.
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In addition, some species possess the canonical GPCR signaling machinery without
evidence of any heterotrimeric G protein components, suggesting that GPCR-like, 7TM
receptor-GEF signaling may have evolved independently of G proteins in some species.
Contrariwise, the reverse was also found where some Go subunits were present in species
that did not possess any 7TM components. Taken together, this suggests that there is not “a
conserved self-activation” family of Go subunits? but rather many variations around the
same theme. It has been proposed that self-activation may have arisen through convergent
evolution of Ga subunits across Bikonta instead of being the primary, ancestral modality.
Therefore, canonical 7TM receptor-GEF signaling (as seen in classical animal studies) may
be an older mechanism of signaling as all of the components were present in the last
common eukaryotic ancestor. Lineage-specific evolution and diversity then promoted the
various signaling mechanics seen today?. Again, functional studies in species, which retain
both “self-activating” and “GEF-regulated” components, are necessary to tease apart the
divide between these modalities and ascertain how each mechanism functions across

lineages.
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1.4 Conclusions

Conclusions

As Ga subunits have been found in all six major branches of Eukaryota, despite
lineage-specific losses, it can be concluded, at least, that Ga was present in the last
common ancestor of Eukaryota® # *2. In addition, 7TM receptors, RGS proteins, GEFs,
GAPs, and other G protein signaling components have been traced across Eukaryota
evolution® # 2, Each branch tailored the G protein signaling system to their own needs by
retaining, modifying or deleting different signaling machinery within the cascade.
Functional studies across this wide range of species will be necessary to fully ascertain the
evolution of Ga self-activation versus GEF-activation signaling mechanisms. However,
genome level analysis of the signaling components has allowed for new theories of G
protein and 7TM receptor signaling mechanics, and has paved the way to begin critically

assessing the functionality of each signaling model.

Abbreviations

GPCR - G protein coupled receptor

7T™M - 7 transmembrane (receptor)

GDP - Guanine diphosphate

GTP - Guanine triphosphate

cAMP - cyclic Adenosine monophosphate
cGMP - cyclic Guanosine monophosphate
GEF - Guanine nucleotide exchange factor
RGS - Regulators of G protein Signaling
GTPase - Guanine triphosphatase

GAP - GTPase Activating Protein

2R WGD - Two Rounds of Whole Genome Duplication
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Figure 1.1: Unikont and Bikont Signaling through G proteins: Distribution of G protein
components among eukaryotes. (A) The indicated taxa are representative genomes. The presence
of G protein elements in the indicated species or lineages is represented by red, blue, green, and
yellow dots for genes encoding Ga, Gy, Opisthokont GPCRs, and RGS proteins, respectively.
Lack of a dot signifies that those genes were not found. We organized the eukaryotes into six
supergroups: Opisthokonta (containing C. owczarzaki and H. sapiens), Amoebozoa (containing D.
discoideum), Archaeplastida (containing A. thaliana), Excavata (containing T. vaginalis),
Chromalveolata (containing E. siliculosus), and Rhizaria. (B) Regulation of G protein activation in
animals. Ligand-bound GPCR accelerates the dissociation of GDP from the G protein o subunit by
changing the orientation of its helical domain. Ga hydrolyzes GTP, thereby inactivating itself. GTP
hydrolysis is promoted by an RGS or other GAP protein. Nonreceptor GEFs, such as the protein
Ric8 (resistance to inhibitors of cholinesterase), act as noncanonical and cytosolic GEFs. (C)
Regulatory model of G protein signaling in Arabidopsis. The Arabidopsis Ga protein AtGPA1
rapidly releases its GDP as a result of spontaneous fluctuations between its Ras domain and helical
domain. AtGPAL slowly hydrolyzes its bound GTP; however, the membrane-localized 7TM-RGS
protein AtRGS1 constitutively promotes GTP hydrolysis or acts as a GDI. Figures 1.1 was
reprinted from *. Bradford, W., Buckholz, A., Morton, J., Price, C., Jones, A. M., and
Urano, D. (2013) Eukaryotic G protein signaling evolved to require G protein-coupled
receptors for activation, Sci Signal 6, ra37. Reprinted with permission from AAAS.
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Gail

Gai2

Gai3
Gao.l
Gao.2

Gatl
Gat2
Gat3
Gaq
Gall
Gal4d
Gal5
Gas
Gal
Gal2
Gal3
Gav

100

88 100

94 86 100

72 69 71 100

73 70 71 94 100

67 66 67 60 59 100

68 66 66 63 61 54 100

70 70 70 61 59 57 83 100

69 69 68 62 61 58 79 80 100

52 51 52 51 51 48 50 50 49 100

52 51 51 51 51 47 50 50 50 90 100

52 50 52 52 53 48 50 49 49 81 81 100

44 43 44 44 45 43 45 43 43 56 56 55 100

41 41 42 44 43 41 40 42 42 41 42 42 39 100

41 41 41 42 41 40 42 43 42 41 40 40 38 79 100

a1 40 41 41 41 a2 41 41 41 43 42 41 38 37 35 100

39 40 38 42 42 39 39 38 38 46 46 45 41 40 39 66 100

44 45 45 a7 46 44 45 46 45 42 41 42 40 40 39 39 37 I 100
Gail Gai2 Gai3 Gao.l Gao.2 Gaz Gatl Gat2 Gat3 Gaq Gall Gald Gal5 Gas Gal Gal2 Gal3 Gav

Table 1.1: Human Ga protein sequence similarity. Human Go amino acid sequences aligned
using Clustal Omega®™ with the default settings. Gav protein sequence obtained from the

Coelacanth genome.
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Figure 1.2: Vertebrate GNA- paralogous gene arrangements. The Gai subfamily consists of 8
paralogs (blue). Gai & Gat genes (GNAI & GNAT) are arranged in a head-to-head arrangement
(except GNAT1 & GNAI2 which are head-to-tail) suggestive of a tandem duplication. Gaz’s gene
(GNAZ) lies within an intron of a protein-coding gene on the opposite strand. Gao’s gene (GNAO)
can be alternatively spliced to create 2 separate mMRNA transcripts (GNAOa & GNAOD). B) The
Gag subfamily consists of 4 paralogs (orange). All are arranged in a head-to-tail arrangement
suggestive of a tandem duplication. C) The Gas subfamily is composed of 2 paralogs (GNAS &
GNAL) which can both be alternatively spliced into extra-long (XL) mRNA (green). D) The Gal2
subfamily also consists of 2 paralogs (GNA12 & GNAL3) (red). E) The newly discovered Gav
subfamily is composed of one paralog (GNAV) (grey) and is only found in a select number of
species.

E)
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Figure 1.3: Aligning representative vertebrate protein-coding exon borders of all five major
families of the Ga subunit. The highly conserved exon border positions give insight into the
evolutionary divisions of GNA- genes. All protein-coding exons are represented as boxes which
correlate with the curated average exon size (introns removed). GNAI and GNAQ share many exon
borders positions (black lines) and four split codons (not shown) suggesting a closer evolutionary
relationship. GNAV also shares six exon border positions with GNAI and GNAQ); this suggests that
Gav family is related to Gai and Gag despite its gene presence in a limited number of species. All
three genes share four exon borders positions with GNAS (not considering the alternatively spliced
exon3 or the extended exon4 of GNAS found in placental mammals). The lack of shared exon
borders between GNA12 and the other subfamilies suggests that GNA12 may have originated as an
independent retro-gene which independently gained introns. Figure taken from '* Manuscript in
Submission.
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Figure 1.4: Two theories of G protein evolution. A) Summary of previous theories of Ga
evolution without relative timelines*®*® *°. An ancestral GNA (o-white) underwent a series of
duplications before diverging into three primary progenitor families. The progenitor GNAI/Q
tandemly duplicated before undergoing a larger regional or chromosomal duplication. These gene
pairs diverged into GNAI-like (blue) and GNAQ-like (orange) genes. GNAS (green), GNA12 (red),
GNAQ’-GNAQ’’, and GNAI-GNAI’’ all duplicated to give rise to two copies from each
parent. GNAI'-GNAI"’ duplicated into GNAO’-O” (ultimately an alternatively spliced gene)
and GNAIO-GNATO followed by two more duplications of GNAIO-GNATO. GNAZ, a retrogene
of GNAIO, was reinserted into the genome before the GNAIO-GNATO duplications. B) New theory
of Ga subfamily evolution incorporating current reports » 2 1% 2 42 5% 88 \yith relative timelines
included (not fit to scale). An ancestral preGNA progenitor (a-white) duplicated into the
preGNAI/Q progenitor and preGNAS. preGNAI/Q duplicated into two separate genes that diverged
into preGNAI and preGNAQ. Then preGNAYV arose from a duplication of preGNAI. preGNA12 is a
retrogene, possibly of preGNAQ, though its precise origin is unclear. preGNAI later duplicated to
give rise to preGNAO. Both preGNAI and preGNAQ underwent independent tandem duplication
events before the 2R WGD of vertebrates. GNAS, GNA12 and GNAQ -GNAQ"’ all retained two
copies after the 2R WGD leading to vertebrates, while other hypothetical copies (not
shown) were lost immediately after the 2R WGD and are not observed in any
extant species. GNAI-GNAI’’ retained three copies of this gene pair after the 2R WGD (GNAI4
remains only in lampreys). Other, lineage-specific deletions occurred for GNAV, GNAT3, GNAI4,
and GNAT4 as described in the main text. GNAO gained alternative splicing ability after 2R WGD
(0.2-.1). The retrogene GNAZ emerged in the vertebrate lineage from a GNAI gene. Lineage-
specific duplications and retrogenes are not included for clarity. Straight arrows depict duplications
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(local, tandem duplications, or WGD), curved arrows depict retrotranspositions. Complete gene
names for were simplified for clarity; curated preGNA- genes are denoted with “pre-” while
“GNA” is removed for clarity in all paralogs. LCA = Last Common Ancestor

Figure taken from * Manuscript in Submission.
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Table 1.2: G protein signaling components found across Eukaryota. Figure reprinted from 2. de
Mendoza, A., Sebé-Pedrds, A., and Ruiz-Trillo, I. (2014) The evolution of the GPCR signaling
system in eukaryotes: modularity, conservation, and the transition to metazoan multicellularity,
Genome Biol Evol 6, 606-619 by permission of Oxford University Press or the sponsoring society.
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CHAPTER 2

TRACING THE EVOLUTIONARY HISTORY OF THE HETEROTRIMERIC G
PROTEIN Goa SUBUNIT IN DEUTEROSTOMIA

2.1 Introduction

Chapter 2

Lokits AD, Indrischek H, Meiler J, Hamm HE, Stadler PF, “Tracing the evolutionary
history of the heterotrimeric G protein Go subunit in Deuterostomia” BMC Evolutionary
Biology 2017 in submission

Contribution

I am first author of this manuscript. | contributed to most sections of the text:
abstract, introduction/background, methods of species investigated and structural analysis,
analysis of intron/exon structure, results, discussion, conclusions, and appendices. | created
Figures 2.1-2.10, Table 2.1, and Supplemental Figures 2.1-2.4, 2.10, part of 2.11, and
Supplemental Tables 2.1 and 2.2. | edited all sections and all other supplemental figures
and tables. 1 also reviewed all contributions from all other authors.

Abstract
Background: Heterotrimeric G proteins are fundamental signaling proteins composed

of three subunits, Ga and a GBy dimer. The role of Ga as a molecular switch is critical for
transmitting and amplifying intracellular signaling cascades initiated by an activated G
protein Coupled Receptor (GPCR). Despite their biochemical and therapeutic importance,
the study of G protein evolution has been limited to the scope of a few model organisms.
Furthermore, only two of the five primary Ga families have been thoroughly investigated
outside of mammalian evolution. Therefore our understanding of Go emergence and
evolution across phylogeny remains incomplete.

Results: We have computationally identified the presence and absence of every Ga
gene (GNA-) across all major branches of Deuterostomia and evaluated the conservation of
the underlying exon-intron structures across these phylogenetic groups. In addition to our
curated gene annotations, we have identified nuanced differences in phyla-specific gene
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copy numbers, novel paralog duplications and subsequent intron gain and loss events,
which substantially alter previous interpretations of G protein evolution in Deuterostomia.
We provide evidence of mutually exclusive exon inclusion through alternative splicing of
GNAI, GNAQ, and GNAS transcripts in specific lineages and that GNAO gained alternative
splicing ability co-occurring with the emergence of Vertebrata. Variations in alternative
splicing signals and isoforms were found for several paralogs, which coincide with
conserved, putative motifs of DNA-/RNA-binding proteins. Our results also indicate that
both GNA12 and GNAZ originated from retrogenes. Within primates, we identified 15
retrotranspositions, many of which have undergone pseudogenization. Most importantly,
we find significant deviations from previous findings regarding the presence and absence
of individual GNA- genes.

Conclusions: Our curated annotations allow us to draw more accurate inferences
regarding the emergence of all Ga family members across Deuterostomia and to present a
new, updated theory of Ga evolution. These observations regarding the evolution of the
GNA- genes translate into new understanding of the Ga protein family. Leveraging this,
our results are critical for gaining new insights into the co-evolution of therapeutically
relevant G protein — GPCR signaling pathways and their radiation in Vertebrata.
Background

Evolution of Ga

G protein Coupled Receptors (GPCRs) are a highly studied class of receptors due to
their integral role in cellular signaling and therefore as therapeutic targets. Their evolution
has shaped the chemical and biomolecular signaling systems of eukaryotes® 2. Within this
signaling cascade, a transducing element, the heterotrimeric G protein, composed of a
monomeric a and obligate By dimer, acts as an intracellular relay for activated GPCRs to
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convert their message into an amplified signaling cascade. With only 16 paralogs in
humans, compared to the 800 GPCR genes, the evolution of heterotrimeric G protein o
subunit has received less attention than their transmembrane protein partners.

Shortly after their initial discovery and sequencing in several mammalian species, the
Ga subunit was found to be a highly conserved housekeeping protein46. As such, traces of
genes encoding heterotrimeric G protein a subunits (GNA-) have been found in almost all
major branches of eukaryotes® ** ® despite the differences in GPCR signaling mechanisms
between Unikont and Bikont lineages (see®).

Using only mammalian sequences, the first theory of G protein a evolution posited the
relative evolution of four of the five Ga families (Gai, Gag, Gas and Gal2; Gav having
not yet been discovered)*®. For their analysis, human, mouse, rat, and bovine sequence
similarities and gene arrangements were the foundation for predicting how each of the
family and subfamily members arose relative to each other. From this limited data set,
conjectures of the timing of evolutionary divergence and lineage-specific variation were
not possible.

Focusing on the development and radiation of the visual system, others have evaluated
the evolution of transducins (Gatl and Gat2) and other critical proteins in the visual signal
transduction pathway in both rods and cones across Vertebrata and into Chordata
lineages*"°. However, to our knowledge, there have been no reports focused on studying
the evolution of the other three families of Ga in Deuterostomia with the exception of Ga
subunits in the fish chemosensory systems®, and a more recent, coarse-grained study
evaluating paralog counts across Opisthokonta phylogeny™.

From these studies and others, we have compared our estimation of when each paralog
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emerged within Deuterostomia evolution. We have found significant differences in the
timing and number of predicted gene gain and loss events, due to a) differences in
methodologies employed while searching for paralogous sequences and constructing
phylogenetic trees and b) increased search space through the inclusion of more genomes. In
addition to reporting new and manually curated gene annotations, we have also uncovered
variations in alternative splicing patterns, non-canonical splice sites (SS), novel intron gain
and loss events, primate gene retrotranspositions and subsequent pseudogenization, as well
as other nuanced deviations to the gene structure of this family. These data allow us to
present an updated view on G protein a subunit evolution.

Significance — New Understanding of Paralog Gains and Losses

Efforts of many genome sequencing consortiums and single laboratories®*°

, advances
in sequencing techniques and assembly algorithms as well as manual curation of public
databases®™*® have resulted in the steady improvement of genome annotation quality and
diversity in the species covered. We have taken advantage of these advances in the field to
expand our understanding of heterotrimeric G protein evolution. Here, we computationally
identified the presence and absence of every Ga gene (delineated as “GNA-" following the

HUGO convention of gene names™®

) across all major branches of Deuterostomia (where
genome assemblies exist) and evaluated the conservation of the exon-intron structure
across evolution. We find nuanced differences in alternative splicing signals, alternative
isoforms, conservation of putative motifs for DNA-/RNA-binding proteins (DBP/RBP), as
well as intron gain and loss events, and thus gain insight into the evolution of the Ga
protein family. Most importantly, we find significant differences in gene presence and

absence as compared to previously published findings™ *"°; this allows us to draw more
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accurate inferences on the timing of emergence across individual paralog families.

The strength of this study comes from the inclusion and curation of genes from highly
fragmented genome assemblies covering all major branches of Deuterostomia in addition
to the genomes of well-studied model organisms (Figure 2.1). Despite improved long-read
genome sequencing techniques, computational assembly of accurate whole genome
sequences remains a challenge’®. Roughly 1/3 of all publically available eukaryotic
genomes are assembled only on the contig level. Contigs are sets of overlapping nucleotide
reads, which are ultimately assembled into larger blocks (scaffolds) and ideally into
chromosomes. Long protein-coding genes can span multiple contigs. High sequence
similarity between genes due to homology remains challenging when assembling DNA-seq
reads into larger scaffolds or when mapping RNA-seq reads to a genome. The ambiguity of
these regions can result in chimeric gene annotations where two different genes are
presumed to be one. Additional errors can be introduced via automated gene prediction
tools which probe the assembly; these tools may not allow for partial gene models or may
combine sequence ‘“hits” into merged chimeric gene predictions. For a more thorough
examination of these hurdles please see®* 12,

The ExonMatchSolver (EMS) algorithm*®? was developed to assist in curating highly
fragmented genome assemblies when the query protein family possesses multiple paralogs
with low sequence divergence and conserved exon-intron structure. EMS differs from other
methodologies by querying for the collective “match” of all paralogous genes of a protein
family within an individual genome assembly. As the family of heterotrimeric G proteins
contains many paralogs, we used the EMS technique to annotate and disambiguate all

possible paralogs of the Ga subunit across Deuterostomia. Despite its usefulness, it is of
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note that the EMS pipeline does not resolve inversions of exons or significantly altered
exon-intron structures. Instead this tool provides contexts for manually resolving such
ambiguities in the nucleotide sequences.

Through the use of the EMS pipeline to assist in the curation of the GNA- genes across
a dense species sampling, we have identified dozens of sequence deviations and
inconsistencies within the examined species and paralogs compared to previous works and
genome annotations. In this work, we have uncovered many paralogs of GNA- not
identified by previous methodologies; this is likely due to the use of coarse-grained
approaches, which misidentified the presence and absence of genes, and/or due to the
reliance on gene trees covering a limited range of species. Along with these newly
predicted paralogs and improved gene annotations, we have also found previously
unidentified alternative splicing patterns, putative transcription factor binding sites, altered
exon-intron borders, and duplications and reinsertions of genes across Deuterostomia
phylogeny. The culmination of this information has led us to propose a new theory of the
evolution for Ga proteins in regards to the presence of these genes around the multiple
whole genome duplication (WGD) events within Vertebrata. We present support for new
theories regarding the emergence of each GNA- gene in Deuterostomia. We also provide
detailed appendices on additional variations to the conserved gene structures, alternative

splicing events and other deviations as supplemental material.

35



2.2 Materials and Methods

ExonMatchSolver

Genomes were analyzed for curated annotation within the ExonMatchSolver (EMS)
framework according to its Implementation and Usage'® utilizing both paralog-specific,
individual translated coding exons (TCE) and full paralog sequences. Briefly, the EMS
pipeline utilizes TCEs as the fundamental building blocks for its searches. Therefore we
utilized the paralog-specific TCE amino acid (AA) sequences of a close relative to the
target species as the query against the target genome. There are 16 GNA- genes within
humans. As each family was expected to have a conserved exon-intron structure
throughout Deuterostomia, the high quality annotations of human GNA- genes were
utilized as the initial templates. Sister groups of Mammalia were evaluated next, before
moving on to more distant families. For each major clade (Sauropsida, Amphibia,
Actinopteryqgii, etc.), curation began within the species assembly with the highest reported
sequence coverage, genome quality and level of annotation. This curated sequence was
used as a seed TCE query for further analysis within that clade. A minimum of two
orthologs were used as individual inputs for the hmmsearch when querying each target
assembly. In addition to exon border position information, EMS also utilizes full-length
protein sequences to annotate orthologous proteins along the target genome assembly via a
spliced alignment'®. A minimum of two orthologs from closely related species were

utilized as protein sequence queries for the target spliced alignment.
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Data Sources
A total of 60 species were evaluated; 45 of which were directly assessed through the

EMS pipeline for curated gene annotation (see Supplemental Table 2.1); the additional
species were utilized for supplemental assays as described (Supplemental Figure 2.1). All

92-94,97, 100,103 Tha |atest version of

queried genomes were obtained from public repositories
each genome was utilized for all analyses unless otherwise noted (as of October 2016). All
major phylogenetic clades of Deuterostomia were investigated with the EMS pipeline,
including 26 species of Sarcopterygii, or lobed-finned fishes (composed of ten species
from Mammalia, eight from Aves, five from non-avian Sauropsida, two from Amphibia
and one from Coelacanthiformes). To interrogate the Teleostei-specific third round of
whole genome duplication (3R WGD), we included one genome of a non-duplicated
Actinopterygii (ray-finned fishes) species and six Teleostei species which evolved after the
3R WGD. To evaluate the influence of the 2R WGD on GNA- evolution, we included one
Chondrichthyes (cartilaginous fishes), two Agnatha (jawless vertebrates), two
Cephalochordata (non-vertebrate chordates), four Urochordata (non-vertebrate chordates),
one Hemichordata (non-chordate deuterostomes), and two Echinodermata (non-chordate
deuterostomes) species. We included the following outgroups to our analyses: D.
melanogaster (Arthropoda) and C. elegans (Nematoda) as representatives of Protostomia,
in addition to N. vectensis (Cnidaria) and T. adhaerens (Placozoa) as representatives of
Metazoa predating the emergence of Bilateria. To reflect the orthology relationship, all
GNA- genes which predate the radiation of Vertebrata are denoted as preGNA- for clarity,
as recommended by the HUGO convention of gene names'®.

We utilized the Ensembl genome browser®” %

and NCBI’s genome and assembly
browser'® for our starting queries as these databases contain easily accessible and high
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quality genome annotations. To validate gene gain and loss events, we evaluated the
transcriptome shotgun assembly (TSA) sequence database, expression sequence tag (EST)
database, and UniGene databases, accessed through NCBI™® %1% ysing amino acid-
based (tblastn) search queries. It is important to note that tissue-specific expression of
some paralogs may hinder sequence validation through this approach. Synteny information
(co-localization with neighboring genes) was also utilized in evaluating paralog
assignments and gene loss, when available, through the Ensembl and NCBI genome
browsers. The species tree that was used for mapping gene gain and loss events (Figure

2.1) is based on screening of recent literature and the consensus therein®® 10618,

Reconstruction of Gene Trees
In order to build phylogenetic maximum likelihood (ML) trees on the nucleotide and

109, 110

amino acid level using RAXML protocols , exonic, protein-coding sequences of

interest were aligned using ClustalOmega® or MUSCLE?, edited with the Jalview

1

alignment editor'** and handed over to RAXML2. The appropriate amino acid or

113 and

nucleotide substitution model for each tree was determined through Prottest
additional tree parameter optimizations were conducted through preliminary rounds of ML
searches comparing the different models of rate heterogeneity available in RAXML

(Gamma, CAT, and a variable heuristics optimization'%® 4

). Random starting trees were
also employed for initial independent ML tree searches to determine if random starting
trees improved topology search space over a maximum parsimony starting tree. After
optimizing the substitution model with the best model of among-site versus per-site

heterogeneity rates and starting tree, the ML trees were compared for their diversity across

tree topology. The strength of the phylogenetic signal was assessed through comparison of
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the best likelihoods, and pairwise-Robinson Fould (RF) distance calculations were
conducted across all independent searches. Production runs calculated support values for
all ML trees and utilized bootstopping for all bootstrap replicates to decrease
computational time. Bootstrapped replicates were summarized into Extended Majority
Rule Consensus Trees and reported with bootstrap (BS) values as supplemental files.
Pairwise-RF distance calculations across topologies as well as a Shimodaira and Hasegawa
test were used to confirm that differences between likelihoods were not significant before
summarizing into consensus trees. In addition to inferring support values through
bootstrapping, the approximate likelihood-ratio test was also utilized for statistical
validation.
Investigation of Protein-binding Motifs within DNA/RNA sequences

Centrimo™*™® was used to perform a local (positional) enrichment analysis of in vivo and
in vitro DNA- and RNA-binding protein (DPB/RBP) motifs from the following databases:
Ray 2013, Jolma 2013, Jaspar Core database 2014*%, BS Uniprot®® mouse. Centrimo
evaluates absolute enrichment of a motif by performing a binomial test to determine
whether the best match motif counts at a specific position are significantly different from a
uniform motif distribution. Centrimo was also run in differential mode to conduct a
Fisher’s exact test to determine positional motif enrichment in a primary sequence set in
comparison to a control set.

First, the potential overlap of all conserved non-canonical splice sites (SS) (the 5 ‘GC’
SS of intron6 in GNAIL, and the 3° ‘TG’ SS of intron3 in GNAS) with DBP/RBP motifs
were interrogated by testing differential motif enrichment in the nucleotide sequence

surrounding the SS (full length exon sequence and 40 nt of the intronic sequence). All
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primary orthologous sequences conserved the non-canonical SS, while the control set
contained sequences with the canonical SS at the orthologous position. Second, the
positional enrichment of potential DBP/RBP motifs were investigated within exon3 of
GNAS and the surrounding conserved region by performing an absolute, local enrichment
test. Homologous sequences were extracted from an additional 27 placental mammals from
the Ensembl webserver ¥’ to form a total dataset of 33 species.
Detection of Retrogenes in Primates

The longest protein-coding isoform of each human GNA- gene was blasted against the
human genome. Sequence matches overlapping annotated retrogenes were extracted at the
nucleotide level via the Ensembl webserver®” (GNAI2P2, GNAI2P1, GNAQP1, GSl1-
124K5.9, RP11-61102.6, AC010975.2, RP11-100N3.2). 11 target primate genomes
(Supplemental Figure 2.1) were then queried using these human GNA- pseudogene
annotations. Primate retrogenes were retrieved as single blast hits with the following
settings: blastn; e-value cutoff: 10”; match/mismatch: 1, -3; and opening/extension: 5, 2.
Additional synteny (gene co-localization) information was also considered when
identifying potential retrogenes. In cases with short scaffold lengths and no available
synteny information, full length parent genes were re-blasted against the putative target
loci. Loci that retrieved multiple, subsequent sequence matches were then excluded. A
single sequence match was considered to be an individual exon of a multi-exon paralog if it
covered less than 50% of the query sequence. Cases of 30-50% query coverage were
manually inspected to identify exon borders.

Conserved open reading frames (ORFs) between orthologous retrogenes that showed

similarity to the multi-exon paralog were interrogated. These potential ORFs within the
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retrogene loci (Blast hit +/- 300 nt) were identified with ORF Finder** and similarity to the
parent protein confirmed by blast (bl2seq —n blastp). Then new ORFs with coding potential
that were not similar to the parent protein sequence were investigated. For this purpose, the
retrogene loci were aligned with ClustalOmega® and coding potential was accessed with
RNAcode™® probing at least four different reference species. Sequence hits were reported
if the region was conserved in all primates and contained at least one methionine as a
possible initiation codon for translation.
Detection of Natural Selection in GNAO

The branch-site model implemented in CODEML in the PAML package®?* was utilized
for the identification of residues within branches under positive selection. A parameter to
estimate positive selection is the ratio of non-synonymous substitutions/non-synonymous
sites (dN) per synonymous substitutions/synonymous sites (dS). A dN/dS ratio = 1
indicates neutral selection, > 1 positive selection and << 1 purifying selection. The
likelihood ratio test was performed to select the better of the following two hypotheses for
each scenario in the branch site model: fixing a fraction of residues in class 2a and 2b to be
under neutral selection (dN/dS = w = 1) in the foreground branch (HO) vs. free estimation
of the dN/dS ratio of this residue fraction in the foreground branch (H1) corresponding to
the classical branch site model. Significance was tested using the y° distribution. To
exclude possible biases from codon model choice or shifts in GC content, three different
codon models were applied (Codon table, F3X4 and F1X4) and were assessed for
consistency between results. Residues under positive selection were identified by Bayes
Empirical Bayes (BEB) analysis*?’. Before assaying for positive selection, the respective

123

alignments were tested for the presence of recombination with the RDP4 software " (linear
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sequence = TRUE, Disentangle overlapping events = TRUE). All recombination tests
results were not significant (default values used). To obtain estimates of the robustness of
model parameters, we performed 100x bootstrapping with the codeml_sba software for
those branch-site tests that returned significant'?* *%°.

A phylogenetic tree was constructed for the concatenation of exons7 and 8 of all
GNAO:s including Cephalochordata and Vertebrata (excluding Teleostei and Agnatha) and
evaluated with two different foreground branches: the ancestral branch of GNAO.1 and
GNAO.2 after the exon duplication, but preceding speciation of Vertebrata, respectively
(see Figure 2.9). The respective nucleotide sequences were aligned with MASCE
v1.01b*%. Sequences with missing data in these exons were excluded. The divergence of
this alignment is not ideal (tree length 15.7 in HO, F3X4). However, as high divergence
would lead to a loss of power rather than an increase in the rate of false positives in the

test'?’

, the divergence is not considered to be deleterious to the analysis. Positive selection
and differences in selection pressure were also tested in the foreground branch of a gene
tree composed of GNAO(a,b).1s and GNAOa.2 sequences including exons7 and 8 of
Actinopterygii (ray-finned fishes). Foreground branches were defined as the branches after
the 3R WGD and before Teleostei speciation (ancestral branches of GNAOa.1, b.1 and a.2,
respectively, see Figure 2.9).
Computational Modeling of Tertiary Structures

Available crystal structures of Ga subunits and structural models based on crystal
structures were utilized to map exon sequence positions onto tertiary folds. Though all

structures and models utilize mammalian sequences, the highly conserved tertiary structure

of Ga supports that the relative exon position mappings are maintained across all phyla.
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The crystal structures of Goaq bound to PLCB3 and RGS8 were utilized (PDB ID 4QJ3 128
and 5D09'%, respectively). The active monomer of Gos (PDB ID 1AZT™) was used in
addition to the crystal structure of Gai bound to GBy (PDB ID 1GP2**!) and to RGS4 (PDB
ID lAGRl32). Comparative models of Gao (human GNAO.1 transcript variant) and Gas
(human sequence without exon3 or extended exon4) were constructed from previous
modeling studies of the ternary complex™** (activated GPCR bound to Goi and GPy) by
replacing Gai side chain residues with either Goo or Gos sequence while maintaining
backbone atom coordinates. After threading these sequences, model hybridization
continued with optimizing fragment insertions, and relieving chain breaks through the
comparative modeling RosettaCM protocol***. The relaxed and optimized structural
models were then utilized for further exon sequence mapping based on conserved sequence

positions. All crystal structures and models were visualized with Pymol*®.
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2.3 Results and Discussion

Ga Paralog Evolution before the 2R WGD of Vertebrata

preGNA- genes before the 2R WGD

The branch of Deuterostomia underwent multiple rounds of whole genome duplication
(WGD)" 13%1%8_ These events allowed for increased gene number and sequence diversity.
First, we sought to identify which GNA- paralogs were present before the two rounds (2R)
of WGD that occurred before the diversification of the Vertebrata lineage. Therefore, we
primarily limited our study to species of Deuterostomia. We included two Protostomia
species (C. elegans and D. melanogaster), one Cnidaria (N. vectensis) and one Placozoa
species (T. adhaerens) as outgroups. To clarify the orthology relationship we use the
following gene names to refer to the progenitor representatives of the Ga families before
the Vertebrata radiation: preGNAI, preGNAO, preGNAQ, preGNAS, preGNAV, preGNA12.

We identified gene sequences for all five primary families (i, q, v, s and 12) in Cnidaria
and four in Placozoa (Only N. vectensis maintained preGNAV) (Table 2.1). We and others
found evidence of preGNAO-like sequences in Protostomia and Placozoa but not within
Cnidaria'® ?2. Overall, we found evidence of six GNA- paralogs before the diversification
of Deuterostomia. Therefore, we conclude that the five known primary families of the Ga
subunit existed before the split of Bilateria into Deuterostomia and Protostomia though
species-specific deletions exist. Moreover, the Gai family was represented by two

members, preGNAI and preGNAO. Lineage-specific tandem duplication events in T.

adhaerens and N. vectensis are discussed in Appendix A.i.
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Multiple duplication events occurred in C. elegans resulting in over 20 copies of GNA-
like genes (named GPA- in C. elegans). We included previously annotated GPAs.
However, only four genes appear to be similar to the five primary Go families of
Vertebrata; the rest cluster into two separate branches on the ML tree (black subtrees
Figure 2.2). GPA-4 and GPA-16 are sequentially similar to preGNAI, though their exon
border positions differ from the conserved eight protein-coding exons found within this
family. They nest within the preGNAI branch with bootstrap values (BS) of 55. GOA and
GPA-12 may be orthologs of preGNAO and preGNA12, respectively, despite both genes
possessing altered exon positions relative to the other non-Deuterostomia genes included;
both possess moderate BS values (85 and 86) and form separate monophyletic groups with
other preGNAO and preGNA12 members, respectively.

More specifically within Deuterostomia, we investigated two species within
Echinodermata, one Hemichordata, two Cephalochordata species, and four Urochordata
species. These species diverged before the 2R WGD of Vertebrata, providing a clear
starting point before the radiation of this gene family. Within each of these phyla we
verified the existence of at least the six established paralogs. Exceptions were found within
Urochordata, as we find a lineage-specific loss of preGNAO and preGNAV at the base of
this phylum. A putative gene fragment, found only within B. schlosseri, groups with
preGNAV (BS value 66). Due to limited data, it is unclear if this sequence represents a
protein-coding gene or a pseudogene (Table 2.1 and Figure 2.2).

In addition, each phylum interrogated maintained their own number of local gene
duplications and/or retrotranspositions for the different primary Go families (see Appendix

A.i). For example, two copies of preGNAS were found in all investigated species of
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Echinodermata and Hemichordata, suggesting a local duplication of this gene occurred
before the split of these branches (Ambulacraria). Both copies of preGNAS (a and b)
maintained their exon-intron structure after duplication. In Urochordata, we find evidence
of multiple independent retrotranspositions of preGNAI into different regions of the
genome. These paralogs are encoded by a single exon, characteristic of a retrogene. All
examples of these gene duplications are expanded upon in the Appendix A.i. To our
knowledge, we are the first to report evidence of these duplications and the existence of
these retrogenes. We further validated the presence of these independent gene duplication
and retrogene events through interrogation of additional transcriptome and expression data
when available (Supplemental Table 2.2).

The (pre)Guai, q, and v Families form a Monophyletic Group within Ga
We uncovered the evolutionary relationship of the different families by reconstructing

phylogenetic trees based on amino acid and nucleotide sequences and by using the
conservation of exon-intron structure as an additional evolutionary signal. preGNAI,
preGNAQ, and preGNAV share six exon borders and four split codons (codons encoded
across two exons) in comparison to the other families suggesting a common origin for
these three families (Figure 2.3). Only four major exon borders are shared between these
three genes and preGNAS.

Focusing on the Gai and Gaq families, it was theorized by Wilkie et al. that a
progenitor gene to GNAI and GNAQ (denoted here as preGNAI/Q) was tandemly
duplicated (preGNAIL/Q’-preGNAI/Q’’) and then underwent a larger chromosomal or
regional duplication which ultimately led to the preGNAI-preGNAI’’ and preGNAQ -
preGNAQ’’ gene pair arrangements* (Figure 2.4a). Indeed, many others also noted the
similar exon-intron organization between paralogs of the Goi and Gaq families; taken
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together, this strongly suggests a shared ancestral tandem duplication between these
families®® # ** *°_ Our genomic data of the exon lengths, positions of exon borders, split
codons shared across two exons, conserved synteny mapping (gene co-localization) and
sequence similarities also support the hypothesis of a tandem duplication event and a
regional duplication event of a preGNAI/Q progenitor. However, we propose a different
timeline for the tandem duplication(s) and the regional duplication relative to each other.

The individual preGNAI and preGNAQ genes in non-Deuterostomia species
investigated show that the exon-intron border positions are conserved in Cnidaria and
Placozoa. As seen in Figure 2.3, these two families (and their subfamily members in
Vertebrata) maintain their own family-specific exon borders and split codons; preGNAI
contains eight exons while preGNAQ is composed of seven protein-coding exons
(excluding variations within Protostomia). In addition, preGNAI and preGNAQ are not
arranged in tandem within the investigated Protostomia and Cnidaria species. If the tandem
duplication was ancestral to the regional duplication and differentiation of preGNAI and
preGNAQ, this would require independent intron gain and loss events within exon2/3 of
preGNAI and exon2 of preGNAQ as well as independent lineage-specific losses of one of
the gene copies in both preGNAI’ and preGNAQ’ gene pairs in the lineages which evolved
after the divergence of preGNAI/Q into separate genes. Therefore, we conclude that it is
highly unlikely that the tandem duplication occurred before the duplication and divergence
of preGNAI and preGNAQ into separate genes.

Instead of preGNAI/Q tandemly duplicating into preGNAI/Q’-preGNAI/Q’’, we
propose that preGNAI/Q duplicated and diverged into the separate genes of preGNAI and

preGNAQ before the emergence of Metazoa. preGNAI and preGNAQ then underwent two
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independent tandem duplications preceding the 2R WGD events at the emergence of
Vertebrata; this gave rise to the preGNAI-preGNAI’’ and preGNAQ -preGNAQ"’ paralog
pairs that retained their tandem orientation (Figure 2.4). These genes are also referred to as
GNAIO-GNATO and GNAQ/11-GNA14/15, respectively.

No confirmed tandem duplications of preGNAQ were found in the investigated species
prior to the 2R WGD of Vertebrata. This suggests that though lineage-specific duplications
may have occurred, preGNAQ tandemly duplicated into the preGNAQ -preGNAQ "’ pair at
the root of the Vertebrata lineage prior to the 2R WGD events. This progenitor pair then
duplicated twice and retained the two gene pairs GNAQ-GNA14 and GNA11-GNA15 in
Vertebrata.

We identified tandem duplications of preGNAI into what could be the progenitor
preGNAI'-preGNAI’’ arrangements in Placozoa and Hemichordata. The gene pairs are
both arranged in head to head orientations similar to those found in the two of the GNAI
and GNAT gene pairs of Vertebrata. The placozoan preGNAI duplications
(Gla_Tadhaerens and Glb_Tadhaerens) both group within the preGNAI subtree with
medium BS values (43). Within Hemichordata, one gene copy (Gla_AcornWorm) groups
with the preGNAI subtree while the other forms the root of the GNAT subtree
(GIb_AcornWorm) (Figure 2.2). Though this grouping suggests that the gene pair may be a
preGNAIO-preGNATO set, the low BS value (14) prevents this conclusion. All other
identified preGNAI duplicates found within Echinodermata and non-vertebrate Chordata
are not in a tandem arrangement; however, their small contig sizes prohibit thorough
examination of conserved synteny. Overall, this suggests that the tandem duplication of

preGNAI could have occurred prior to the emergence of Deuterostomia, but our
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annotations are not sufficient for further speculation without including more sequences and
synteny information.

Independent Duplications of preGNAI led to the Emergence of preGNAV and
preGNAO

We further expand on the hypothesis set by Wilkie et al. by including Gav into our
analysis*. Discovered in 20092 Gav represents what some suggest is the fifth and final
family of the G protein a subunit in animals®. Though Gav has been uniquely identified as
a separate family by its exon-intron orientation, its gene structure also provides a history
linked to the Gai and Goq families. In comparison to (pre)GNAI genes, exon? is split into
exon7 and 8 in the GNAV of Vertebrata, and the nucleotide lengths of exons2 and 3 are
also altered between the two families (Figure 2.5a). From our analysis, we find that the
split exon7 and 8 of (pre)GNAV does not exist outside of Vertebrata and Cephalochordata.
Indeed, in Echinodermata and Hemichordata, we find an exon-intron structure of preGNAV
closely akin to preGNAI and preGNAQ (Figure 2.5b). As we and others*® # find no
evidence of full-length GNAV sequences in the Agnatha (jawless vertebrates), or in any of
the four Urochordata lineages investigated, the exact timing of this change in exon-intron
structure remains unknown. Nevertheless, it is tempting to speculate that this represents the
ancestral exon-intron structure of GNAV while the additional intron was gained in the
ancestor of Cephalochordata and Vertebrata. Intron gains are an unsurprising addition to
gene structures, given the usefulness of introns for elevated transcript accumulation,
maturation, and splicing of protein-encoding genes'*****,
To determine if preGNAV was derived from a duplication of either preGNAI or

preGNAQ, we built ML trees of all (non-)Vertebrata preGNAI, Q, and V sequences.

Interrogation of the sequence divergence between these families suggests that preGNAV is
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more closely related to preGNAI (and preGNAOQO) than to preGNAQ (Figure 2.5¢). We
hypothesize that preGNAV originated from an ancestral duplication of preGNAI before the
emergence of Metazoa as we and others'® % have found this paralog across Metazoa
lineages (Protostomia, Deuterostomia, and Cnidaria) as well as reports of its existence
outside of Metazoa (Choanoflagellatea and Filasterea)™.

Unlike preGNAV, preGNAO conserves the positions of the eight exon borders and the
shared split codons that are hallmark of the Gai family. As noted before, preGNAO is
present in Placozoa, Protostomia and in Deuterostomia’®. This suggests that preGNAI
duplicated before the emergence of Bilateria, to give rise to the preGNAO gene (Figure
2.4b). Indeed Krishnan et al. found evidence of preGNAO-like sequences in several species
of Metazoa (Amphimedon queenslandica and Mnemiopsis leidyi)**.
preGNA12 Originated from a Retrotransposition

The (pre)GNA12 gene shares no exon border positions or split codons across exons
with any of the other members of the Ga family (Figure 2.3). Instead, its exon-intron
structure hints that preGNA12 originated from a retrotransposition (Figure 2.4b). The ML
tree (Figure 2.2) suggests preGNA12 may have originated from a retrotransposition of a
preGNAQ sequence, but more sequences outside of Metazoa are required to interrogate this
origin. Evidence of preGNA12-like sequences have been found in several branches of
Holozoa™. After the retrotransposition, we hypothesize that introns were gained for ease of
transcription.

Indeed, across the different branches of Vertebrata and non-vertebrate Deuterostomia
we observe flexibility of the exon-intron structure within this family as introns were gained

at different positions along the gene in different species (Figure 2.6a-d). The same is true
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after the duplication of preGNA12 (into GNA12 and GNA13) coinciding with the 2R WGD.
The GNA13 paralog is conserved across Vertebrata, but we see altered exon-intron border
positions between species which arose before and after the 3R WGD of Teleostei (Figure
2.6e-g) (the 3R WGD is discussed below). Intron gains have been found to promote gene
expression, transcript maturity, accumulation, and processing™®** The flexibility of the
exon-intron structure within the Gal2 family across species, its lack of similarity to the
other family members’ exon-intron structures, and its diversity in function®, all suggest the
possibility of preGNA12 being the product of a reinsertion event and subsequent
neofunctionalization before the lineage of Metazoa arose.

Gas is Related to Gai/q
Excluding retrogenes, all preGNA- genes (preGNAV, preGNAI, preGNAQ, and

preGNAS) shared at least four exon border positions and three split codons (codons
encoded across two exons) before the emergence of Metazoa. This suggests that
preGNAI/Q and preGNAS may have arisen as a result of a gene duplication event from a
common ancestor (Figure 2.4). preGNAS-like sequences have been putatively seen in
Choanoflagellatea and unicellular Holozoa lineages®. Further analysis is required to
ascertain the exact evolutionary relationship between the Gas and Gai/q families; however,
we see that (pre)GNAV and (pre)GNAI form a monophyletic group while (pre)GNAS
clusters outside of this branch on the ML tree (Figure 2.2).

Individual Exon Duplications of preGNAI/Q and preGNAS in Lancelets
Prior to the 2R WGD of Vertebrata, many paralogs underwent independent, local,

single exon duplication events. Our findings are expanded upon in Appendix A.ii. Briefly,
exon6 of preGNAI in Cephalochordata is duplicated and available for alternative splicing

as well as exon5 of preGNAQ in the same lancelet species investigated (Supplemental
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Figure 2.2a-b). As this exon corresponds to two homologous sequence regions between
these paralogs, we investigated whether this was the result of two independent exon
duplications in both paralogs or whether the exon was duplicated in the ancestral
preGNAI/Q but subsequently lost in all lineages except Cephalochordata. To test this
hypothesis, we built ML trees on the nucleotide level composed of the exonic sequences in
question (Supplemental Figure 2.2¢).

Our findings point to two independent exon duplications within lancelet preGNAI and
preGNAQ respectively. The exon duplications allow these paralogs to alternatively include
either of the two different exons sequences within an mRNA transcript. These exons
correspond to protein sequences in critical regions of the tertiary fold necessary for protein-
protein interactions. Such interfaces are necessary for binding the Gy subunits, Regulators
of G protein signaling (RGS), Phospholipase C (PLC) and other downstream effector
proteins (Supplemental Figure 2.2c-d). Therefore, these two independent exon duplication
events may have allowed for the evolution of new functionality by increasing sequence
diversity within Cephalochordata.

Additionally, Cephalochordata preGNAS can also be alternatively spliced giving rise to
two transcripts that differ in the sequence of their final two exons (Supplemental Figure
2.3a). This alternative splicing event introduces changes to the protein sequence when
translated which could alter GPCR interaction and subsequent G protein activation
(Supplemental Figure 2.3b).

Deviations from Previous Publications
One of the most important results from this study is the updated view of (pre)GNA-

evolution, specifically regarding paralog emergence and loss events across non-vertebrate
Deuterostomia species. The genes annotated through the EMS pipeline show a more
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thorough and consistent picture of when each paralog emerged relative to one another. The
increased genome availability, in addition to our fine-tuned approach, has led us to
discover more accurate records of gene gain/loss events and gene duplications. We also
sought to confirm our paralog counts with available transcriptome and expression data*®
194 Though transcriptome and expression data are not publicly available for all species
with sequenced genomes, we validated many of our paralog annotations. This additional
information is summarized in Supplemental Table 2.2.
Ga Paralog Evolution after the Vertebrate 2R WGD

Paralog Gains and Losses

After a whole genome duplication event, new genetic material will either be maintained
(if evolving under purifying or positive selection pressures) or will vanish into the genomic
background (if evolving under neutral selection)'*. Duplicated genes that are maintained
may gain new functions or subfunctionalize through mutations in the protein-coding
sequence. Temporal and spatial expression patterns may be altered through changes in
regulatory regions of the gene. Changes may be maintained to compensate for dosage
effects, or serve as a failsafe against the accumulation of deleterious mutations*®**®, It was
estimated that after the 2R WGD of Vertebrata only 20-25% of the duplicated genetic

52, 136

material was retained within genomes . Genes with a low rate of amino acid

D 149

substitution are more likely to be retained after a WGD™™, as are genes involved in the

nervous system™ or cellular signaling®®*

. The Ga subunit is considered a housekeeping
gene due to its pivotal role in transducing and amplifying signaling cascades in all cells.
Many paralogs are ubiquitously expressed (Gas, 12, 13, q, 12) in mammalian tissues, and
all but Gal4 and Gal5 are expressed in the brain or neurosensory tissues®. Therefore, the

duplicated and retained GNA- genes (Table 2.1b-c) are expected to evolve under strong
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purifying pressure to prevent the gain of deleterious mutations. Many duplicated Ga
paralogs that were retained after the 2R WGD gained new functions, interaction partners,
25,49

tissue specificity and/or new cellular signaling properties

The Radiation of Gai
The Goai family expanded in Vertebrata to include GNAI1-4, GNAT1-4, and GNAZ, in

addition to GNAO. GNAT4 and GNAI4 were quickly deleted. A ML tree built on the
nucleotide level further supports the emergence of these paralogs from the 2R WGD in
Vertebrata, and shows the pattern of GNAIO-GNATO duplication by resolving GNAI2 as the
outgroup of the Gai subfamily and GNAT1 as outgroup of the Gat subfamily when
excluding lamprey sequences (Figure 2.7). These outgroups support the hypothesis of the
individual Gai and Gat subfamily members emerging through the tandem duplication of
preGNAI followed by two consecutive whole genome duplications. The tree constructed in
the current study has a different tree topology than those constructed with amino acid

1.#° and Krishnan et al.'®. This tree topology is in accordance

sequences by Lagman et a
with the arrangement of GNAI2 and GNAT1 as neighbors, which resolves the
inconclusiveness of previous studies.

We found no evidence of the proposed GNAT-like progenitor gene® in the Chordate
lineage (preGNATO) prior to Vertebrata divergence; this is in accordance with previous
findings®. In addition, we identified a putative preGNATO sequence within the
Hemichordata lineage (denoted Glb_AcornWorm), that is positioned in a head to tail
arrangement with a preGNAI gene (Gla_AcornWorm). Nevertheless, the low BS support
(14) of Glb_AcornWorm with the split of the Vertebrata GNAT subtree prevents the
conclusion that this duplication is a 1:1 ortholog to GNATO.

GNATS3, which is situated adjacent to GNAIL in a head to head orientation, is lost in a
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lineage-specific manner in Amphibia and Actinopterygii (ray-finned fishes) as reported

previously*” **

and confirmed by the current study. The conserved synteny regions around
GNAI1 are maintained, revealing that this loss of GNAT3 is local and not connected to
additional rearrangements. The fourth GNAI-GNAT gene pair (GNAI4-GNAT4) was
predicted to be immediately lost subsequent to the 2R WGD*®; synteny mapping in humans
show a conserved fourth set of genes surrounding the region where the GNAI4-GNAT4 pair
was initially situated after duplication and then presumably deleted*.

However, we found nucleotide sequence evidence for all four paralogs of GNAI in the
Agnatha lineage in both lamprey species investigated, which may correspond to the four
copies originating from duplications of the GNAIO-GNATO gene pair. All four GNAI genes
have the same eight protein-coding exon structure with conserved border positions, and the
ML tree shows GNAI1-4 all clustering close to the root of the Gnathostomata (jawed
vertebrate) GNAI subtree. Synteny mapping supports the expected head to tail orientation
of the GNAT1-GNAI2 pair and the head to head orientation of GNAI3-GNAT2. In addition,
GNAI1 synteny supports the loss of GNAT3 by maintaining conserved flanking gene
orthologs. While a fourth copy of GNAI (GNAI4) has been briefly described previously in
lampreys™*, the lack of clear synteny information prevents further validation of its origin in
the Vertebrata ancestor. Though the conservation of exon border positions, split codons,
and nucleotide sequence support the assignment of this paralog to the Gai subfamily,
evidence of conserved gene neighbors are needed to ascertain if this paralog is the product
of an independent duplication or if it is a product of the 2R WGD. There is no evidence of
orthologs to the lamprey-specific GNAI4 in other Vertebrata lineages.

In addition, we found no evidence of GNAT4 in any Vertebrata lineage. Previous
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groups proposed a fourth member of GNAT was present in lamprey (denoted GNAX or
GNAT4)*®. We find that though this gene (denoted here as GNAT1) is situated close to the
root of the phylogenetic tree (Figure 2.7), its sequence, in addition to its synteny with
GNAI2, suggests it is an ortholog of GNAT1, not a novel GNAT gene or the missing fourth
member. With the data considered in the current study, we cannot resolve whether lamprey
GNAI1-3 and GNAT1-3 represent 1:1 orthologs to human GNAI1-3 and GNAT1-3,
respectively. This reflects the current debate about the exact timing of the 2R WGD
relative to the divergence of lampreys and possible lamprey-specific (whole) genome
93, 152

duplications

Goz
We show that, contrary to previous theories*’, GNAZ emerged after the 2R WGD

through the duplication of a Gai family member. We found no substantial evidence of
preGNAZ-like sequences in non-vertebrate Deuterostomia. The exon-intron structure of
GNAZ largely deviates from the exon-intron structure of other Gai family members
(Supplemental Figure 2.4). GNAZ is located on the opposite strand within an intron of the
RSPH14 gene. We hypothesize that GNAZ emerged through retrotransposition into this
position and subsequently gained one intron. This resulted in the conserved two protein-
coding exon gene structure. Appendix B.i discusses further analysis done to investigate
whether the intron of GNAZ carries signatures of insertion mediated by a retrotransposon
mechanism; however, no conservation of these residues was found in GNAZ.

We identified full-length GNAZ genes in all Vertebrate species evaluated (including
ghostshark), as well as partial genes (due to small contig size) in both lamprey species -
contrary to previous reports*®. The ML tree composed of all five primary families (Figure
2.2) shows GNAZ grouping tightly within the Gai family; this further suggests GNAZ
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originated from a retrotransposition of a Gai family member.

Two non-Vertebrata GNA-like sequences (B. schlosseri and T. adhaerens) are seen on
the ML tree to group with the GNAZ branch. Both genes in question possess a gene
structure that is highly similar to preGNAI. Thus, we conclude that these are not 1:1
orthologs of a putative preGNAZ.

Gao
Though preGNAO emerged before the 2R WGD, we do not find evidence of additional

GNAO gene copies being retained in Vertebrata after the whole genome duplications (with
the exception of Teleostei after the 3R WGD, discussed below). Instead we observe a local
duplication that gave rise to two mutually exclusive exons (7.2-8.2 and 7.1-8.1) that are
conserved in all major Vertebrata clades (Figure 2.8a).

The resulting two Gao isoforms likely show functional differences as the final two
exons of GNAO map to regions of the tertiary Goo protein structure (Figure 2.8b) which

have been shown to be necessary for receptor-G protein interaction™ ***

, receptor
selectivity, and subsequent G protein activation'®* **>*". GNAO.1 evolved slightly faster
after the duplication in comparison to GNAO.2 as indicated by a longer ancestral branch
(Figure 2.9). This is in accordance with results from the natural selection analysis. This
points to signs of positive selection (WFG = 613 +/- 428) acting on roughly 10% of the
residues on the GNAO.1 branch after duplication (1-p0-pl, see Supplemental Table 2.3).
Given this small percentage of residues, the exact estimate of selection pressure, ‘w’, in the
foreground branch is uncertain. In addition, 88% (+/- 9.9%) of all residues are under strong
purifying selection (w0 = 0.017 +/-0.004). Ten residues which were identified to be
positively selected differ systematically between GNAO.1 and GNAO.2; the amino acids

are conserved in GNAO.2 in comparison to the non-vertebrate Deuterostomia preGNAO
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(Supplemental Table 2.3, Supplemental Table 2.4, and Supplemental Figure 2.5).

Goq
Three of the four known family members (prior to Gav discovery) were previously

predicted to be situated on large blocks of duplicated genetic material®’

. We systematically
validated that preGNAQ duplicates (GNAQ, 14, 11 and 15) were present in all Vertebrata.
The head to tail arrangement of the gene pairs GNAQ-GNA14 and GNA11-GNAL1S5 is
conserved in all investigated species. As described above, we hypothesized that preGNAQ
underwent tandem duplication at the root of the Vertebrata lineage giving rise to the
preGNAQ -preGNAQ’’ progenitor gene pair prior to the 2R WGD. As seen in the ML
trees, GNAQ and GNA1l are very closely related while GNA14 and GNA15 though
diverged, group together.

GNA14 and 15 have gained sequence divergence, tissue expression specificity and new
functionality, while GNAQ and 11 appear to be ubiquitously expressed in mammalian
tissues and are involved in a high level of redundant cellular signaling processes®. We see
two lineage-specific losses of GNA15 in Coelacanthiformes as well as in Neoaves
(supported by loss in all six investigated neoavian species). No evidence of GNAL5
pseudogenes were found proximal to GNAL11 within those species pointing to a complete
loss of the gene. Additional EST and TSA data support the loss of GNA15 in Neoaves and

Coelacanthiformes (Supplemental Table 2.2).

Gas
During the 2R WGD, preGNAS duplicated to give rise to GNAS and GNAL (Gaolf)*';

GNAL developed tissue-specific expression and functional specificity within the olfactory
bulb and various neuronal tissues *°. We found a species-specific loss of GNAL in the

genome of the green anole lizard. However, when validating this putative loss with
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transcriptome and expression data, we found evidence of GNAL expression within lizard
TSA and EST data'® '* (Supplemental Table 2.2c-d). We thus conclude that GNAL must
be encoded within the genome of the green anole lizard though it is not represented within
the investigated genome assembly. Such issues have been previously reported and may be
due to problems during scaffold assembly and coverage during sequencing™®®.

In all investigated Vertebrata genomes, we show that GNAS possesses an upstream
alternative first exon, extra-long exon (XL-exon) (Figure 2.10a), which is similar in
sequence to the 3’ sequence of exonl1'®®. GNAL also possesses a homologous alternative,
longer upstream exon, suggesting that this alternative exon sequence existed before the 2R
WGD. The XL-exon appears to be absent in non-vertebrate Deuterostomia. Nevertheless,
we are careful to speculate about the exact timing of its emergence due to 1) the significant
variability in XL-exon’s length and its 5’ sequence which make homology searches
challenging, 2) the highly fragmented quality of the non-vertebrate genome assemblies
utilized which hinder even highly refined searches with the EMS pipeline. We were unable
to confirm the presence or absence of the XL-exon in preGNAS before the 2R WGD.
Transcriptome and expression data searches were also uninformative.

In addition to the XL-exon, an extra-extra-long exon (XXL-exon) has been reported
upstream of GNAS in human and rodent species'®®. Due to its variability in size
(approximately ranging from 1400 nt to 2300 nt) and vast sequence divergence, the XXL-

161, 162

exon was not investigated here. Conservation of imprinting and the gene promoter,

163, 164

which is shared with four other upstream genes , were not the subject of this study.

For excellent reports on the complex GNAS gene structure in Mammalia, please see™®® 1%

166
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As another peculiarity, GNAS possesses a cassette exon, exon3, which can be skipped

during splicing™®" ¢

(Figure 2.10a). The inclusion of exon3 adds 15 AA to the Gas protein
(14 AA encoded by this exon plus one AA encoded by a split codon shared with exon4).
When mapped onto the tertiary protein structure, the amino acid region encoded by exon3,
extends a flexible linker between a-helix1 of the enzymatic GTPase domain and a-helixA
of the helical domain (Figure 2.10b). This region may be important for G protein activation
and nucleotide exchange®" .

The cassette exon3 of GNAS appears to be a very “recent” evolutionary invention as we
only find it conserved in Placentalia (placental mammals) but not in other Vertebrata.
Interrogation of available transcriptome and expression data confirmed that there is no
evidence of exon3 existence outside of this branch (Supplemental Table 2.2). The intron
between exon2 and 4 is large (~43,000-72,000 nt) in non-placental Sarcopterygii, while the
homologous region becomes much smaller (~6,000-9,000 nt) after emergence of exon3.

We searched for sequences similar to exon3 in other species of Mammalia to elucidate
the possible origin of this new exon. We could not find sequence similarity to human
proteins from UniProt KB* or the NCBI database'® or to the intronic region between
exon2 and exon4 in 14 Sarcopterygii (lobed-finned fishes) when querying with the amino
acid and nucleotide sequence of exon3, respectively. Within Placentalia, a highly
conserved sequence stretch of roughly 75 nt is situated upstream and 25 nt downstream of
exon3, bookending the exon (Supplemental Figure 2.6). Appendix B.ii discusses predicted
motifs for DBPs and RBPs which may be present within this sequence stretch.

The emergence of exon3 in Placentalia also co-occurs with the ability of exon4 to be

extended by three nt (Figure 2.10, Supplemental Figure 2.7). This extension is mediated by
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a well-documented non-canonical SS ‘TG’ situated 3 nt upstream of the canonical SS
‘AG’'®®, The ‘TG’ splice recognition pattern shifts the SS to allow the nucleotides ‘CAG’
to be included within the exon. Due to the position of the splice junctions and the existence
of a split codon, a Serine (S) is encoded by the extension (Supplemental Figure 2.7).
Therefore, one codon is split across exon2 and exon3 or shared with exon4 resulting in four
different isoforms around this exon junction variation: exon2-E-exon3-G-exon4, exon2-E-
exon3-GS-exon4, exon2-D-exon4, exon2-DS-exon4.

We found no evidence of an extended exon4 outside of Placentalia in any genome
interrogated. Therefore, we conclude that exon3 and the extension of exon4 co-occurred in
the ancestor of Placentalia after the split from Marsupialia (marsupials). The expression of
all four possible variations of transcripts with the inclusion/exclusion of exon3 and the
possible extension of exon4 is supported by transcriptome and expression data.

Pyne et al. speculated that the additional amino acid arisen from the exon extension

170

could promote phosphorylation™™". We did not find any evidence for posttranslational

modifications at this or neighboring positions in UniProt KB*® or the PhosphoSite

database®”

. Amino acids encoded by exon3 and the exon4 extension are situated in a
flexible linker region between the GTPase domain and the helical domain of the G protein.
This region is unresolved in all crystal structures of the Gas subunit (Figure 2.10b).

Gal2
preGNA12 was duplicated to give rise to GNA12 and GNA13 in Vertebrata during the

2R WGD. Both paralogs are present in all Vertebrata genomes investigated with the
exception of GNA12 which appears to be lost within the interrogated species from
Amphibia (X. tropicalis and X. laevis). Available EST data also support a loss of GNA12
(Supplemental Table 2.2) though GNA13 is present in both species.
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Gav
GNAV was the most recently discovered member of the GNA- genes®” due to the

widespread loss of this paralog. GNAV was lost independently twice within Vertebrata: at
the base of Tetrapoda and at the base of Agnatha. Any preGNAV gene duplications were
not retained after the 2R WGD. Prior to the 2R WGD, preGNAV gained an intron dividing
exon? into two (Figure 2.5a). This gene structure is maintained in all species of Vertebrata
where the paralog is present (ghostshark, coelacanth, gar and Teleostei).

Individual Exon Duplications in GNAI, GNAQ, and GNA11
We found additional duplications of exon4 in GNAQ and GNAL1 in some species of

Vertebrata. The two different exon4 sequences (4.1 or 4.2, respectively) can be included
into the processed transcript via alternative splicing in coelacanth and gar GNAQ. GNA11
can mutually exclude exon4.1 or 4.2 in coelacanth, gar, and Teleostei (except for the
second copy of zebrafish and cod which possess only the .1 variant - GNA11lb.1)
(Supplemental Figure 2.10a). Surprisingly, the homologous sequence of preGNAI, encoded
by exonb5, can also be alternatively spliced in Urochordata. As this duplicated exon5 is only
present for preGNAI outside of Vertebrata, these genes appear to have undergone
independent local exon duplication events. This indicates an especially high susceptibility
for this region to be retained after local exon duplication. The protein segment encoded by
these exon sequences mediates the interaction of Ga with the Gy subunits as shown from
the overlay of these exon positions onto the tertiary protein structures (Supplemental
Figure 2.10b). Such interaction is necessary for G protein heterotrimer formation'®" "2,
interaction with the GPCR'Y® 13 and ultimately signal cessation and complex

reformation'’®. For further analysis of these exons, please see Appendix B.iii.

Non-canonical Splice Sites of GNAI1
Flanking most exons are highly conserved SS sequence patterns which direct the
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binding of the splicing machinery and thus mediate the removal of introns out of the
primary RNA transcripts*™®. The canonical SS ‘GT’ is found immediately downstream of
the transcribed exon (5’ SS of the intron) while ‘AG’ is found upstream of an exon (3’

175 We found conservation of

intron SS) in 98.93% of all splicing events in Vertebrata
these canonical ‘GT-AG’ splicing patterns for all of the exon sequences annotated with two
exceptions. The first is the alternative upstream SS of exon4 in GNAS in Placentalia which
has been discussed above.

In addition, we found the highly conserved 5’ non-canonical SS ‘GC’ in intron6 of
GNAIL in most species of Sauropsida and Mammalia (Supplemental Figure 2.11). ‘GC-
AG’ represents 0.89% of all splicing events, making it the most common SS in Vertebrata
after ‘GT-AG’'™. This non-canonical SS is present in neither species of Amphibia
investigated (X. tropicalis and X. laevis) nor in alligator. All fishes investigated possess the
canonical ‘GT’ 5” SS for intron6; however, this region is unresolved in the coelacanth
genome preventing dating of exact origin of this non-canonical SS.

The emergence of the non-canonical SS in GNAIL co-occurs with the conservation of
the extended ‘GC’ SS consensus motif: ‘AAG’ (exonic) and ‘GCAAGT’ (intronic) with
one substitution in the exonic region indicated in bold®. These nucleotides are not
conserved in Deuterostomia possessing the canonical SS (Supplemental Figure 2.11). It
can be excluded that the non-canonical SS is involved in the skipping of exon6 as no such
isoform is supported by EST or TSA data. The conservation of the extended ‘GC-AG’ SS
consensus motif thus promotes splicing of exon6, and it is not involved in alternative
splicing.

The observed switch from a canonical to a non-canonical SS and its systematic
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conservation is surprising. Therefore, we evaluated potential selective pressures acting on
nucleotides surrounding the SS, e.g. to maintain binding sites of RBPs or DBPs requiring
its strict conservation in Mammalia and Sauropsida. Non-canonical SS may also regulate
tissue-specific expression and alternative splicing efficiency’”™; GNAIL1 has widely
distributed mammalian tissue expression® and no functional alternative transcripts were
found for this gene.

To evaluate other potential selection pressures present in this region, we compared the
nucleotide sequences surrounding the non-canonical SS to species possessing the canonical
SS and scanned for local enrichment of DBP and RBP motifs. We uncovered several
potential transcription factor binding sites (Supplemental Figure 2.12a) and RBP motifs
(Supplemental Figure 2.12b) that overlap with the respective non-canonical SS region.
These binding motifs are strictly conserved in all Mammalia and Neoavies genomes yet are
not conserved in the four control species with canonical SS. The only exception being the
RBP motif for FXR1; this motif seems to be shifted, making binding as equally likely in
comparison to the control. The other DBPs all have a reduced binding probability in the
control species. Although these motifs show an interesting distribution across the positive
and control set, none of the binding motifs are seen more often in the positive than in the
control set (Fisher’s exact test). Therefore, experimental validation is necessary to infer the
roles of these cis-regulatory factors in transcription and splicing of GNAIL.

Retrogenes in Primates
We find that GNA- genes have also been subjected to repeated retrotransposition during

very recent evolutionary history, specifically during the evolution of primates and specific
suborders within (Supplemental Table 2.5). We detected at least 15 GNA-
retrotransposition events in primates that led to the insertion of a retrotransposed copy on a
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non-parental chromosome. The retrotranspositions occurred in members of four out of the
five Go families, with most events in the Gas family (six). Additionally, the GNA1l
retrogene GS1-124K5.9 was tandemly duplicated on two subsequent occasions as indicated
by the location of these retrogenes in proximity to their parent retrogene. This duplication
was followed by a rearrangement in the ancestor of Cercopithecidae (old world monkeys),
while both copies are located in a head to tail arrangement immediately adjacent within
gorilla. Seven of the 15 retrotranspositions are species-specific and limited to the marmoset
and tarsier-lineages. Most of these species-specific retrotranspositions still show high
sequence similarity to the AA sequence of their parent genes with single ORFs of the
retrotransposon aligning to 60-300 AA of the parent. Surprisingly, the gorilla-specific copy
of GS1-124K5.9 conserves more than 80% of the full-length ORF of the parent gene with
99.34% sequence identity to the protein sequence. All other retrotranspositions were
detectable in at least eight of the twelve investigated primate genomes; the only exception
being independent retrogene3 which was only detected in two Cercopithecidae species
(macaque and baboon).

Most of the primate retrogenes degraded into pseudo-retrogenes conserving several
short ORFs that are still similar to the parent genes. GS1-124K5.9 and GNAQP1 are
interesting examples of pseudo-retrogenes which conserve a homologous region longer
than 40 AA with high similarity to the parent protein across all Catarrhini. GNAQP1 covers
an amino acid stretch homologous to AA 1-105 of GNAQ within all Hominoidae (apes).
Interestingly, promotors are annotated directly upstream of GNAQP1 and GS1-124K5.9 on

97
I

the same strand in human (Ensembl™"). Pseudo-retrogenes can also be a source for novel

peptides. Within GNAI2P1 and GS1-124K5.9, we detected short ORFs with protein-coding
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potential conserved in all investigated primates (see Methods). These ORFs do not show
any sequence similarity to the parent protein sequences and are thus candidates for short,
novel peptides*’”.

Our strategy to identify retrogenes is conservative as we queried the primate genomes
with only the annotated GNA- retrogenes from human rather than querying with the full
length parent genes. Therefore, species-specific retrotranspositions or retrotranspositions
that did not conserve the same region of the parent gene as the annotated human retrogene
were not captured. The 15 retrogenes captured here should be considered the lower
boundary rather than an exact count of retrogenes. Instead the high frequency of
retrotranspositions in the evolutionary history of GNA- genes is exemplified in the primate
lineage.

This observation is in accordance with findings that correlate retrotransposition with

178173 Most members of the Ga

the expression level of the parent gene in germ line tissue
family are housekeeping proteins that are known to have widely distributed or ubiquitous
expression patterns throughout the body®®. In addition, the activity of retrotransposable
elements is known to be high in primates'®. These events in Mammalia are mediated by
LINE1 retrotransposons, which can recognize processed and polyadenylated mRNA
transcripts. These mMRNA are subsequently reverse transcribed and inserted into the DNA
through the activity of an endonuclease. Retrotransposons usually must gain new
regulatory elements unless they possess a downstream alternative ORF. The existence of

an upstream promotor in the GNAQP1 and GS1-124K5.9 pseudogenes in human, together

with a high conservation of the ORFs, makes these candidates for functional retrogenes.
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Ga Paralogs after the 3R WGD in Teleostei

Paralog Gains and Losses

In addition to the Vertebrata 2R WGD>" ** a third round of whole genome duplication
(3R WGD) occurred at the base of Teleostei'*® 8% 18 |t js estimated that over 75% of the
genes which arose from the 3R WGD were subsequently lost'®" *¥. The paralog gains and
losses obtained from the EMS are summarized in Table 2.1. We confirmed and updated the
paralog counts reported by Oka et al.>*. Briefly, we find two copies of GNAI1, GNAI2,
GNAL, GNA11, and GNA14 in all Teleostei. GNAV, GNAS, GNAQ all have two copies
present in Euteleostei, but only one copy remains in zebrafish. GNAO and GNAL13 also
have two copies, though there are lineage-specific deletions in pufferfish and Atlantic cod,
respectively. Only one copy is maintained after the 3R WGD for GNAI3, GNAZ, GNAT1,
and GNAT2. GNA12 also has one copy retained in Euteleostei, but two copies are present
in zebrafish. It appears that zebrafish GNA15 underwent several duplications resulting in
an arrangement of four GNA15 paralogs™ situated on the same chromosome next to each
other with otherwise conserved synteny. At least three of the four copies are expressed as
confirmed by EST and TSA data. GNAT3 is deleted in all Actinopterygii. Of the paralogs
that are retained, we find variations in the positions of intron-exon borders (GNA12 and
GNA13) and variations in alternative splicing patterns (GNAO, GNA1l, GNAQ) as

discussed in other sections.

GNAO Alternative Splicing in Teleostei
Two copies of GNAO were retained after the 3R WGD (except within pufferfish). In

zebrafish, Japanese medaka and stickleback both mutually exclusive exons (exon7.2-8.2
and exon7.1-8.1) were retained in one copy (referred to as gene copy “a” - GNAOa.l1 and
GNAOa.2). The other gene copy (GNAODb) lost one pair of exons7-8 immediately
following the 3R WGD. In pufferfish, we see a lineage-specific deletion of the complete
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GNAOa copy (Figure 2.9a).

To determine which copies of the exon sequences were retained in these paralogs
(either variant .1 or .2), we created a ML tree of the nucleotide sequences for GNAO’s
exon7 and exon8 across all phylogenetic branches evaluated. We see that the alternatively
spliced exons7 and 8 of GNAOa possess both the .1 and the .2 transcript variants while all
of the .1 sequence variants are conserved within GNAOb. Thus, we resolve that the .2 exon
pair of GNAOb was lost at the base of Teleostei and that GNAOa.2 was lost independently
in Atlantic cod. In our selection analysis, we did not detect any residues under positive
selection in any of the ancestral branches tested (GNAOb.1, GNAOa.1 and GNAOa.2).
While all residues of exons 7.1 and 8.1 are under strong purifying selection in both a and b
copies (w = 0.0075), the selection pressure is slightly released with about 6% of residues
evolving under neutral selection in the ancestral branch leading to GNAOa.2. This might

also reflect the released pressure that ultimately led to the loss of GNAOD.2 in all Teleostei.
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2.4 Conclusions
Conclusions

The EMS is a powerful and novel method for the assistance of sequence annotation
from highly fragmented genome assemblies'®. Through its use, we have exhaustively
searched through dozens of genomes to identify the presence and absence of paralogous
genes within the Ga family and exon-intron border rearrangements. We computationally
annotated genes for all subfamilies of the Ga subunit of heterotrimeric G proteins across
Deuterostomia phylogeny with the EMS pipeline and collected four species outgroups
from Metazoa. These sequences are from a representative 49 species from all major clades
(where genome assemblies allow) and give insight into the evolution of the subfamilies
beyond that of model organisms.

We found significant deviations from previous literature on the presence and absence
of GNA- paralogs. Our updated report allows us to refine the theories surrounding Go
evolution. Briefly, we propose a Ga progenitor gene (preGNA-) duplicated into preGNAS
and preGNAI/Q. preGNAI/Q duplicated and diverged into preGNAI and preGNAQ.
preGNA12 originated as a retrogene which was reinserted into the genome as an intronless
sequence and subsequently gained introns. preGNAV appears to be a duplication of
preGNAI. All five primary families are predicted to have differentiated and evolved prior
to the emergence of Metazoa. preGNAI and preGNAQ each underwent independent tandem
duplications prior to the 2R WGD. Tandem duplication of preGNAQ occurred at the root
of the Vertebrata lineage. preGNAI may have tandemly duplicated prior to the split of
Chordata and non-chordate Deuterostomia, though more support is needed to validate this

timeline.
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In addition to the major findings within this manuscript, we also uncovered previously
unknown variance in gene duplications, the conservation of alternative splicing patterns,
exon duplications/insertions, non-canonical SS, conserved DBP and RBP motifs, and
traced back the emergence of primate retrogenes. Each of these variants are expanded upon
in the appendices. In addition, our curated sequences have been made available for use as
the basis of future annotations, sequencing efforts, and as seed inputs for developing

biological questions surrounding the Ga family.

Abbreviations

EMS - ExonMatchSolver

GPCR - G protein Coupled Receptor

TCE - Translated Coding Exon

2R WGD - 2" (and 1*) Round of Whole Genome Duplication in the Vertebrata
ancestor

3R WGD - 3" Round of Whole Genome Duplication in the Teleostei ancestor
SS - Splice Site

EST - Expressed Sequence Tags

TSA - Transcriptome Shotgun Assembly

BS - Bootstrap

AA - Amino Acid

nt - Nucleotide

ML - Maximum Likelihood

RGS - Regulator of G protein Signaling

PLCP - Phospholipase Cp

XL - Extra-long exonl (GNAS and GNAL)

XXL - Extra-extra-long exonl (GNAS)

DBP - DNA binding protein

RBP - RNA binding protein

ORF - Open reading frame
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2.5 Supplemental Information

Appendix A.i — Lineage-specific duplications across Metazoa shed light on gene
flexibility and duplication integrity.

Of note, there are other lineage-specific tandem duplications found for preGNAI within
Placozoa (T. adhaerens). We found evidence of preGNAI tandemly duplicating into three
copies (copy a and b are side by side, and the third ‘c’ copy lies ~116,000 nucleotides
downstream). All three copies of preGNAI maintain the same exon-intron structure (eight
protein-coding exons with five split codons). As mentioned before, the preGNAla and b
copies group within the preGNAI subtree as an independent branch, while copy ‘¢’ forms
the base of the GNAZ tree. Despite the location of preGNAIc on the ML tree, it is unlikely
that it is a progenitor to the vertebrate GNAZ due to its absence in all other non-vertebrate
Metazoa lineages investigated. In addition, GNAZ genes are situated within the intron of
RSPH14 genes in Vertebrata. Introns of RSPH14-like sequences found in all non-vertebrate
Deuterostomia branches did not possess traces of this preGNAIc gene or any other
preGNAZ-like gene. Taken together this suggests that preGNAIc is the result of an
independent, local gene duplication event which occurred within T. adhaerens. Therefore,
we term the third copy of preGNAI in Placozoa as preGNAIc and not preGNAZ.

The putative fourth copy of preGNAI in T. adhaerens was identified as preGNAO
which lies on a different scaffold roughly 750,000 nt upstream of preGNAS. preGNA12 is
also tandemly duplicated into two adjacent genes. These gene copies are arranged in a head
to tail orientation on the same scaffold roughly 3,000 nt apart.

preGNAI duplications in Cnidaria, N. vectensis, are not tandem, but rather are located
on separate scaffolds of either 46,000 or 37,000 base pairs in size. The multiple gene

copies all appear to be lineage-specific duplications, as the ML tree shows both a and b
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copies forming their own separate branch, independent of the T. adhaerens tandemly
duplicated genes. As they all maintain the conserved exon-intron structures specific to
GNALI, these data support our hypothesis of preGNAI and preGNAQ differentiating into
separate genes before the emergence of Holozoa.

Only one possible duplication event of preGNAQ was found within the investigated
non-Deuterostomia species. A gene fragment in B. schlosseri was found (missing 4.5 out of
7 exons) which groups within the GNA15 subtree (Gaq family). Due to the lack of
available synteny, transcriptome and expression data, it is inconclusive whether this gene is
a pseudogene or a full length preGNA- gene.

Two copies of preGNAS genes were identified within D. melanogaster (denoted
Galphas and GalphaF). These genes do not share synteny and are located on chromosomes
2R and 3L, respectively. In addition, GalphaS only shares seven exon border positions with
the gene structure found for preGNAS; GalphaF maintains only three.

Two copies of preGNAS were found in both species of Echinodermata investigated and
in Hemichordata suggesting a local duplication of this gene occurred within non-chordate
Deuterostomia which maintained its exon-intron structure. We created a ML tree of all
sequences found through the EMS pipeline (Figure 2.2). We find that these preGNAS are
situated at the root of the GNAS/GNAL branch of Vertebrata. Nevertheless, the preGNAS
do not form a monophyletic group. In addition, none of preGNAS duplications appear to
share synteny, though lack of large contig size for all paralogs prevents a thorough analysis
of gene neighbors.

The duplication of preGNA12, found in P. miniata (bat star starfish), also does not

appear to be tandem, but rather an independent gene duplication. It does not appear to be a
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progenitor to the Vertebrata GNA13 as it groups tightly to preGNA12 genes found in
Echinodermata and other non-vertebrate preGNA12 genes.

Two preGNAV-like sequence fragments were found within S. kowalevskii and B.
belcheri (Hemichordata and Cephalochordata, respectively). The sequence fragments
maintain some conserved exon border positions indicative of preGNAV. However, the
small contig size and missing data prevented identification of start codons within the
sequences. Therefore, it is unclear if these fragments are true protein-coding genes which
were not fully assembled or they represent pseudogene remnants of a parent preGNAV
duplication. Within the ML tree, these two gene fragments are situated between the
(pre)GNAYV and (pre)GNAS subtrees.

In Urochordata, we find evidence of multiple independent retrotranspositions which led
to the reinsertion of preGNAI into different regions of the genome as an intronless gene or
as fragments which maintained some exon border positions. In two species (C. intestinalis
and C. savignyi), several different reinsertions were found that group within the preGNAI
branch. Synteny mapping was unsuccessful in distinguishing gene neighbors around these
two paralogs. In B. schlosseri other gene duplications and fragments were found; these
genes are sequentially distinct from those found in the C. intestinalis and C. savignyi
species. Two nest within the preGNAI branch, one appears to be a fragment of a preGNAV-
like gene, while the fourth gene, though it maintains some preGNAI/GNAV-like exon

border positions groups betwixt the GNAV and GNAS subtrees.

Appendix A.ii — Individual, local exon duplication across phyla and preGNA- paralogs.
In addition to the local, full-length duplications of (pre)GNA- genes in different

branches, we also found evidence of smaller duplications involving individual exons within
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some of the (pre)GNA- genes. These exon duplications gave rise to alternative transcripts
with different mutually exclusive exons.

In preGNAI, we found evidence of exon6 being duplicated, while in preGNAQ exon5
was duplicated in both species of Cephalochordata (B. floridae and B. belcheri)
(Supplemental Figure 2.2a-b). Though exon6 of preGNAI and exon5 of preGNAQ
correspond to homologous sequence regions, we did not find evidence of this exon
duplication arising before the emergence of separate preGNAI and preGNAQ genes (pre-
Metazoa divergence). Instead it appears that both alternative splicing events arose
independently at the base of the Cephalochordata lineage. All tests for recombination/gene
conversion were negative.

If this exon duplication had occurred before the divergence of preGNAI and preGNAQ
(within preGNAI/Q), all other non-Cephalochordata Metazoa (non-lancelet) lineages would
have each independently lost their ability to alternatively splice this exon sequence in both
families. This seems unlikely, as it would require independent losses of both, the
duplicated exon6 in preGNAI and the duplicated exon5 in preGNAQ across all other
Metazoa branches.

To test this unlikely scenario, we built ML trees of the non-vertebrate Deuterostomia
preGNAI and preGNAQ nucleotide sequences which corresponded to the mutually
exclusive exons, exon6 or exonb, respectively. If the duplication of this exon occurred in
preGNAI/Q, we expect the mutually exclusive exons (.1 and .2) of preGNAI and preGNAQ
to be more akin to each other across species than to their own family, (pre)GNAI or
(pre)GNAQ, respectively. Instead, we see that each of the mutually exclusive exons is more

closely related to the other members of its own family (Supplemental Figure 2.2e). This
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suggests that preGNAI duplicated its exon5 independently of the preGNAQ duplication of
exon6, and both occurred within the lancelet lineage.

We then compared the number of per site nucleotide substitutions that arose since the
split of preGNAI and preGNAQ until the speciation of both lancelets to create two sets of
sequences: exons 5/6 vs. all other exons. The average nucleotide substitution rate of exons
5/6 is roughly equal to the substitution rate for all other exons (0.6 vs. 0.57). In contrast,
the average rate of nucleotide substitution is higher for the branches leading to preGNAQ
exon5.1 and preGNAI exon6.1, respectively, than for the other exons (0.69, 0.65). This
suggests an increased substitution rate in the branches leading to preGNAQ exon5.1 and
preGNAI exon6.1 after the exon duplication.

The lancelet lineage appears to have undergone several such local exon duplication
events. We found evidence of alternative splicing of the final two exons of preGNAS in
both species of lancelets investigated (Supplemental Figure 2.3). The second of the exon
pairs (12.2 and 13.2) encodes additional three nucleotides resulting in the extension of Gos
by one amino acid within the C-terminus. Though the sequences have diverged, they still
maintain several highly conserved motifs and high sequence similarity (80-81% at the
amino acid level, 88-89% at the nucleotide level).

These exons encode sequences of the a5 helix, which is important for GPCR
interaction and specificity®* ¥, The ability to alternatively encode two different C-
terminal exons for these transcripts may impact the diversity of receptors with which the
preGas subunit may interact. In addition, movement of the secondary structural element,
the a5 helix, has been shown to be necessary for subsequent G protein activation after

coupling with the receptor’®* *®°. The resulting different protein isoforms may therefore
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have different abilities to bind GPCRs, respond to and undergo the necessary
conformational changes to activate as their a5 and o4 helices and 6 strand differ in
sequence. Supplemental Figure 2.3b shows these exon borders mapped to available tertiary
structural models of a Gas protein. These two exons (dark green) overlay with regions
necessary for receptor interaction and subsequent G protein activation necessary for signal
propagation.

Appendix B.i — The intron of GNAZ does not show traces of a transposon insertion
mechanism.

In order to clarify the origin of GNAZ’s intron, we checked whether this intron could
have originated from the insertion of a transposon. This mechanism often leaves traces
within the exonic sequence in the form of a conserved ‘AG’ as last nucleotides of the
upstream exon and ‘GT’ as first nucleotides of the downstream exon™®* '®, The transposon
preferentially cuts downstream of the ‘AGGT’ consensus sequence and then inserts into
this genomic position. Two of the nucleotides of the consensus sequence then become part
of the intron on either side of the transposon sequence resulting in the following intron
sequence: ‘GT-transposon-AG’. We evaluated the conservation of these residues in all
GNAZ; however, none were found to be conserved. Several alternative mechanisms for
gaining introns exist, e.g. intron transposition and intronization. These alternative
possibilities were not evaluated due to the sparse species sampling (and thus the extensive
evolutionary distances) within this position of the tree. Therefore, the origin of the exon-
intron structure of GNAZ remains an open question.

Appendix B.ii — Conservation of nucleotides flanking exon3 and the 5’ end of exon4 in

GNAS overlap with DNA-/RNA-binding protein motifs.
Interestingly, not only the sequence of exon3 of GNAS, but also the surrounding
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intronic sequences (3’ 75 nt of intron2 and 5’ 25 nt of intron3) are conserved in Placentalia
(placental mammals) (Supplemental Figure 2.6). A similar pattern of conservation is
observed for the 3” 20 nt of intron3 adjacent to exon4 in Placentalia (Supplemental Figure
2.7). In contrast, there are no conserved regions within the 5° end of intron2. The
conserved genomic footprints suggested external pressures were constraining the
nucleotides surrounding exons3 and 4.

We tested for local enrichment of DBP and RBP motifs at these three SS including the
conserved nucleotides of the introns. Near the 3° SS of intron3, five DBP motifs as well as
seven RBP motifs are locally enriched within the intronic, conserved nucleotide region or
overlapping with the SS in Placentalia in comparison to a uniform background distribution
(Supplemental Figure 2.8). The binding sites of the transcription factors Gata3 and 4,
which are involved in myogenesis'® partially overlap with the non-canonical SS.
Moreover, the ‘TG’ non-canonical SS is part of the consensus binding motif of Rbm24, a
RBP that is known to play a role in myogenic differentiation®’.

The recognition of a 3’ “TG’ SS by the U2 spliceosome is highly unusual (0.016% of
U2 SS)*, but well documented for GNAS. A previous study showed that the usage of the
‘TG’ SS is promoted by the splicing factor SF2/ASF that has been suggested to bind within
exon3 of GNAS'®, SF2/ASF has an antagonistic relationship with another splicing factor,
hnRNPA1, which is also suggested to bind in exon3. Our current study confirms this
functional connection of exon3 and the ‘TG’ SS by phylogenetic co-occurrence.
Investigation of RBP and DBP sites within exon3 and the surrounding, conserved intronic
sequence suggest the conservation of the SF2/ASF binding site (SRSF1) within exon3 in

31 out of 33 species of Placentalia and conservation of the hnRNPA1 binding site in 32
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Placentalia (Supplemental Figure 2.9c). The hnRNPA1 binding site is situated in the
conserved intronic region upstream of exon3. The 3° SS region of intron2 and the 5° SS
region of intron3 harbor roughly 30 DBP motifs and seven RBP motifs that are locally
enriched in the reported region in all 33 investigated species of Placentalia (Supplemental
Figure 2.9a-b). We additionally tested for motif enrichment in the whole region
encompassing exonz2, intron2, exon3, intron3 (when available) and exon4 in Placentalia in
comparison to non-placental Sarcopterygii. No DBP or RBP motifs were significantly
enriched.

The conservation of 100-300 intronic nucleotides surrounding cassette exons has been
observed previously and used as a predictor for alternative splicing levels leading to the
inclusion or exclusion of the respective exons in several large-scale studies'®® .
Nevertheless, Wainberg et al. noticed that there is only little overlap of over-represented 6-

190

mers from these conserved, intronic regions with known RBP motifs™". A full mechanistic

explanation of the observed conservation pattern is the focus of current research.
Appendix B.iii — Local exon duplications add sequence variety and potential functional
divergence for GNAQ, GNA11 and preGNAL.

We found exon duplications in exon4 of GNAQ and GNA11 which allow the inclusion
of either exon4.1 or exon4.2 during alternative splicing (Supplemental Figure 2.10a). This
region of the gene, when mapped to tertiary structure, is important for protein-protein
interaction of the Ga subunit with the GBy subunits and multiple downstream-signaling
effector proteins such as the RGS or PLC proteins (Supplemental Figure 2.10b). The
ability to alternatively splice this region, and increase the sequence diversity of the Gaq
and Gall proteins could alter which GPy subunits bind or which downstream signaling

cascades are initiated by these Ga subunits.
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As this exon duplication is present in coelacanth and gar for both paralogs, we propose
that this duplication occurred before the 2R WGD in preGNAQ, but was subsequently
deleted in the other Vertebrata lineages of GNAQ and GNAL1 (e.g. within the Agnatha
lineage). Upon 3R WGD, at the base of Teleostei, GNAQ lost one variant of exon4;
therefore, no Teleostei GNAQ exon4 duplications exist. However, both GNA11l exon
variants were retained in one gene copy of zebrafish and cod (GNA11la.1,.2 and GNA11b.1)
and in both gene copies of medaka, stickleback and pufferfish (GNAlla.l,.2 and
GNA11b.1,.2).

Interestingly, we also see the homologous exon duplicated in preGNAI of Urochordata.
This is replicated across all four species investigated, implying that the duplication took
place in the common ancestor of all Urochordata. As this local exon duplication appears
only in preGNAI before the 2R WGD, and in GNAQ and GNA11 after the 2R WGD, we
conclude that these represent two independent, local duplication events and are not
ancestral variants of preGNAI/Q.

To test this hypothesis, we constructed ML trees of nucleotide sequences from exon5 of
(pre)GNAI and exon4 of (pre)GNAQ and GNA11 from Deuterostomia (excluding tetrapod
sequences, Supplemental Figure 2.10c). As discussed with the local exon duplications
found in the Cephalochordata lineage, it is expected that if the exon duplication occurred
before the gene duplication and divergence of preGNAI/Q into preGNAI and preGNAQ,
the two exon variants, .1 and .2, would be more similar within their exon variant group
than to their subfamily counterparts. Instead, preGNAI variants are independent nodes
outside of the Gaq family and are not nested within any other branch. We find that the

ancestral branch of preGNAQ orthologs from Urochordata, Cephalochordata, and
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Hemichordata bifurcates into two main branches composed of GNAQ and GNA11l; one
subtree branches into the .1 variant while the other branches to become the .2 variant
cluster. This further supports our hypothesis that the local exon duplication occurred before

the 2R WGD which resulted in GNAQ and GNA11.
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Figure 2.1: All Deuterostome branches investigated. 45 species of Deuterostomes were
evaluated through the EMS pipeline. The Latin names and clades for each species are provided.
Protostomes and Deuterostomes together form the group of Bilateria. Echinodermates and
Hemichordates form the group of Ambulacraria. The Protostome and Non-Bilaterian outgroups
include D. melanogaster (Arthropods), C. elegans (Nematodes), N. vectensis (Cnidaria), and T.
adhaerens (Placozoans).
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Table 2.1: pre)GNA- paralog presence before and after the 2R WGD in Vertebrates projected
onto a Deuterostome species tree. A) Sequence evidence of the six preGNA- genes present in
non-vertebrate Deuterostomes; two Protostome species, one Cnidarian, and one Placozoan species
were included as outgroups (black and grey branches). These genes encode preGai, o, q, v, s, and
12. The first number denotes the number of genes found. Small numbers denote the number of
exons missing after curating the annotation as compared to the expected exon counts per phyla
(specified at the top of the column). “/” separates multiple paralog gene copies (a, b, c, d). «,”
indicate multiple transcripts variants exist which include different exons (.1 or .2), “~” indicate
altered and/or erroneous exon borders as compared to other members within the same phylum. “?”
indicate unclear paralog assignments due to missing exon data. B) Sequence evidence of individual
paralogs after the radiation of vertebrates for the Gai family. Note only one species of pufferfish,
turtle, and frog were interrogated if no ambiguity existed. C) Continuation of B for genes encoding
Gag, v, s, and 12 families. Note: exonXL was not included in preGNAS exon counts for a total of
12 exons, GNAS includes exonXL for 13 exons, GNAS in placental mammals possess 14 possible
exons. GNAL possesses 13 exons for the alternatively spliced long and short exonl, preGNAV
possess 8 exons except in Cephalochordates while GNAV is encoded by 9 exons. GNAZ possess 2
exons. *preGNA12, *GNA12, and *GNAL13 exon counts vary across phyla, please refer to Figure 6
for details.

83



GNA15 GNA13

GNA14 ' ¥ for
G16_pece
4. \ 00 G13_Canre v o
Gy s ¢
\ G px 18 Jervet
614 _Buggerigr Y )
Gra / ’ 1 2
c.u‘mr(, G19_taprant ‘ Gn ’ :
" 1 gmeean

o100 G15_Tamndpenpen
osgx?" gis Feris Vv

GN A Q G“’Wﬂ%% ;_mm..,

O i e /

o2 ;‘w &, bﬂ:“w#f;? GNA Tz
GNA/” ov m,mw‘tx ‘o,,,.,. N
Gz_ewFan 6 U o a;; . o‘h ..
0z, Snl-lu- AD i “dhw .%
GNAT3
preal

003 LFUN 4oy Temes 5

GNAO == (pre)GNAV

! 140.0

Figure 2.2: Maximum Likelihood Tree of (pre)GNA- genes. ML tree built with all paralogs and
sequences evaluated. The tree is also included as separate file with BS values in Nexml format
Filel. See Supplemental Table 2.1 for taxonomic group.
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Figure 2.3: Aligning representative vertebrate protein-coding exon borders of all five major
families of the Ga subunit. The highly conserved exon border positions give insight into the
evolutionary divisions of GNA- genes. All protein-coding exons are represented as boxes which
correlate with the curated average exon size (introns removed). GNAI and GNAQ share many exon
borders positions (black lines) and four split codons (not shown) suggesting a closer evolutionary
relationship. GNAV also shares six exon border positions with GNAI and GNAQ); this suggests that
Gav family is related to Gai and Gag despite its gene presence in a limited number of species. All
three genes share four exon borders positions with GNAS (not considering the alternatively spliced
exon3 or the extended exon4 of GNAS found in placental mammals). The lack of shared exon
borders between GNA12 and the other subfamilies suggests that GNA12 may have originated as an
independent retro-gene which independently gained introns.
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Figure 2.4: Evolution of the five families of Ga. A) Summary of previous theories of Ga
evolution without relative timelines®®*® *. An ancestral GNA (a-white) underwent a series of
duplications before diverging into three primary progenitor families. The progenitor GNAI/Q
tandemly duplicated before undergoing a larger regional or chromosomal duplication. These gene
pairs diverged into GNAI-like (blue) and GNAQ-like (orange) genes. GNAS (green), GNA12 (red),
GNAQ’-GNAQ’’, and GNAI-GNAI’ all duplicated togive rise to two copies from each
parent. GNAI'-GNAI’’ duplicated into GNAO’-O” (ultimately an alternatively spliced gene)
and GNAIO-GNATO followed by two more duplications of GNAIO-GNATO. GNAZ, a retrogene
of GNAIO, was reinserted into the genome before the GNAIO-GNATO duplications. B) New theory
of Ga subfamily evolution incorporating current reports 2 1% 2 4254 88 \jith relative timelines
included (not fit to scale). An ancestral preGNA progenitor (a-white) duplicated into the
preGNAI/Q progenitor and preGNAS. preGNAI/Q duplicated into two separate genes that diverged
into preGNAI and preGNAQ. Then preGNAYV arose from a duplication of preGNAI. preGNA12 is a
retrogene, possibly of preGNAQ, though its precise origin is unclear. preGNAI later duplicated to
give rise to preGNAO. Both preGNAI and preGNAQ underwent independent tandem duplication
events before the 2R WGD of vertebrates. GNAS, GNA12 and GNAQ-GNAQ "’ all retained two
copies after the 2R WGD leading to vertebrates, while other hypothetical copies (not
shown) were lost immediately after the 2R WGD and are not observed in any
extant species. GNAI-GNAI "’ retained three copies of this gene pair after the 2R WGD (GNAI4
remains only in lampreys). Other, lineage-specific deletions occurred for GNAV, GNAT3, GNAI4,
and GNAT4 as described in the main text. GNAO gained alternative splicing ability after 2R WGD
(0.2-.1). The retrogene GNAZ emerged in the vertebrate lineage from a GNAI gene. Lineage-
specific duplications and retrogenes are not included for clarity. Straight arrows depict duplications
(local, tandem duplications, or WGD), curved arrows depict retrotranspositions. Complete gene
names for were simplified for clarity; curated preGNA- genes are denoted with “pre-" while “GNA”
is removed for clarity in all paralogs. LCA = Last Common Ancestor

87



v .
A) (pre)GNA

GNAV |
B) pre

(pre)GNAI

(pre)GNAQ

Q




Figure 2.5: Evolution of Gav. A) A schematic representation of the exon-intron structure of
jawed-vertebrate and Cephalochordate (pre)GNAV genes with 9 protein-coding exons (grey boxes).
Box sizes roughly correlate with exon size, while line lengths do not correlate to intron size. B) The
exon-intron structure of Ambulacraria GNAV genes (Hemichordates and Echinodermates). This
preGNAV has no intron to divide exon7 and 8, making its exon-intron structure closely akin to
(pre)GNAI (blue boxes) and (pre)GNAQ (orange boxes) exon-intron structures. This may represent
an ancestral exon-intron structure of preGNAV. C) The ML tree of all Deuterostome (pre)GNAI,
(pre)GNAQ, and (pre)GNAV genes resolves (pre)GNAV (grey) nesting within (pre)GNAI (blue)
while (pre)GNAQ (orange) clusters into a distal branch.
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Figure 2.6: Flexibility of exon-intron borders within the (pre)GNA12 and GNA13 genes. The
positions of (pre)GNA12 and GNA13 exon borders (represented boxes) change across phylogeny.
Box lengths correlate with average curated exon lengths (introns removed). A) preGNA12 (red) has
three protein-coding exons in Placozoans, Cnidarians, Echinodermates, Hemichordates, and
Cephalochordates. B) In Urochordates, the first exon of preGNA12 is divided into at least two
exons while the final exon is divided into four exons. As the 5’ sequence is unresolved, more exons
may be present (pink with ?). C) GNA12 exon-intron structure in jawed vertebrates (excluding
euteleosts). The exon sequences upstream of exon3 are not resolved in either jawless vertebrate
(lamprey) species investigated. The 5’ end of exon2 is extended by nine nt (pink) in all jawed
vertebrates including euteleosts. D) GNA12 exon-intron structure in euteleosts (after 3R WGD but
not in zebrafish) E) GNA13 (dark red) exon-intron structure in jawless vertebrates and cartilaginous
fish. GNA13 arose after the 2R WGD that occurred before the emergence of vertebrates. Note that
the exon border positions are identical to the GNA12 from (A). F) GNA13 exon-intron structure in
lobe-finned fishes. The exon positions are identical to GNA12 in jawed vertebrates (except
euteleosts) (C). The GNA13 sequence is extended by one split codon between exonl and 2 and six
nucleotides within exon2 (not shown). G) GNA13 exon border positons of euteleosts. The split
codon and extended exon2 sequences are maintained.

90



A) G@_Ostrich 2_Ostrich
- 3 Gi23_Sbckeback
GB_ D |2_M Oah_Fugu
GI2_tuman 2b_Stickieback
Gitb_Fugu CRERR e Fugu G2_Bb 2b_AfianticCod
Glb_Medala GI3_Alligam A - ’ gtgag‘lgem
Glib_Zedesh - R LSty | L ebon 6T2_Rat
= GI3_Gar e A GT2 =
G"_Mu.ﬂa‘ e Gi1a_Fug 1 Gar \ GI2_Canihe 12_Coelacanth GT2] T23_Medaka
Gh_pigeon = S A\ MarigeLamprey Gla_JapaneseL.amprey a_Zebrafish
GI1_Amgator Gi1_ Cosler ) 3" Japaneselamprey 2 GT3_Hombill
- GT2_Gho GT3_Pigeon
- 3.
_Coelacanth  GT3_Platypus GT3_Bovine
1 Gia_PelagicTunicate =G T1_ManineLamprey
Gia _cnonag:.wwm : 514 ghos o
_Flonda . S12_AcamiYorm : -
G"-NMW" Gla_GoldStarTunicate 1 '" °' GT1_Pigeon
G2 Gar 1 GT1_Rat
GZa_AnanticCod : - 2\ o
y SZGhostshan" /) GT1Bowe  Sr1a_Aantccod
GZ_Elepiis Z_Pytho GO_“O"M ’ ‘.".. .
GO_FlondaLancelet | N
GZ_Pratyp / .f 501 Gar
GZ_Duck Ostrich A G’ | GO Jap@w
GZ_Aligator GOa 2_Meback \ 0.1 Che -
60 2_Coelacd N\, SGO.1_Elephant
GO .2_xropicaliy M
,’ 2_Pigeon \\ % GO0.1_Armadito

GDa1 Z&QSI‘I \.‘ GO .1_Human
co2 Rat/ 2PN Goa ) sbeneback GO 1_puck
- GO 2_0strich GOa 1_Tetraodon
GO 2_Mouse

B>~ GNAT2 ]

)_=—>W‘:Gﬂm:}=-> | : >

91



Figure 2.7: ML tree of the Gai family resolves gene relationships. A) ML tree built with all
protein-coding sequences found within the (pre)Gai family (preGNAI, GNAI1-4, GNAT1-3,
(pre)GNAO, and GNAZ) in all Deuterostome lineages evaluated. All lamprey branches are denoted
in pink. The outgroups of the GNAI and GNAT genes have high bootstrap supports (GNAT1 -100
and GNAI2 - 92). The two GNAT lamprey genes form a monophyletic group with GNATL1 and
GNAT?2 of jawed vertebrates, as do GNAO and GNAZ lamprey genes with their respective subtrees.
B) GNAI1 and GNAI3 are situated next to GNAT2 and GNAT3, respectively, within the genome.
These pairs are the result of one duplication event. GNAI2 and GNAI4 are situated next to GNAT1
and GNAT4, respectively; they also arose from one duplication event. GNAI4 and GNAT4 (red) are
not observed in the genomic data investigated (except for GNAI4 in lamprey).
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Figure 2.8: Alternative Splicing of GNAO. A) The vertebrate GNAO gene has two transcripts (.1
light blue and .2 cyan) that arise from mutually exclusive splicing of its final exon pair: exon7 and
8. Note that exon lengths correlated with box lengths while lines do not correlate with intron size.
B) Tertiary structural model of the heterotrimeric G protein. Goo (blue) and the heterotrimer Gy
subunits (crimson/grey) coupled to a GPCR (pink). The two mutually exclusive exons encode
regions necessary for coupling to active GPCRs and subsequently activating the G protein itself.
The differences in sequences may influence coupling affinity and activation efficiency.
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Figure 2.9: Retained exons of GNAO after 3R WGD in Teleosts. A) A ML tree of exon7 and 8 nucleotide sequence indicates which exon pairs
were retained across different teleosts. Note that though this tree is displayed as being rooted by the C. elegans GNAO sequence, it is an unrooted
tree by definition and only shown to be “rooted” for clarity. Branches tested for positive selection are marked by ‘#’ and ‘*’. B) After the 3R
WGD, only one gene copy of GNAO (named copy ‘a’) maintained two sets of the mutually exclusive exon7-8 endings (variant ‘.2” — blue, variant
.1’ — red). In Atlantic cod, both gene copies possess only one set of the final exons which was identified as the .1’ variant. In both species of
pufferfish, only the ‘b’ copy of GNAO was retained with the °.1° exon variant.
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Figure 2.10: Multiple transcripts are possible from the complex locus of GNAS. A) Different
MRNA transcripts can be produced from the GNAS locus through alternative splicing. The
XXLexon, though not examined herein, can be alternatively included into the transcript in
exchange for exonl or the XLexon. In addition, placental mammals possess a cassette exon3 (light
green) which can be included or excluded within the transcript; a non-canonical SS can also give
rise to an extended exon4 (dark green) in the same species. Box lengths correlate with average
curated exon lengths (introns lines do not). B) Crystallographic tertiary structure of mammalian
Gas (PDB ID 1AZT™) missing exon3. The C-terminus of exon2 (pink sphere) and N-terminus of
exon4 (red sphere) are shown.
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[Major Phylogenetic Branch Species Genome Assembly |Assembly Accession ID
Human (Homo sapiens ) GRCh38 p7 GCA_D0O00140S 22

ouse (Mus muscwus } GRCmM38 pd GCA_000001635 6
Enmmmm) Rnor_60 GCA_000001805 4
Em,!;aoazawn UMD GCA_ 000003055 2
Cang | familaris ) CanFarm3 1 GCA_00000228% 2
ITanvec (Echingps tefari) TENREC GCA_00031398% 1
Lox aricans ) ri0 IGCA_00000100% 1
TRiK (OR5)PUS NoVemCNCD ) agnev3 0 GCA_000208655 2
asmanian devil { Sarcoptwus harns) | Devd_retv7 0 GCA_000189315 1
Mammeka - Monolr emeta pus (Ornthorhynchus ananinus | DANAS GCF_000002275 2
Aves - Palaeognathae 10 stnch (Struthio camefdus susirais ) 45H 585681 GCA_0005598965 1
Aves ~ Neognathae (Galloarserae) Duck {Anas plafyrhy nchas ) BGI_duck 1.0 GCA_000355885 1
Aves - Ne ¢ (Paiftaciormes| 1 (M MacUs Lnauiatus elopsttacus unddalus 83 GCA_000238335 1
Aves ~ Neognathae (Bucerotormes) ornddl (BUcemnas rinocsnos | ASM 7103041 GCA_000710305 1
Aves ~ Ne thae (Pelecaniformes s ) IASH 7082241 GCF_000708225 1
Aves ~ Noognathae (Opisthocom¥ormes) oazin (CpShocomus hosain ) IASM 80207V GCA_000832075 1
Aves - Neognathae (Cucubformaes) utkoo (Cucufus canovus ) IASM 70032 GCA 000709225 1
Aves - Neognathae (C formes) eon (Cok M) (Cv_1.0 GCA_000337835 1
P p -1 13 {iguanidae) nole Lizard (Anohs carolnensa ) AnoCar? 0 GCA_000090745 1
il aurop = Arc! (Crocodyka} Wisgator (AN P ) ASH 2811244 GCA_D00281125. 4

Pyton_molurs _bivittatus-5 0.2

Nonevian Sauropsics — Lepdosaurta (Serpentes) %mu Pytron (Python }
Nonavisn Sauropsaics — Archelvsauna (Trionychea) hinese Softahad Turte (Poiodiscus S6OeNsIs §

GCA_000186305 2

Petsin_10

GCA_000230535 1

Nonsvian Sauopsics ~ Archelsauna (Duocryplodra) [Green Sea Turtis (Choknia mydes | CheMyd 1.0 GCA_000344885 1
Anpritia - Anura Tropical Caiwed Frog (Xenopus tropicails)  [IGI42 GCA_00000£185 1
Arrplitia — Anura African Clawed Frog (X Mevis) |XLv80 GCA_001663575.1
Basal Sarcoplarygi - L farmes iC hemcarth (Latimeris ) [L3C ha GCA_000225785 1
Basal A T TSoolied Gar (Lepieosteus ccuais | LepOcut GCA_ 000242695 1
Tok ~ Dstariophyal 7 obx ahish (Dani 1640 ) GRCz10 GCA_000002035 3
Teleostel — Gadformes Atlantic Cod (Gadus morhua ) |PL°” GCA_000231755 1
Teleostel — Beknformes U gpanese M edaka (Ory 2as fafipes ) HaR GCA_000313675 1
Teleostel — Perciformes F:mmn(" aculoalus ) |BROAD S1 GCA_000180675 1
Teleostei — Telrapdontiformes wu (Takfugy rubrpes ) FUGLU4 04590 GCA_000180615.2
Teleostal — T straodontilormes Eeuaooon (Tetraoaon nigrovieics ) TETRAODONB.O GCA_000180735 1
Chondrichthyes hostsnan (Caforhingnus mi ) Callorhnchus_mili_113 GCA_000165045 2
Cycostomata W aline 3Eeey (PalrOvmy20n Mmarnus ) Pmarinus_7 0 GCA_000148955 1
Cythostomata japanese |anprey (Letnenteron japonicum ) |Leliapl 0 GCA_000855285 1
Non-Y' -C8 Fionda Lancelet (Sranchiostoms for0ae | Ver (GCA_000003615 1
No-Vertebiate Ch - Belcher's Lancekt (Brancmostoms belchen)  [Diphidy 15 GCA_001625405 1
Urochordata — Tunicats (4sciiacaa) Vase Tunicata (Ciona infeshingds ) KH GCA_D00224145 1
Urochoraata — Tunicata (Ascidiacea) a3 Squirt (Clans savigny ) CSAV 20 GCA_000143255 1
Urochordata — Tunicata naicuana lagic Tunicata { Olkopiewrs doves ) A5 200531 GCA_000203535 1
Urochordata — Tunicats (Ascidacea 0k Star Tunicata schiosser)) 3563-chyomosome-3ssently  |GCA_000444245 1
\COM WOEM (Sac: U3 AW B SKA Skow_1.1 GCA_000003605 1
a Urchin AOCENoiuS atus) |Spur_&2 GCA_000002235 3
Paiira miniaa ) Pmin_10 GCA_00023693% 1

¥t Fiy (Orosaphia med Ster ) |8pGeg
FRoungworm (Caenarnatals eiegans) W Breas GCA_00000298% 3
Fﬁ Anampne {NEmaostefs vectenss ) ASM 2092201 GCA_000209225 1
Trichoplax sahaeren ¢ ASH 150271 GCA_000150275 1

Supplemental Table 2.1: Species Evaluated. All major branches of Deuterostomes were
investigated using the EMS pipeline (where sequenced genomes exist). Four species were also
included from Metazoan lineages (Protostomes and non-Bilateria) to act as outgroups. Columnl —
Description of phylogenetic branch. Column2 — Common name (Genus species). Column3 —
Genome assembly used. Column4 — Accession number for genome assembly, when available.
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A) Otolemur garnettii

Microcebus murinus
Carlito syrichta
Callithrix jacchus
Chlorocebus sabaeus o
Macaca mulatta & E)
Papio anubis || 3
wv
Nomascus leucogenys - g
— Pongo abelii ) %
Homo sapiens 'g il
Pan troglodytes :g
B) Gorilla gorilla L]
Genome Assembly
(Chimp (Pan troglodytes) ~ |CHIMP2.14 |GCA_000001515.4
\Gorifa (Gorifia gorilia gorilfa ) gorGor3 1 \GCA_000151905.1
Orangutan (Pongoabelil) _____|PPYG2 [
Gibbon (Nomascus leucagenys ) Neul 0 GCA 0001467951
'Macaque (Macaca mulatta ) Mmul_8.0.1 GCA_0007728753
|Olive baboon (Papio anubis ) PapAnu2.0 GCA_000264685.1
Wervet-AGM (Chlorocebus sabaeus) |ChiSabi.1 |GCA_000409795 2
|Marmaset (Callithnx jacchus ) C_jacchus3 2.1 |GCA_000004665.1
Tarsier (Tarsius syrichta ) tarSyr1 2
| Bushbaby (Otolemur garnettli ) |OtoGar3 GCA 0001812953
|Mouse lemur (Microcebus murinus)  |Mmur_20 |GCA_000165445.2

Supplemental Figure 2.1: Primate species investigated for psuedogenes. The existence of GNA-
pseudogenes was investigated within human and 11 other primate species. A) Primate species
investigated. The Latin names and clades for each species are provided. Ce — Cercopithecidae. B)
Columnl — Common name (Genus species). Column2 — Genome assembly used. Column3 —
Accession number for genome assembly.
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Curwles conovas
Oplsthocomus hoazin
Cotumba i T 1
Nipponio alpgon ! |
atios | | > S > -1 o b - 11 - P | s
s daresil ] . &1 & |- - 11 1 - 11 . % Sf] :
Fehinope relfaid
Lowadonto afeicena | { 1 1 - Cal | 1 - 11 1 s 11 .
Canls Nipws fomivaris
Bos rowus || L § i h | L - 11 1 - 11 (o | == 11 .
Mus 1 -1 -1 - |- -1 -1 - 11 - 11 ==Y -
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Homo sapiens |
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Supplemental Table 2.2: Transcriptome and Expression Data. All gene sequences were
validated by blasting against Expressed Sequence Tags (EST) and/or Transcriptome Shotgun
Assembly (TSA) data when available’® '*. The tables show which species and paralogs were
validated. The first number indicates the number of genes found per family (same as Table 1); the
smaller characters represent EST/TSA data for each paralog (see Figure 2). “@” indicates that a
full-length or partial expression read fragment was found, “&” indicates a full-length or partial
transcriptome read, “-” indicates no EST/TSA support was found. “/” separates multiple paralog
gene copies (a, b, ¢, d) “,” indicate multiple transcript variants exist which include different exons
(.1,.2), “ * ” indicates EST/TSA data did not include exon sequences for respective alternative
transcripts (.1,.2). Dark blue/orange boxes indicate all paralogs were validated by partial or full
EST/TSA hits, light blue/orange boxes indicate no reads were found to support that paralog. White
boxes indicate that no EST or TSA data were available for analysis. Red boxes indicate EST and
TSA data were found without sequence evidence for the gene present within the genome assembly.
A) Non-Vertebrate Deuterostome EST data. B) Non-Vertebrate Deuterostome TSA data. C)
Vertebrate EST data. D) Vertebrate TSA data.
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Supplemental Figure 2.2: Implications of alternative exon usage on tertiary structure in
lancelet preGei and preGaq. A) Mutually exclusive inclusion of lancelet exon6.1 and 6.2 in
preGNAI (blue) yields two different transcripts during alternative splicing. Representative box
lengths correlate with the average curated exon lengths (intron lines do not). B) Mutually exclusive
inclusion of lancelet exon5.1 and 5.2 in preGNAQ (beige) also yields two different transcripts
during alternative splicing. C) Splice variant exon borders mapped onto two Gai crystal structures
(PDB IDs 1GP2™! and 1AGR™ respectively). The sequence encoded by exon6 (light blue)
influences the interface between the GBy subunits of the heterotrimer (crimson/grey - left) and
downstream effector protein partners such as the RGS protein (purple — right). D) Splice variant
exon borders mapped onto two Gaq crystal structures. The sequence encoded by exon5 (orange)
influences the protein interfaces between effector proteins such as PLC (lavender — left) and RGS
(purple - right) (PDB 1Ds 4QJ3'® and 5D09'%). E) ML tree of (pre)GNAI/GNAQ exons indicates
both duplications were independent.
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Supplemental Figure 2.3: Implications of alternative exon usage on tertiary structure in
lancelet preGNAS. A) Alternative splicing of lancelets exon12 and 13 in preGNAS (green) yields
two different mutually exclusive transcripts. B) Splice variant exon borders (dark green) mapped
onto a Gas structural model bound to the G protein By subunits (crimson/grey) and a GPCR (pink)
respectively and rotated 90°.
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Supplemental Figure 2.4: Exon structure of GNAI and GNAZ. Most members of the Gai family
have a conserved gene structure with 8 protein-coding exons, similar exon lengths, and five
conserved split codons shared across exons. The relative exons lengths of GNAI genes are
represented by dark blue boxes. GNAZ only possesses two protein-coding exons (light blue). The
first GNAZ exon sequence maps to exons 1-6 of GNAI, while the second GNAZ exon position maps
to exons7 and 8 of GNAI. This exon-intron structure is indicative of a retrotransposition. The intron
sequence may have been reinserted later into the gene to promote transcription.
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Residue Position Codon
(Human) F1X4 | F3X4 | Table Sum
249 K 0.978 0.635 0.549 2.162
259 W 1.000 0.998 0.980 2.978
261 T 0.968 0.596 0.638 2.202
276 E 0.989 0.808 0.507 2.304
298 T 0.693 0.962 0.970 2.625
299 E 0.973 0.628 0.459 2.060
313K 0.981 0.999 0.997 2.977
321 T 0.999 0.997 0.988 2.984
334 F 0.975 0.881 0.709 2.565
342V 0.972 0.442 0.409 1.823

Supplemental Table 2.3: Sites under positive selection in the branch leading to GNAO.1. Data
is given for those residues that have a BEB probability for being in class 2a (sites under positive
selection) for branch #1 (Figure 9) > 90% in at least one of the tested codon models (F1X4, F3X4,
Codon table). The probabilities > 90% are marked in red. The identity and numbering of the
residues in respect to the full length protein sequence in human are given in column 1.

104



P-
Model LR value | Significance
BS, F1X4 19.979 (7.8x 10° gk
BS, F3X4 7.301 6.8x 10° o
BS, Codon Table 6.802 |9.1x103 B,
Model
Parameters Mean o Q, Q,
p0 0.883 0.995 0.861 0.892
p1 0.017 0.014 0.008 0.015
w0 0.017 0.004 0.013 0.016
wFG 613.040 | 428.657 | 163.727 999

Supplemental Table 2.4: Significant results of the branch-site model indicate positive
selection in the GNAO.1 #1 branch. The result of the likelihood ratio test was compared to a x2
distribution with following significance levels ** < 0.01, *** < 0.001 for each codon model tested
(F1X4, F3X4, codon table) in the #1 branch of GNAO.1 (marked in Figure 9). All other tested
branches (#2, *1, *2, and *3) were not significant. Robustness of the parameter inferences (p0, p1,
w0, WFG) was accessed by bootstrapping. BS = Branch-Site, LR = Likelihood Ratio, ¢ = standard
deviation, Q, = First Quantile (25" percentile), Q, = Second Quantile (75" percentile).
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Supplemental Figure 2.5: Sequence frequency logo of GNAO residues that were positively
selected on the branch leading to GNAO.1. The duplication resulted in two pairs of exons7-8 that
are mutually exclusive during splicing. Alternative splicing produces two transcript variants,
GNAO.1 and GNAO.2, that slightly differ in sequence. Some residues of the GNAO.1 branch were
positively selected after the duplication (branch #1 of Figure 9). The identity of homologous
positions is also shown for GNAO of Hemichordates, Echinoderms and lancelet (lowest track).
Teleosts and lampreys were excluded when testing for positive selection and when constructing the

sequence logo. The sequence logo was created with Weblogo™®*.
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Supplemental Figure 2.6: Exon 3 of GNAS in human. Expression of exon3 is supported by CCDS data. A region ~75 nt upstream and 25 nt
downstream of the exon boundaries shows high levels of conservation in placentals. The same region is not conserved in non-placental mammals
(platypus, wallaby and Tasmanian devil) as no BLAST? hits are retrieved (pink boxes). The figure was created with the Ensembl webserver®’. Bp -
Basepair, CCDS - consensus coding sequence, GERP - Genomic Evolutionary Rate Profiling.
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Supplemental Figure 2.7: Extension of exon4 of GNAS in placental mammals. The 3’ genomic region of intron3 and 5’ region of exon4 for
human. There are two alternative 3” SS of intron3 that can be used to include exon4 into different isoforms of GNAS. The first is mediated by a
‘TG’ (SS) (exon border - dotted line) while the second is mediated by a canonical ‘AG’ SS (exon border - solid line). The upper most line of the
translated sequence track represents the reading frame of exon4. The track with 40 way GERP elements/40 way GERP scores shows a region with
high conservation in 40 different placentals (eutherian mammals) that exceed the exon-intron boundary. The homologous region, as retrieved from
the BLASTz alignment, is shorter in the non-placental wallaby gene (pink box). The figure was created using the Ensembl webserver®’. Bp -
Basepair, CCDS - consensus coding sequence, GERP - Genomic Evolutionary Rate Profiling.
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Supplemental Figure 2.8: DNA- and RNA-binding protein motifs overlapping with the 3" canonical and non-canonical splice sites of intron
3 in GNAS. All included motifs are predicted to occur in the positive set (for six placentals), but not at the same position in the control set (eight
non-placental lobe-finned fish). Note, that some motifs occur in the control set, but at a different position than in the positive set, e.g. Gata4 or RIN.
The shown motifs overlap with the conserved intronic region upstream of exon 4. A) Local enrichment of known DNA-binding protein motifs
(DBP) in comparison to a uniform distribution of motifs (E-value < 1). Gata4 (blue), Mybl1_secondary (pink), GATA3_full (red), Sox4_secondary
(green), FOXP1 (turquoise). B) Local enrichment of known RNA-binding protein motifs in comparison to a uniform distribution of motifs (E-value
< 1). PCBP1 (light green), RIN (red), Tb_0230 (dark green), Rom24 (orange), SHEP (turquoise), U2AF2 (dark blue), RBM47 (pink), U2AF50
(purple), Tv_0257 (black). The non-canonical splice site is located at position -7. Sequence positions < -7 belong to intron 2 while positions > -7
belong to exon 4. The y-axis indicates the probability of a DBP/RBP binding centrally at the indicated position for the positive set (solid lines) and
for the control (dotted lines). None of the motifs occur more often at a specific position in the positive set than in the control set (Fisher’s exact
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test). The figure was created with Centrimo™.

109



A 0.100 — v ——r—t 0.100 : : . :
0.090} . 0.090f
0.080 [ 0.080
0.070} [\ 0.070f ‘
£ 0.060f 3 £ 0.050 |
g 0.050 \, g 0.050} ‘;'
& 0.040} [ & 0.040f |
0.030 | \ 0.030 "‘
0.020 f \ 0.020+ [
0.010} / 5 0.010
0.00035—¢5 50 40 -30 -20 -10 0 10 20 30 40 50 60 70 0.00036—4550 ~40 30 -20 10 0 10 20 30 40 50 60 70
Position of Best Site in Sequence i e Position of Best Site in Sequence i
C 0.100p— : ; S
0.090
0.080
0.070}
£ 0.060
g 0.050
& 0.040}
0.030+
0.020

0.010+

0.00075 "85 50 40 -30 20 -10 0 10 20 30 40 50 60 70
Position of Best Site in Sequence

Supplemental Figure 2.9: DNA- and RNA-binding protein motifs overlapping with the extended conserved region around exon 3 in GNAS of 33
placentals. Exon 3 is located at positions 0-46 on the x-axis. A) Local enrichment of known DNA-binding protein (DBP) motifs in comparison to a uniform motif
distribution. 30 motifs are enriched in the reported region with a E-value < 0.0001 in all investigated placentals; only a subset of these is shown for clarity: Gfil
(light blue), HItf (dark blue), EGR1 (pink), MZF1_5-13 (light green), Enl (red), E2F4 (orange), Hoxc9 (dark green). B) Local enrichment of known RNA-binding
protein (RBP) motifs in comparison to a uniform motif distribution. Eight motifs are enriched in the reported region with an E-value < 0.0001 in all investigated
placentals. TARDBP (purple), DAZAP1 (dark blue), PPRCL1 (light blue), SRSF9 (light green), SRSF10 (red), CNOT4 (orange), PCBP1 (dark green), BRUNLG6
(black). Note that the SRSF9 binding site is located within the exon and does not overlap with either splice site. C) Local enrichment of RBP sites predicted by
Pollard et al.’®, The respective motifs do not occur in all investigated placentals as indicated by a lower probability. SRSF2 (dark blue), SRSF1 (light blue),

HNRNPAL (pink). The 3° AG SS is located at position 0 along the x-axis. The y-axis indicates the probability of a DBP/RBP motif being located centrally at this

position. The figure was created with Centrimo™®.
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Supplemental Figure 2.10: Local exon duplications of GNAQ, GNA11, and preGNAI. A) Alternative splicing of two mutually exclusive exon4
of GNAQ and GNA11 result in two different RNA transcripts represented. Box lengths correlate with average curated exon lengths (intron line
lengths do not correspond to intron lengths). B) Tertiary crystal structure of mammalian Gogq (taupe) with exon4 (orange) borders mapped with
RGS protein interaction removed (top) and with RGS present (bottom - ruby) (PDBID 5D09'%). Alternatively spliced exon4 provides sequence
diversity for critical protein-protein interfaces such as the RGS protein (purple). C) ML trees of nucleotide sequences from exon4 of
GNAQ/GNA1l1land exon5 of GNAI across basal Chordates.
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Supplemental Figure 2.11: 5° non-canonical splice site pattern of GNAI1 intron6 in birds and
mammals. A) Schematic representation of the primary transcript sequence of the GNAIL gene in
birds and mammals with the start and stop codons as well as the SS explicitly shown. Possible
untranslated regions (UTRs) are not shown. The representative exons (boxes) are drawn to
approximate scale with their nucleotide length while introns (lines) are not drawn to scale. B) 5° SS
of intron6 in GNAI1 of lobe-finned fishes and spotted gar. The first seven nt of intron6 are highly
conserved in all mammals and birds (black box), while they vary in alligator, frogs and spotted gar
(species marked in red). The intron sequence, and thus SS, is unknown for coelacanth. The first two
nt of the boxed region constitute the SS pattern GC/GT. The figure was produced with the Jalview

alignment viewer'™,
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Supplemental Figure 2.12: DNA- and RNA-binding protein motifs overlapping with the 5
non-canonical splice site of intron6 in GNAIL. A) Local enrichment of known DNA-binding
protein (DBP) motifs in comparison to a uniform motif distribution are shown for lobe-finned fish
with ‘GC’ SS (positive set) versus lobe-finned fish and spotted gar with ‘GT’ splice site (SS)
(control). The shown motifs are either present in all species of the positive set and in none of the
controls (PRDM1_full, FXR1) or follow this rule with at most one exception. Mafk_secondary
UP0004_2 (light blue), NFIX_full_3 (dark blue), PRDM1_full (green), STAT2:STAT1 (pink,
behind green). B) Local enrichment of known RNA-binding protein (RBP) motifs in comparison to
a uniform motif distribution. FXR1 (lime green). The SS is located at position 45 along the x-axis.
Sequence positions <45 correspond to exon6, while positions >45 correspond to intron6. The y-axis
indicates the probability of a DBP/RBP motif present centrally at the indicated position for the
positive set (solid line) and the control set (dotted line). None of the motifs occurs surprisingly
more often at a specific position in the positive set than in the control set (Fisher’s exact test). The

figure was created with Centrimo™™.
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Retrogene Name Location Retrogene Synteny  |Parent Gene  |Parent Family Parent Location LCA RHNA code |Promotor |Conserved ORF = 40 AR
GhAl2R2 Chr 10 POLR3A GNAR GMNAY Chr3 Primates Mo No No

GMNAI2PT Chr12 ATF7IP GNAR GMNAY Chr3 Simiifrmes 2z, + No No

independent retrogens | Chr 13 {Cia) GOLGAT GNAR GiMAY Chr 15 (Gia) Cja - - ORF: AR 241-355
GNAGPT Chr2 PLEKHEZ GNAG GMNAGHTT Chr g Catarrhini s - RES ORF: A& 55-100
independent retrogens 2 Scaffold 131518 (C - GNAG/GNATT |GNAGATT GeneScafold 5240 (Cyy - [Cay - - ORF: A& 47-110
independent retrogens 3 AHZAD 183454. 1 {Pan), JSUED32159322.1 {Mmu GNAG GMNAGATT Chir 1 {Mimu, Pan) Papionini - - Mo

GE1-124K5.8 Chr7 TRETI, KCTOF GNATT GMNAGHTT Chr 18 Catarrhini Mes, + e ORF: AA 312383
GE1-1MKE 9 duplication 1 |Chr 3 [Cercopithe cinas) TIVELT24E GEI-124KES  |GNAQAT Chr3 [Ce mopithecinae] |Cercopithecinge |- - No

G51-1MKE 9 duplication 2 |Chr 7 (Ggo) TPSTH, GE{-124K59 |GS{-124KE9 [GMNAQAT Chr7 (Goo} Goo - ORF:AA §3-358
RRP11-B11026 Chr 12 GPM {intronicy GNATZ GhNAY Chr 1 Simiifbrmes e, - No No

ACD10975.2 Chr2 CTMNMNA2 {intronicy GNAT2 GMNAT213 Chr 17 Primates e, - No No
AP11-100M3.2 Chr 11 OR9GY GNAS GMNAS Chr 20 Simiifrmes Mo No No

independent retrogene 4 Chr 3 {Cia) KCTDE GNAS GMNAS Chir & (Cia) Cia - - ORF: AR GEB-E1E
independent rerogens & Chr2 {Gia) MTX3, CMYAS GNAS GMNAS Chr & {Gia) Cia - - ORF: AA TOIB28
independent rerogens & Chr 11 {Cja) - GNAS GMNAS Chr & {Ga) Cia - - ORF: AA TO3T54
independent retrogens T Chr 1 {Cia) Ug=nRMNA GNAS GMNAS Chr & {Cis) Cia - - MNo

independent retrogens & Scafold 5572 {C - GNAS GMNAS GeneScafiold B406 (Cad  |Cay - - No

Supplemental Table 2.5: Retrogenes in Primates. The table summarizes the properties of GNA- retrogenes found in primates. Two retrogenes
(highlighted in bold) are the result of independent duplications of an existing retrogene. All other retrogenes are the result of a retrotransposition
event. The retrogene name, location, location of the parent and the proximity to a promotor are given for human unless specified differently in
parenthesis. The retrogene is situated next to the gene specified in the synteny column for the phylogenetic group given in the column ‘LCA’ (last
common ancestor). Requiring conservation within the complete phylogenetic group, the coding potential of the respective region was evaluated
with RNAcode'® (+: methionine contained in open reading frame, ORF; -: no methionine in ORF). Conserved ORFs that are similar to the parent
ORF were detected via blastn with the human parent gene as query. Cja — Callithrix jacchus, Ggo — Gorilla gorilla, Csy — Tarsius syrichta, Mmu —

Macaca mulatta,

Pan — Pongo abelii.
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CHAPTER 3

THE ACTIVATION OF HETEROTRIMERIC G PROTEINS: EVALUATION OF
THE PAST AND PRESENT MECHANISTIC MODELS

3.1 Introduction

Chapter 3
Lokits AD, “The Activation of Heterotrimeric G proteins: Evaluation of Past and Present
Mechanistic Models” Vanderbilt Reviews Neuroscience 2014

Contribution

| am the sole author of this manuscript. | contributed all text: abstract, introduction,
reviewed all articles and conclusion. | edited all texts and created the figure as modified
from Neuroscience, Purves, 4™ Ed.

AIOsgtzail(l:tsignaling through G protein coupled receptors (GPCRS) represents one of the most
modulatory and regulatory communicative mechanisms in the nervous system.
Extracellular signals in the form of neural peptides, hormones, neurotransmitters, small
molecules, and ligands are converted into neural responses through GPCR interactions with
heterotrimeric G proteins. Since there discovery, GPCRs have become the largest
therapeutic target for a wide range of human pathologies including diseases such as
Schizophrenia, autism, neuropathic pain, sleep/wake disorders, and bipolar disorder.
However, despite their importance, the mechanism of G protein activation through their
cognate receptors for signal transduction has not been fully elucidated. This review looks to
introduce the basic structure and function of heterotrimeric G proteins, the challenges
present in the field which have hindered our understanding, and summarize the different
proposed mechanisms of activation leading to intracellular signaling cascades. Lastly, our

current working model of activation will be presented as a unified mode of understanding
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these dynamics while predicting where the field looks for future drug discovery and
research.
Introduction

Cell signaling is a fundamental process required in all living organisms for
development and homeostasis. In neurons, rapid cell to cell signaling via chemical
synapses requires ligand-gated ion channels which quickly activate and alter the membrane
potential through their ability to directly fluctuate local ion concentrations'*?. Slower or
more modulatory signaling is often mediated through G protein coupled receptors (GPCRS)
which require more time to alter the membrane potential as they are not ion channels
themselves, but interact with transducing proteins to communicate their signal and
propagate an intracellular response’®. GPCR-mediated ion channels along the post
synaptic membrane are therefore acted upon through a course of protein-protein
interactions. With around 800 different types of GPCRs, this modulatory class of cellular
receptors accounts for 2% of the expressed protein population®. This diversity of receptor
subtype provides an additional layer of neuron and synapse specific signaling.

G protein coupled receptors (GPCRs) are the largest and most diverse class of
membrane receptors in eukaryotes'®. In the nervous system, GPCRs can be present both
pre-and post- and even peri- synaptically to differentially influence neuronal

communication®®-1%

. This allows for modulation on all sides of the “message” being
transmitted. Likewise, their ability to bind many different forms of ligands makes these
receptors responsible for an estimated 40% of all signaling within the cell*”. This

significant role in cell to cell communication in conjunction with their transmembrane

locations makes GPCRs a prominent therapeutic target*®. Though roughly half of current
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therapeutics act upon GPCRs, a consensus model of the mechanism of G protein activation
via their receptors does not exist. Such a model would provide better understanding of
modulator neuronal communication as well as increase the current understanding of cell
signaling on a broader scale.
G Protein Signaling Cycle

As implied by their name, G protein-coupled receptors interact with intracellular,
heterotrimeric complexes, called G proteins, in order to transduce their signal into a
cellular response. This signal exchange occurs, as depicted in Figure 3.1 with the
Rhodopsin GPCR, when an external ligand activates the receptor allowing for association
of the heterotrimer. Composed of three subunits, the Ga and functional Gfy dimer
subunits become activated after binding to an activated receptor (R*); this interaction
catalyzes the Ga subunit to exchange GDP for GTP. This requires a conformational change
that rearranges the binding affinities within the complex, promoting the Ga subunit to
dissociate from the receptor and its GBy subunits. The activated and dissociated Ga may
then interact with and initiate signaling cascades with its effector proteins while in the
GTP-bound state. However, as most Ga subunits possess intrinsic enzymatic activity, the y
phosphate of the GTP is ultimately hydrolyzed resulting in a GDP-bound Ga subunit. This
conformation, once again, maintains a higher affinity for its By pair than its effector
proteins allowing for the termination of the signal and the recycling of the transducer
signaling machinery at the membrane interface for future signaling events coupled to the
receptor 13 19 The present work seeks to synthesize the abundance of literature
surrounding this activation process and the current mechanistic models of the allosteric

interaction networks required to modulate the Go subunit for activation.
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Difficulties to elucidate the Structure and Mechanics
It has long been known that the ligand binding site in the archetypical, Class A

rhodopsin GPCR, required for Phototransduction in vision, is approximately 40 Angstroms
away from its intracellular loops which bind to the Ga subunit®**?%?, This interface of the
receptor-G protein is 30 Angstroms away from the Go subunit’s nucleotide binding
pocket'™ 1. Therefore, the extracellular ligand must induce an allosteric conformational
change some 70 Angstroms from its binding site; a dynamic conformational change must
propagate across the complex to release the basal GDP nucleotide in exchange for GTP.
This has led to multiple proposed Go activation mechanisms; each model attempts to
understand how the securely lodged nucleotide becomes expelled from within the GTPase
and helical domains of Gao.

However there have been many practical and technical difficulties hindering the
elucidation of this mechanism. Among them is the inherent GPCR-G protein cross talk
which makes studying only one G protein subtype difficult as multiple Ga subunits have
been shown to interact with the same receptor but elicit a different cellular response®®.
Likewise it is still not understood which of the various possible py combinations®®* and

21,205 are possible in vitro and in vivo. Therefore all mutational studies

o/By combinations
for G protein activation are severely limited in scope as they only focus on a handful of
known G protein a, B, and y combinations. Confounding this limitation in the first
messenger signal components, there is cross talk in the downstream signaling effector
molecules activated by Ga and Py. This creates caveats in using indicators such as cAMP
accumulation as measures of G protein activation as it can be activated by both the Ga
subunit and Py subunits of different subfamilies. Technical difficulties with expressing and

purifying individual subunits and receptors in large enough quantities for experimentation
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has led to the use of many different cell lines for the various protein components. Even
once these challenges are met, many studies have been limited by the presence of
endogenous signaling machinery present in the experimental cell lines.

In conjunction with this, crystallization of these proteins in their various states has
been a challenging enterprise as these complexes are composed of highly flexible domains,
very transient conformational switching states, and a lipid membrane-bound receptor. Even
with recent advances in crystallographic techniques, nanodiscs, and stabilizing nanobodies,
crystal structures only provide a “snapshot” of one or more of the various conformations
the protein complexes may undergo®® 7. Instead, to probe the various physiologically
relevant conformations the complex is capable of maintaining across the entire signaling
cycle, a more dynamic approach is required to elucidate the modulatory and inherently
flexible states these proteins undergo during the signaling cycle.

Current Structural Knowledge
The elucidation of atomic resolution crystallographic and NMR structures has been
paramount to the advances in conformational dynamics of G protein activation. The GDP-

bound crystal structures™! 2%

of the heterotrimeric G protein as well as the dissociated
dimeric subunits of GBy complexes® were key to understanding the basal, unbound state
of the signaling complex. Crystallization of the activated Ga subunits in the presence of
various GTP analogues provided the structural snapshots of the final stage of activation®'%
212. |ikewise structures of Gor and GBy subunits with their downstream effectors®™ have also
led to many interesting discoveries for protein-protein interfaces, signal propagation, and
214

insights into causes for various disease states“".

Wall and colleagues solved the first structure of a G-protein heterotrimer, which
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provided the structural basis for Go—Gf interactions®!. Crystal structures of Gaip1y: and
Gajifi1y2 show two sites of interaction for the Go and Gf subunits. These include the
hydrophobic pocket of the Switch I and II regions as well as a portion of the Ga aN

helix13l, 208

. However there is no crystallographic evidence of any Ga-Gy interaction. The
aN helix (amino terminus of the Ga subunit) is in close proximity to the carboxyl terminal
tail of Gy. The aN helix seems to be unstructured when in the monomeric, GDP-bound
state, but it becomes helical when bound to GPy. Addition of a lipid modification
(myristolation) allows it to maintain a PBy-independent helical nature, associate with the
membrane and the activated receptor'%® 2%,

Biochemical and mutational studies have further mapped areas around this helix
thought to be important for receptor interaction and G protein activation”>*®, From these
studies, the Ga subunit’s amino terminus and carboxyl terminus seem to be crucial for R*
interaction?> 922! Several studies have mapped regions of interest for conformational
propagation from the binding interface of the receptor to the nucleotide binding site. Of
these around the quinine ring®*, the a5 helix*** **> %% and the GB subunit®®* ?'® have been
identified as important structural moieties for protein interaction and/or function. Likewise
for nucleotide exchange and activation of the Go subunit, initial interaction with R*

172, 204

requires binding of the Py subunits to the Ga . The Gy subunits have also been

shown to provide receptor selectivity with their interaction with Ga®.
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3.2 Proposed Mechanisms of Activation
The Lever Arm

It has been hypothesized that the activated receptor must act “at a distance” to induce
nucleotide exchange based on the aforementioned crystallographic knowledge of GPCRs
and G proteins. Looking at monomeric G proteins of the Ras or Elongation Factor (EF)
subfamilies related to the trimeric complex has provided the foundation of insight into a
means of disrupting nucleotide stability in the presence of their exchange factors. Though
crystallization of the R*-Goyempyy)By had not been solved in 1998, the 3D structure of
bacterial elongation factors Tu and Ts in the empty nucleotide transition state had been
solved®® % From these structures the Bourne lab developed the lever arm model of Go
activation based on the Tu/Ts interface and its similarity to the Ga-Gp interface”®.

From these structural comparisons, they proposed that similar to the three pronged
“comprehensive attack” the EF-Ts imbued upon EF-Tu for nucleotide destabilization, the
GP subunit’s action on the binding pocket may be analogous. This included directly
expelling the magnesium ion from the pocket, interrupting the loops around this region,
and destabilizing the guanine ring of GDP. The overall structural means of catalysis was
through the rotation, or tilting, of the GP subunit relative to the Ga inter-domain interface.
This alteration forces the “lip” occluding the nucleotide pocket to open, creating an exit
route?*.

Similar to the EF-Tu/EF-Ts mechanism, the lever arm hypothesis also included the
rotation of loop and secondary structure elements around the binding pocket in a molecular
“tug-of-war” for the binding of GTP versus recoupling to the G subunit. The rotation of

Ga’s a2 helix is consistent with the basal and activated Ga crystal structures as well as
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kinetic studies evaluating the affinity and irreversibility of the creation and termination of
the stable ternary complex®.
The lever arm model was qualitatively supported using mutant Ga-G3 with an altered

conformation of interaction®?®

. These experiments showed that shortening of the aN helix
of Gos by four residues near its amino terminus resulted in increased spontaneous
nucleotide exchange by GPy; this was thought to be due to a tilted interface between the
subunits which altered the exit route “lip” interaction of G resulting in increased
nucleotide exchange. Likewise further biochemical studies mutating residues along the Ga-
Gp interface showed increased instability of this region leading to altered rates of receptor-
mediated nucleotide exchange but not heterotrimer formation®®® 2% 2% Studies also
support the hypothesis of the aN helix interacting with and moving upon receptor
binding*® %’

Though the lever arm model outlines a potential mechanism of information propagation
across the complex for activation, it inherently possesses several flaws. Small GTPases do
not have the long aN terminal helix yet still possess the same level or higher rate of
nucleotide exchange’®. Small GTPases also do not require the coordination of a
magnesium ion for binding and hydrolysis??. Likewise speculation of the thermo-stability
of the complex suggested that pulling of G subunit alone may not be sufficient to force

nucleotide exit??

. Furthermore, the lever arm model did not account for putative Gy
interactions with the receptor and Go subunit®*®, Reports that mutations to the carboxyl
terminus of Gy had be shown to increase receptor-mediated nucleotide exchange resulted in
revisions to the lever arm model to account for the subunits role in stability, selectivity and

activation?'® 2%,
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The Gear Shift
To address some of the issues present in the lever arm model, Chabre and colleagues

modified the activation mechanism to still include the GPy subunits, but removed the
torqueing, or prying, motion of the GB subunit”®. This change was due to the packing
differences seen in the Switch II (binding interface of Ga-Gp) region between GTP- and
GDP-bound Ga subunits. In the GDP-bound form, Switch Il was loose and allowed for a
water-filled channel; however it was ordered and densely packed upon GTP binding.
Likewise, a disordered interface seemed to be important for GDP instability upon Gf
interaction between the Switch I and II elements. Instead of pulling on the G subunit to
pry open the pocket and allow nucleotide displacement, Chabre suggests that Gf rotates
closer to the nucleotide binding region during the exchange. This allows the Gy subunit to
interact with the helical domain of the Ga subunit. The amino terminus of the Gy subunit
could then alter and shift the helical domain of the Ga subunit.

The gear-shift model received its name for the presence of three “gears”. These gears
are composed of (1) the activated receptor’s interaction with the carboxyl and amino
terminal helices of Ga and the carboxyl terminus of Gy, (2) the GP subunit interacting with
the GTP-binding domain of Ga in the basal, GDP-bound state, and (3) the Gy subunit
interacting with the helical domain of Ga. These gears cooperate to imbue conformational
alterations across the complex to facilitate GDP instability and release. The Gy subunit acts
as the conformational “shifter” as it is suggested to physically coordinate each of the gears
to promote helical domain opening.

A major component of this model is the speculative interaction of the Ga helical

domain directly with the Gy subunit. Several studies have suggested that the helical domain
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must open for nucleotide exchange to occur?’®, and Ga proteins in which the helical
domain was entirely removed possess increased spontaneous nucleotide dissociation®".
Chabre proposed that the Gy subunit hooks the Ga helical domain subsequent to Ga-Gf3
interface tightening. This is not without biochemical validity as several studies suggested

: 218, 230, 232-235
Ga and Gy could interact

though there was no direct crystallographic or NMR
data to support such an interface. In the original description of the gear-shift model, the Gy
subunit displaces the helical domain as a “rigid body” away from the nucleotide binding
region. This model also suggests that the amino terminus of the Gy subunit might also play
a role in the efficiency of the exchange process by allowing an additional level of
specificity with combinatorial subunit composition 2%,

The gear-shift model is similar to the lever arm model in that the GBy subunits play a
pivotal role in inducing activation. However, unlike the lever arm model, the aN helix is
proposed to move in the opposite direction to allow for a tightening of packing at the Ga-
Gp interface?®®. Further support for this model came through observation of similarity
between the heterotrimeric G protein B subunits and guanine nucleotide exchange factors
associated with the monomeric G protein Arf family (subfamily of the monomeric Ras
superfamily). In heterotrimeric G proteins, GB has been suggested to play a crucial and

active role in GDP exchange for GTP?%® 21

. It has been predicted to alter its relative
conformation upon GDP release when the ternary complex is in its transient nucleotide free
state®®®. This is similar to the mechanism of activation of small monomeric G proteins and
their guanine nucleotide exchange factors (GEFs)*"2%. For their activation, the GEFs of

the Arf family of proteins alter the conformation of the Switch 11 regions®*" 2*2. The Gp

subunit could parallel this mechanism of activation by tightening its interaction during the
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free complex®®.
The Ga Unified Model

Several site-directed spin label studies from the Hubbell and Hamm laboratories
investigated the interface between the Gy subunits and the Ga’s Switch I, II and aN helix.
Though these studies found displacement of the Switch regions and disordered loop
conformations that destabilized nucleotide binding, their results did not directly align with
either the gear-shift of the lever arm models. Instead these displacements contradicted the
larger conformational changes predicted. Likewise, each of the studies suggested that the
GPy subunits rotated perpendicular to the membrane as opposed to parallel, in contrast with
both of the aforementioned models™" ** 2% Though these data may potentially be due to
the introduced cysteine mutations or the spin labels introduced into the system, these
studies led to the search for a new model of Ga activation.

Other experimental findings also conflicted with both models. Primarily these studies
investigated the Ga carboxyl terminal helix (a5). This region of the Ga subunit has been
shown to interact with activated GPCRs through much mutational, fluorescence, NMR,
EPR/DEER and crystallographic structural studies®®® **" 2% Composed of an o helix,
this secondary structural element has been shown to move as a rigid body, connecting the
receptor to the nucleotide binding domain®*. This conformational change was suggested to
be transmitting activation to the binding pocket via Go’s al and B2/3 strands®® %2,
Mutations to this helix and the f6-a5 loop led to spontaneous nucleotide release, indicating
that this region is important for the signal propagation from the receptor to the GDP

155, 222, 253-255

binding site . Mutational studies and molecular dynamics indicated that the al

helix, B2, B3, and B6 strands may be the midpoints to transmit the conformational change
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from the o5 helix to the helical domain®® #%%2°2_ Still other studies indicated that mutations
along a5 resulted in decreased affinity for GDP and increased spontaneous release®* 2.
Male patient with precocious puberty were also found to have similar a5 mutations in their

Gas proteins®®

. In summation, these reports suggest that the Go subunit could act as its
own “microdomain” for activation independent of GBy movement.

The a5 helix was also shown to undergo a rotation, insertion and displacement upon
receptor interaction, using a five-glycine linker at base of the a5 helix that “decoupled” the
receptor from the nucleotide binding pocket resulting in decreased receptor-mediated
nucleotide exchange®®. This decoupling linker did not drastically alter the intrinsic basal
rate of nucleotide exchange. These results suggested that movement of the a5 helix upon
receptor interaction is necessary for propagation of the conformational change from the
receptor binding interface to the nucleotide binding pocket™* 2 %7 Therefore, the new
unified model of G protein activation is founded on the principle that receptor interaction
with the a5 helix is sufficient for nucleotide exchange. Work done by the Hamm, Hubbell,
and Meiler laboratories suggest that perturbing this region leads to interaction of the highly
conserved TCAT motif of the B6-a5 loop. This loop directly interacts with guanine ring of
GDP allowing for instability in that region*®®.

Lastly, the unified model of Ga activation has been corroborated by recent
crystallographic advances in field. In 2012, Kobilka and collaborators solved the
nucleotide-free ternary complex in which a ligand-bound GPCR was coupled to its cognate
heterotrimeric complex during the transition of GDP for GTP exchange®”’. In this crystal

structure, the gear-shift model was shown to be highly unlikely as the Gy subunit was not

shown to interact with the Ga subunit. Likewise, further studies on this complex
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corroborated the rotation of the a5 helix upon receptor interaction and potential

information propagation to the nucleotide binding pocket®®.
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3.3 Conclusions

Conclusions

The Mechanism of G protein Activation Impacts Drug Discovery

Understanding the fine-tuned mechanics of the GPCR-G protein system lends itself to
more focused drug targets. As GPCRs and G proteins play a “slow” and modulatory role in
neuronal signaling, targeting GPCRs through the use of positive and negative allosteric
modulators (PAMs/NAMS) has been shown to augment current therapeutic strategies in
order to lessen required dosing and/or modulate GPCR function without direct
agonism/antagonism. Strong support for the utility of GPCR modulators in attenuating
vagrant signaling cascades can be seen in a range of neurological dysfunctions. Research

,8259

on diseases such as Parkinson’s®®®, addiction®®, psychosis®, Fragile X Syndrome®®?, and

memory deficits®®

are all turning to modulators of GPCRs for better medicinal or research
compounds.

Roughly 30-40% of approved drugs currently on the market bind extracellularly to G
protein coupled receptors*®. However, understanding GPCR-G protein interactions and
their mechanics can lead to novel intracellular medicinal targets. With 800 different
GPCRs encoded in the human genome and 21 Ga genes™, creating small molecules which
enhance or inhibit GPCR-G protein interaction may provide a novel means of directing cell
signaling in disrupted neural circuits. Enhancing or attenuating receptor-G protein specific
intracellular dynamics could shift erroneous receptor conformations or over activated
signaling pathways.

Developing interaction-specific GPCR-G protein signaling modulators may also open
doors for treatments which synergize with current neurological therapeutics. As many
GPCRs couple to multiple Ga subtypes, preferentially enhancing or inhibiting one
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interaction over the other may lead to significantly less therapeutic off-target effects when
dosed congruently with a modulator of that GPCR. In Schizophrenia, modulators of
metabotropic Glutamate Receptors Il/111 (mGIuR33) in Phase Il clinical trials have shown
promise in attenuating anxiety and hallucinations®®*. Yet with chronic dosing, there are
some reports of negative side effects involved with prolonged disruption of the
Hypothalamic-Pituitary-Adrenal (HPA) axis. As mGIuRy3; can couple to several Ga

subunit subfamilies®®

there is an opportunity to investigate GPCR-G protein specific
molecules to alleviate some of the off-target effects on steroid and hormone production.
However, without a working understanding of receptor-G protein interaction and

activation, knowledge-based creation and testing of such ligands is unattainable.

Future Studies of G protein Structure and Dynamics
Though the unified model has not fully been tested and is not expected to completely

explain G protein activation, it is in consensuses with the current literature in the field.
Furthermore the unified Go model also allows for other “routes” of information flow across
the Ga subunit to the nucleotide pocket. For example, the molecular trigger model suggest
that a conserved binding site between the a5 and 2/3 loop (R in DRY motif) is responsible
for the Ga family’s conformational changes upon R* binding®®. This model utilizes a
different “door” or direction of information flow across the Go subunit, connecting the
receptor to the nucleotide binding pocket across a different face of the Ga subunit.

This activation model also opens the field to analyze different questions about GPCR-G
protein interactions. Do receptors and G proteins which form pre-coupled complexes utilize
different routes of activation? Do GPCR dimers, such as the Class C GPCRs, activate in a
similar mode as the monomeric GPCRs? Do different G proteins possess multiple means of
activation as an additional level of signaling selectivity? How does the helical domain
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return to a closed conformation upon GTP binding in order to promote complex
dissociation? All of these questions will continue to challenge the field of G protein
signaling indicating that there is still much to learn about heterotrimeric G proteins and
their cognate receptors. Furthermore, elucidation of each of these questions within the
neural circuitry will provide researchers with more targeted and specific routes of
therapeutic intervention with fewer off-target effects. Understanding GPCR-G protein
interaction is paramount to understanding neuronal modulation, signal integration, and

aberrant circuitry.
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Figure 3.1: G protein signaling in ROS membranes. The most studied GPCR, Rhodopsin,
becomes activated (R*) by the energy of a single photon. R* undergoes a change in structure
allowing it to bind to its trimer (GatPy) and catalyze nucleotide exchange via an unknown
mechanism. Gat(GTP) then dissociates to interact with downstream effectors such as
Phosophodiesterase (PDE) which hydrolyzes cGMP to GMP. Decreased levels of cGMP leads
to the closure of cGMP-gated Na* channels. With cations inhibited from entering the
photoreceptor, the membrane hyperpolarizes. Adapted from Neuroscience, Purves, 4™ Ed.
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CHAPTER 4

ROSETTA COMPARATIVE MODELING PROTOCOLS

4.1 RosettaCM protocol

Chapter 4
Bender BJ, Cisneros Il A, Duran AM, Finn JA, Fu D, Lokits AD, Mueller BK, Sangha
AK, Sauer MF, Sevy AM, Sliwoski G, Sheehan JH, DiMaio F, Moretti R, Meiler J,
“Molecular modeling with Rosetta3 and RosettaScripts” Biochemistry 2016 55 (34), pp
4748-4763

This section is reprinted with permission from Biochemistry. This is an open access article
published under an ACS AuthorChoice License, which permits copying and redistribution
of the article or any adaptations for non-commercial purposes.
Contribution

| am a co-first author of this manuscript. | contributed the texts for the section of
comparative modeling, the introduction and parts of the conclusion. | also edited the

manuscript and the contributions from the other authors. The protocol capture/workshop

tutorial was created by Greg Sliwoski and edited by me. The protocol capture can be found

in 267

Abstract
Previously, we published an article providing an overview of the Rosetta suite of bio-

macromolecular modeling software and a series of step-by-step tutorials®®. The
overwhelming positive response we received to this publication motivates us to here share
the next iteration of these tutorials which feature de novo folding, comparative modeling,
loop construction, protein docking, small molecule docking, and protein design. This
updated and expanded set of tutorials is needed, as since 2010 Rosetta has been fully
recoded into an object-oriented protein modeling program Rosetta3. Notable improvements
include a substantially improved energy function, an XML-like language termed
“RosettaScripts” for flexibly specifying modeling task, new analysis tools, the addition of

the TopologyBroker to control conformational sampling, and support for multiple
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templates in comparative modeling. Rosetta’s ability to model systems with symmetric
proteins, membrane proteins, non-canonical amino acids and RNA has also been greatly
expanded and improved.
Comparative Modeling

Comparative modeling differs from de novo methods in that it utilizes a known protein
structure as the starting scaffold or template for structural prediction. If the template
structure is a homologous protein, one speaks often of ‘homology modeling’. Comparative
modeling is a useful strategy for predicting protein structure and function when
experimental methods fail or would be too resource-intensive to employ. It increases the
probability of obtaining realistic conformational predictions, especially when the target, or
desired protein, is greater than 150 amino acids in length and/or adopts a complex tertiary
fold. However, it requires that a related, often homologous, structure has been determined
experimentally; this is termed the template. Ideally the sequence identity between the target
and the template is above 30%, although proteins with lower sequence identity may still be
used for comparative modeling when their tertiary fold is conserved.

The latter case will be examined within the tutorial provided with the Supporting
Information. This tutorial, rosetta_cm, outlines the basic steps necessary for comparative
modeling in Rosetta. The tutorial focuses on the use of RosettaRelax and
RosettaMembrane, as well as information on how to implement basic restraints into the
system. This tutorial is intended to function as a skeleton protocol for a comparative
modeling problem. It does not encompass all possible modifications necessary for
application to a real user-defined problem. Over the past several years, comparative

modeling in Rosetta has incorporated many improvements, specifically the use of multiple
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templates and a specific low-resolution scoring functions™*. Previously published protocols
of comparative modeling with Rosetta suggested using multiple templates to obtain
diversity and flexibility?®®. However, models were built on individual templates. The new
RosettaCM protocol allows for integration of multiple templates with de novo fragments
into a single structural model of the protein'®. Hence, this multi-template, multi-staged
protocol samples a broader structural landscape and can select well-scoring sub-templates
for different regions of the protein to be modeled.

A highly detailed description of RosettaCM design, sampling and scoring has
previously been published'®*. Users are encouraged to refer to this manuscript for a
comprehensive assessment of RosettaCM applications, considerations, and caveats. Herein
we will briefly describe features of RosettaCM as they apply to the protocol presented.

Starting Templates
Before utilizing RosettaCM, starting templates must be identified through remote

homolog detection methods such as PSIBLAST?"

. When homologs are not found using
sequence-based methods, 3-D fold recognition software may be used to obtain suitable
templates. As with other modeling software, RosettaCM performance improves with higher

sequence similarity and identity.

Three Stages of Multi-Template Comparative Modeling
Multi-template RosettaCM is a three-staged process in which the best scoring model

from each stage is utilized as the input for the following step. The output of stage one is a
full-length, assembled model that is generally correct in topology. However, segment
boundaries where templates are mended can be sub-optimal in geometry and energetically
frustrated. To resolve these energetic frustrations and to explore the conformational space

around this starting model, stage two of RosettaCM iteratively improves local
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environments through a series of fragment insertions, side chain rotamer sampling, and
gradient-based energy minimization of the entire structure using a RosettaCM-specific low-
resolution energy function. The best model from this cycle is then moved to stage three for
a final round of all-atom refinement that improves side chain geometries, backbone
conformations, and packing density before converging on a final output model.

Modeling Loops
In previous Rosetta comparative modeling protocols a user-defined, “loop” closure step

was required to remove chain breaks, reconcile long unstructured coils, or rebuild regions
of low sequence similarity (all of which are defined as “loops” within the Rosetta
framework). Two different algorithms are available: Cyclic Coordinate Descent (CCD) and
Kinematic Loop Closure (KIC). Briefly, CCD quickly closes roughly 99% of loops
utilizing a robotics-inspired iterative approach to manipulate dihedral angles of three
residue backbone atoms between user-specified C-terminal and N-terminal anchor points.
The second loop-building algorithm, KIC, explicitly determines all possible combinations
of torsion angles within the defined segment using polynomial resultants®’*. While being
slower than CCD, KIC determines more accurate loop structures, provided the anchor
points are optimally set. Both algorithms within Rosetta can be used in conjunction with
fragments derived from the PDB to build regions of missing electron density, poor
homology, or backbone gaps.

Unlike the single template loop building application, comparative modeling with
multiple templates closes chain breaks and rebuilds loops internally during stage two. De
novo fragment insertions are encouraged in regions of weak backbone geometry while
template-based fragment insertions anneal chain-breaks and regions of low electron
density. Additional smoothing occurs with the RosettaCM-specific scoring function. This
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internal step removes the need for additional loop closures by the user. However, it is
encouraged for the user to critically examine all output models to validate structural
accuracy.

Conclusions
The Rosetta software suite represents a compilation of computational tools aimed at

obtaining physically-relevant structural models of proteins, RNA, and small molecule
interactions. Herein we presented a general outline of updated Rosetta applications,
protocols, frameworks and functionalities with the aim of improving user success. All
protocols are generalizable and can be applied to an extended list of biological queries that
other structure-determining methods may not be able address.

Improvements to the variety of Rosetta interfaces (RosettaScript, PyRosetta and many
web interfaces) allow the user a high degree of flexibility and personalization for each
specific structural problem, as well as providing a previously unavailable entry point for
novice users.

The current, default Rosetta score function (talaris2014) has been optimized and
improved with new score terms as well as reweighted knowledge- and physics-based
potentials. Rosetta also incorporates a new release of the Dunbrack rotamer library®'2.

De novo structure prediction has greatly improved with the implementation of the
TopologyBroker which was developed to create consensus sampling which satisfies all
user-requested constraints without requiring additional code development for each unique
system. Recent progress in comparative modeling applications have broadened the
conformational search space possible by incorporating multiple starting templates.
Protocols for protein-protein docking now include flexibility to modularize the coarse-
grained and high-resolution modes of RosettaDock, giving the user more freedom to
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incorporate additional features in the docking process while narrowing the computational
search space. Improvements in protein-small molecule docking utilizes an improved
Transform algorithm which increases both the speed and quality of this tool in obtaining
more native-like conformations. Likewise, the flexibility in incorporating experimentally-
derived constraints for most protocols has also greatly improved. In order to tackle the
challenge of the inverse folding problem, new implementations of multi-state design permit
users to optimize sequences while considering several structures simultaneously.
Continuous developments in Rosetta have increased its utility by adding functionality to
model proteins embedded in the membrane, expansion into non-traditional protein
modeling by adding non-canonical amino acids, non-canonical backbones, and nucleic
acids, as well as adding the ability to model ever-larger proteins by the addition of

symmetry.

Abbreviations

XML - eXtensible Markup Language
RosettaCM - RosettaComparativeModeling
PDB - Protein Databank

CCD - Cyclic Coordinate Descent
KIC - Kinematic Loop Closure
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CHAPTER 5

A SURVEY OF CONFORMATIONAL AND ENERGETIC CHANGES IN G
PROTEIN SIGNALING

5.1 Introduction
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conformational and energetic changes in G protein signaling” AIMS Biophysics 2015 2(4):
613-631
This section is reprinted with permission from AIMS Biophysics © 2015, Jens Meiler et al.
licensee AIMS Press. This is an open access article distributed under the terms of the
Creative Commons Attribution License
Contribution
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Abstract
Cell signaling is a fundamental process for all living organisms. G protein-coupled

receptors (GPCRs) are a large and diverse group of transmembrane receptors which
convert extracellular signals into intracellular responses primarily via coupling to
heterotrimeric G proteins. In order to integrate the range of very diverse extracellular
signals into a message the cell can recognize and respond to, conformational changes occur
that rewire the interactions between the receptor and heterotrimer in a specific and
coordinated manner. By interrogating the energetics of these interactions within the
individual proteins and across protein-protein interfaces, a communication network
between amino acids involved in conformational changes for signaling, is created. To
construct this mapping of pairwise interactions in silico, we analyzed the Rhodopsin GPCR

coupled to a Gajif1y1 heterotrimer. The structure of this G protein complex was modeled in
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the receptor-bound and unbound heterotrimeric states as well as the activated, monomeric
Ga(GTP) state. From these tertiary structural models, we computed the average pairwise
residue-residue interactions and interface energies across ten models of each state using the
ROSETTA modeling software suite. Here we disseminate a comprehensive survey of all
critical interactions and create intra-protein network communication maps. These networks
represent nodes of interaction necessary for G protein activation.

Introduction

G protein-coupled receptors (GPCRs) are the largest and most diverse class of
membrane receptors in eukaryotes **; they bind many different types of ligands to initiate
an array of intracellular signaling cascades. GPCRs primarily interact with membrane
associated, heterotrimeric complexes called G proteins in order to transduce their
extracellular signal into a cellular response. The three subunits, Ga, B, and y, undergo
conformational changes to interact with different protein binding partners along their
signaling cycle in order to transmit the appropriate messages within the cell 2%,

The most dynamic changes in structure and affinity can be seen in the Ga subunit,
which mitigates each step of the complex’s signaling dynamics and function 154,210,244 The
affinity of the Ga subunit to each of its different binding partners is determined by the
structural changes it undergoes within the signaling cycle 2%, Therefore one can think of
the Ga subunit as the control center of this signal transducing machinery as it preferentially
interacts with different proteins, complexes, and small molecules via conformational

changes of its own structure to propagate the information to other signaling moieties within

the cell (Figure 5.1A).

G protein signaling cycle
In its inactive state, the Go subunit has a high affinity for the nucleotide GDP,
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possesses a closed helical domain, and interacts with the Gy subunits. Upon interaction
with an activated GPCR, the Go subunit undergoes conformational changes to

accommodate binding the receptor (Figure 5.1B) "* %20 This

includes the rigid body
rotation of its a5 helix up and into the receptor (Figure 5.2), as it moves along the
hydrophobic (-sheets surrounding it to create new interactions sites within the GTPase
domain and to the helical domain **. This rotation signals to the rest of the complex
through an altered interaction network that the Ga subunit is bound to the receptor. In this
receptor-bound conformation, the Ga subunit’s affinity for GDP is drastically reduced as
its flexible helical domain opens to allow nucleotide escape %*°. Upon GDP release, the Ga
subunit has a high affinity for GTP, though the nucleotides only differ in the addition of a
single phosphate group. Once GTP is present in the binding pocket, the Ga subunit once
again alters its conformation and affinity for both the activated receptor and the GPy
subunits bound to it. Subsequent dissociation of the Ga subunit from this complex frees
Ga, as well as Gy, to interact with downstream signaling effector proteins and regulator
molecules in order to continue the signaling cascade 2. In this GTP-bound, active
conformation, the Go subunit possesses different binding interfaces to interact with various

210, 211

effector moieties . The intrinsic enzymatic ability of Go hydrolyzes GTP back to

GDP ??®, The rate of hydrolysis can be altered by interacting with accessory proteins which

alter the enzyme’s catalytic efficiency '

. Upon cleavage of the y phosphate group, the Ga
subunit structure returns to its basal state where its propensity to complex with Gy is once
again higher than its affinity to interact with other signaling moieties; the reunion of the

heterotrimer allows the signaling cycle to terminate or for the complex to begin additional

rounds of signaling **.
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Significance
Current progress in crystallization of GPCRs has greatly aided in our understanding of

the G protein’s role within the ternary complex model. Recent work from the Kobilka
laboratory has provided the first glimpse of an activated GPCR, the B2-Adrenergic
receptor, in complex with a Gas heterotrimeric G protein ***. However, the experimental
structure does not provide information on the energetic interactions between amino acids
critical for the signaling process. What are the energetic contributions of interactions,
broken and newly made, that move the signal from the receptor to the nucleotide binding
site? Such an analysis is complicated as the experimental structure presents a static image
of interactions in a dynamic system. Crystal structures alone cannot show the
conformational dynamics the Ga subunit must continue to undergo to propagate
information to the rest of the complex. Further, the use of nanobodies, mutations, and
various crystallization aids can alter physiologically relevant conformations of the protein
to achieve the most energetically stable interactions for crystal formation.

To better understand the modulatory process the Go subunit undergoes to propagate
its signaling information, an energetic analysis of these conformational changes was
performed. We introduce a new pairwise, residue-residue assessment of protein side chain
and backbone interactions to describe tertiary topology. Using the available
crystallographic structures of each conformation the Ga subunit progresses through during
different signaling states, we have created interaction network “maps”. Specifically, we
have chosen to investigate the heterotrimeric G protein o subunit in its basal, receptor-
unbound Goi;(GDP)y state, the receptor-bound R*-Gaji(empty)By state, and the activated,
monomeric Goj;(GTP) state using the protein software suite, ROSETTA (Figure 5.1B).

Understanding the mechanism of cellular signaling is a crucial step in understanding
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the biology of any living organism. This article analyzes changes in conformational and
structural information by evaluating the predicted energy of interactions required to
maintain function of the Ga subunit before, during, and after binding with the membrane-
bound receptor. The ROSETTA protein modeling software allows interrogation of intra-

protein and inter-protein interactions on the amino acid level. Using an established

I 274, 275 276, 277

comparative modeling protoco and binding interface analysis , we have
created the first comprehensive framework for interrogation of pairwise amino acid
interactions across each of the signaling states. This analysis has allowed us to create
predictive communication maps between interacting side chain pairs throughout the Ga

structure as the conformational shifts propagate.
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5.2 Materials and Methods
Models
To create interaction networks within the different signaling states of the G protein o
subunit, we have combined several methodologies. Using previously published

3 we have created an

comparative models of the GPCR-Gaj; heterotrimeric proteins *
ensemble of structures for both the basal Go;;(GDP)By and the receptor-bound R*-
Gaji(empty)PBy states. Likewise, we have utilized the available crystal structures of
activated, monomeric Gaj; for a similar analysis (PDBIDs: 1GIA, 1GIL). Each structure of
activated Gaj; was energy-minimized in the presence of its GTP-analogue. To ensure a
robust sampling of the backbone and side chain conformational space consistent with low
energy, 500 models were created based on a Gai crystal structure (PDBID 1GIA). As more
extensive sampling with 1000 poses was not shown to greatly increase model quality,
generation of 500 models was used for all other structures. This is consistent with the
findings of previous protocols **. Of these models, the ten lowest scoring models by
ROSETTA score were shown to cover the spread of structural flexibility without allowing
for larger structural deviations (Supplemental Figure 5.1). These ten models were
employed for further analysis. For all analyses herein, each model possessed the
appropriate nucleotide for the given signaling state during all calculations.

AAG
From these initial models we then probed for intra- and intermolecular interaction
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energies using the ROSETTA computer modeling software suite. Three signaling states of
the G protein a subunit were addressed: Gaj1(GDP)By, R*-Gair(empty)By, and Goi1(GTP)
(Figure 5.1B). For each state, the binding interface energy (AAG) was calculated for
various key inter-protein interfaces across the complex and within the GTPase and the
helical domains of the Ga subunit. Regions for analysis were selected for their roles as
protein-protein interfaces or for their apparent role in maintaining protein stability within
each conformational state. Specifically, key secondary structure elements (Figure 5.2) were
evaluated for their ability to contribute to overall protein stability by calculating the
changes in free energy before and after removal from the structure. Note that all energies
are given in ROSETTA Energy Units (REUs) and include predicted contributions of van
der Waals interactions, desolvation effects, hydrogen bonds, and electrostatics. While the
ROSETTA-predicted energy has been shown to correlate with the free energy in kcal/mol
276, 277 it js important to highlight that inaccuracies in the structural models and
simplifications in the ROSETTA energy function lead to deviations between predicted and
experimentally observed energies. Furthermore, the internal energy of small molecules is
assumed to be unaltered upon binding to the protein; the energy measurements herein
reflect energy perturbations induced by the ligand when binding to the protein. All AAG
results are reported as the absolute value of REU scores for consistency with previously
published data ™.
Pairwise interaction score analysis

Each of the three signaling states of the Goj; subunit were then interrogated at the
amino acid level utilizing ROSETTA’s pairwise score breakdown assessment. This feature

calculates the interaction score for each possible amino acid pair. Note, that while this
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score is also measured in ROSETTA Energy Units (REUS) it is not a free energy in the
thermodynamic sense. We therefore call these values consistently ‘interaction scores’.
However, this analysis allows for intra-molecular probing of information flow across
signaling states while creating a network of stabilizing amino acid interactions. A protocol
capture for this application has been validated externally and is available for public use
within the ROSETTA framework. Herein, we apply this method to the G protein aj; Subunit
to highlight the method’s effectiveness in predicting relevant structural nuances. Each of
the signaling states of Goj; were assessed by averaging the per-residue contribution of the
top ten lowest scoring models. The appropriate nucleotides and subunits were present

throughout all calculations.

Pairwise interaction score calculation
Pairwise interaction scores were calculated using the ROSETTA software suite. The

per residue score breakdown was calculated on ten comparative models which were created
as previously described ***,

Iresidue_energy_breakdown.linuxgccrelease -database /rosetta/main/database/ -in:files:s
<list individual pdbs> -output:prefix <output file name> -
restore_pre_talaris_2013_behavior

Protocols for pairwise interaction score analysis
Average per residue interaction pairs were calculated across ten models per signaling

state in MATLAB using the following script:

file_1 ="'model_1.xIsm’;

[~, ~, raw_1] = xlsread(file_1);

model_1 = zeros(5223,3);

model_1(:,1) = cell2mat(raw_1(1:end,3));

model_1(:,2) = cell2mat(raw_1(1:end,5));

model_1(:,3) = cell2mat(raw_1(1:end,26));

new_matrix_1 = nan(354,354);

for i = 1:size(model_1)

new_matrix_1(model_1(i,1),model_1(i,2))= model_1(i,3);

end
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Continued for all models analyzed, then average scores across all models:
ave_matrix = nan(354,354);

for ii = 1:354
for jj=1:354
ave_matrix(ii,jj) = mean([new_matrix_1(ii,jj) new_matrix_2(ii,jj) new_matrix_3(ii,jj)
etc.]);
end
end

g = ave_matrix(~isnan(ave_matrix));
[i,j] = ind2sub(size(ave_matrix), find(~isnan(ave_matrix)));
fin = [i,j,0l;
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5.3 Results

Estimating free energy changes across protein-protein interfaces

Predicting free energy changes across protein-protein interfaces has been a staple in
understanding the dynamics and kinetics of protein-protein interaction 2’® "% 2’® Used as a
measure of binding efficiency, AAG estimates are a useful means of probing the
thermodynamic stability of a protein interface in the bound and unbound states *** 27 2%,
For our purposes, we utilized this measure to assess the energetic contribution secondary
structure elements possessed along intra-protein interfaces between the helical and GTPase
domains as well as for inter-domain stability.

For our calculations, specific secondary structure elements (Figure 5.2) were
evaluated for their ability to contribute to overall protein stability by calculating the
changes in free energy before and after their removal from the subunit structure. For all
calculations, the appropriate nucleotides were present. The top ten lowest scoring models
for the Gaji(GDP)By, R*-Gaii(empty)By, and Gajr(GTP) states were each assessed, and
their ROSETTA scores were averaged.

GDP vs. GTP-bound models

The Goa subunit possesses similar energy in both the basal, Goi;(GDP)By, and
activated, Gaj1(GTP), states. This is expected as the two states differ only in the addition of
a y-phosphate ion. Though the GBy subunits were present for the basal calculations of the
trimer, they do not significantly alter Ga’s energetics when evaluating regions such as the
al, a5, or oF helices (Figures 5.3-5.4, and Supplemental Tables 5.1-5.3). When evaluating
these regions, the resulting energies highlight a consistency between these two states

suggesting that any structural changes within these regions begin and end with similar

147



energies of interaction.

Noteworthy alterations in energies are seen around the nucleotide binding pocket and
residues involved in stabilizing the Gf interface between the basal and activated states.
Examination of the P-loop and the variable Switch regions (I-111) (Figure 5.2) indicate
more subtle AAG changes across these regions (Supplemental Tables 5.4-5.7). In the basal,
trimeric state, the G subunit organizes the loop regions into a binding interface. In its
absence, the activated monomeric models do not show significant changes as seen in
ROSETTA energy scores overall, though specific amino acid positions are reported to
modulate.

Receptor-induced conformational changes

In contrast to the basal and activated states, the R*-Goj;(empty)py models show a
stark transition in the communication network across the secondary structure elements of
the Ga subunit. During this phase of the signaling cycle, the Ga subunit undergoes a large
conformational change which can be seen in the shifting of energetics around the al helix,
the a5 helix (Figures 5.3-5.4, Supplemental Tables 5.1-5.2), and regions involved with
nucleotide stability, namely the P-loop and the wvariable Switch (I-11l) regions
(Supplemental Table 5.4-5.7). It is during this stage of the signaling cycle that the receptor
induces activation, the helical domain is opened, and the guanine nucleotide is allowed to
exchange. The results from our models are consistent with experimental studies of these
133, 207, 256.

structural changes

Predicting pairwise residue-residue contributions to protein stability
To interrogate the conformational changes that must occur at the amino acid network

level between the signaling states, we devised a new application for the Rosetta modeling
software’s per-residue assessment of predicted interactions (publically available); this
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application allowed us to evaluate individual amino acid contributions to stability and
function. For each of the three signaling states, the top ten models were assessed for each
amino acid pair contribution to stability. The average score across the ten models was then
plotted for each state (Figures 5.5-5.7, Supplemental Figures 5.2-5.8).

To evaluate which interactions were made and broken between the different signaling
states, we compared the basal, heterotrimeric Ga;i(GDP)B1y: model scores to the receptor-
bound, R* Goj;(empty)Biy: and to the monomeric, Goi;(GTP) active state (Figure 5.5).
From this calculation we show the variability of the Switch regions, as interactions are lost,
or are diminished during receptor binding (red, above the diagonal) and remade in the
active state (blue, below the diagonal). Some of this variability may be due to the loss of
B1y1 binding upon activation.

The predicted opened and closed conformations of the helical domain are also
recognized when evaluating residue-residue interactions across states. The receptor binding

induces structural rearrangements that ultimately lead to helical domain opening *** > 207

2%- therefore, the upper matrix, above the diagonal, indicates the helical domain must break
contacts for activation (red). The basal and active Gaj; subunits possess very similar
secondary structure and tertiary fold. Therefore, fewer interactions are lost or diminished
between the two states (below the diagonal). New interactions or more favorable
interactions (blue) must be made to accommodate the GTP nucleotide and the lack of B1y1
subunits.

However, this broad representation does not do justice to the nuanced alterations of

residue-residue interaction. In addition the overall number of intraprotein Go interactions is

not expected to change across the different signaling states as all secondary structure
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elements and the global tertiary fold is maintained. Though there are technically fewer
intraprotein contacts when the helical domain is opened during the receptor bound state,
these differences are subtracted from interaction scores that are present in the GDP-bound
trimer; the result is a change in magnitude from interaction to no interaction that is
recorded in this matrix. Additionally changes in magnitude for the pairwise interactions in
the range of —0.5 to 0.5 REU were removed to highlight more significant contributions.
The Switch Regions

Across the three signaling states, a pattern of interaction emerges. As seen with the
AAG calculations (Figures 5.3-5.4, Supplemental Tables 5.1-5.8), the basal and activated
Go subunits maintain similar amino acid interactions. However, the y phosphate group
present in the activated Go. monomer leads to shifts in the communication networks of the
Switch I-111 regions (Supplemental Figures 5.2-5.4). As implied by their name, these
regions have been shown to alter their conformation in the presence of GTP instead of
GDP in crystal structures % %!,

The largest shift among these three elements is shown in the Switch Il region
(Supplemental Figure 5.3). This is expected as the Switch Il region also interfaces with the
Gp subunit. Present in this analysis during the trimeric basal and receptor-bound states, the
pairwise interaction map of G with the Switch Il region maintains interaction similarity
and therefore structural similarity between these two states. Key differences can be seen
around the Switch I and B2 elements with which the Switch II region interacts in the GDP-
bound state, but not during the receptor bound state.

Alterations in the communication network along the Gf subunit itself were not the

primary focus of the current study; however, the GB/Gy subunits were present for the

150



analysis of the basal and receptor-bound states. Therefore, they are included as interaction
partners along the corresponding interface residues. Interestingly, the G subunit does
show an altered conformation network between the receptor-unbound and bound states
suggesting some flexibility between the two G protein subunits. This modulation of the Ga
Switch Il region does not seem to show similar intra-protein interaction flexibility within
the Ga subunit itself, but rather it highlights relevant changes within the heterotrimeric
complex which may contribute to the mechanisms of receptor induced activation.
Rearrangements from nucleotide exchange

With this detailed analysis, we show that more elements other than the Switch regions
possess an altered communication network. Subtle changes in the al helix, a5 helix, oF
helix and P-loop highlight structural alterations induced by the nucleotide (Figures 5.6-5.7,
Supplemental Figures 5.5-5.6). Specifically, the GDP-bound versus GTP-bound Ga
subunit show altered network intensities along the f6-a5 loop within the highly conserved
TCAT motif (residues 326329 in Figure 5.2B). Changes in the P-loop are also much more
dynamic than we had originally predicted (Supplemental Figure 5.6). Interactions with the
residues 147—150 of the aD-aE loop in the basal state are not recovered in the active state.
Likewise Switch Il and I1l, and B4 interact with variable degrees of binding intensity (as
defined by ROSETTA Energy Units) with the P-loop suggesting more dynamic structural

rearrangements in this region.

Receptor-induced network changes
As expected, the receptor-bound heterotrimer possesses an altered interaction network

indicative of altered structure. These conformational changes are highlighted in interaction
shifts along the al helix and the a5 helix (Figures 5.6-5.7) as these secondary structure
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elements move to make transient connections. Connections are also lost between Switch |
and the Switch II/B3 interface during receptor binding, which are recovered upon Ga
activation and dissociation.

On the backside of the Ga subunit, the P-loop, which has also been implicated in

133,169,252 shows a drastic structural

nucleotide stability and possible mechanisms of release
rearrangement and transition during receptor binding (Supplemental Figure 5.6). As
observed above, the P-loop possesses a structural alteration resulting in a loss of interaction
with the aD-oE loop that is not present during receptor binding nor is it recovered post-
dissociation in the monomeric, active state.
The linker 1 region connecting the helical domain to the GTPase domain via the al to

aA helices also possesses a shift in conformation (Figure 5.6, Supplemental Figure 5.7).
This element was hypothesized to be an important mechanistic feature to allow domain
opening for nucleotide escape *** **®. However some movement is expected as it does not
possess any secondary structure elements.
The Helical Domain as a rigid body

Interesting secondary structural elements within the helical domain, such as the aA
helix, do not drastically alter their interaction networks across the three signaling states.
This suggests that these elements move together while maintaining a similar tertiary fold
(Supplemental Table 8, Supplemental Figure 5.8). These results are in agreement with
DEER, EPR, NMR and crystallographic data'®* 2°* 2°¢ which suggests the helical domain

moves as rigid body away from the nucleotide binding pocket *>* 207 2%,
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5.4 Conclusions and Discussion

The heterotrimeric G protein undergoes dynamic changes in its structure and its
binding affinity throughout the stages of the signaling cycle. We utilized structural models
of these conformational states to analyze the energetic contributions that stabilize intra- and
inter-molecular interactions that define these states, specifically within the Gaj; subunit.
This new analysis application predicts key amino acids to be nodes within the information
network that propagate the signal across the complex upon interaction with the receptor.

Utilizing the ROSETTA software suite, we computed energy values for residue
interactions along different binding interfaces. This benchmarked computational technique
has been shown to provide useful insight in the following studies #'® %" 282 | jkewise,
ROSETTA was used to compute pairwise interactions between individual amino acids
within the Goa subunit of the heterotrimeric G protein. This technique allowed us to
compare the predicted thermodynamically stabilizing interactions between the basal,
receptor-bound and activated conformations of the Ga subunit. Through this analysis we
were able to detect intra-protein differences in amino acid interaction networks important
for propagating conformational changes.

133 the Gaj; subunit was evaluated in the basal, GDP-bound

In a previous analysis
trimeric state and in the receptor-bound state through the use of AAG analysis. Our current
study expands on this progress by also including the activated monomeric state for
comparison of energy contributions made by key secondary structure elements to evaluate

critical regions for G protein activation. In addition we have modeled all three signaling

states to evaluate changes in residue pair contributions during signaling.
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GDP- vs GTP-bound models
From this analysis, we have highlighted the similarity of the Gajy GDP- versus GTP-

bound structures. By excising specific structural elements, a broad map of protein stability
can be painted. Regions important for interfacing with other proteins, such as the a5 helix
and the Switch Il domain show the most altered energy changes between these two states
(Figure 5.4, Supplemental Table 5.2, 5.6). This is expected as the binding partners
contribute to the relative energy of the system and inhibit interface flexibility. Regions not
involved in protein-protein interactions or large structural rearrangements, such as the oA
helix (Supplemental Table 8), remain more energetically stable and consistent across the
different models in the GDP and GTP-bound Ga subunit. This result is in agreement with
other structural studies that suggest the helical domain moves as a rigid body throughout G

protein activation 157, 207, 244, 256

Receptor-induced activation

The AAG calculations serve to highlight the role of key secondary structure elements as
well as specific non-structured linker regions in G protein activation via receptor coupling,
R*-Goiji(empty)Py. During this structural transition state in which Go must undergo a
dynamic conformational change, the AAG analysis shows a shift in interaction partners for
the al helix, a5 helix, and P-loop (Figures 5.3-5.4, Supplemental Tables 5.1-5.2, 5.4).
This conformation must therefore propagate from the receptor to the helical domain of the
Ga subunit in order to disrupt binding of GDP. Each of these elements has been implicated
in the mechanism of nucleotide escape and G protein activation %% 22 2 28 £rom this
analysis alone, however, no direct conclusions could be made on the order or dynamics of

conformational propagation across the subunit.
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Residue-Residue changes within the network
To better address this, a more detailed analysis of the structural differences was

performed. The informational network mapping through the per-residue pairwise analysis
highlighted subtle changes in G protein side chains induced by the y phosphate group of the
nucleotide. These altered interaction scores are indicative of altered structures which may
prove to be important for interaction with downstream signaling and regulator moieties.
However, we do not predict that all changes seen between these two states contribute to
effector selectivity and interaction, as some of the altered network must be involved in
maintaining the stability of the new structure without contributing to function.

Our pairwise analysis provides insight into possible routes of this information flow
from the receptor to the nucleotide binding pocket. Through examination of the al helix,
the a5 helix, and the P-loop, extreme displacement of the interaction pairs predicts the
importance of these structural elements in allowing nucleotide exchange and G protein
activation (Figures 5.6-5.7, Supplemental Figure 5.6). To further test and validate these
predictions, additional experiments must be performed to further elucidate the mechanism
of G protein activation.

From these analyses, we have created full, downloadable interaction matrices of our
results to provide further understanding of G protein structure and modulation
(Supplemental Material). By including pairwise score information across several signaling
states, we hope this data will prompt new and unique questions on G protein activation and
its signaling mechanics through investigation of these interactive communication maps.
The values represent averaged relative interaction scores within these protein complexes as

derived from comparative modeling based on published crystal structures. Future studies
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will be required to investigate the true predictive power of these results in vitro.
Method development

The use of AAG calculations in evaluating protein-protein interfaces has long been an
important application within ROSETTA 133276277282 \\e tilized this analysis not only for
evaluating changes along known protein-protein interfaces, but also along key secondary
structure elements thought to be important for propagating conformational changes across
the protein subunit or necessary for stability. By mapping the AAG of critical structures
across multiple models, we were able to compare relative energy contributions as described
by the ROSETTA score function for multiple structural snapshots.

One of the primary purposes for the creation of these energy calculations was to apply
and validate a new method of interaction analysis available in the ROSETTA modeling
software suite. Here we introduce a new methodology for evaluating the communication
networks underlying three dimensional protein topology. By evaluating the residue-residue
contributions to protein structure, we have created a technique to map interaction partners
necessary for structural stability and conformation transmission. The ROSETTA score term
for each contributing residue pair provides a roadmap for amino acid interactions necessary
for both structure and function. This pairwise analysis also highlights key nodes of
information flow when calculated across multiple protein structural states. The protocol
utilized herein has been externally validated and made available for academic and public
use with the ROSETTA software suite.

Downloadable Communication Maps

From these analyses, we have created downloadable interaction matrices available as

supplementary material. They combine secondary structure stability with individual

ROSETTA scores of interactions on a residue-residue level. This novel perspective has
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allowed us to begin to probe regionally specific interactions required for GPCR-G protein
interaction, residues required to propagate intra-domain conformational changes, and
stabilize the basal, receptor-bound, and activated Ga states. The download also possesses
general features about the regional selection such as secondary structure elements, relative
evolutionary conservation, amino acid composition etc. as specific to the Gajy subunit

sequence.

Abbreviations

GDP - Guanosine diphosphate

GPCR - G Protein Coupled Receptor

GTP - Guanosine triphosphate

GTPyS - Guanosine 5’-[y-thio]triphosphate
P-loop - phosphate binding loop

REU - ROSETTA Energy Units

r.m.s.d - root mean square deviation

AAG - delta, delta G binding interface energy
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5.5 Protocol Capture

For further breakdown of all computational methods utilized herein, please refer to the
companion Protocol Capture. All in silico methods and calculations were graciously
verified by an external reviewer, Dr. J. Koehler Leman, Chemical and Biomolecular
Engineering, Johns Hopkins University, Baltimore, MD.

Protocol capture
All steps are carried out within the /pairwise energy protocol capture/
folder.

I. Preparing Target Proteins/Small Molecules

1.1 Prepare input PDB files. This includes removing unnecessary chains, waters, and small
molecules. Cleaned PDB files are then renumbered using the renumber pdb.py script.
Our protein example, 1GIA begins with residue 34. We renumber the amino acids to ensure
this position is maintained.

/path/to/Rosetta/tools/protein tools/scripts/clean pdb.py
1GIA A

(output file: 1GIA_A.pdb)

/ path/to/Rosetta/tools/protein tools/scripts/renumber pdb.py
1GIA A.pdb -n 34 1GIA renum.pdb
(output file: 1GIA_ renum.pdb)

1.2 Prepare the .params file. Target proteins are relaxed to relieve any small clashes
induced by crystallization conditions. Small molecules necessary for protein
structure/function are described in a .params file during the relax protocol.

i.) Download any relevant small molecules included within the target protein’s
structure from the Protein Database Save in . sdf format. Next add hydrogens
to the small molecule and save in .mo1 format. One of the easiest ways to do
this is by opening the sm_molecule.sdf filein Pymol.

Example commands in Pymol:
PyMOL> 1load GSP.sdf, discrete=0
PyMOL> h add
save as GSP.mol
(output file: GSP.mol)

i.) Generate the .params file for each small molecule using the
molfile to params.py script:
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/path/to/Rosetta/main/source/src/python/apps/public/m
olfile to params.py GSP.mol -n gsp
(output file: gsp . params)

1.3 Relax protein in presence of small molecules if necessary. Note* Using the
clean pdb.py script will remove all non-protein molecules. Therefore, inclusion of
small molecules will require their manual addition back into the target protein file. Note**
for production runs 1000 models is suggested. Only 15 will be created herein.

/path/to/Rosetta/main/source/bin/relax.default.linuxgccreleas
e —-database /path/to/Rosetta/database -s 1GIA renum.pdb -
extra res file gsp.params -nstruct 15

(output files: 1GIA renum 0001.pdb - 1GIA renum 0500.pdb)

1.4 Sort relaxed models for top ten scoring poses. These top poses will be used for
calculating Pairwise Energies. Top models included in this protocol have been renamed for
simplification.

grep pose *.pdb | sort -nk 18 | awk ‘FS=":”{print$l}’ | head
> best 10 1GIA.ls
(output file: best 10 1GIA.1ls)

1.5 Calculate Pairwise Amino Acid Scores using Rosetta’s
residue energy breakdown tool. Note* the output file will contain pairwise energy
scores for every amino acid and a “onebody” term. For the current protocol, the
onebody lines can be ignored. Of interest are the pairwise scores for every possible pair
of amino acids listed following the position::onebody lines. Within these lines, amino acid
position 1 will be in column 3. The amino acid position 2 it is being calculated with will be
in column 5. The total score between these two moieties will either be within the 18"
or 21% column of the output depending on the Rosetta version used. Within this protocol,
column 18 represents the pairwise total score

/path/to/Rosetta/main/source/bin/residue energy breakdown.lin

uxgccrelease -database /path/to/Rosetta/main/database -

in:file:1 best 10 1GIA.ls -restore pre talaris 2013 behavior
(output file: default.out)

1.6 Open the output file of the residue energy breakdown. Divide the position to
position energy results by individual models. Discard output lines which include amino
acid positions compared to a onebody. Save only lines of amino acid position::amino acid
position comparisons. Save these files as individual models . txt files. Note* the first
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lines for each model will individually compare each amino acid position (n) to the
onebody. For each model input, the initial n lines of the output can therefore be deleted.
Within each of the position::position lines are tab delimited columns for each of the
Rosetta_energy score terms. Columns 3, 5, and 18 are relevant for this protocol. See
provided output examples for reference.

(output files: 1GIA model 1.txt - 1GIA model 10.txt)

1.7 For this protocol, results were visualized in both Excel (tab delimited) and in
MATLAB. A MATLAB script (pos energy matrix.m) was also used to average
results from multiple models. For each model, column 3 represents an amino acid position.
Column 5 represents all possible amino acid positions the initial residue interacts with.
Within the same line, column 18 (or 21 depending on the version of Rosetta) represents the
predicted energy of interaction between those two amino acid pairs. The following
MATLAB script averages Rosetta’s predictive energy across all interacting amino acid
pairs. Note* this script takes Excel files as inputs and extracts columns 3, 5, and 18 (or 21)
from multiple models to average the predicted pairwise energies. The final averaged
positional pair energy matrix is then formulated into a figure.

MATLAB Command Line:
/pairwise energy protocol capture/scripts/pos energy matrix.m
(output file: ave_energy 1GIA.mat)
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Figure 5.1. G protein coupled receptors (GPCRs) typically signal through interaction with
membrane-associated heterotrimeric G proteins. These proteins become activated via the exchange
of GDP for GTP, induced by the activated receptor (R*). Upon this nucleotide exchange, the
heterotrimer dissociates into the monomer Ga(GTP) and Gy dimer which may then interact with
downstream signal effector proteins (not shown for clarity) to propagate and amplify intracellular
signaling. The cycle is complete when Ga hydrolyzes GTP to GDP + Pi which allows the trimer to
reassemble into the basal, non-signaling state. A) Linear schematic of the G protein signaling cycle.
B) ROSETTA-derived structural representations of the three Ga states examined herein;
Gaiy(GDP)Byy1, R*-Gair(empty)Byys, and Gaiy(GTP).
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Figure 5.2. A) Representative Goj;(GDP) structure in the basal state (B,y; removed for clarity) and
rotated 180°. Basal nucleotide (GDP) is depicted in dark blue. B) The sequence is derived from rat
Gui;. Secondary structure elements (red—helices, blue—sheets, and green—critical loop regions)
are labeled as described in **°
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A Gai1(GDP)B1y1
Basal State
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Receptor-Bound State

Gail(GTP)
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Figure 5.3. Structural representation of predicted AAG of the al helix across three states of
Ga signaling—Gaoi1(GDP)B1y1, R*-Gajr(empty)Byiy:, and Gaii(GTP). The al helix was defined
as residues G45-E58 based on rat Gail sequence. All calculations were averaged across the top ten
scoring models for each state. Values reported here represent the absolute values of Rosetta Energy
Units (REUs). REUs above 0.5 are considered significant. Residue contributions to the interface are
color coded to indicate a greater contribution to stability. Lighter blue indicate a lower REU value

relative to the darker shades.
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A Gail(GDP)B1lyl B R*-Gail{empty)Blyl C Gail(GTP)
Basal State Receptor-Bound State Activated Monomeric State

Figure 5.4. Structural representation of predicted AAG of the a5 helix across three states of
Ga signaling—Ga;y(GDP)B1y1, R*-Gaji(empty)Byy1, and Gaii(GTP). The a5 helix was extended
to include part of the TCAT motif and is defined as residues C325-F354 based on rat Gail
sequence. All calculations were averaged across the top ten scoring models for each state. Values
reported here represent the absolute values of ROSETTA Energy Units (REUs). REUs above 0.5
are considered significant. Residue contributions to the interface are color coded to indicate a
greater contribution to stability. Lighter blue indicate a lower REU value relative to the darker
shades. *Note: Ga;;(GTP) crystal structure only extends to residue 1343 preventing analysis of the
a5 helix beyond this residue in the activated, monomeric state.
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Figure 5.5. Pairwise analysis of ROSETTA scores for individual amino acid interactions as a
means to monitor information networks across signaling states. These interaction networks
represent side chain and backbone atom contributions to the stability and functionality of the
protein structure. These matrices compare across the protein signaling states to investigate predicted
interaction (and therefore structural) changes between residue pairs. The x- and y-axes represent
each residue position of the Ga subunit compared across all other possible residue positions. Above
the diagonal depicts the score difference (in REU) between the basal, heterotrimeric Ga;;(GDP)B1y:
structure and the receptor-bound complex, R*Goj(empty)Biy:. The lower matrix below the
diagonal depicts the score difference (in REU) between the basal, heterotrimeric Goj(GDP)B1y:
structure and the activated Go;(GTP) monomeric subunit after dissociation from Rhodopsin and
Biy:- Only the Ga subunit’s amino acid contributions are shown for clarity. Residue-residue
interactions in the range of —0.5 to 0.5 REU were removed to highlight more significant differences
in contributions. Stabilizing residue interactions are depicted in red while a predicted loss of
interaction scores are shown in blue. Note* The crystal structures used for the monomeric
Ga;1(GTP) models lack residues 1-34, and 343-354. These residues are therefore removed from the
analysis.
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Figure 5.6. Pairwise analysis of individual amino acid interactions across three Gea signaling
states to investigate changes between residue pairs interacting with the a1l helix and Linker 1
region (K46-156, & H57-S62, respectfully). A) The heterotrimeric Ga;;(GDP);y; structure in the
basal state. B) The heterotrimeric Gaj;(empty)Bsy: subunits interacting with the GPCR, Rhodopsin.
C) The activated Go;;(GTP) monomeric subunit after dissociation from Rhodopsin and B;y;. Only
the Ga subunit’s pairwise amino acid contributions are shown for A—C. REUSs for individual pairs
are color coded ranging from more stable predicted interaction scores (minimum —2.32) in blue to
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positive, repulsive scores terms (maximum 0.26) in red.
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Figure 5.7. Pairwise analysis of individual amino acid interactions across three Ga signaling
states to investigate changes between residue pairs interacting with the a5 helix (N331-1343).

A) The heterotrimeric Go;;(GDP)Byy; structure in the basal state. B) The heterotrimeric

Gai(empty)Byy; subunits interacting with the GPCR, Rhodopsin. C) The activated Goj(GTP)

monomeric subunit after dissociation from Rhodopsin and B;y;. Only the Go subunit’s amino acid

contributions are shown for A—C. REUs for individual pairs are color coded ranging from more

stable predicted interaction scores (minimum —2.30) in blue to positive, repulsive score terms

(maximum 0.31) in red. *Note: Go;;(GTP) crystal structure lacks residues 344-354 preventing
analysis of the full carboxyl terminus.
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5.6 Supplemental Information
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Supplemental Figure 5.1: Generation of Models. To determine the minimum number of models
required to represent conformational flexibility of these structural states, an active Gai crystal
structure (PDBID 1GIA) was used to generate both 500 and 1000 energy-minimized models using
ROSETTA. A) 500 models were generated for 1GIA. Each model was then compared to the crystal
structure to determine structural variability by RMSD calculation to C alpha atoms (grey dots). The
ten lowest scoring models by Rosetta Energy Units and with lower RMSD values (red dots)
covered the conformational variability without allowing for larger structural deviations of the pose.
B) Generation of 1000 models (grey dots) for 1GIA show similar a sampling pattern to the 500
model protocol. The ten lowest scoring models from the initial 500 model screen are shown in red.
Though two models were produced with lower energy scores, the computational time, resources
used, and the degree of energy improvement between these models showed that 500 models
represented parameters for the minimum number of models required to generate conformational
flexibility.
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Alpha 1 Interface (resi 45-58)

Alpha 1Interface (resi 45-58)

_region
p1

P loop
al
al
al
al
al
al
al
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al
al
al
al

linker 1

residue

L38
G40
K46
s47
T48
149
V50
K51
Qs2
M53
K54
155
156
H57
G60

a(GDP)By| R*afy | a(GTP)

0.8 0.8 N0
0.7
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10 | o7 | 11

1.0 11 10
0.8

0.8 0.5 09
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A & VI e
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!
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sa6acisrRBas

residue
Y6l
E65
Qin
L1175
F189
F191
M198
D200
A326

N331
\EEY

F336

| 08 |

a(GDP)By| R°afy

0.5
0.8 10
0.8 0.7
oy
039 0.7 08
0.5
0.7 l 09

REU Scale
5.5
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Supplemental Table 5.1: Predicted AAG of the al helix across three states of Ga signaling -
Gai1(GDP)B1y1, R*-Gais(empty)Biy1, and Gaii(GTP). The al helix was defined as residues G45-
E58 based on rat Gail sequence. All calculations were averaged across the lowest ten scoring
models for each state. Values reported here represent the absolute values of ROSETTA Energy
Units (REUs). REUs above 0.5 are considered significant. Residue contributions to the interface are
color coded to indicate a greater contribution to stability. Lighter blue indicate a lower REU value
relative to the darker shades.
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Alpha 5 Interface (resi 325-354) Alpha 5 Interface (resi 325-354)
| _region [residue |a(GDP)By| R*aBy I a(GTP) | | region residue a(GDP)By| R*af a(GTP

al T48 0.8 o5 | v32 | 09
al Q52 SA M 0.7 as5 Q333

al Ms3 0.5 0.6 0.5 a5 G334 10

al 56 | 11 11 a5 | vas | 11 09
B2 F191 € 0.9 a5 F336

B2-p3 | K192 as | A338 N

B3 1194 a5 V339 10 1.0
B3 F196 as V342 0.6 0.5

BS 1265 as 1383 | 11 11
Bs F267 as 1344
ad-p6 | €318 as N347

i3 Y320 a5 L1348

Be | H32 a5 | K349 REU Scale
TCAT | A326 as D350

TCAT | T327 as c351

as 1329 as 1353

a5 K330 as F354

a5 N331

Supplemental Table 5.2: Predicted AAG of the a5 helix across three states of Ga signaling -
G0, (GDP)B1y:, R*-Gair(empty)Biy1, and Gaj(GTP). The a5 helix was extended to include part
of the TCAT motif and is defined as residues C325-F354 based on rat Gail sequence. All
calculations were performed and presented as described in Supplemental Table 5.1. *Note:
Goi1(GTP) crystal structure only extends to residue 1343 preventing analysis of the o5 helix beyond
this residue in the activated, monomeric state.
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AlphaF Interface Bound (resi 170-175)
region |residue |a(GDP)By| R*aBy | a(GTP)
al T48 0.8
al K51 0.6 0.6
al 155 0.5
linkerl| Y61 -
aA Y69 0.9 0.8 1.0

aE Y154 0.8

aE | Y155 | 0.6
aE R161 [ 13 | 07

aF Q171

oF | Q172 1.1 0.7
aF D173

aF V174

REU Scale
5.5

0.0

Supplemental Table 5.3: Predicted AAG of the aF helix across three states of Ga signaling -
Gai1(GDP)B1y1, R*-Gaii(empty)pyy1, and Gaiy(GTP). The oF helix is defined as residues T170-
L175 based on rat Gail sequence. All calculations were performed and presented as described in
Supplemental Table 5.1.
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P-loop Interface (resi 40-45)

region |residue |a(GDP)By| R*afy | a(GTP)
Ploop | A41 0.9 0.7
Ploop | G42 0.7
Ploop | E43 7
Fioog 544 REU Scale

al 149 0.6 07 |.c
Switch| | R178 0.8

B4 A226 0.8

a3 | R242 2
B5-aG | N269 0.7 0.7 0.0

Supplemental Table 5.4: Predicted AAG of the P-loop across three states of Ga signaling -
Gai1(GDP)B1y1, R*-Gais(empty)B.y:, and Geiy(GTP). The P-loop is defined as residues G40-G45
based on rat Goj; sequence. All calculations were performed and presented as described in
Supplemental Table 5.1.
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Switch 1 Interface (resi 176-184) Switch 1 Interface (resi 176-184)
region |residue |a(GDP)By| R*aBy | a(GTP) region |residue |a(GDP)B
Ploop E43 0.7 1.0 Switch | | G183

aA V72 0.6 Switch1| 1184
aA N76 | 0l 0.7 B2 V185
aE $151 0.7 B2 E186
ak Y154 0.8 B3 M198
aF Qi72 0.7 B3 F199
aF D173 0.5 B3 D200
Switch | | T177 1.0 Switch Il| V201
Switch | | R178 1.0 Switch Il | G202
Switch || V179 0.6 Switch Il | G203
Switch | | Ti81 0.8 Switch Il | E207
Switch1 | Ti82 | a2 | k210

Supplemental Table 5.5: Predicted AAG of the Switch | region across three states of Ga
signaling - Ga;;(GDP)By:, R*-Gaji(empty)Biy1, and Gai (GTP). Switch | is defined as residues
R176-1184 based on rat Gail sequence. All calculations were performed and presented as described
in Supplemental Table 5.1.
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Switch 2 Interface Unbound (resi 200-220) Switch 2 Interface Unbound (resi 200-220)
region region |residue |a(GDP)By| R*aBy | a(GTP)
B1 Switch 11
B1 Switch 1l
g1 a2
B1 a2
p1 a2
al a2
al a2
Switch | a2
Switch | a2
Switch | Switch 11
B2 Switch Il
B2 Switch i REU Scale
B3 Switch Il 0 |  |ss
#3 D200 Switch 11 ' 0.5
Switch1l| V201 0.9 a3
SwitchIl| G202 0.6 0.5 a3-B5
Switch Il | G203 07 09 a3-ps 1.0
Switch Il | Q204 11 | o7 a3-p5 0.7
Switch Il | R205 0.6 s 5263 0.6

0.0

Supplemental Table 5.6: Predicted AAG of the Switch Il region across three states of Ga
signaling - Gai;(GDP)B1y1, R*-Gai(empty)pyy1, and Gai;(GTP). Switch 11 is defined as residues
N200-A220 based on rat Gail sequence. All calculations were performed and presented as
described in Supplemental Table 5.1.
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Switch 3 Interface (resi 226-242) Switch 3 Interface (resi 226-242)

region |residue |a{GDP)By| R*aBy region |residue|a(GDP)By| R*aPy l a(GTP)
Ploop | E43 10 Switch Ill| E238 0.6

Ploop | S44 Switch Ill| N241

aA R90 a3 H244

aD-af | R144 a3 E245

aD-af | Q147 | a3 $246 06 | 07

Switch 11| R205 Bs | 1268 | 06 | 08 | 07
Switch Ill| 1227 B5-aG | N269
Switch Ill| 5228 Bs-aG | K270 REU Scale
switchi| D220 | 08 aG | F27a 55
Switch Ill| Y230 aG-ad | S281
Switchlil| D231 | 11 aG-ad | 1283 | 07
Switch Ill| V233 0.7 0.6 ad 1303 0.6
Switch Ill| E236 0.8 0.9 0.0

Supplemental Table 5.7: Predicted AAG of the Switch 111 region across three states of Ga
signaling - Ga;;(GDP)B.y1, R*-Gajy(empty)Biy1, and Gai;(GTP). Switch 111 is defined as residues
A226-R242 based on rat Gail sequence. All calculations were performed and presented as
described in Supplemental Table 5.1.
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Alpha A Interface (resi 62-91 Alpha A Interface (resi 62-91)

|_region residue |a(GDP)By| R*afy | a(GTP) __region residue |a(GDP)B: a(GTP)
al K54 10 0.6 aB L107
aA E63 0.6 aB F108
aA E64 0.7 aB Al11
aA E65 0.8 aB-aC | A114
aA C66 19 10 | | aBaC | G117
aA K67 0.7 0.8 aB-aC | F118
aA Y69 aB-aC | M119
aA k70 BTN 0.7 PG aC 1127
aA V72 0.6 aC 1130
aA V73 ab V136
aA Y74 aD c139
aA N76 1.1 ab R142
aA 77 R 07 0.9 aD-aE | Y146
aA 178 1.0 11 | | aD-aE | L148
aA aD-aE | N149
aA ak s151
aA aE Y155
aA akE L156
aA ak 1162
aA aE-afF | Y167
aA af-aF | 1168 REU Scale
aA R86 0.7 aE-afF | P169 55
aA A87 0.5 0.6 af D173
aA mss aF V174
aA R90 0.7 Switch | | T177
aA-aB | 193 | | Switch1| R178
aA-aB | F95 TN o7 10 | |Switchin| E238 |

Supplemental Table 5.8: Predicted AAG of the aA helix across three states of Ga signaling -
Gai1(GDP)B1y1, R*-Gaii(empty)Biy:, and Gai(GTP). The oA helix is defined as residues S62-
L91 based on rat Gail sequence. All calculations were performed and presented as described in
Supplemental Table 5.1.
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Supplemental Figure 5.2: Pairwise Analysis of Gaj;: The Switch | Region Pairwise
analysis of individual amino acid interactions across three Ga signaling states to investigate energy
changes between residue pairs interacting with the Switch | region (T177-E186). A) The
heterotrimeric Gaj(GDP)B1y, structure in the basal state. B) The heterotrimeric Gayi(empty)Biy.
subunits interacting with the GPCR, Rhodopsin. C) The activated Ga;;(GTP) monomeric subunit
after dissociation from Rhodopsin and B;y;. Only the Ga subunit’s amino acid contributions are
shown for A-C. REUs for individual pairs are color coded ranging from more stable predicted
energy scores (minimum -4.03) in blue to positive, clashing energy terms (maximum 0.21) in red.
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Supplemental Figure 5.3: Pairwise Analysis of Gai;: The Switch Il Region Pairwise
analysis of individual amino acid interactions across three Ga signaling states to investigate energy
changes between residue pairs interacting with the Switch Il region (V201-T219). A) The
heterotrimeric Gai(GDP)Byy, structure in the basal state. B) The heterotrimeric Gaii(empty)Biy:
subunits interacting with the GPCR, Rhodopsin. C) The activated Ga;;(GTP) monomeric subunit
after dissociation from Rhodopsin and B1y;. The Go amino acid contributions are shown for A-C.
A&B also include Gp interactions with the Ga subunit. REUs for individual pairs are color coded
ranging from more stable predicted energy scores (minimum -2.79) in blue to positive, clashing
energy terms (maximum 0.12) in red.
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Supplemental Figure 5.4: Pairwise Analysis of Gaj;: The Switch 111 Region Pairwise
analysis of individual amino acid interactions across three Ga signaling states to investigate energy
changes between residue pairs interacting with the Switch Ill region (L227-N241). A) The
heterotrimeric Ga; (GDP)Byy; structure in the basal state. B) The heterotrimeric Goii(empty)Biy:
subunits interacting with the GPCR, Rhodopsin. C) The activated Go;(GTP) monomeric subunit
after dissociation from Rhodopsin and Byy;. The Ga amino acid contributions are shown for A-C.
REUs for individual pairs are color coded ranging from more stable predicted energy scores
(minimum -2.39) in blue to positive, clashing energy terms (maximum 0.30) in red.
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Supplemental Figure 5.5: Pairwise Analysis of Gai;: The aF helix Pairwise analysis of
individual amino acid interactions across three Ga signaling states to investigate energy changes
between residue pairs interacting with the oF helix (Q171-R176). A) The heterotrimeric
Ga;1(GDP)Byy; structure in the basal state. B) The heterotrimeric Gay(empty)B.y: subunits
interacting with the GPCR, Rhodopsin. C) The activated Ga;;(GTP) monomeric subunit after
dissociation from Rhodopsin and B,y;. Only the Ga subunit’s amino acid contributions are shown
for A-C. REUs for individual pairs are color coded ranging from more stable predicted energy
scores (minimum -3.11) in blue to positive, clashing energy terms (maximum 0.15) in red.
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Supplemental Figure 5.6: Pairwise Analysis of Gaji;: The P-loop Pairwise analysis of
individual amino acid interactions across three Ga signaling states to investigate energy changes
between residue pairs interacting with the P-loop (G40-G45). A) The heterotrimeric Ga;;(GDP)B1y;
structure in the basal state. B) The heterotrimeric Gay;(empty)Byy: subunits interacting with the
GPCR, Rhodopsin. C) The activated Ga;;(GTP) monomeric subunit after dissociation from
Rhodopsin and Byy;. Only the Ga subunit’s amino acid contributions are shown for A-C. REUs for
individual pairs are color coded ranging from more stable predicted energy scores (minimum -2.24)

in blue to positive, clashing energy terms (maximum 0.10) in red.
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Supplemental Figure 5.7: Pairwise Analysis of Gaii: The al-aA linker Pairwise analysis of
individual amino acid interactions across three Ga signaling states to investigate energy changes
between residue pairs interacting with the Linker 1 region (H57-S62). A) The heterotrimeric
Goii(GDP)Byy: structure in the basal state. B) The heterotrimeric Goj(empty)Biy; subunits
interacting with the GPCR, Rhodopsin. C) The activated Ga;;(GTP) monomeric subunit after
dissociation from Rhodopsin and Byy;. Only the Ga subunit’s amino acid contributions are shown
for A-C. REUs for individual pairs are color coded ranging from more stable predicted energy
scores (minimum -2.32) in blue to positive, clashing energy terms (maximum 0.03) in red.
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Supplemental Figure 5.8: Pairwise Analysis of Gaji;: The aA helix Pairwise analysis of
individual amino acid interactions across three Ga signaling states to investigate energy changes
between residue pairs interacting with the oA helix (E63-L91). A) The heterotrimeric
Goiy(GDP)Byyy structure in the basal state. B) The heterotrimeric Goj(empty)Biy: subunits
interacting with the GPCR, Rhodopsin. C) The activated Gao;;(GTP) monomeric subunit after
dissociation from Rhodopsin and Byy;. Only the Ga subunit’s amino acid contributions are shown
for A-C. REUs for individual pairs are color coded ranging from more stable predicted energy
scores (minimum -3.04) in blue to positive, clashing energy terms (maximum 0.18) in red.
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CHAPTER 6

A CONSERVED PHENYLALANINE AS A RELAY BETWEEN THE a5 HELIX AND THE
GDP BINDING REGION OF HETEROTRIMERIC Gi PROTEIN a SUBUNIT

6.1 Introduction

Chapter 6
This research was originally published in the Journal of Biological Chemistry. Kaya Al,
Lokits AD, Gilbert JA, Iverson TM, Meiler J, Hamm HE, “A conserved phenylalanine as
relay between the a5 helix and the GDP binding region of heterotrimeric Gi protein o
subunit” Journal of Biological Chemistry 2014 29;289(35):24475-87 © the American
Society for Biochemistry and Molecular Biology.
Contribution

| am the second author of this manuscript. | predicted the energetic contributions of
several of the amino acids leading to the study of F336. | contributed the analysis and text
surrounding this energetic analysis and the analysis of amino acid conservation. | created
Table 6.2, and Supplemental Table 6.1. | also created all Supplemental Movies 6.1-6.4. |
also reviewed and edited all text from the other authors.

Abstract
G protein activation by G protein coupled receptors (GPCRS) is one of the critical steps

for many cellular signal transduction pathways. Previously, we and other groups reported
that the alpha 5 (a5) helix in the G protein alpha subunit plays a major role during this
activation process. However, the precise signaling pathway between the a5 helix and the
GDP binding pocket remains elusive. Here, using structural, biochemical and
computational techniques, we probed different residues around the a5 helix for their role in
signaling. Our data showed that perturbing the F336 (a5) residue disturbs hydrophobic
interactions with the $2-f3 strands and al helix, leading to high basal nucleotide exchange.
However, mutations in B strands B5 and f6 do not perturb G protein activation. We have
highlighted critical residues that leverage F336 as a relay. Conformational changes are
transmitted starting from F336 via f2-B3/al to Switch | and the P-loop, decreasing the

stability of the GDP binding pocket and triggering nucleotide release. When the al and a5
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helices were cross-linked, inhibiting the receptor-mediated displacement of the C-terminal
a5 helix, mutation of F336 still leads to high basal exchange rates. This suggests that unlike
receptor mediated activation, helix 5 rotation and translocation is not necessary for GDP
release from the a subunit. Rather, destabilization of the backdoor region of the Ga subunit
is sufficient for triggering the activation process.
Introduction

Heterotrimeric G proteins play a critical role as molecular switch proteins that couple
the activation of cell surface receptors, G protein coupled receptors (GPCRs), to different
intracellular effector proteins mediating intracellular responses. Therefore, G proteins have
a crucial role in defining the specificity and temporal characteristics of many different
cellular responses 1128427,

Several structural and biophysical studies have proposed the conformation of the
receptor in its active state and have identified potential receptor mediated mechanisms for

156, 200, 202, 246, 283, 288293 Ty g well-studied receptor

G protein activation and GDP release
mediated G protein activation routes have been hypothesized. In the first, the binding of the
GPCR to the C-terminus (CT) of Ga is thought to trigger conformational changes that can
be transmitted via rotation of the a5 helix of Ga to the f6-05 turn on the purine ring of the
GDP (Figure 6.1) 1% 207 286, 294. 2% |y the second proposed mechanism, the GPCR is
thought to take advantage of GPy as a nucleotide exchange factor in order to disrupt the
phosphate interactions of the nucleotide binding pocket via destabilization of switch (SW)

|-IT regions through perturbing a5 interaction with the p2-p3 strands (Figure 6.1) " 214, 296-

299

In 2011, Kobilka and colleagues provided an important missing piece of the puzzle in
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the receptor mediated G protein activation cycle by determining the structure of the -
adrenergic receptor - Gs heterotrimer complex (B,AR-Gs) structure 2. This ground-
breaking study detailed the receptor - G protein (R-G) interaction and G protein activation.
This structure represents the end point in the signal transduction step. The signaling route
by which an active receptor interacts with an inactive G protein and causes conformational
changes that lead to the final high-affinity complex of a receptor with its cognate G protein
and GDP release is still unknown.

To address the conformational dynamics underlying nucleotide release from the Ga
subunit, we recently generated a predictive computational model of the energy of receptor
activation with the goal of understanding conformational changes and connections between
potential key residues during G protein activation ***. In this model of the rhodopsin -
Giapy complex, it was suggested that the a5 helix is the most critical region for G protein
stability and activation, and is consistent with previous studies *°* 212930 The ¢5 helix is
protected and surrounded with primarily hydrophobic interactions within six beta strands
(B1-B6) and one alpha helix (al) (Figure 6.1C & D). Energetic analysis predicted that
residues F191, F196 in B2-B3; 1265, F267 in BS5; Y320, H322 in 6 strands; Q52 and M53
in the al helix are making critical interaction with the a5 helix in both basal and receptor
mediated G protein activation **. These key residues might either be important for the
overall structural integrity of the GTPase domain during the activation process, or they may
be directly involved in activation.

In order to identify the residue-residue interactions that are critical for activation as a
part the signaling pathway, we systematically tested the effects of these residue-residue

interactions on G protein activation. Residues were examined using biochemical,
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computational, and structural approaches in both basal and receptor bound states. In this
study, recombinant Gail was used for all experiments instead of visual G protein, given
that Gai is a very close homolog of Gat yet much more easily expressed in E.coli. Our data
showed that single mutations in the B5 and (6 strands that face the a5 helix were not able
to break hydrophobic interactions and trigger GDP release from G protein in both receptor
bound and unbound states. In the receptor bound state, using pairwise coupling energy
analysis, we predicted that the a5 rotation compensates the effect of f5-f6 mutations on
protein activation.

However, the hydrophobic interactions on the opposite side of the a5 helix were
predicted to directly affect G protein function. Energetic analysis predicted that
phenylalanine 336 (F336) is the most critical residue in the a5 helix; it creates a
hydrophobic hotspot of G protein activation, consistent with previous studies 2% 3% 302,
The amplitude of this effect was correlated with decreasing hydrophobicity of the side
chain. Experimentally tracing the hydrophobic interactions around the F336 residue

together with computational analysis provided evidence for a dynamic interplay between

F336, the B2 and B3 strands, and the al helix on the G protein activation route.
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6.2 Materials and Methods

Materials

The TSKgel G2000SW column, GDP, and guanosine 5’-O-(3-thiotriphosphate)
tetralithium salt (GTPyS) were purchased from Sigma. All other reagents and chemicals
were of the highest available purity.
Rosetta interface energy calculations

Interface energies were computed following the Rosetta AAG protocol previously
described ***. Briefly: we leveraged the previously published ensembles of ten structures of
the G-protein in the basal state and receptor bound state. Residue-residue interactions
across ol helix/GTPase domain interface were evaluated by measuring energetic
perturbations when computationally removing the al helices from the models. The al helix
was defined as residues 45 to 58. For all analyses, GDP remained fixed within the
nucleotide binding pocket. The AAG value is reported as an average over the ten structural
models in Rosetta Energy Units (REU). Absolute values larger than 0.5 REU are
considered to be significant. Using the standard deviation over the ten structures a Z-score
was computed. The total AAG-value across the interface is calculated as the sum of
individual residue contributions.
Rosetta pairwise binding energy calculation

Average energies between pairwise interacting residues were computed using Rosetta’s
per residue energy-breakdown protocol. The energy between all possible pairs of

interacting amino acid residues within the G-protein were calculated across the previously

188



published ensembles of ten structures ***. These energies between all residues pairs was
then averaged across the ten models in both the receptor bound and basal state. Predicted
energy values are reported in Rosetta Energy Units (REU) and considered significant if

greater than 0.5 REU.

Preparation of urea washed ROS membranes and Gf1y1
Urea washed ROS membranes and GPB1yl were prepared from bovine retina as

described previously 3304,

Construction, expression and purification of proteins

Briefly, the pSV277 expression vector encoding Gail with N-terminal His-tag served
as the template for introducing individual mutant substitutions using the QuickChange
system (Stratagene). All mutations were confirmed by DNA sequencing (DNA Sequencing
Facility, Vanderbilt University). The mutant constructs were then expressed and purified as
previously described **°. The purified proteins were cleaved with thrombin (Sigma, 0.5
U/mg final concentration) for 16 hr at 4 °C in order to remove the N-terminal His-tag. The
sample was then loaded onto a Ni-NTA column to separate the protein from the cleaved
His-tag and any uncleaved fraction. For further purification, the protein solution was
loaded onto size-exclusion column (TSKgel G2000SW) that was equilibrated in buffer A
[50 mM Tris—HCI (pH 7.4), 150 mM NaCl, 2 mM MgCl,, 40 uM GDP (or 1 uM GTPYS),
2 mM DTT and 100 uM PMSF]. SDS-PAGE was used to test the purity of the proteins.
Protein concentrations were determined by Bradford assay **°.
Nucleotide-exchange assay

The basal rate of GTPyS binding was determined by monitoring the relative increase in

the intrinsic tryptophan (W211) fluorescence (Aex 290 nm, Aem 340 nm) of Gail (200 nM)
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in buffer containing 50 mM Tris (pH 7.2), 100 mM NaCl and different amounts of MgCl,
for 60 min at 25 °C after the addition of 10 mM GTPyS. Receptor mediated nucleotide
exchange was determined with GB1y1l (400 nM) in the presence of 50 nM rhodopsin at 21
°C for 60 min after the addition of GTPyS. The data were normalized to the baseline and
maximum fluorescence and then fit to the exponential association equation (Y = Ymax *
(1-e™), to calculate the rate constant (k) as previously described **.
Intrinsic Trp fluorescence assay with AlF

Intrinsic tryptophan (W211) fluorescence upon AlF, activation, relative to emission in
the GDP bound state of G protein alpha subunit, was monitored as previously described .
Data represent the averages from 6-8 experiments.
Trypsin digestion and analysis

2 ug Gail were incubated in buffer containing 50 mM Tris (pH 7.5), 100 mM NacCl, 20
UM GDP and different amounts of MgCl, (0.5, 1, 2 mM). 10 mM NaF and 50 uM AICl;
were added to samples, then incubated for 2 min at 25 °C. One microliter of a 1 mg/ml
TPCK trypsin solution was added and incubated on ice for 25 min. The reaction was
stopped by adding 2.5 pl of termination solution (10 mg/ml aprotinin, 10 mM PMSF).
Subsequently, samples were boiled with Laemmli sample buffer for 5 min, and run on a
12.5% SDS-polyacrylamide gel, stained with Coomassie Blue and quantified by

densitometry (Multimager, Bio-Rad) 33 30830,

Cross-Linking
An expression vector encoding Gail with six amino acid substitutions at solvent

exposed cysteines (Gail HI) and an internal His6 tag between residues Met119 and Thr120

served as the template for introducing individual cysteine substitutions using the
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QuikChange system (Stratagene) as describe above. The bifunctional cross-linking reagent
Bis-maleimidoethane (BMOE, Pierce Biotechnology) was incubated in a 2:1 molar ratio

d % The concentrated, cross-linked monomeric

with Gail HI as previously describe
protein was then purified by size exclusion chromatography on a calibrated G2000SW
column. Calibration was performed under the same conditions as purification, using a

broad range of molecular weight standards (Biorad) *°.

Membrane binding assay
The ability of mutant Ga subunits to bind rhodopsin in urea-washed ROS membranes

was determined as previously described **°. Each sample was evaluated by comparison of
the amount of Gail subunit within the pellet (P) or supernatant (S) to the total amount of
Gail subunit (P+S) in both treatments expressed as a percentage of the total Gail protein.

Data represents the average of three experiments.

Protein crystallization, data collection and structure determination
Purified GDP bound Ga subunits were exchanged into crystallization buffer (50 mM

EPPS (pH 8.0), 1 mM EDTA, 2 mM MgCl;, 5 mM DTT, 1 mM GDP) using a size
exclusion chromatography column. Appropriate fractions were pooled as described above
and SDS-PAGE was used to assess to test the purity of the proteins. Crystals were grown
by the hanging drop vapor diffusion method at 18 °C by equilibration against a reservoir
solution containing 2.0-2.3M (NH,),SO3 and 100mM sodium acetate (pH 5.9-6.4). Proteins
(10 mg/ml) were mixed 1:2.5 ratio with reservoir solution and crystals appeared after 14-18
days with in the space group I4. A similar strategy was used to grow crystals Gail-GTPyS
proteins. Proteins were incubated with 10 uM GTPyS for 30 min on ice and then storage

buffer replaced the crystallization solution containing 50 uM GTPyS instead of GDP.

Gail-GTPyS samples crystallized in the space group P3,21. Crystals were cryo-protected
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prior to data collection by briefly soaking in stabilization solution containing 18% Glycerol
and 2.4 M (NH,4),SOs3 for ~30 s and cryo cooled by immersion in liquid nitrogen.

Data sets were collected at the LS-CAT (21-ID-G) of the Advanced Photon Source
(APS) at Argonne National Laboratory at -180 °C using a wavelength of 0.98 A on a MAR
CCD detector. Data were processed and scaled using the HKL2000, CCP4 and Phenix
suites 31%3'2, Crystallographic data processing and refinement statistics are reported in
Table 1. Criteria for data cutoff were a combination of Rsym and I/c which both rose to
unacceptable levels if the resolution were extended by Gia. The structures of Gail-GDP
and Gail-GTPyS complexes were determined by molecular replacement using 1GDD (WT
Gail-GDP)*" and 1GIA (Goil-GTPyS-Mg*)*!* as search models for Phaser-MR in the
Phenix suite 3'2. Since 1GDD and 1GIA preceded the requirement for deposition of
structural factors R-free reflections were randomly selected for F336C variant and was the

same as F336Y. As a result, the free R is of limited utility. Model building was performed

315 312

in Coot °* using composite omit maps calculated in Phenix °* to minimize model bias.
Refinement conducted by both CNS *!° and Phenix, final refinements done by Phenix suite.
In the final model, the regions corresponding to amino acids 1-8 and 203-211 in F336C-
GDP, and 1-8, 202-217 and 233-240 in F336Y-GDP are not included. Similarly, in the
GTPyS bound structures, amino acids 1-32 and 349-354 are not included due to lack of
electron density. Structural superpositions were performed using Superpose for the Ca
carbon backbone in the CCP4 suite 3" 38, All structural images were made with PyMOL

(PyMOL Molecular Graphics System, Version 1.5.0.4 Schrédinger, LLC.) unless otherwise

indicated.
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6.3 Results

In this study, our strategy was to test residues around the a5 helix that were previously
identified as critical for the function of this helix during G protein activation. Residues
were examined using biochemical, computational, and structural approaches in both basal
and receptor bound state.

The effects of p5-p6 strand mutants on G protein activation

In our previous study, we proposed four residues that face the a5 helix in B5 (1265,
F267) and B6 (Y320, H322) 133, Any one of these might be critical for a5 helix stability
and therefore the G protein activation (Figure 6.2A) . To test the effect of these residues
on G protein function, we evaluated nucleotide exchange rates after introduction of site
directed mutations. Basal and receptor mediated nucleotide exchange rates of mutants were
determined by monitoring the relative increase in the intrinsic tryptophan (W211)
fluorescence of Gail. All of the mutants showed similar nucleotide exchange rates
compare to WT Gial in both receptor bound and unbound states (Figure 6.2B). The
simplest way to explain this data would be that those residues do not play a major role in G
protein activation or that a single mutation is not enough to disturb the a5 helix for GDP
release. However, when we computed pairwise residue interactions, we identified
interesting details for receptor mediated activation. In the basal state, 1265, F267, Y320 and
H322 were interacting hydrophobically with V339, V335, V342 and V335, respectively,
within the a5 helix. After receptor interaction and a5 helix rotation, the same residues in 5
and 6 were predicted to hydrophobically interact with new sets of residues in the a5 helix
that were previously pointing toward solvent and not involved in binding in the basal state.
Specifically 1265, F267, Y320 and H322 started to interact with A338, N331, A338 and
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F334 respectively (Figure 6.2C&D, See Supplemental Table 6.1 and Movies 6.1-6.3 for
full data). The a5 helix can glide along this hydrophobic surface during its rotation. These
calculations thus suggested how new interactions on the rotated the a5 helix can possibly
compensate for the effect of single mutations in B5 and 6 strands during receptor mediated
G protein activation.
The effects of F336 mutants on G protein activation

To test the role of interactions with the opposite site of the a5 helix post-rotation, we
focused on one specific residue in the a5 helix, phenylalanine 336 (F336). F336 is one of
the highly conserved residues in the Ga protein family as well as the small GTPases. The
side chain faces the B1, B2, and B3 strands as well as the al helix, which creates one of the
conserved hydrophobic clusters in the Ga subunit. Our previous energetic study predicted
that F336 is the most critical residue for both basal and receptor mediated G protein
activation within the o5 helix (Figure 6.3A&B) **. To test the effect of mutating this
residue, we substituted F336 with residues with decreasing hydrophobicity. All of the F336
mutants displayed increased basal exchange rates compared to WT (Figure 6.3C).
Furthermore, a strong correlation was identified between the hydrophobicity of this residue
and basal activity (Figure 6.3E). The fastest nucleotide exchange rate was detected for
F336Y. However, in receptor mediated activation, nucleotide exchange rates were
decreased compared to WT without any correlation with hydrophobicity (Figure 6.3D&F,
Supplemental Movie 6.2&6.4). This result is consistent with a rotation of a5 leading to a
new surface-exposed location of F336 during a5 helix rotation and translation caused by
interaction with the receptor **. Overall these data suggest that F336 is one of the critical

control points that regulate GDP release during G protein activation.
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The effects of F336 mutations on B6-a5 loop; Cross-linking al and a5 helices
The most obvious connection between the a5 helix and the nucleotide binding pocket is

the P6-a5 loop. Perturbation of the a5 helix during receptor-mediated activation would
disturb the interaction between the P6-a5 loop and the guanine ring of the nucleotide,
leading to destabilization of the GDP in its binding pocket and domain opening of the o
subunit. To test the effect of F336 mutations on this loop, we cross-linked al to a5 to
minimize the disruption of its interactions with the guanine ring by translocation toward the
receptor. Cross-linking (XL) was performed between 156C-T329C residues on a cysteine
depleted Gail (Gial HI) protein (Figure 6.4A). Without cross-linking, Gail HI I56C-
T329C showed higher basal nucleotide exchange rates compared with the Gial HI protein
(Figure 6.4B, black bars). Moreover, as expected, substitution of F336 for C on Gai HI
I53C-T329C further increased the protein’s activity. After cross-linking, the nucleotide
exchange rate of cross-linked Gail XL HI I56C-T329C was decreased as compared to un-
cross-linked proteins, demonstrating the stabilizing effect of the cross-linking. Substitution
of F336C on cross-linked Gail HI I56C-T329C increased basal protein activation as
compared to the uncross-linked Gail HI I56C-T329C-F336C mutant (Figure 6.4B, black
bars). This indicates that perturbation of F336 can trigger the activation mechanism without
translocation of a5 toward the receptor and disruption of f6-05 loop region.

Since receptor-mediated activation causes both a rotation of the a5 helix as well as an
uncoiling of one turn of helix, we expected the cross-linked Go would be resistant to
receptor-mediated activation. This is indeed what was found in both cross-linked proteins
(Figure 6.4B, grey bars). This result might be caused by the reduced capability of cross-

linked Ga to interact with either GBy subunits or the receptor. To test the first possibility,
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we measured the basal nucleotide exchange rates of Ga mutants in the presence or absence
of Gy subunits (Figure 6.4C). The results showed that basal nucleotide exchange rates
decreased on both cross-linked and uncross-linked mutant Ga proteins in the presence of
the GBy subunit, like the WT protein. This suggested that cross-linked Ga subunits were
still capable of interacting with Gy subunits. To test the receptor binding capability of
mutant Gail subunits, we determined the effect of cross-linking on the membrane
association of the G protein with light-activated rhodopsin, a measure of the formation of
the high-affinity R-G complex. As expected, cross-linking between al and a5 impaired this
membrane binding (Figure 6.4D&E), consistent with a lack of ability of the cross-linked a5
helix to translocate towards the receptor and the decreased nucleotide exchange rates.
Overall, the cross-linking data suggest that perturbation of F336 triggers GDP release
through destabilization of SW I-II regions via perturbing the a5 helix interactions along the
al helix and B2-B3 strands, rather than disrupting the f6-a5 loop region.
Hyflrophobic interactions around F336: al helix interface binding energy and G protein
activation

Previous data suggested that F336’s interaction with the al helix and 2-B3 strands
might be crucial for domain opening as the al helix is positioned at the interface of the
Gai-GTPase domain and the helical domain®®. In addition, the al helix and p2-p3 strands
interact with the P-loop and SWI-II, respectively. To probe the effects of hydrophobic
interactions around F336 with the al helix, we computed interaction energies for all
residues within the al helix in both basal and receptor bound states of the heterotrimeric
Giapy using our established protocol 133 These AAG values probed for a potential network
of intramolecular interactions which could propagate the conformational changes necessary
for G protein activation and nucleotide exchange. AAG calculations predicted the
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importance of ©- interactions between the aromatic rings of F189 and H57 in the 2 strand
and al helix, respectively (Figure 6.5A, Table 6.2). This pairwise interaction couples with
F336 on the a5 helix. Other predicted stabilizing interactions between al (Q52 and 156)
keep the a5 helix (T329) fixed in the receptor unbound state; receptor interaction triggers
unwinding of a turn of the a5 helix, disturbing this interaction (Figure 6.5B, Table 6.2). On
the face of a1, in contact with the helical domain, residues (K51, K54, 155, Y61, and L175)
on both the al and oF helices assist to secure the helical domain in a “closed” GDP-bound
conformation. The total interaction energy was approximately 25.4 Rosetta Energy Units
(REUS). In the basal state, the al helix was predicted to interact favorably with f2-B3
(F189, M198 and D200; 3.59 REU), a5 (V332, F336; REU 2.44) and helical domain (E65,
L175; 1.84 REU) (Table 6.2). In the receptor bound state, the a1 helix was predicted to
interact favorably with a5 (N331, V332; 2.1 REU) and as expected, the overall interaction
was calculated as lower than the unbound state (Table 6.2).

To test our computational results, we mutated two residues that are predicted to
stabilize the al-oS5 interaction (F189 and F191). In the basal state, F189C increased
nucleotide exchange 5-fold, while F191C showed no change relative to WT Gial (Figure
6.5C). We prepared double and triple mutants with M53C and F196C mutants which we
had previously tested ***. Double mutants (M53C-F189C and F189C-F196C) exhibited
similar basal activation and a triple mutant (M53C-F189C-F196C) showed an even higher
basal exchange rate compared to the F336C Giol mutant protein (Figure 6.5C). In receptor
mediated activation of exchange, there was again a pattern of only modest inhibition, with
F191C showing the largest decrease (Figure 6.5D) consistent with previously predicted a5

133 and al interface binding energy calculations.
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Perturbation of phosphate site of nucleotide binding region with F336 mutants
To determine if the hydrophobic pocket around F336 was necessary to control the local

order of the phosphate binding region of GDP, we used the sensitive monitor of Mg*
binding into this region. Three different strategies were used to investigate the influence of
Gail mutants on Mg®* binding to this region: a) [Mg**] effects on the kinetics of nucleotide
exchange, b) AIF, binding, and c) trypsin digestion of Gail in the presence of different
concentrations of Mg®*. The results showed that the high nucleotide exchange rates of the
mutants could be decreased in elevated Mg** concentrations (Figure 6.6A&B), suggesting
that these mutations had allosteric effects on the phosphate binding region that could be
overcome with higher Mg®* concentration. The highest decrease in the rate of exchange, as
a function of increasing concentrations of Mg®*, was observed for the F336Y mutant,
which showed the fastest exchange rate in the presence of low Mg?* concentrations (Figure
6.3C).

To investigate the order of the Mg®* binding region in the presence of GDP, the AIF,
binding assay was used. In this assay, changes in intrinsic tryptophan fluorescence rates of
Gail were measured upon AIF, addition in the presence of different MgCl,
concentrations. Mg®* is necessary for AIF; binding and generation of the active or
transition state. Thus, this assay reflects both AIF, and Mg?* coordination in that region
without nucleotide exchange. All mutations showed destabilization effects that were
overcome with increasing Mg?* concentration. The ECs, for Mg?* stabilization of AIF,
binding for F336M, F336C, F336A and F336Y was increased by 1.4, 2.1, 2.8 and 3.1 fold,
respectively, over the WT Gail under the same experimental conditions (Figure 6.6C). In

addition to the o5 helix mutants, the MS53C-F189C-F196C mutant also exhibited
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statistically significant increased ECsq (Figure 6.6C).

The sensitivity of the Gail mutants to the trypsin digestion assay is a complementary
assay to show the subtle changes in local order at the trypsin digestion site at R208 in the
presence of varying Mg®* concentrations. After activation by either GDP-AIF, or GTPyS,
Gail yields a ~34 kDa fragment following trypsin digestion. All high nucleotide exchange
mutants had reduced stability as assayed by decreased 34kDa fragment in the presence of
low Mg?* concentrations compared to the WT Gial subunit (Figure 6.6D).

Structural features of the x-ray structures of the F336C and F336Y mutants

To probe the structural basis for the increased rates of nucleotide exchange observed in
the F336 mutants, the crystal structures of the F336C and F336Y variants of the Gail
subunit were determined in both the GDP and the GTPyS-bound states. The data collection
and refinement statistics are summarized in Table 6.1. The mutations in the protein were
confirmed by the crystal structure, where electron density at position 336 corresponded to
either cysteine or tyrosine (Figure 6.7A&B). The structures of the GDP-bound form of
F336C and F336Y Gial were refined to 2.0 and 2.4 A resolution, respectively. Both
GTPyS bound structures were refined to a resolution of 2.0 A. The GDP- and GTPyS-
bound structures for F336C and F336Y were determined in space groups identical to those
of the WT Gail structures. Neither mutant showed significant structural differences
compared to WT Gail. Even with the F336 mutations in the a5 helix, the crystal structures
showed the same localization and similar average B (temperature) factors around F336
region relative to those of WT Gail structures (Figure 6.7C). The effects of F336
mutations on the p2-f3 strands and 2-B3 loop were minimal (Figure 6.7D&E). Overall the

root-mean square deviation (r.m.s.d) between WT Gail-GDP with F336C and F336Y
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Gail-GDP was 0.42 A and 0.36 A (310 Ca atoms aligned out of 324 total), respectively,
whereas it was 0.31 and 0.29 A (304 Co atoms aligned out of 315) for their GTPyS-bound

structures.
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6.4 Discussion

The a5 helix of the Ga subunit is a critical region for both the receptor-mediated and
basal activity & 284 292.2%3. 2% ¢ s encircled by hydrophobic interactions from six beta
strands (B1-B6) and the al helix (al). In the current study, we tested residues around the a5
helix that we predicted as critical for the function of this helix during G protein activation
in our previous studies. We highlight information flow within the G protein, starting from
the a5 helix to the GDP binding site of Ga using biochemical, structural and computational
approaches.

Our previous study predicted that F336 within the a5 helix is an important amino acid
for both the active and inactive states ***; a finding consistent with other studies %> 3.
Mutation of this residue resulted in constitutive activity in both monomeric and
heterotrimeric G proteins 2% 292302319 "It js also known that in small GTPases, structural
perturbation of that region through mutation causes increased guanine nucleotide turnover
that can lead to several diseases; these include Noonan, Cardio-faciocutaneous and Costello
syndromes 31932,

In contrast to strong constitutive G protein activation, in this study, we did not observe
drastic differences in the crystal structures of either GDP or GTPyS bound F336 mutants.
Like another highly constitutively active G protein mutant, Gail A326S **, F336 mutants
showed similar structural features compared to WT Gail. The guanine nucleotide provides
a number of stabilizing interactions to the protein, perhaps inhibiting our ability to visualize
subtle allosteric changes in the protein. In addition, other residues in the a5 helix and B-
strands may contribute in holding this region intact during the crystallization process.

How does the perturbation at F336 connect to the GDP binding region which is ~16 A

201



removed? F336 is a part of a highly conserved hydrophobic core in the Ga subunit. The
effect of F336 mutations on basal G protein activation is correlated with the hydrophobicity
of this region (Figure 6.3C&E). Once the receptor contacts the a5 helix and causes its
rotation and displacement into the receptor binding site, this F336 is now in a hydrophilic
environment. We propose that breaking the hydrophobic core is a key event in perturbing
GDP binding ***. Interestingly, we did not observe any effects of the hydrophilic mutants
on receptor mediated activation; this is likely due to the new solvent exposed site which
prevents these side chains from contacting anything other than solvent upon receptor
binding (Figure 6.3D&F).

To trace the hydrophobic interactions and to discern a possible interaction network
from the F336 residue to the GDP binding site, we computed binding energies of different
regions in the Ga subunit by using different Rosetta algorithms. Adding to our previous
calculations (a5 helix:Gia interface binding energy, **°), we predicted that the F336 side
chain is mostly coupled with M53 (al), 156 (al), F189 (B2), F191 (B2), F196 (B3), V332
(a5), Q333 (a5), V339 (a5) and T340 (aS5). Thus the effects of F336 are not solely local
and not coupled to a single residue, but rather might be part of a distributed network of
interactions in which the activation is coupled to changes in regions dispersed across both
domains of the Ga subunit. F336 is likely making direct hydrophobic contacts with F191
and M53. It potentially communicates with F189 via two paths.

The first is through residues M53-H57-F191 which interact with F189 through a n-n
interaction between residues H57 and F189 (Figure 6.5A). This is consistent with one of
our previous studies ** in which the constitutively active 156C(a1)-Q333C(a5) double

mutant of Giol made a spontaneous disulphide bond between the al and a5 helices. This
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structure showed significant rearrangement of side chain residues H57, F189, F191, and
F332 and disturbed n-m interaction between H57 and F189.

The second path begins from the direction of F196, which interacts with F336 via F191
and T340 residues. These observations indicate that the perturbation effects of F336 spread
with complex interactions via the al helix and B2-B3 strands. These interactions also
spread to the Mg?* ion and the nucleotide binding region (Figures 6.5 & 6.6) as evidenced
by our nucleotide exchange data combined with the perturbations seen in the Mg®* and
AIF4 assays which supports previous studies 2% 2%,

We also tested the effects of residues within the B5-f6 strands (1265 (BS), F267 (BS),
Y320 (B6), H322 (B6)) interacting with the other side of the a5 helix on G protein
activation. We observed no major effects from the mutations either in the basal or receptor
mediated exchange assays. These data suggest how new interactions on the rotated a5 helix
can compensate for the effects of single mutations in the S and 6 strands during receptor
mediated G protein activation. It also strongly suggests that the activation route goes
through the other side of the protein (the p1-B3/al to Switch I, P-loop, Mg?* binding and

GDP binding site), consistent with previously published findings

. In addition, after
restricting the C-terminal rotation and translocation by cross-linking the al and a5 helices,
F336 mutants can still induce increased basal nucleotide exchange (Figure 6.4). This
observation indicates that G proteins do not need a large displacement of a5 for basal state
activation; rather, perturbing the f2-3 and al regions are sufficient.

In summary, our study used a predictive energetic analysis to pinpoint information flow

through Ga from receptor interaction to triggering of GDP release. We highlighted the

hydrophobic interactions around F336 as a key for stability of GDP binding, as well as
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removal of these hydrophobic interactions by receptor-mediated helical rotation to trigger
GDP release. We suggested the route of information flow triggers through the a5 helix, p2-
B3 strands and the al helix using energetic analysis and mutagenesis. We also showed that
the dynamics of the Mg®" and p-phosphate binding area of GDP are perturbed by
mutagenesis of this conserved residue. The B5-f6 residues which face the a5 helix are
likely important structurally rather than functionally according to our analysis. Thus, our
data suggest that after the initial interaction of the G protein with the receptor and CT
rotation, disruption of a conserved hydrophobic network around F336 engages both B1-B3
and ol to Switch I and the P-loop which decreases the stability of the GDP binding pocket

and triggers nucleotide release.

Abbreviations

GPCR - G protein-coupled receptor

GDP - guanosine diphosphate

GTPyS - guanosine 5'-[y-thio]triphosphate

Gai HI - Gojp Hexa |

REU - Rosetta energy unit(s)

EPPS - 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid.
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FIGURE 6.1. Heterotrimeric G protein; localization and function o5 helix in G proteins. (A)
Ribbon model of heterotrimeric G protein (Giafy, PDB entry, 1GP2). The Ga subunit is composed
of nucleotide binding (GTPase domain, light blue) and helical domains (green). The a5 helix and
switch regions are colored yellow and purple, respectively. GDP is shown as sticks. (B) Receptor
(orange) mediated G protein activation routes. The binding of the GPCR to the C-terminus (CT) of
Ga is thought to trigger conformational changes that can be transmitted via rotation of the a5 helix
(black, arrow 1) of Ga to the p6-a5 loop (purple, arrow 2) that binds the purine ring of the GDP. In
the second route, disruption of the phosphate interactions with the nucleotide binding pocket via
destabilization of SW I-II regions through perturbing a5 interaction with the f2-B3 strands (arrow
3). Rhodopsin — Gi complex model adapted from Alexander et.al. ***. (C and D) The a5 helix is one
of the most critical regions for G protein stability and activation. (A and B) The a5 helix (yellow) is
protected by six beta strands (f1-f6) and one a helix (a1) (green). The structure is adapted from the
crystal structure of the Gi heterotrimer (PDB entry, 1GP2).
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FIGURE 6.2. The effects of B5-p6 strands mutations on G protein activation. (A) Rosetta
energy analysis of the interface between the a5 helix (black) and the GTPase domain in the receptor
bound state. Residues are colored by the interaction energy as reported in REU, or Rosetta Energy
Units (dark blue, the most attractive). Calculations adapted from **. (B) Basal (black bars) and
receptor (grey bars) mediated nucleotide exchange rates for the B5 strand (I1265A and F267A) and
B6 strand (Y320C and H322A) mutations in Gail proteins. Nucleotide exchange was monitored by
measuring the enhancement in intrinsic tryptophan (W211) fluorescence (ex 290 nm, em 340 nm)
as a function of time after addition of GTPyS **. (C) Most favorable interactions between the a5
helix (V335, V339 and V342) , B5 strand (1265 and F267) , and 6 strand (T320 and H322)
interface in the basal state. (D) After receptor interaction and a5 helix rotation (arrow), the same
residues in f5 and B6 were hydrophobically interacting with new residues in the a5 helix (red
labeled). Please see Supplemental Table and Supplemental Movie 1-3 for full interactions in both
receptor bound and unbound states.
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FIGURE 6.3. The effect of F336 residue on G protein activation. Rosetta energy analysis of the
interface between the a5 helix and GTPase domain in the basal state (A) and receptor bound state
(B). Residues are colored by the interaction energy REU (dark blue, the most attractive).
Calculations adapted from ¥, Basal (C) and Receptor mediated (D) nucleotide exchange rates of
Gail F336 mutants. The data were normalized to the baseline and maximum fluorescence and then
fit to the exponential association equation (Y = Ymax * (1—¢™)), to calculate rate constant (k). Data
were collected at 21 C° for 60 min. Results represent the mean + SEM values of at least three
independent experiments. Correlation between nucleotide exchange rates and hydrophobicity
identity of the amino acids in basal (E) and receptor bound (F) state. Engelman Scale was used
during comparison and correlation coefficients were calculated with or without F336Y mutant data.
The Pearson correlation in the basal state with F336Y is 0.9358; without F336Y, it is 0.9945. In
receptor mediated state Pearson correlation with F336Y is 0.6992, without F336Y is 0.4861.
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FIGURE 6.4. Cross-linking of a1 and a5 helices of Gal HI. (A) Cartoon representation of cross-
linking (XL) region. Cross-linking was performed between 156C (al) and T329C (a5) (purple)
residues on a cysteine depleted Gail (Gial HI) protein. F336 (a5) residue is colored red, F189 (2),
F191 (B2), F196 (B3) and M53 (al) residues are colored green. The a5 helix is colored yellow, the
B1-p6 strands and al helixare colored green. (B) Basal (black bars) and receptor (grey bars)
mediated nucleotide exchange rates for cross-linked Gail HI proteins. (C) Basal nucleotide
exchange rates in the presence of Gfy subunit. Ga (black bars), Gafy (shaded black bars). (D)
Membrane binding of wild type and mutant Gail HI proteins. Assay was performed as described in
method section. DS, supernatant from dark sample; DP, pellet fraction from dark sample; LS,
supernatant from light sample; LP, pellet from light sample; GS, supernatant from light- and
GTPyS-activated sample; GP, pellet from light- and GTPyS-activated sample; XL, cross-linked
sample. (E) Densitometric quantification of supernatant from light samples. Each sample from
SDS-PAGE (section d) was evaluated by comparison of the amount of Gail subunits in pellet (P)
or supernatant (S) to the total amount of Gail subunits (P+S) in both treatments and expressed as a
percentage of the total Gail protein. Data represents the average of three independent experiments.
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FIGURE 6.5. The effects of hydrophobic residues around F336 on nucleotide exchange rates.
Rosetta energetic analysis of the interface between al helix and GTPase domain in the basal state
(A) and receptor bound state (B). Residues are colored by the interaction energy in REU (dark blue,
the most attractive). Basal (C) and receptor mediated (D) nucleotide exchange rates of single,
double and triple mutants within the p2-B3 strands and ol helix as determined by monitoring
intrinsic tryptophan (W211) fluorescence changes upon addition of GTPyS. Data were collected at
21 °C for 45 min. Results represent the mean + SEM values of at least three independent
experiments.
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FIGURE 6.6. The effect of MgCl, on Gail basal activity. (A) Basal nucleotide exchange in the
presence 2 mM and 10 mM MgCl, concentrations. (B) Changes in the nucleotide exchange rate in
the presence of different MgCl, concentrations. Fold change calculated from (A) and normalized
with Gail (WT) data. (C) Rates of intrinsic tryptophan fluorescence changes in Gail upon
aluminum fluoride (AIF,) addition in the presence of different MgCl, concentrations (0.1-2 mM).
Intensity of tryptophan signal were monitored (ex: 290 nm, em: 340 nm) at 21 °C for 10 min before
and after the addition of AIF, (10 mM NaF and 50 uM AICIs). The data were calculated as
described above and rate constants plotted against MgCl, concentrations. (D) Trypsin digestion and
analysis of Gail protein subunit. The densitometric measurement of proteolytic fragments in the
presence of GDP - AlF; + 0.5 mM MgCl,. Results normalized with WT Gail data and fragments
guantified by densitometry (Multimager, Bio-Rad). Results represent the mean £ SEM values of at
least 6-8 independent experiments.
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FIGURE 6.7. Structural features of GDP bound F336 mutant structures. Electron density for
the F336C (A) and F336Y (B) side chains in the GDP bound state of Gial. Corresponding regions
in GDP-bound WT Gail (PDB entry,1GDD *3; teal) are superposed. Difference electron density is
from a |Fol|-|Fc| omit map calculated after the removal of residue 330 to 340 and contoured to 36
around the omitted side chain. (C) Comparison of the a5 helix between F336C-GDP (white),
F336Y-GDP (yellow) and WT Gail-GDP (PDB entry,1GDD, teal). (D) Overview of the p2-3
strands and $2-B3 loop. (E) Comparison of relative localization of F189 (B2), F191 (B2), F196 (B3)
and F336 (a5) residues between F336C-GDP (white), F336Y-GDP (yellow) and WT-Gial (PDB
entry,1GDD, teal) structures.
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F336C-GDP F336C-GTPyS F336Y-GDP F336Y-GTPyS

Data Collection and
Processing®
Beamline 21-1D-G 21-ID-G 21-ID-G 21-1D-G
Space groups 14 P3,21 14 P3,21
Cell Dimensions: a,b,c (&)  121.1,121.1,68.18 79.2,79.2,107.9 1215, 121.5, 68.2 79.3,79.3,105.1
a, B, y (degrees) 90, 90, 90 90, 90, 120 90, 90, 90 90, 90, 120
Resolution (A) 34-2.1(2.18-2.1) 31-2.0 (2.07-2.0) 20-2.4 (2.5-2.4) 42-2.0 (2.07-2.0)
Total Reflections 255,402 307,412 177,466 437,402
Unique Reflections 28,903 26,186 19,617 26,483
Rsymb (%) 5.3(37.9) 10.1 (44.7) 6.2 (32) 10.2 (44.6)
Rpim’ (%) 2.9(23.2) 5.2 (23.5) 3.3(18.4) 4.7 (20.7)
<>/<c> 19.9 (2.6) 13.5(3.1) 19.3 (3.46) 17.5(3.9)
Completeness (%) 99.6 (99.5) 100 (100) 99.3 (99) 100 (100)
Refinement Statistics
Ruor (%) 18.8 16.4 18.2 16.9
Riree (%) 21.8 20.8 23.2 20.6
RMS deviations

Bond (A) 0.008 0.007 0.008 0.007

Angle () 1.029 0.981 1.011 1.009
Ramachandran statistics®

Favored (%) 98.5 99.06 98.11 98.42

Allowed (%) 15 0.94 1.89 1.58

Outliers (%) 0.0 0.0 0.0 0.0

®Numbers in parentheses indicate statistics for the highest shell.
O =30, = (D)]/ 210 | where [ is intensity, [, is the [1th measurement, and (1) is the

weighted mean of .

Ui =2 VIO =DIX |00 (£00) = OO /T 0 X0 00 (A010) where s
running over the number of independent observations of reflection hkl and N is representing the
number of replicate observations.
‘Noggg = Z||D[| — |0 D||/Z|[ [J] where [J[] and [1[] are the observed and calculated structure
factor amplitudes. [, is the same as [, for a set of data omitted from the refinement.
°*Ramachandran analysis from MOLPROBITY ***,

Table 6.1. Crystallographic data collection and refinement statistics.
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Free Ga Receptor — Ga complex
Entity Amino  Energy  Std. Z- Entity Amino Energy  Std. Z-
acid in dev score acid in dev score
REU REU
B1 L038 0.87 +0.04 22.75 B1 L038 0.78 +0.16 4.85
al K046 1.14 +0.28 4.01 B1 G040 0.72 +0.34 212
al S047 0.95 +0.04 2155 al K046 1.58 +0.41 3.88
al T048 1.82 +0.05 38.27 al S047 0.71 +0.14 5.01
al 1049 0.99 +0.09 11.42 al 1049 1.11 +0.1 10.77
al K051 0.82 +0.1 8.10 al V050 0.75 +0.16 4,61
al Q052 1.65 +0.05 34.32 al K051 0.52 +0.34 1.55
al MO053 1.33 +0.11 12.04 al Q052 1.08 +0.13 8.03
al K054 2.49 +0.07  38.00 al MO053 1.62 +0.15 10.72
al 1055 1.03 +0.16 6.53 al K054 0.94 +0.45 2.11
al 1056 1.07 +0.03 32.77 al 1056 1.18 +0.2 5.85
al HO57 1.73 +0.08 22.03 al HO057 1.20 +0.57 212
Helical E065 0.78 +0.11 6.96 B2 F189 1.43 +0.17 8.56
Helical L175 1.06 +0.08 13.10 B2 F191 0.55 +0.08 6.60
B2 F189 1.41 +0.09 15.72 a5 N331 1.02 +0.04 2343
B3 M198 0.50 +0.12 4.28 oS V332 0.68 +0.08 8.11
B3 D200 0.81 +0.33 2.45 GDP 0.70 +0.19 3.79
B6-a5 A326 1.62 +0.04 41.26 GDP  cumulative  0.70
B6-a5 T329 0.82 +0.02 41.22 al cumulative  10.69
a5 V332 0.85 +0.03 31.85 a5 cumulative  1.70
a5 F336 0.72 +0.05 15.83 B- cumulative  3.48
strands
GDP 0.95 +0.13 7.32 overall cumulative 16.57
GDP  cumulative  0.95
al cumulative  15.02
Helical cumulative 1.84
B6-a5 cumulative  2.44
as cumulative 1.57
B- cumulative  3.59
strands
overall cumulative 25.43

Table 6.2. G protein alpha subunit al helix interface energetic prediction
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6.5 Supplemental Information

SUPPLEMENTARY TABLE 6.1. Average energy scores between interacting residue pairs of the
receptor-unbound and bound alpha5 helix (x-axis) and non-alpha5 regions (y-axis). Average
energies between pairwise interacting residues were computed using Rosetta’s per residue energy-
breakdown protocol. The energy between all possible pairs of interacting amino acid residues
within the G-protein were calculated across the previously published ensembles of ten structures *®,
These energies between all residues pairs was then averaged across the ten models in both the

receptor bound and basal state.
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Movies Available here: http://www.jbc.org/content/289/35/24475/suppl/DC1

SUPPLEMENTARY MOVIE 6.1. A representative morph of the interaction between the a5 helix
and B5-p6 strands as the alpha subunit transitions from the basal to receptor-bound state. Upon
interaction with the activated receptor, the a5 helix rotates to allow new side chain interactions
along the B strands. This rotation effectively alternates one set of hydrophobic side chains on the
helix for another, allowing the rotation. Colors of morph are representative of the energies of
interaction with darker blue corresponding to a more stable interaction (energy). Secondary
structure elements are shown in white while  strands 1-6 are denoted in teal. The receptor, G, and
Gy subunits are deleted for clarity. The initial side chain colors reflect the energy of interaction
calculated for the basal state with key stabilizing side chains labeled. These side chain colors shift
mid-morph to reflect the calculated energy in the receptor-bound state.

SUPPLEMENTARY MOVIE 6.2. A representative morph of the interaction between the a5 helix
and surrounding B strands as the Ga subunit of the heterotrimer transitions from the basal to
receptor-bound state. Upon interaction with the activated receptor, the a5 helix rotates to allow
new side chain interactions along the B strands. This rotation effectively alternates one set of
hydrophobic side chains on the helix for another, allowing rotation. The color code is same as
Supplementary Movie 1.

SUPPLEMENTARY MOVIE 6.3. A representative morph of the interaction between the a5 helix
and surrounding P strands looking down the a5 helix from the perspective of the receptor as the Ga
subunit transitions from the basal to receptor-bound state. The color code is same as Supplementary
Movie 1.

SUPPLEMENTARY MOVIE 6.4. A representative morph of the interaction between the a5 helix

and B2-B3 strands as the Ga subunit transitions from the basal to receptor-bound state. The color
code is same as Supplementary Movie 1.
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CHAPTER 7

A CONSERVED HYDROPHOBIC CORE IN GAI1 REGULATES G PROTEIN
ACTIVATION AND RELEASE FROM ACTIVATED RECEPTOR

7.1 Introduction

Chapter 7

This research was originally published in the Journal of Biological Chemistry. Kaya Al,
Lokits AD, Gilbert JA, Iverson TM, Meiler J, Hamm HE, “A Conserved Hydrophobic core
in Goi regulates G protein activation and release from activated receptor” Journal of
Biological Chemistry 2016 9;291(37):19674-86 © the American Society for Biochemistry
and Molecular Biology.

Contribution

| am the second author of this manuscript. | contributed the Rosetta Interface
Calculations and the Pairwise Energy Calculation analyses. | contributed all data and text
for these sections and created Figure 7.8 and Table 7. | also reviewed and edited all texts
contributions from the other authors.

Abstract
G protein coupled receptor (GPCR) mediated heterotrimeric G protein activation is a major

mode of signal transduction in the cell. Previously, we and other groups reported that the
alpha 5 (a5) helix of Gail, especially the hydrophobic interactions in this region, plays a
key role during nucleotide release and G protein activation. To further investigate the effect
of this hydrophobic core, we disrupted it in Gail by inserting 4 alanine amino acids into
the a5 helix between residues Q333 and F334 (Ins4A). This extends the length of the a5
helix without disturbing the f6-a5 loop interactions. This mutant has high basal nucleotide
exchange activity, yet no receptor-mediated activation of nucleotide exchange. By using
structural approaches, we show that this mutant loses critical hydrophobic interactions
leading to significant rearrangements of side chain residues H57, F189, F191, and F336; it
also disturbs the rotation of the a5 helix, and the 7-w interaction between H57 and F189. In

addition, the insertion mutant abolishes G protein release from the activated receptor after
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nucleotide binding. Our biochemical and computational data indicate that the interactions
between a5, al and B2-f3 are not only vital for GDP release during G protein activation,
but they are also necessary for proper GTP binding (or GDP re-binding). Thus, our studies
suggest that this hydrophobic interface is critical for accurate rearrangement of the a5 helix
for G protein release from the receptor after GTP binding.

Introduction

Heterotrimeric G proteins, composed of o, B, and y subunits, act as a molecular
switches that turn on intracellular signaling cascades in response to the activation of G
protein-coupled receptors (GPCRs) by extracellular stimuli. Therefore, G proteins have a
critical role in many different cellular responses 284287325326

The Ga subunit binds GDP and forms a tight complex with the GBy subunits. Activated
GPCRs can catalyze the exchange of GDP for GTP, which leads to the dissociation of the
receptor-G protein complex into isolated receptor, Ga and GPy subunits. Both the Ga and
Gpy subunits can then stimulate or inhibit downstream effectors. Signal propagation ceases
after the Ga subunit hydrolyzes GTP, returns to the inactive state, and re-binds to the GBy
subunit, regenerating the GDP-bound heterotrimeric state.

Previous studies showed that the activated receptor directly interacts with the G protein
by binding to Ga’s C-terminal a5 helix, inducing a rigid body rotation and translation that
pulls this helix into a hydrophobic pocket on the receptor **® 2% This leads to the
rearrangement of the interfaces between helices a5, al and the f2-B3 strands, and between
a5 and the p6-a5 loop 12 286293301327 Residue F336 in the a5 helix is highly conserved in
1, 62, 302, 330. Our

small *'° 32 and large GTPases **° in both the animal and plant kingdoms

in silico results predicted that F336 is the most energetically important residue both in
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maintaining the basal state, and in promoting the receptor bound conformation (6). Our
proposed mechanism involves F336 acting as a relay to transmit conformational changes
via strands B2 and B3 and helix al to the phosphate-binding loop (5,6). These studies are

133, 327, 331 Another critical

supported by recently published computational studies
computational paper from Dror et al. used molecular dynamic simulations to suggest that
the key events in receptor-mediated G protein activation and GDP release are due to the
structural rearrangements of the B6-a5 loop. This is one of the two identified signal
transmission pathways from the receptor to the GDP binding site 3%,

To critically examine the roles of these two possible routes of communication with the
nucleotide binding site, we inserted a 4-amino acid linker into the a5 helix of Gail between
residues Q333 and F334. This insert should disrupt the hydrophobic core (F336, H57,
F189, and F191), and mimic the receptor-bound state, while leaving the B6-a5 loop
interactions intact (Figure 7.1A and B). Mutant Gail subunits were analyzed for their
ability to interact with light-activated rhodopsin (R*), to exchange nucleotides in both the
basal and receptor-bound states, and for the structural changes mediated by this insertion.
In this study, Gail was used to replace the visual G protein found in rods, Gatl. Gail
shows very close homology with Gatl, is activated by rhodopsin as well as Gatl %% and
is much more easily expressed in E. coli.

Our findings support the role of the hydrophobic interaction between a5, the f2-3 strands
and the al helix during activation and nucleotide release. We also uncovered an

unexpected dependence on these hydrophobic interactions for promoting G protein release

from the receptor-G protein complex.
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7.2 Materials and Methods

Materials
The TSKgel G2000SW and G3000SW columns, GDP, and guanosine 5’-O-(3-

thiotriphosphate) tetralithium salt (GTPyS) were purchased from Sigma. Bodipy GDP and
GTPyS were purchased from ThermoFisher Scientific. All other reagents and chemicals
were of the highest available purity.
Construction, expression and purification of proteins

In this study, recombinant Gail was used for all experiments instead of visual Ga
protein (Gat), given that Gai is a very close homolog of Gat, yet is more easily expressed
in E. coli. Briefly, the pSV277 expression vector encoding Gail with an N-terminal His-
tag served as the template for introducing amino acid insertions between residues Q333 and
F334 by using the QuikChange system (Stratagene). The 4 Ala insertion (Ins4A-Gail)
mutant used primers 5° GTA ACG GAC GTC ATC GCA GCA GCA GCA ATA AAG
AAT AAC C 3" (forward) and 5° G GTT ATT CTT TAT TGC TGC TGC TGC GAT GAC
GTC CGT TAC 3 (reverse). The Phe-Val-Phe-Asp insertion (Ins4X-Gail) mutant used
primers 5° CG AAG AAT GTG CAG TTT GTG TTC GAT TTT GTG TTC GAT GC 3
(forward) and 5° GC ATC GAA CAC AAA ATC GAA CAC AAACTG CACATTCTT
CG 3" (reverse). All mutations were confirmed by DNA sequencing (GenHunter
Corporation). The wild type (WT) and the mutant constructs were expressed and purified
as previously described **. The purified proteins were cleaved with thrombin (Sigma, 0.5

U/mg final concentration) for 16 hours at 4 °C in order to remove the N-terminal His-tag.
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The samples were then loaded onto a Ni-NTA column to separate the proteins from the
cleaved His-tag and any uncleaved fraction. For further purification, the protein solutions
were loaded onto a size-exclusion chromatography (SEC) column (TSKgel G3000SW) that
was equilibrated in buffer A [50 mM Tris—HCI (pH 7.4), 100 mM NaCl, 1 mM MgCl,, 20
uM GDP (or 1 uM GTPyS), 1 mM DTT and 100 pM PMSF]. SDS-PAGE was used to test
the purity of the proteins. Urea-washed rod outer segment membranes (ROS) containing

dark-adapted rhodopsin and GB1y1 subunits were prepared as previously described 3 3%,

333

Protein concentrations were determined spectroscopically *** and by Bradford assay .

Preparation of urea-washed ROS membranes and Gf1y1
Urea-washed ROS membranes and GP1lyl were prepared from bovine retina as

described previously 3304,

Nucleotide-exchange assays

The basal rate of GTPyS binding was determined by monitoring the relative increase in
the intrinsic tryptophan (W211) fluorescence (Aex=290 nm, Aen=340 nm) of Gail (200 nM)
in buffer containing 50 mM Tris (pH 7.2), 100 mM NaCl and 1mM MgClI,, for at least 60
min at 21 °C after the addition of 10 uM GTPyS. Receptor-mediated nucleotide exchange
was determined with GB1y1 (400 nM) in the presence of 50 nM rhodopsin at 21 °C for 60
min after the addition of GTPyS. The data were normalized to the baseline and maximum
fluorescence and then fit to the exponential association equation (Y = Ymax * (1-¢ ™), to
calculate the rate constant (k) as previously described ***. For nucleotide-exchange
experiments with Bodipy nucleotides, the fluorophore was monitored at Aex= 490 nm and
Aem=510 nm with 5 nm slit widths as described ***. All experiments were performed in a

buffer containing 50 mM Tris (pH 7.2), 100 mM NaCl and 1mM MgCl; and 1mM DTT at
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21 °C. To measure the GDP release from the G protein, the Gail subunit was incubated
with Bodipy-GDP in the absence of unlabeled GDP, Gy subunit or receptor for 90 min at
room temperature to exchange GDP with Bodipy nucleotide. After 1.5 hours, a two-fold
excess of GBy was added and incubated for 15 min to suppress the nucleotide exchange.
Bodipy-GDP bound heterotrimeric G protein was recorded as the basal signal. After 2.5
min, light activated receptor was added to the quartz cuvette. To measure the Bodipy-
GTPyS binding, heterotrimeric G proteins were incubated with in buffer containing 50 mM
Tris (pH 7.2), 100 mM NaCl and 1mM MgCl; in the presence of labeled GTPyS to obtain
the basal signal; After 2.5 min, activated receptor was added to initiate the exchange
reaction. The kinetic data were plotted and fit to a one phase association function. Data
represent the averages from 8-10 experiments.
Protein Labeling

A cysteine-reduced Gail protein (C3S, C66A, C214S, C305S, C3251, C3511) was
labeled as described previously using a 10 molar fold excess of Alexa Fluor 594C5-
maleimide (A1) (Invitrogen), with a labeling time of 3-5 hours in in 50 mM Tris (pH 7.5),
100 mM NaCl, 1 mM MgCl; and 20 uM GDP ***, Proteins were purified via size-exclusion
purification and the fractions were screened by intrinsic Trp fluorescence to ensure the
functional integrity of the labeled proteins. Labeling efficiency was determined from
comparison of Asgy to protein concentration, as determined by Bradford, and found to be

between 0.5-0.75 mol label/mol protein, depending on the location of the residue %% 3%

Membrane binding assay
The ability of mutant Gail subunits to bind R* in urea-washed ROS membranes was

determined as previously described **°. Each sample was evaluated by comparison of the
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amount of Gail subunit within the pellet (P) or supernatant (S) to the total amount of Gail
subunit (P+S) in both treatments expressed as a percentage of the total Gail protein. Data
represents the average of at least five experiments.

Protein crystallization, data collection and structure determination

Purified GTPyS-bound Ins4A-Gail subunits were exchanged into crystallization buffer
(50 mM HEPES (pH 8.0), 1 mM EDTA, 10 mM MgSO,, 5 mM dithiothreitol (DTT), 20
UM GTPyS) using a TSKgel G3000SW SEC column. Appropriate fractions were pooled as
described above, and SDS-PAGE was used to assess the purity of the proteins. Crystals
were grown using the hanging drop vapor diffusion method at 21 °C by equilibrating a 1:1
ratio of protein (10 mg/mL in crystallization buffer) and reservoir solution (12-16%
polyethylene glycol (PEG) 2000 monomethyl ether, 18% 2-propanol and 100 mM MES
(pH 6.0)) against a reservoir solution. Crystals appeared after 15 days and grew in the
primitive monoclinic space group P2;.

For Ins4A-GailB1yl crystallization, separately purified and concentrated Ins4A-Gail
and WT Gf1vy1 subunits were mixed in a 1:1 molar ratio and incubated for 30 min at 25 °C.
The heterotrimeric G protein complex was purified away from uncomplexed subunits using
a G3000SW SEC column equilibrated with buffer containing 20 mM HEPES (pH7.5), 150
mM NaCl, 1 mM EDTA, 5 mM DTT, and 200 uM GDP. Appropriate fractions were
pooled and the post translational palmitoylation of the GB1yl subunit was removed by
incubating with 10 units of endoproteinase Lys-C in 50 mM Tris (pH7.5, 150 mM NaCl)
for 24 hours at 4 °C *®, The protein complex was subjected to an additional step of size
exclusion chromatography using a G3000SW column, as described above. Fractions were

analyzed by SDS-PAGE to provide a guide to appropriate pooling of the purified
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heterotrimer. Heterotrimeric complex crystallized using the hanging drop vapor diffusion
method at 21 °C by equilibrating the protein (10 mg/mL in 20 mM HEPES (pH7.5), 150
mM NaCl, 200 uM GDP, 1mM EDTA) in a 1:1 ratio with reservoir solution against a
reservoir solution containing 19-24% PEG 8000, 1-5% 2-propanolol, 1% OG, 100 mM
HEPES (pH 7.0) and 100 mM NaOAc (pH 6.4). Crystals appeared after 5 days and grew in
the primitive tetragonal space group P4s.

Both Ins4A-Gail-GTPyS and Ins4A-Gailf1yl crystals were cryo-protected prior to
data collection by briefly soaking in stabilization solution containing 18% glycerol and
cryo cooled by plunging into liquid nitrogen. Data sets were collected at the LS-CAT (21-
ID-G) of the Advanced Photon Source (APS) at Argonne National Laboratory at -180 °C
using a wavelength of 0.98 A on a MAR CCD detector. Data were scaled using the
HKL2000 **, truncated and converted using CCP4 *!! and processed using Phenix suites
312 Crystallographic data collection and refinement statistics are reported in Table 7.2.
Criteria for data cutoffs were a combination of Rsm and I/c which both rose to
unacceptable levels if the resolution were extended for either dataset. The structures of
Ins4A-Gail-GTPyS-Mg*? and Ins4A-Gailplyl-GDP complexes were determined by
molecular replacement using 1GIA (WT Gail-GTPyS -Mg*™) % and 1GP2 (WT
Gailply2-GDP) **" as search models for Phaser-MR ** in the Phenix suite *'2. Since PDB
entries 1GIA and 1GP2 were deposited prior to the requirement for deposition of structural

factors, R-free reflections were randomly selected for InS4A-Gai1-GTPyS-Mg+2 and

Ins4A-GailB1y1-GDP. As a result, the free-R is of limited utility. Model building was

315 312

performed in Coot using composite omit maps calculated in Phenix to minimize
model bias. Refinement was conducted using both Refmac **° and Phenix 2, with the final
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rounds of refinement performed using Phenix

. In the final model, the regions
corresponding to amino acids 1-33 and 348-354 (correspond to WT numbers) in Ins4A-
Gail-GTPyS-Mg*? are not included. Similarly in the Ins4A-GailB1y1-GDP structure,
residue numbers 1-6 and 346-354 in the Gail subunit; 1 and 129-132 in the GB1 subunit;
1-9 and 66-74 in the Gyl subunit are not included due to the lack of interpretable electron
density. Structural superimpositions were performed using Co atoms and the program
Superpose in the CCP4 suite 3" 38 All structural figures were made using PyMOL
(PyMOL Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC.) unless otherwise
indicated.
Rosetta interface energy calculations

Interface energies were computed following the Rosetta AAG protocol previously
described %" 3% Briefly, we re-relaxed the previously published ensembles of ten
structures of the G protein in the basal state and receptor bound state using a DualSpace
relax Rosetta protocol *** for consistency between the mutant structures and the in silico
models **°. The Gy subunit of the receptor-bound models were truncated along both the N-
and C- termini to match the available crystal density of the mutant structures. For the Ins4A
insertion protein, all residues present with crystallographic density were included in the
analyses. The Ins4A-Gail and Ins4A-GailPBlyl structures were relaxed using the same
DualSpace relax protocol in Rosetta. Residue-residue interactions across the al
helix/GTPase domain interface were evaluated by measuring the changes in energetic
perturbations when computationally removing the al helices from the models. The al helix
was defined as residues G45 to E58. For all analyses, GDP - Mg®* or GTPyS remained

positioned within the nucleotide binding pocket. The predicted AAG value is reported as an
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average over the ten best structural models in Rosetta Energy Units (REU). Absolute
values larger than 0.5 REU are considered to be significant. Using the standard deviation
over the ten structures, a Z-score was computed. The total AAG value across the interface
is calculated as the sum of individual residue contributions.
Rosetta pairwise interaction score calculations

Average interaction scores between pairwise interacting residues were computed using
Rosetta’s per residue energy-breakdown protocol as previously described 3*°. The strength
between all possible pairs of interacting amino acid residues within the G protein were
calculated across the previously published ensembles of ten structures after an initial
energy minimization using the DualSpace relaxation protocol ***. Mutant crystal structures
of Ins4A-Gail and Ins4A-GailP1yl also underwent an initial round of DualSpace relax
using Rosetta to relieve minor energetic clashes, in both torsional and Cartesian space,
induced by crystallization before calculations were conducted. The resulting predicted
interaction scores, between all residue pairs, was then averaged across the top ten scoring
models (as assessed by total Rosetta energy) in the basal state, receptor-bound state, and
the activated monomeric state. Predicted values are reported in Rosetta Energy Units
(REU) and considered significant if greater than 0.5 REU. While these scores are also
reported in REUSs, they are not free energies in the thermodynamic sense. We therefore call

these values pairwise ‘interaction scores’ for intra-molecular probing of information flow.
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7.3 Results

Biochemical characterization and functional properties of Ins4A-Gail protein
To examine the two activation routes of G protein activation, we inserted 4 alanines

between residues Q333 and F334 of the a5 helix, with this variant termed Ins4A (Figure
7.1A and 1B). This insertion is proposed to perturb the interactions between the critical
F336 and both the al helix and the B2-B3 strands while leaving the f6-a5 loop intact. We
tested how this insertion, which should mimic the rotation of the a5 helix toward the
receptor in the R*-Gay complex, affects both the critical structural interactions between
a5 and al and B1-B3 and the functions of basal and receptor-mediated nucleotide exchange
rates.

Ins4A displayed a highly increased basal exchange rate as monitored by the relative
increase in the intrinsic tryptophan (W211) fluorescence of Gail compared to WT protein
(Figure 7.2A, light grey). However, in receptor mediated activation, the Ins4A mutant
showed a significantly decreased nucleotide exchange rate compared to WT (dark grey).

One potential explanation for these data would be that the mutant does not interact with
the receptor properly. To test this idea, we conducted a membrane binding assay with light-
activated rhodopsin in rod outer segments (ROS). The data show normal levels of Ins4A
interaction with R* and the capability to bind ROS membrane as well as the WT protein
(Figure 7.2B). However, the addition of the GTPyS non-hydrolyzable nucleotide analog
does not induce disassociation of the complex even at high concentration (0.5 uM) (Figure
7.2B, black arrows). We repeated this experiment in the presence of 1 mM GDP, and once
again the mutant did not release from the ROS membrane. Densitometric calculations of
membrane binding show that the mutant is not responsive to nucleotide (Figure 7.2C).

Accordingly, an alternative possibility is that the Ins4A mutant might not properly dock
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its C-terminus to R* to transmit the activation signal to the nucleotide binding region.
Using extra-Meta Il (eMII) to measure the high affinity state of the receptor shows that
there is normal eMII induced by increasing concentrations of heterotrimeric Gi binding
(Figure 7.2D), implying normal interaction between the a5 C-terminal helix and active
receptor. Thus the ability of Gi to induce a high affinity state was similar between WT and
Ins4A mutant (Figure 7.2D). To confirm the nucleotide sensitivity in the membrane
binding experiment (Fig. 2B), the eMIl assay was repeated in the presence of a high
concentration of GDP (0.5mM). Even this high concentration of GDP did not inhibit eMII
in Ins4A, though it did effectively inhibit it in the WT protein (compare Figure 7.2D and
E). This result confirms the membrane binding results and also shows that the C-terminus
of Ins4A properly interacts with and induces the high affinity state of R* similar to WT.
Guanine nucleotide interactions with Ins4A protein

There are several scenarios that might explain how the Ins4A protein could bind the
receptor with similar affinity to WT, yet lack receptor-mediated nucleotide exchange or
nucleotide-dependent membrane release activity (Figure 7.3A). 1) The helical domain
opening does not take place properly so GDP cannot release. 2) The f6-a5 loop does not
properly trigger GDP release as suggested by Dror et al.**2. 3) GDP can release normally
but GDP, GTP or GTPyS cannot rebind to the empty nucleotide-binding pocket. 4)
Nucleotide exchange happens normally, but the G protein cannot release from the receptor.

To distinguish between these possibilities, we measured receptor-mediated GDP release
and GTPyS binding using Bodipy-labeled nucleotides. To measure GDP release from the G
protein, the Ga subunit was incubated with Bodipy-GDP, then GBy was added as described

in the methods section. After 2 min, light-activated rhodopsin was added (Fig. 3B, first
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arrow). The data show that WT Gail-Blyl releases labeled GDP very quickly after
interaction with R* (Figure 7.3B, black circles), while Ins4A-B1y1 releases GDP almost
100-fold more slowly (Figure 7.3B, grey trace, Table 7.2). The bodipy-GDP dissociation
rate constants were calculated to be ~3.52 min™ and 0.042 min™ for WT and the Ins4A
mutant, respectively. To test if GDP was still able to access the nucleotide binding region,
we added excess unlabeled GDP and monitored Bodipy-GDP release. Unlabeled GDP can
compete with the Bodipy nucleotide (Figure 7.3B, second arrow). Bodipy-GDP release was
faster in the presence of unlabeled GDP (dissociation rate, ~ 0.755 min™); this is likely due
to the affinity difference between these two GDP nucleotides.

GTPyS binding was also monitored by using Bodipy-GTPyS (Figure 7.3C). Like GDP
release, the Ins4A insertion mutant also affects GTPyS binding. The data show that labeled
GTPyS interaction with the mutant was approximately 30-fold slower than with the WT
protein (Table 7.1); the binding rate reflects GDP release as well as labeled GTPyS
interaction. The GTPyS binding rate constants were calculated to be 0.913 min™ and 0.031
min™ for WT and the Ins4A insertion mutant, respectively. These results indicate that the
insertion of an extra helical turn in a5 dramatically affects receptor-mediated GDP release;
however, GDP can still be released from the nucleotide binding pocket, and both GDP and
GTPyS can access the pocket.

Examination of conformational changes in functionally important regions mediated by
receptor and GTP)S.

In order to examine local environmental changes within specific regions of the Ga
subunit, we used a Gail protein lacking six solvent-exposed cysteines as a background for

the introduction of cysteine residues at sites of interest. We selected three positions in the
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Gail subunit that are critical for G protein function *°. L273 (L296 in Gas) is a sensor of
the presence of the guanine ring of guanine nucleotides, K349 (R389 in Gas) is a sensor of
receptor binding, and K330 (E370 in Gas) senses rotation and disorder in a5 in the
presence of R* ?* (Figure 7.4A and 7.4C). These positions were mutated to Cys and
labeled with the Alexa Fluor 594C5-maleimide probe. The florescent intensity was
measured after a 40 min incubation with either GDP, GTPyS, receptor or receptor plus
GTPyS. Each result was normalized to the fluorescence of its wild type G protein (Figure
7.4D, black bars). To determine the relative changes in those regions in the basal state, we
compared the fluorescence intensity in GDP- and GTPyS-bound states.

The fold change in emission intensity of Ins4A in the presence of GDP (black bars) or
GTPyS (grey bars) with the indicated labeled residues, as compared to the environment of
the same labeled residue in WT are shown in Figure 7.4B. The extreme C terminal region
(K349) showed relatively low florescence intensity compared with the WT protein in both
GDP and GTPyS bound states, which indicates a highly polar environment. This highly
polar environment might be due to the more exposed location induced by the extra 4
alanine residues in the a5 helix. Other mutants were similar to WT.

Next, we evaluated the conformational changes of the same regions in the
heterotrimeric G protein (black bars) in the presence of active receptor (grey bars) and after
addition of GTPyS (black shaded bars) (Figure 7.4D). The decreased emission intensity
from labeled L273 upon receptor activation indicates an increased polar environment for
the probe in both WT and the insertion mutant, consistent with the effect of nucleotide
release from the binding pocket after receptor interaction. After GTPyS incubation, the
fluorescence intensity came back to its GDP bound level in both proteins, indicating

234



nucleotide binding and domain closing.
Residue K330 is located at the beginning of the a5 helix; it senses rotation of the helix

158 and disorder in presence of active receptor 2%,

The local environment of this residue
indicated low solvent exposure in both WT and Ins4A after receptor interaction, indicating
that it establishes new contact interactions that were absent in the heterotrimeric structure
(Figure 7.4D). These results are consistent with previous EPR studies **°. However, unlike
WT, the mutant fluorescence intensity did not fully return to its heterotrimeric state after
GTPyS incubation, indicating a perturbation in this region.

The extreme C terminus of Ga is disordered or absent in most crystal structures of
isolated Ga or the Gupy heterotrimer 2% 212307337 1t s 3 known receptor contact site that
undergoes a receptor- mediated conformational change. Comparison of the fluorescence
intensity of the Alexa Fluor label inserted in the C-terminal region at K349 in wild type
versus the Ins4A-Gail 1yl suggests that this residue is in a similar environment before
receptor activation. Upon binding to the light-activated rhodopsin, the fold change in
intensity indicates an immobilization of the probe for both wild type and InsA4-Gail B1y1,
consistent with the expected interactions at the receptor-G protein interface (Figure 7.4D,
right panel). As expected, the strong florescence intensity of K349 disappeared in the
GTPyS-bound WT G protein (Figure 7.4D), while in the mutant the signal did not change,
consistent with the membrane binding and eMl| results (Figure 7.2B).

Amino acid identity and the hydrophobic core is important for rearrangement of the a5
helix after nucleotide binding

To test if the functional properties of the Ins4A protein are due to the longer a5 helix,
or due to disruption of the hydrophobic core, we replaced the four alanine insertion of

Ins4A with a duplication of the four adjacent wild type residues (from F334 to D337),
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terming the variant Ins4X (Figure 7.1B). This change reestablishes the hydrophobic core
around F336 (a5) in the presence of an insertion while altering the length of a5 to be the
same as Ins4A. To investigate the function of the Ins4X protein, we evaluated its
nucleotide exchange rates and membrane binding properties. Unlike Ins4A, Ins4X
exhibited basal and receptor-mediated nucleotide exchange rates (Figure 7.5A) and
membrane binding (Figure 7.5B) similar to wild type GailPflyl. The Ins4X protein
dissociated from ROS membrane after incubation with active receptor and GTPyS, similar
to WT (Figure 7.2B). As shown in Figure 7.5B, unlike Ins4A, Ins4X released from the
ROS membrane completely after incubation with nucleotide. This result suggests that the
effect of Ins4A on G protein function is not due to the increase in length of the C terminus.
Instead, it suggests that the amino acid identity and the establishment of the hydrophobic
core play critical roles for proper rearrangement of the a5 helix and Ga subunit release
from the receptor after nucleotide binding.
X-ray structures of the Ins4A mutant

To probe the structural basis for the biochemical properties of the Ins4A variant, the
crystal structure in the GTPyS-bound state was determined at 2.7 A resolution (Table 2).
After insertion of the four alanines between Q333 and F334, the a5 helix rotates ~60°
starting from the insertion point (Figure 7.6A, labeled with red). This rotation relocates
F336 to a position similar to that observed for the homologous residue (F376) in the -
adrenergic receptor (B2AR)-Gs complex structure 2* (Figure 7.6B, compare WT-GTPyS,
brown, Ins4A, cyan, P2AR-Gs, green (PDB entry 3SN6 **°). Though attempted, we could
not crystallize either the GDP-bound or nucleotide-free Ins4A protein.

The 4 Ala insert completely repositions the network of interactions between F336 (a5),
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F189, F191, F196 (B2-B3) and H57 (al). It also disturbs the n-m interaction between H57
and F189 (Figure 7.6C and 7.6D). In Ins4A, almost the entire 32-B3 strands move away
from the a5 helix compared to the WT structure (Figure 7.6C and 7.6D). The relative Ca
distances between insertion mutant and WT proteins in F189, F191, K192 and F196 are
1.5, 2.3, 3.8 and 1 A, respectively, while the overall root-mean square (RMS) deviation
between WT Gail and Ins4A was 0.79 A (304 Ca atoms aligned totally).

Crystallized Ins4A has GTPyS bound and the guanine nucleotide holds the GTPase, and
helical domains together in the structure. Therefore, we did not expect to see any
significant differences between the WT and mutant structure in the nucleotide contact
regions. However, we identified an interesting feature in this structure. In the structure of
Ins4A, the side chain of H57 (localized on the end of the al helix) flips from pointing
inside to outside of the core, probably due to the lost network of interactions between F336
(a5), F189 (B2) F191 (B2). The relative Ca distances in the al helix, residues 155, 156,
H57, and E58 are 0.5, 0.9, 1.3 and 1.2 A, respectively, between the Ins4A insertion mutant
and the WT protein, with the end of the al helix moving away from a5. This structural
rearrangement of the end of the al helix and H57 were predicted in our Rho-Gi complex

133

model (Figure 7.6F, grey) ~*°. The B2AR-Gas complex structure (Figure 7.6E), is lacking

the end of the al helix.
Structural features of Ins4A-f1y1 mutant

In the B2AR-Gs complex crystal structure **°, the GB1y2 subunit does not make any
contact with the receptor and does not undergo statistically significant conformational
changes upon complex formation; though because of the low resolution of that structure,

some real changes might not have been statistically significant. To evaluate any possible

237



role of the Gy subunits in the biochemical properties seen in the Ins4A mutant, we
determined the crystal structure of the heterotrimeric Ins4A-B1y1 mutant in the GDP bound
state to 1.9 A resolution (Table 7.2 Figure 7.7A). The Ins4A-B1y1 structure shows a similar
a5 helix rotation pattern as the isolated Ins4A bound to GTPyS (Figure 7.7A, teal).
However, there was no dramatic displacement of the al helix and B2-B3 regions (Figure
7.7A). The relative Ca distances between mutant (Figure 7.7A, teal) and WT (yellow)
heterotrimeric structures in H57, F189, F191, K192 and F196 residues are 0.5, 0.5, 1.4, 1.4
and 0.6 A, respectively. This might be due to the effect of the crystal packing. Figure 7.7B
and 7.7C shows that the a5 helix, f2-p3 strands and al helix interact with a symmetric
molecule of the GB1yl subunit which might block or limit the displacement of the f2-3
strands and al helix. The Ins4A-Blyl heterotrimeric structure also shows significant
differences at the oN (Figure 7.7D) and a2 helices and the Gf1y1 subunits (Figure 7.7E)
compared to the WT structure. There is not any direct interaction between the 4 Ala
insertion site and these regions Therefore, these structural differences might be allosteric
effects of the insertion region. Another possibility is that all three heterotrimeric structures,
Gatplyl, GailBly2 and InsdA-GailBlyl, contain the same Gf but different Go and Gy
subtype combinations, which might affect the heterotrimeric structures in specific regions.
The RMS deviation of the Go subunit and heterotrimeric structure between WT-B1y2 (PDB
entity, 1GP2**") and Ins4A-Blyl was 0.82 A and 1.2 A (with a total of 329 and 697 Ca
atoms aligned respectively).
The effect of the 4 alanine insertion on al helix interface binding energy

To investigate the effect of the extra helical turn of a5 on the al helix computationally,

we calculated interaction energy scores for all residues within the al helix in both the Gail
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monomer and heterotrimeric GoilBlyl proteins using an established protocol ** (Table
7.3). These AAG values probed for a potential network of intramolecular interactions
which could propagate the conformational changes necessary for G protein activation and
nucleotide exchange. The AAG calculations predicted and support the crystallographic
data.

We did not see any major differences at the N terminus of the al helix, K46-149,
compared with the WT protein structure. However, starting from V50, significant
differences were identified between mutant and WT proteins. The predicted AAG values of
Q52, M53, 156 and H57 residues, which play a major role in interaction with and
stabilization of the a5 helix in GDP-bound state, were decreased compared to WT % 327
%1342 The total interaction energy score was approximately 4 Rosetta Energy Units
(REUS) in the Ins4A compared to 5.5 REUs in the WT protein (Table 7.3).

There are two critical stabilizing routes between the al and a5 helices in the GDP-bound
state. To look at the individual residue-residue interactions, and distinguish between these
two pathways, we used Rosetta to predict the network energy scores between all amino
acid pairs in our structural models and protein crystals. The first route is between Q52 (al)
and 156 (al) with T329 (a5). Previously, Kapoor et al. showed that the T329A mutation
causes high Gail activity 2**. The pairwise interaction scores were calculated between Q52
(al) - T329 (a5) and 156 (al) - T329 (a5) as 0.5 and 0.2 REU, respectively. The second
pathway is between M53 (al) and H57 (al) with V332 (a5) F336 (a5), a part of the
hydrophobic core between a5, ol and P2-B3 strands (Figure 7.8). The structural
rearrangement at the end of the ol helix also affects linker 1 and the beginning of the aA

helix. The AAG values calculated at G60 (linker1) decreased from 0.7 to under 0.5; at Y61
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it is changed from 1.5 to 1.0 REU compared to WT protein. In E65 (aA), it increased from
0.5 to 0.8 REU, as it approaches linkerl. In the heterotrimeric structures, we observed a

similar pattern between Ins4A and WT, but with smaller margins.
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7.4 Discussions

Two receptor-mediated G protein activation routes have been hypothesized. In the first,
binding of the receptor to the C-terminus of Ga is thought to trigger conformational
changes that can be transmitted to the nucleotide-binding pocket via outward rotation and
translation of the a5 helix and distortion of the B6-a5 loop, a key site of interaction with the
guanine ring 29 2% 298,332,343 1 the second pathway, the receptor-dependent a5 rotation
and translation destabilizes the hydrophobic interactions between the a5 and al helices and
the B2-B3 strands, which weaken both phosphate and purine binding sites of nucleotide 283,
301, 327, 331, 342 | the two proposed activation pathways, the extreme C-terminus of the a5
helix facilitates both receptor-G protein interaction and G protein activation 284 2% 29 323,
34 To separate these two pathways and to further investigate the effect of the hydrophobic
core between a5, ol and B2-B3 strands, we inserted a 4 Ala linker between Q333 and F334
in the a5 helix.

Our data show that the Ins4A mutant caused high basal nucleotide exchange, as

anticipated from previous studies 2> % 327 The

Ins4A-GTPyS crystal structure showed
that, starting from Q333, the a5 helix is displaced by an extra helical turn, which partially
mimics the effect of the receptor on the G protein. Indeed, F336 of the a5 helix, which we
previously showed was a critical residue for forming a hydrophobic core in the Ga subunit,
is localized at a similar position as it is in the B2AR-Gs complex structure.

The a5 helix is protected and surrounded with mostly hydrophobic interactions by six
beta strands (B1-f6) and one alpha helix (al). The effects of a5 helix rotation on the

strands are clearly observed in the Ins4A structure compared to WT protein. The relative

positions of the 5 and B6 strands are not affected by the rotation, and these two strands
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almost perfectly superimpose with the WT structure. However, there are significant and
progressive differences in the B-strands amino-terminal to f4. This is most dramatically
observed in the B2-B3 strands. This rotation completely repositions the network of
interactions between F336 (a5), F189, F191, F196 (B2-B3) and M53, H57 (al), including
disturbing the n-m interaction between H57 and F189. The conformational changes in this
region mimic the receptor-bound state 28 30% 327 33L. 342 "Thjs resylt supports the second
route of G protein activation (see above) which was proposed in our previous study **" and
was recently supported by Flock et al. and Sun et al. via using evolutionary analysis and
alanine scanning approaches, respectively 33! 3,

In the B2AR-Gs complex structure, the al helix, starting from M53 (M60 in Gas), is
not ordered ?*°. In the Rhodopsin-Gi complex model, it was predicted that the end of the
al helix would move away from a5, and most of the residues (from Q52 to H57) would
lose contact with the a5 helix after GDP release and helical domain opening . The Ins4A
mutant structure confirmed this prediction, even though we could only crystallize the
GTPyS-bound state, which holds the GTPase and helical domains together. Given that it is
GTPyS-bound, significant differences between WT and mutant structures in the nucleotide
contact regions, such as P- and B6-a5-loops, were not expected. However, it appears that
the reorganization between the a5 helix and B2-B3 strands is enough to trigger the al
rearrangement even though the B6-a5 loop and first helical turn of the a5 helix are still
intact.

In contrast to its high constitutive activity in the basal state, the Ins4A mutant showed

very little receptor-mediated nucleotide exchange activity. This, we believe, is due to the

effect of the GPy subunit. In the basal state, without Gy, the Ga subunit does not require a
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large displacement of a5 and the B6-a5 loop to release GDP from the binding pocket.
Perturbation of p2-p3, al and the Mg*? binding regions is sufficient to trigger GDP release

283,301,327 However, in the heterotrimeric G protein, the GBy subunit interacts with Switch

IT and the phosphate binding region, reducing the dynamics of this region. Gy binding

significantly limits nucleotide exchange of the G protein in the absence of receptor % 32"

% When the receptor interacts with the heterotrimeric G protein, it rotates the a5 helix and
initiates the nucleotide release mechanism.

The Ins4A mutant shows similar receptor binding capability compared to WT protein.
The nucleotide binding and release data show that the Ala insertion significantly affects the
G protein nucleotide interaction. The heterotrimeric Ins4A mutant releases GDP almost
100-fold more slowly than WT in the presence of activated receptor. Comparison with the
GTPyS binding kinetics allows us to conclude that GDP release is the main affected event.
However, even with a very slow nucleotide exchange rate, GTPyS can still access the
nucleotide binding pocket. However, release from the receptor-G protein complex is
abolished even in the presence of high concentrations of either GDP or GTPyS. This
indicates that disrupting the hydrophobic core not only affects nucleotide interaction with
the Ga subunit in the receptor G protein complex but also that G protein can no longer
release from the receptor complex.

How does the heterotrimeric G protein bind normally to the receptor, interact with the
nucleotide but not release from the receptor complex? The B6-a5 loop directly interacts
with the guanine ring of the nucleotide, and it is the only direct way to connect the
nucleotide binding region to the receptor through the a5 helix. Within the B6-a5 loop

resides a conserved TCAT motif that mediates key contacts with the guanine ring of GDP
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that are believed to stabilize the binding of GDP within Ga. Indeed, mutations within this
region result in enhanced spontaneous nucleotide exchange rates 2 346347,

Thus, receptor contacts to the Ga C terminus communicates structural changes through
the a5 helix which may modulate the conformation of the f6-a5 loop, ultimately resulting
in the release of GDP. The N-terminus of the a5 helix is unfolded in the B2AR-Gs
complex structure ***. Recently Dror et al. suggested that the structural rearrangements in
the B6-a5 loop are the key events in G protein activation and GDP release **2. To examine
environmental changes around this region, we fluorescently labeled residues L273 (aG)
and K330 (a5) and showed that the N terminus of the a5 helix does not properly refold in
the presence of nucleotide. This result indicates that either the 4 alanine insertion creates a
buffer due to the extra length of the a5 helix between the receptor and nucleotide binding
site of Ga subunit, or it disturbs the nucleotide-dependent rearrangement of the N terminus
of the a5 helix (residues 368-371 in Gas and 328-331 in Gail).

To address the question of whether slow nucleotide exchange and receptor release is
caused by the increased length of the C terminal helix, the repeated set of 4 WT amino acid
residues were inserted back into the same region (Ins4X, Figure 7.1B). This restores the
hydrophobic core around F336 (a5), while maintaining the longer a5 helix. Notably, Ins4X
showed similar basal and receptor-mediated nucleotide exchange activity to WT. In
addition, it recovered its receptor release activity after guanine nucleotide incubation. This
is consistent with previous studies 2°* *; Natochin et al. showed that an 11 amino acid
insertion above the hydrophobic core region (between 1343 and 1344 residues) did not
affect G protein-receptor binding and G protein activation compared to the WT protein 3*.

This indicates that it is not the length of the C-terminus, but rather maintaining the
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hydrophobic core interactions that is critical to complete the receptor-mediated G protein
activation cycle.

In summary, the Ins4A crystal structure showed how a5 rotation significantly changes
the conformation of B2-B3 and the al helix. F336 is likely making direct hydrophobic
contacts with F191 and M53, and it may also communicate with F189 indirectly. Residues
M53-H57-F191 interact with F189 through a m-m interaction between residues H57 and
F189. In addition Q52, I55 and 156 in the al helix also interact with T329 and Q333 in the
a5 helix.

This network not only plays a major role during G protein activation, but it also
influences proper rearrangement of the N terminus of the a5 helix to allow release of Ga
from the activated receptor after nucleotide binding. Thus, this study highlights changes
through the G protein for receptor-mediated GDP release and G protein activation, but also
the reverse communication from GDP binding to release of the G protein from the
activated receptor. How G proteins influence the ligand binding of receptor, leading to a
high affinity ligand binding, and in the case of rhodopsin, Metall stabilization, is currently
unknown. This study provides the first clue that rearrangement of the N-terminus of the a5
helix and re-engagement of the hydrophobic core are important elements of that signaling
back to the receptor.

This mechanism might be generalizable for many receptor-G protein combinations;
indeed, all residues of this hydrophobic core and the N-terminus of the a5 helix are highly
conserved in heterotrimeric G proteins. Our results support and experimentally demonstrate
that the structural rearrangements of this region complete the G protein activation cycle.

Although different receptor-mediated G protein activation models are presented as
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opposing mechanisms 156, 287, 293, 297, 327, 331, 332, 342

, they may play complementary roles in
the overall action of activated receptors. However, further studies are needed to identify the

sequence of events involved in receptor-mediated G protein activation in molecular detail.

Abbreviations

APS - Advanced Photon Source

GDP - Guanosine diphosphate

GPCR - G Protein Coupled Receptor

GTPyS - Guanosine 5’-[y-thio]triphosphate
LS-CAT - Life Sciences Collaborative Access Team
P-loop - phosphate binding loop

REU - Rosetta Energy Units

r.m.s - root mean square

ROS - rod outer segment
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* *
WT-Gail 330 KNVQ ---- FVFDAV 339
Ins4A S 330 KNVQ AAAA FVFDAV 339
Ins4X - 330 KNVQ FVFD FVFDAV 339

FIGURE 7.1. Heterotrimeric G protein; localization of 4 alanine insertion in a5 helix. (A)
Ribbon representation of heterotrimeric G protein (Giafy, PDB entry, 1GP2*"). The Ga subunit is
composed of nucleotide binding (blue) and helical (white) domains. The a5 helix (red) is a critical
region for G protein stability and activation. This helix directly interacts with six B-strands (B1-p6)
and one a-helix (al) (blue). Four amino acids were inserted between Q333 and F334 (yellow) in
the a5 helix. (B) Amino acid sequences and names of insertion mutants developed in this study.
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FIGURE 7.2. Biochemical properties of Ins4A protein. (A) Basal (grey bars) and receptor-
mediated (dark grey bars) nucleotide exchange rates for wild-type and 4 alanine insertion (Ins4A)
mutations in Gail proteins. Nucleotide exchange was monitored by measuring the enhancement in
intrinsic tryptophan (W211) fluorescence (Aex=290 nm, A.,=340 nm) as a function of time after
addition of GTPyS 3 The data were normalized to the baseline and maximum fluorescence and
then fit to the exponential association equation (Y = Ymax * (1—¢™)), to calculate rate constant (k).
Data were collected at 21 C° for 90 min. Results represent the mean + SEM values of at least three
independent experiments. (B) Membrane binding of wild type and mutant Gail proteins. The assay
was performed as described in the methods section. Dark, from dark sample; Light, from light
activated sample; GTPyS or GDP, from light activated and nucleotide incubated samples. S,
supernatant; P, pellet. (C) Densitometric quantification of supernatant from light supernatant
samples. Each sample from SDS-PAGE (section b) was evaluated by comparison of the amount of
Gail subunits in pellet (P) or supernatant (S) to the total amount of Gail subunits (P+S) in both
treatments and expressed as a percentage of the total Gail protein. Data represent the average of
three independent experiments. (D) Concentration-response curves of Meta-rhodopsin 11 (MII)
signal stabilized by WT-Gial (black square) and Ins4A (black circle). (E) Concentration-response
curves of Ml signal stabilized by WT-Gial (black square) and Ins4A (black circle) in the presence
of 0.5 mM GDP. The ECs, value of WT-Gial and Ins4A protein for rhodopsin in ROS membranes
was 9.43 £ 0.13 pM and 0.99 = 0.02 pM, respectively. Solid curves are best fits from a four
parameter logistic equation. Results are mean + S.E.M. from of at least three independent
experiments.
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FIGURE 7.3. Hypotheses for why Ins4A protein cannot release from the active receptor-G
protein complex in presence of guanine nucleotide. (A) Cartoon representation of possible
scenarios to explain biochemical data of the Ins4A proteins: 1- Domain opening does not take place
properly so GDP cannot release or the domain is able to open, but the p6a5 loop does not properly
trigger GDP release, 2- GDP can release similar to WT-Gial but GDP, GTP or GTPyS cannot bind
the nucleotide binding pocket, 3- Exchange of nucleotide happens normally, but the Ins4A protein
cannot release from the receptor. (B) Bodipy-GDP release from WT-Gial (black circle) and Ins4A
(grey circle). First and second arrows indicate the start of G protein incubation with light activated
Rhodopsin and addition of unlabeled GDP, respectively. (C) Bodipy-GTPyS binding of WT-Gial
(black circle) and Ins4A (grey circle). Arrow indicates addition of light activated Rhodopsin. The
fluorophore of Bodipy nucleotides was monitored at Aex 490 nm and e, 510 nm. The kinetic data
were plotted and fit to a one-phase association function. Data are from a representative experiment
that was repeated 8-10 times.
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FIGURE 7.4. Conformational changes at key sites on Ga caused by receptor and GTPyS
determined using site-directed fluorescent labels. 1.273 (L296 in Gas) residue is a sensor of the
presence of the guanine ring of GDP, K349 (R389 in Gas) is a sensor of receptor binding and K330
(E370 in Gos) is a sensor of rotation and disorder in the presence of active receptor *2. (A) Cartoon
representation of labeled residues in the Ins4A-Gail-GDP protein. (B) Fold change in emission
intensity of Gail proteins in the presence of GDP (black bars) or GTPyS (grey bars) in the presence
of the indicated labeled residues, as compared to the environment of the same labeled residue in
WT GDP bound state. (C) Comparison of labeled residues between Ins4A (cyan) and B2 adrenergic
receptor-Gas complex structure (PDB entry 3SN6, %, green). (D) Fold change emission intensity
of GailBlyl(black bars) in the presence or absence of light activated rhodopsin (grey bars) and
GTPyS (white bars). Data are the average of at least three independent experiments (* p < 0.05; **
p <0.01).
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FIGURE 7.5. The effect of introducing an FVFD insertion in the a5 helix on Gail subunit.
(A) Basal (grey bars) and receptor-mediated (dark grey bars) nucleotide exchange rates for WT,
Ins4A and FVFD insertion mutation (Ins4X) in Gail proteins. Nucleotide exchange was monitored
by measuring the enhancement in intrinsic tryptophan (W211) fluorescence as a function of time
after addition of GTPyS %2, Data were collected at 21 C° for 90 min and represent the mean + SEM
values of at least three independent experiments. (B) Membrane binding of Ins4A and Ins4X
proteins. Dark, from dark sample; Light, from light activated sample; GTPyS or GDP, from light
activated and nucleotide incubated samples. S, supernatant; P, pellet. Data represent the average of
three independent experiments.
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FIGURE 7.6. Structural features of GTPyS bound Ins4A mutant protein. (A) Cartoon
representation of Q333, F334 and F336 residues in the a5 helix of Ins4A. The 4 alanine insertion
region is represented in salmon color. (B) Comparison of the a5 helix and F336 residue location
between WT-Gial(PDB entry 1GIA #, brown), Ins4A (cyan) and p2AR-Gos complex structure
(PDB entry 3SN6%*, green). (C) Comparison of the a5 helix and B1-B6 strands between WT-
Gial(brown) and Ins4A (cyan) (D) The effect of a5 helix rotation and the connection between
F336 and the B2-B3 strands and the al helix. Comparison of a5, $2-f3 and al regions between
WT-Gial (brown) and Ins4A (cyan). This structure shows significant rearrangement of side chains
in H57, F189, F191, F196 and disturbed n-n interaction between H57 and F189. (E) Comparison of
B2AR-Gaos complex structure (green) and WT-GialB1y2 (brown) (F) Relative position of residue
H57 and the al helix between WT-Gial (brown), Ins4A (cyan) and rhodopsin—G protein model

133

(grey) .
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FIGURE 7.7. Structural features of heterotrimeric Ins4Aplyl mutant protein. (A)
Comparison of the a5, f2-f3 and al regions between WT-GialB1y2 (PBD entry, 1GP2, yellow)
and Ins4AB1yl (teal). The relative Ca distances between mutant and WT heterotrimeric structure
protein in H57, F189, F191, K192 and F196 are 0.5, 0.5, 1.4, 1.4 and 0.6 A, respectively. (B) The
interaction between K192 in the Ga subunit, B2-B3 loop (teal) and E215 in the GB1 subunit in a
symmetry molecule (orange). (C) The contact between the Go subunit al helix and Gyl in a
symmetry molecule (orange). Surface representation in teal and orange for mutant and WT
structures, respectively. (D) Comparison of the aN and (E) a2 helices between Ins4AB1y1 (teal)
and WT-Gialply2 (PDN entry, 1GP2%¥, yellow) protein.
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FIGURE 7.8. Pairwise interaction scores highlight two activation pathways. There are two
critical stabilizing routes between the al and a5 helices in the GDP-bound state. The first (purple)
is between Q52 (al), 156 (al) and T329 (a5). The second pathway (blue) connects M53 (al), H57
(al), V332 (05), and F336 (05). (A) WT-Gial (PDB entry, 1GIA **?) maintains both networks in
the GDP-bound state. (B) The Ins4A mutant loses the hydrophobic core between a5, al and the B2-
B3 strands.
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Bodipy-GDP Bodipy-GTPyS

Dissociation Binding
(k, min™ £ S.E.M) (k, min™ £ S.E.M)
WT 3.521 + 0.095 0.913 +£ 0.045
Ins4A 0.042 £ 0.001 0.031 £ 0.007

Table 7.1. Bodipy nucleotide interactions with Gail
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INs4A-Gail-

Ins4A-Gailp1yl-

GTPyS-Mg*? GDP

PDB accession code 5KDL 5KDO
Data Collection and
Processing®
Beamline 21-ID-F 21-1D-G
Space groups P2, P4,
Cell Dimensions: a, b, ¢ (&) 61.7,77.3,73.1 84.65, 84.65, 130.09
a, B, v (degrees) 90, 99.8, 90 90, 90, 90
Resolution (A) 50.0-2.8 (2.8-2.7)  40.25-1.90 (1.97-1.90)
Total Reflections 217,114 1,504,669
Unique Reflections 19,135 71,960
Rsymb (%) 8.8 (51.7) 7.4 (123.4)
Rpim’ (%) 5.6 (33.6) 4.3 (54.0)
<I>/<c> 14.4 (2.04) 17.4 (1.4)
Completeness (%) 99.5 (97.4) 100 (100)
Refinement Statistics
Ruor” (%) 20.9 18.21
Riree (%) 26.4 20.79
RMS deviations

Bond (A) 0.002 0.007

Angle () 0.522 0.977
Ramachandran statistics®

Favored (%) 99.2 98.07

Allowed (%) 0.8 1.93

Outliers (%) 0.0 0.0

*Numbers in parentheses indicate statistics for the highest shell.
O =30 = (OI/ X0 | where [ is intensity, 0 is the [th measurement, and (1) is the
weighted mean of [1.

Do = Y/ =DIE |0 (A7) = DA /Zp 0 X0 D0 (A1) where 1 is
running over the number of independent observations of reflection hkl and N is representing the
number of replicate observations.

“Conon = Z|O0I =001/ X100 where (10 and [0 are the observed and calculated structure
factor amplitudes. (1, is the same as [, for a set of data omitted from the refinement.
*Ramachandran analysis from MOLPROBITY **,

Table 7.2. Crystallographic data collection and refinement statistics.
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Ins4A- WT-GTPyS Ins4ABIY1 WT-1y2

GTP#S
Entity Amino Energy Z-score Energy Z-score Energy Z-score Energy Z-score
acid inREU in REU in REU in REU
B1 L38 1.1 75 1.2 281 1.4 53 2.0 17
Ploop G40 0.8 103
al K46 1.3 53 11 89 1.9 6 1.9 35
al S47 0.7 61
al T48 0.9 52 0.8 154 0.7 27 0.9 27
al 149 1.0 38 1.0 179 11 192 1.0 10
al V50 0.5 235 0.9 118
al Q52 1.2 25 1.5 34 1.7 266 1.6 25
al M53 0.5 6 14 462 1.0 116 1.4 14
al K54 1.8 122 2.3 101 2.2 441 2.5 24
al 155 1.4 170 1.0 263 1.0 158 1.0 10
al 156 1.0 85 1.1 57 1.1 35
al H57 1.3 28 1.6 133 15 127 1.7 34
linker1  G60 0.7 71 0.9 339 0.9 67
linker1 Y61 1.0 125 1.5 70 0.8 208 1.0 9
aA E65 0.8 104 0.5 9 0.8 384 0.8 52
aF L175 0.9 51 1.0 279 1.0 104 1.0 23
B2 F189 1.0 13 1.4 114 15 229 1.4 28
B2 F191
B3 M198 0.5 73 0.5 6
B3 D200 0.8 84 1.0 3 1.0 24
B6-a5  A326 1.3 53 1.3 88 1.3 124 1.6 38
B6-a5  T329 0.5 21 0.8 100 0.8 346 0.8 16
a5 V332 0.6 11 0.7 189 0.7 397 0.8 35
as F336 0.9 736 0.8 24

Table 7.3. G protein alpha subunit a1 helix interface energetic predictions
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COMPARATIVE MODELING OF PAR4 USING ROSETTACM AND IN SILICO POINT
MUTATIONS

A.1l Introduction to PAR4
PAR signaling

Proteinase-activated receptors (PARs) are a class of G protein-coupled receptors
(GPCRs) which can induce signaling though the G protein intracellular signaling cascade.
PAR proteins are unique GPCRs in that they require proteinase cleavage for activation®®.
The amino terminus of PAR is exposed to the extracellular space (Figure A.1). It can be
bound and cleaved by the coagulation proteinase thrombin. Upon cleavage, an encrypted
“tethered ligand” is exposed along the new amino terminus. This tethered ligand can then
act to mediate the receptor’s activation. This unique mechanism of activation can also be
induced by proteases other than thrombin such as trypsin®*® and cathepsin G>*°.

There are four PAR proteins encoded in the human genome, named PAR1-4. All four
sequences are less than 38% similar to one another at the amino acid level (See Table A.1).
Indeed, each have a unique tethered ligand sequence and various affinities to thrombin
cleavage and activation. The PAR family primarily signals through the Gaq and Gal2
families, though there is some evidence that a Gai heterotrimer may also interact®" 32,
Specifically for PAR4, Gaq and Gal3 seem to be the primary modality in platelets.
Ambiguity in PAR4 function

In human platelets, two PAR proteins are present, PAR4 and PARL. While PAR4 has a

relatively low affinity for thrombin, PARL is a high affinity thrombin receptor. This

disparity in affinity therefore translates into differential roles of activation between the two
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platelet receptors and a dichotomy in their mechanism of response. However, the exact
function of PAR4 signaling is not known, though it has been implicated to play a role in
hemostasis and thrombosis as seen from mice knockout studies®™* ** This result is
confounded by the lack of PAR1 expression in mouse platelets, preventing a clear
depiction of how PAR4 behaves in the presence of the high affinity thrombin receptor
PARL. Therefore the role of PAR4 in conjunction with PAR1 using primate studies and/or
human platelets remains largely uncharted.

One major impediment to disambiguating the role of PAR4 within platelets stems from
the lack of small molecule agonists or antagonists selective for PAR4 over PARL. This
deficit is primarily due to the unique nature of this class of GPCRs whose natural ligand
requires protease cleavage to be exposed. Use of only the activating peptide (AP) fragment
for further ligand development and binding studies is hindered by the altered nature of the
ligand when tethered to the receptor versus being free in solution®>. This difference
confounds in vitro signaling studies aimed at mapping the binding pocket.

Though extensive pharmacological and medicinal chemistry efforts have tried to create
a selective, soluble, antagonist, the limited structural insight into this system has prevented
progress. A recent advance came in the form of a x-ray crystallographic PARL1 structure
bound to a selective antagonist®™°. Though at a reasonably high resolution for a membrane
protein, the amino terminus is truncated, preventing analysis of the tethered ligand within
the binding pocket. Other considerations for improved crystallization conditions,
stabilization, and the use of fusion proteins also cloud the ability of the structure to provide
insight into the mechanism of signaling.

Other groups have worked to model PAR2 using computational approaches. Their
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methods started with comparative modeling of PAR2 using the known crystal structures of
bovine rhodopsin and the human nociception receptor®’. Next in silico docking was used
to further refine understanding of the binding pocket. Their in silico methods have resulted
in the refinement of several selective pharmacological compounds which bind with
relatively high affinities in vitro and in vivo. These models were then used for future
screens in an iterative approach to virtually screening compounds for further biochemical

analysis®® **°,

Pursuing a model of PAR4

Following in this vein, we have capitalized on the recently crystalized PAR1 structure
bound to its selective agonist as a starting template for in silico studies of PAR4. Though
PAR4 and PAR1 have a sequence similarity at the very limits for possible comparative
modeling techniques (their sequence identity is 31% and the suggested limit is 30%), new
advances in computational comparative modeling suggest an alternative route for probing
conserved structural space. RosettaCM, an application within the software suite Rosetta,
can use both single template and multiple template starting structures to thread target

sequences into an aligned structural space®®’

. We used the human PAR4 sequences as are
target sequence for several different methods of structural modeling within RosettaCM.
First, using the solved PARL crystal structure, we used a single template modeling
approach. Here we utilized the backbone atoms’ coordinates as the starting points for the
PARA4 structure. This was done by threading the PAR4 sequence onto the PARL structure
using an alignment. Next we utilized the multi-template modality of comparative modeling

within Rosetta to use both a five template starting point and a 20 template trajectory. This

was guided by the idea that all GPCRs maintain a conserved seven transmembrane helical
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bundle with several conserved motifs across class A GPCRs. Using both the five and 20
template schemes would allow for interrogation of the structural space around more than
that of the single PAR1 crystal structure.
Validating a model of PAR4 with in silico and in vitro pharmacology and mutations

In order to validate the computational modeling efforts, in silico ligand docking was
performed using small molecule compounds currently under development. A recent PAR4
antagonist has been obtained from Bristol-Myers-Squibb. The compound (named BMS-3
herein) was used as a starting scaffold for further chemistry efforts to optimize the scaffold,
as well as drug metabolism and pharmacokinetic properties. In silico this compound was
used as a control for docking studies in the structural models. In addition, point mutations
around the ligand binding pocket were selected based on the structural model and docking
poses. These mutations were created both in silico and in vitro to ascertain the validity of

the computational model and map the binding pocket itself.
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A.2 General Overview of Materials and Methods

Crystal structure templates

GPCR structures deposited within the Protein Databank (PDB)**® were queried for their
sequence similarity to PAR4, resolution, and sequence coverage by electron density. Where
duplicate structures of the same protein existed, the structures of the highest resolution
were utilized resulting in 20 potential templates (Table A.2). Sequences were extracted
from the template PDBs and aligned using ClustalOmega®. All non-GPCR molecules
included for crystallization (T4 Lysozyme, nanobodies, co-factors, etc.) were removed
before alignment. All GPCRs possessed <30% sequence identity to the human PAR4
sequence with the exception of PAR1 which has ~32% sequence identity. As 30%

269

represents the “cut-off” value for successful comparative modeling templates™”, three

different approaches for starting templates were utilized to maximize the structural search
space. The first was the standard, single template comparative modeling protocol™** 2%
which utilized the human PAR1 crystal structure bound to Vorapaxar (PDBID 3VW7)**®.
Two multi-template comparative modeling strategies were also used with either five or 20
starting template structures (Table A.2 & A.3, respectively). The five starting templates
were selected for their structural similarity to PAR1 as assessed by all atom RMSD (root
mean squared deviation) and transmembrane atom RMSD (Table A.3).
Sequence similarity & SSE alignments

Starting from the sequence alignment obtained from ClustalOmega®, secondary
structure elements (SSE) were individually aligned across all five or 20 starting templates

with the PAR4 sequence using MUSTANG®*®*. PSIPRED**?> and OCTOPUS**® were used

to predict SSE and membrane spanning regions, respectively, of the human PAR4
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sequence. Sequence alignments and SSE alignments were then manually evaluated and

adjusted using Jalview**

to ensure minimal gaps in transmembrane (TM) helices and
conserved residues within the TM regions utilizing the Bissantz conservation numbering
schema as a reference®®. All alignments were then used for the threading step of
comparative modeling.
RosettaCM Protocols and Sampling

Rosetta Comparative Modeling (RosettaCM) was performed according to Combs et al.
for single template modeling®®® and Song et al. and Bender et al. for multi-template
comparative modeling™* . See Chapter 4 for a detailed description of methods and
general protocol?®”. Briefly, for single template comparative modeling, after selecting the
appropriate starting templates and aligning sequence and secondary structure elements, the
three dimensional coordinates of the template backbone structure was threaded with the
target sequence based on the alignment information. Gaps within the alignment are
considered “loops” for future refinement with de novo atom generation within Rosetta or
fragment insertions composed of 3-mer and 9-mer fragments derived from the PDB. The
Robetta webserver®® was used for fragment generation. The remaining gaps between the
template and target, flexible non-structured regions, and regions with low confidence in the
alignment were re-evaluated and improved using an external loop modeling protocols.

RosettaCM with multiple templates begins in a similar manner as single template
comparative modeling. Five or 20 starting GPCR crystal structures were utilized as
templates. After template selection, sequence and SSE alignments were utilized to create
threaded models of the PAR4 target sequence onto the backbone coordinates of each

template. The threaded model from each template was then aligned into a global coordinate
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frame. Hybridized models were created in an iterative manner moving between de novo
fragment insertions and recombination of threaded-template segment insertions.
Conformational search space was then expanded by randomly sampling de novo backbone
fragment insertions or template segment insertions and energy minimizing the models to
improve geometry of the backbone. This method effectively models any gap regions that
would be present within the backbone when using a single template modeling protocol.
Side chains were added last and optimized using a more rigorous scoring function for full-
atom refinement.

It was suggested by Raman et al. that more aggressive iterative stochastic rebuilds and
sampling are required when there is lower sequence identity between the template and
target’’. Preliminary runs of 500 models were created for the single template CM for
several different sequence/structure alignments, 1500 for the five template alignments, and
3000 for the 20 template alignments. Each of the three methods possessed two to five
different sequence/structure alignments as starting inputs for the preliminary runs. The top
input alignments for each method were then carried forward for production runs as score
vs. RMSD plots suggested that more sampling may result in model convergence.

Clustering and Top Models
Calibur®™®” was used for clustering models. The ten best models by RMSD to PAR1 and

Rosetta Score in the top cluster were used for further loop modeling and refinement.

Model Refinement and Disulfide Constraints
After model hybridization across the different template paradigms, a DualSpace relax

protocol within Rosetta was utilized to relax each model and relieve any remaining atom
clashes. Disulfide constraints were utilized to ensure proper bonding between the

conserved cysteine residues 149 and 228.
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Loop Remodeling
Single template comparative modeling requires an external loop closure step to remodel

flexible, non-structured loop regions and for any gaps, or chain breaks, which remain after
template hybridization and fragment insertion and refinement. Chain breaks result from
unsatisfied peptide bonds due to template-target alignment mismatch and missing residues
in target sequences versus the template protein backbone. These flexible regions and gaps,
also called loops in RosettaCM parlance, were solved using CCD (cyclic coordinate

368, 369

descent) for initial loop closure and KIC (kinematic loop closure) as the all-atom

phase of loop modeling refinement?’,

Multi-template comparative modeling does not require external loop closure steps as
the internal de novo fragment insertion and template segment insertion and annealing
protocols resolve all chain breaks and smooth fragment/template edges™** 2°’. However,
CCD and KIC were used in later refinement steps of the multi-template modeling
approaches to relieve clashes around the ligand binding pocket in the presence and absence
of ligand (discussed below).

ECL2 was predicted to be over 20 amino acids long in PAR4. Loops greater than 15
amino acids are not easily closed by any computational software. Therefore, ECL2 was
modeled as a whole and as three separate sections: 1) the N-terminal half of the loop, up to
the base of the B-hairpin, 2) the B-hairpin using Paired Distance Constraints, and 3) the C-
terminal half of ECL2 after the B-hairpin.

During loop modeling and remodeling, disulfide constraints were utilized to ensure

proper bonding between the conserved Cysteine residues 149 and 228, and Paired Distance

Constraints were utilized to obtain the putative B-sheets that were seen in PAR1 and others
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of the input templates. Preference was given to well-scoring models that recovered these
SSE, though models without the hairpin would be moved forward to refine with additional
distance constraints.
Molecular Docking

Ligand Prep

In order to sample more conformational diversity, conformers were generated for the
BMS3 compound using MOE®". These poses were then sampled during the following

docking simulations after initial placement within the PAR4 models.

RosettaDock
Docking simulations were run after placing the BMS-3 ligand into an initial starting

pose within the binding pocket. The ligand (and its conformers) were then able to sample
several degrees of freedom around the initial starting position. The conformers could
sample up to five Angstroms of translation and a full 360° of rotation. After an initial low
resolution docking trial, a high resolution docking phase optimized ligand placement and
chemistry within the pocket. A final minimization step was used to relieve any remaining
clashes between the protein and the small molecule. A least 2,000-3,000 models were
created for each docking run.

Molecular Docking with loop reconstruction
In addition to favoring the putative pB-hairpin, ECL2 also maintains an extended region

of non-structured loops before and after the hairpin. These loop regions, in addition to
ECL3, are highly flexible in the absence of ligand. Therefore, their starting conformation
during ligand docking could influence the Monte Carlo sampling. RosettaDock utilizes
stochastic pose sampling that is not necessarily physiologically relevant; it is not a
“trajectory” in the same way as a molecular dynamics simulation. Therefore, the initial
starting pose of the ligand and the loops may result in confounding clashes that are
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challenging to overcome without extensive sampling and computational resources.

To overcome this confound during docking, the loop regions of both ECL2 and ECL3
were both remodeled in the presence and absence of BMS-3 after initial docking trials gave
relative ligand placement predictions. Initially, with all loop backbone atoms present,
ligand docking occurred as described previously. Then ECL2 was remodeled in two
sections around the docked ligand. Rosetta loop modeling cannot accurately recover loop
conformations for loop regions that are greater than 15 amino acids. The ECL2 region of
PARA4, subtracting the B-hairpin is 20 amino acids in length (roughly 30 amino acids with
the hairpin). Therefore, the hairpin region was considered “fixed” for the purposes of loop
remodeling as were the TM regions. The remaining 20 amino acids of ECL2 were divided
in half and re-built from the carboxyl terminus of the hairpin or the amino terminus of TM
5. ECL3 is less than 10 amino acids in length. It was rebuilt in conjunction with ECL2 as
the conformation of one loop region would affect the conformation of the other.

Loop modeling around the top BMS-3 ligand poses continued as described above using
an initial 3-mer and 9-mer fragment insertion followed with a low resolution centroid phase
of loop closure using CCD and a high resolution, all atom phase of refined loop modeling
using KIC. Final models were relaxed and energy minimized after loop closure to remove
any remaining clashes between the protein and ligand.

Model validation
After docking with and without loop remodeling around the ligand, the top models by

Rosetta Score were clustered using Calibur®®’. The best scoring models from the top three
clusters were then used for additional iterations of loop modeling and ligand docking in a
cyclic fashion. In order to compare structural diversity, the PARL crystal structure was
energy minimized within Rosetta and used to compute RMSD (root mean squared
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deviation) between all of the models. In addition, the top model from each cluster was also
used to compare cluster structural diversity across each round of BMS-3 docking and loop
modeling.

Interface energy scores between the BMS-3 ligand and the protein pocket were also
computed using Rosetta. This computes the interaction score between proximal atoms of
the ligand and the binding pocket and is useful for filtering for clashes and steric hindrance.

The conserved disulfide between TM3 and ECL2 was maintained for all modeling,
docking, and loop remodeling runs. In addition, as PAR4 is a GPCR, all modeling,
docking, and loop remodeling trials were done in the presence of an implicit membrane
within Rosetta. The membrane spanning region was determined from 1) the PAR1 crystal

structure and conserved TM residues between it and PAR4, 2) the OCTOPUS membrane

363 |362

topology predictor®™ and 3) PSIPRED v.3 protein secondary structure prediction too

Despite the 31% overall sequence similarity between PAR4 and PAR1, the TM regions
of both proteins share many conserved residues. In addition, the core binding pocket also
possesses many overlapping amino acids. This improved confidence in the modeling
approaches which resulted in TM regions and binding pockets with lower RMSDs
compared to the PARL structures.
Site Specific Point Mutations in silico

Point Mutations

Point mutations of PAR4 into PAR1 sequence were created in silico to mimic in vitro
studies and map the binding pocket around the BMS-3 and Vorapaxar ligands. Six residues
within ECL2 and ECL3 were mutated to PAR1 sequence (See Table A.4) in the top
comparative models. All individual mutations were incorporated using fixed backbone

coordinates within Rosetta. An all-atom relax was then used to resolve any clashes induced

268



by the point mutation. Models combining all six point mutations were also created using
the aforementioned protocol of a fixed backbone, side chain atom replacement, then all-
atom relax. The disulfide and membrane spanning regions were maintained through all
experiments.

Docking
The BMS-3 (PARL selective antagonist) and Vorapaxar (PAR1 selective antagonist)

were then re-docked into the mutant models (without loop re-modeling) to evaluate the
effects of the single and group mutations on the modeled PAR4 binding pockets.
Site Specific Point Mutations in vitro

Single point mutations were assayed in vitro to validate the binding site of the
computational models and better map the pocket. PAR4 human sequence was expressed
along with a GFP fusion protein. These biochemical studies are in progress to evaluate the
residues within the binding pocket necessary for ligand interaction and selectivity between

the two proteins.
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A.3 Results and Discussion

Construction of Comparative Models

Comparative modeling utilizes solved crystal structures as templates for transferring
backbone coordinates to unsolved structural protein models. It relies on conserved tertiary
structure and has been shown to perform with relatively higher accuracy the higher the
sequence similarity between the template and target”®. However, for all templates utilized
herein, sequence identity was between 18-32% to human PAR4 (Table A.2). Therefore,
multiple comparative modeling strategies were employed to cover a broad swath of
conformational search space.

Single template
For single template comparative modeling, the sequence of the target human PAR4 was

treaded onto the backbone coordinates of the structural template, PAR1 (PDBID 3VW7)**,
and energy minimized. The PARL1 crystal structure was solved at a 2.2 Angstrom resolution
bound to the antagonist VVorapaxar. The electron density of crystal structure begins with the
residue D91 on the extracellular side exposing a flexible N-terminal region, but not the
tethered peptide ligand (a.a. 42-47 SFLLRN) which was cleaved prior to crystallization
between amino acids 85 and 86. The final nine residues of the C-terminus are also not
resolved in the crystal structure. Therefore, the PAR4 structural model was created by a
sequence and predicted structural alignment between residues 91 to 416 of PARL. In
addition, PAR1 was crystalized with a T4 lysozyme insertion within intracellular loop 3

(ICL3). This insertion resulted in the deletion of residue V207. The lysozyme was removed
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before modeling, and the deletion of V207 was not suspected to affect the overall
composition of the model or the binding pocket as sits in ICL3.

As the PAR4-PAR1 sequence alignment is very close to the threshold cutoff for
comparative modeling with RosettaCM?*°, we evaluated the predicted secondary structural
elements (SSE) and predicted transmembrane spanning regions of the PAR4 sequence
using PSIPRED** and OCTOPUS®*®, respectively. Figure A.2 shows an overlay of the
PAR1-PAR4 alignment and the predicted SSE and transmembrane regions compared to the
SSE of the PARL1 crystal structure.

Multi template
Improvements in comparative modeling within Rosetta suggest the use of multiple

starting templates to increase conformational search space when sequence similarity is low
between the target and templates, but the overall tertiary fold is thought to be conserved.
Therefore, we created comparative models of human PAR4 using either 20 or five starting
structures of solved GPCRs (Table A.2 & A.3). The sequence and SSE elements of these
templates were aligned to ensure no gaps were found between the PAR4 sequence and TM
regions, as gap closures in these regions are more deleterious to the integrity of the protein
models. All comparative models derived from the 20 or five templates were clustered and
evaluated by their Rosetta score, RMSD to the best scoring model and to the PAR1
structure, compliance with the disulfide constraints, recapitulation of the B-hairpin within
ECL2, and quality of all loop regions.
Comparative Models Quality between the Single and Multi-Template Approaches

Single Template

Comparative models using the single template approach resulted in favorable models

by RMSD (See Figure A.3). Within loop modeling, disulfide constraints were utilized to
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ensure the conserved disulfide bond between residues C149 and C228 was maintained. No
distance constraints were required to recapitulate the B-hairpins when using the PAR1
template alone as input. However, 18 prolines are encoded within the PAR4 sequence, 12
of which are found within the TM helical elements. This explains the odd geometries found
in the helical regions as prolines are known to kink and bend a-helices.

Multi-Template
ECL2 was predicted to be over 20 residues long based on PSIPRED and OCTOPUS

results. No current computational techniques have been shown to accurately model loop
regions greater than 15 amino acids. Therefore capturing this loop region was challenging.
All models from both the 20 template and five template approaches maintained the
conserved disulfide bond between TM3 and ECL2. However, roughly 80% of the 20
template models did not capture the B-hairpin of ECL2. Instead, a-helical elements were
found in many of the extended loops (Figure A.4a). This is due, in part, to the nature of
RosettaCM and its scoring function, as it is known to prefer helical regions over p-strand
pairing.

In addition, the tops of the helical bundles exposed to the extracellular regions were
expanded outward, away from the bundle core. The extracellular loops were situated within
the pocket, occluding binding of any ligand (Figure A.4b). This is likely due to Rosetta’s
need to satisfy as many bonds as possible for improved scoring. Flexible loop regions were
therefore filling space that was physiologically less probable due to the constraints of the
scoring and sampling of Rosetta. Instead, the binding pocket must be able to accommodate
the tethered ligand of PAR4 which is exposed and available after thrombin cleavage. Our
models were not created in the presence of a tethered ligand as little is understood about the
three dimensional peptide interactions of this receptor. Therefore, initial modeling efforts
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using 20 starting templates, regardless of the input alignment modifications did not result in
physiologically relevant loop poses. This is reflected in the Rosetta score versus RMSD
plots (Figure A.5) which compare the RMSD of all residues and the RMSD of only the TM
regions.

Another potential weakness in these models was the diversity of the GPCR starting
templates utilized. We hypothesized that the sheer expanse of conformational search space
was too large to be sampled thoroughly by Rosetta when using 20 starting templates
without more extensive model generation and computational resources.

Therefore, we utilized a more focused modeling strategy using the five starting
templates with the highest RMSD to the PARL1 structure. We hypothesized that the PAR1
structure would be the closest protein fold to PAR4, specifically in the TM regions as
PAR4 and PAR1 both share a high number of conserved residues within these helices.
However, it was important to broaden the search space beyond that of the biased single
template modeling. Therefore, the five template comparative modeling approach focused
the search space around templates which were of highest crystal resolution, and were
closest in RMSD to the PARL starting structure (Table A.3); two of the starting templates
(3VW7 and 4N4H) maintained B-hairpins in ECL2. These five templates were then aligned
by sequence and SSE with PAR4.

Docking the selective antagonist BMS-3 into PAR4 models

Single Template

The binding pose of VVorapaxar within the PAR1 crystal structure is fairly shallow for a
GPCR. The PAR1 selective antagonist anchors itself between TM6 and 7 along its
carbamate end, its tricyclic core interacts with ECL2 while its fluorophenyl tail interacts
with TM4 and 5. The structural overlay of Vorapaxar and BMS-3 suggests that BMS-3
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may have a similar binding pose in PAR4 as Vorapaxar in PARL.

Single template ligand docking resulted in several large clusters of ligand poses (Figure
A.6). The indole core of BMS-3 roughly aligned with the heterocyclic core of VPX in
several of the top clusters. However, the tails of BMS-3 primarily preferred to interact with
ECL2 and 3 rather than rest between the TM helices. Other clusters of BMS-3 poses
occupied a deeper binding pose than the Vorapaxar ligand, preferring to stay within the
helical core as opposed to interacting between the helices. These results appear to be due to
the bulky, hydrophobic side chains (primarily leucines and tyrosines) found in the
analogous regions of PAR4 which occlude interaction between the helices, but not in PAR1
which is less tightly packed (primarily with alanines). Another major difference between
the PAR4 single template models and the PAR1 structure is the position of the helical
bundle tops before the loop regions. In the PAR1 structure, TM6 and 7 each open away
from the core, giving more space for ligand binding. In the PAR4 models, the top of TM6
is packed 2.2-4.0 Angstroms tighter into the core while TM7 is 2.3-4.7 Angstroms closer.
As the helices act as anchor points for the loop regions, ECL3 of PAR4 takes on a very
different conformation across models, deviating away from the PARL1 structure. These loop
conformations and helical packing interactions make recovery of the Vorapaxar binding
pose challenging. Further biochemical mapping of the PAR4 binding pocket is necessary to
ascertain which side chains are interacting with the ligand and which are stabilizing the
pocket.

Multi-Template
One of the greatest challenges in comparative modeling is the accurate construction of

flexible loop regions. Presently, there are no computational methods available to accurately
recapitulate unstructured regions above 15 amino acids in length. As the ECL2 region is
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predicted to be over 20 amino acids long according to both PSIPRED**? and OCTOPUS*®
(Figure A.2), we utilized an iterative loop modeling approach for the multi-template
modeling and docking as BMS-3 was hypothesized to bind shallowly within PAR4 similar
to Vorapaxar in PARL.

For the initial models created without the ligand present, ECL2 and 3 were highly
unstructured and preferentially occluded the binding pocket. It was suspected that this was
due to the scoring function within Rosetta and the need to satisfy tighter packing
interactions within the loops and the protein core during the comparative modeling step.
Therefore, though the BMS-3 compound was placed in similar pose as Vorapaxar, the
ligand preferred to bind more deeply within the helical core (Figure A.7 & A.8) and away
from the extracellular loops. As opposed to the single template models, the tops of the
helical bundles spread farther away from the protein core than in PARL. Therefore shallow
ligand docking into the pocket required more interaction with the flexible loop regions and
less with the TM helices; this is contrary to what is seen with PAR1 and Vorapaxar whose
ends interact with side chains between TM4-5 and TM6-7. We found that BMS-3 binding
poses that were shallower, sterically clashed with the loops, and were scored unfavorably.

To overcome this challenge, an iterative docking and loop remodeling approach was
therefore utilized. We hypothesized that the PAR4 protein assumes the B-hairpin structures
seen in many GPCRs, including its paralog, PARL. Therefore to iteratively model ECL2
and dock BMS-3, the extracellular loop region was broken down around the hairpin and
conserved disulfide bond. Smaller loops were modeled in between “fixed” anchor points
defined as the top of the fourth TM helix and the start of one side of the hairpin for one

loop, and the cysteine involved in the disulfide (to TM3) at the other end of the hairpin to a
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proline at the top of TM helix6. This effectively divided ECL2 into 3 regions, the pre-
hairpin segment, the structured hairpin, and the post-hairpin segment.

In order to remodel the three segments, the top models of the 20-template comparative
modeling approach with the top three ligand binding poses were used to cover more
conformational diversity. Though it was hypothesized that BMS-3 binds in the same
manner as VVorapaxar, we selected an ensemble of models for the top three binding modes
and remodeled the initial loop segment across all decoys.

The initial segment, from an anchor point on TM4 to the base of the hairpin was only
six amino acids long. Keeping the rest of the protein fixed, we found little variance in the
this loop segment when rebuilding in the presence of the ligand as this section does not
interact with BMS-3 in any of the best-scoring binding poses. However, when evaluating
the region C-terminal of the hairpin to the top of TM5, there was much flexibility in the
loop region in the presence of the ligand. Specifically, the a-helix of TM5 was extended in
many of the models as well as additions of helices throughout the models (Figure A.9).
Depending on which pose was modeled for the ligand, Rosetta scored ECL2 interaction
with the ligand as favorably as it did the ligand interacting solely in the core of the protein
without any ECL2 interaction. The same was true of remodeled ECL3 in the presence of
docked BMS-3. Therefore further biochemical mapping of the binding pocket is required to
ascertain where the BMS-3 compound interacts within the large PAR4 binding pocket.

Site Specific Point Mutations in silico

To aid in mapping the PAR4 binding pocket, six point mutations were selected for

characterization in vitro; these site specific point mutations would then be characterized for

their ability to interact with the PAR4 selective antagonist BMS-3 versus the PAR1
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selective antagonist, VVorapaxar. Thrombin activation and the response to the soluble,
activated PAR4 or PAR1 peptides would also assist in the characterization of the peptide
binding pocket versus the small molecule binding pose.

To compliment these studies, we recapitulated these mutations in silico to assess the
predictability of our structural models and the accuracy of the docking trials. As the multi-
template docking protocol which used 20 templates appeared to recapitulate binding poses
similar to Vorapaxar binding, the top models from this approach were utilized for the six
individual point mutations as well as a combination mutant trial containing all six
mutations. Figure A.10 shows the location of all 6 mutations as compared to the WT
model.

For each point mutant, the PAR4 sequence was swapped with the aligning PAR1
sequence (Table A.4). The mutations were selected from ECL2 and ECL3 for their
interaction with Vorapaxar or their potential contact with the computationally docked
BMS-3. These residues were also selected for their location in non-conserved regions
between the two proteins. After the fixed backbone mutation and protein relax, BMS-3 and
or Vorapaxar was re-docked into the mutant proteins.

The A231L mutation within ECL2 drastically affected the binding pose of BMS3. The
insertion of the larger hydrophobic chain pushed the ligand deeper into the binding pocket
or required a rotation of the ligand core down and away from the extracellular loops
suggesting that a flexible alanine at this position would be important for shallow docking
and interaction with ECL2. In addition, Vorapaxar binding to the mutant protein was
almost fully recovered in all best scoring models suggesting that the leucine in position 262

(or 231 in PAR4) may play an important role in selectivity between PAR1 and PARA4.
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Strangely, the Q232L mutation had a large effect on BMS-3 binding. The glutamine
does not interact with BMS-3; however, the mutation to the hydrophobic leucine resulted in
all of the top models shifting their binding pose to interact with the mutant side chain.
These results are confounded by the propensity of the ligand to move outside of the protein
into what should be the lipid membrane. RosettaDock uses an implicit membrane and
should score these poses less favorably. These confounds were also seen in all trials of
Vorapaxar docking where most of the best scoring trials resulted in the ligands outside of
the protein and in the membrane. More docking trials must be run around this mutant to
fully understand how these new interactions with leucine were more favorable than the
penalties in Rosetta that should prevent the ligand from “exiting” the protein.

The proline to leucine change at the top of TM6 into ECL3 (P310L) prevented recovery
of the initial BMS-3 binding pose. The methyl tail of BMS-3 could no longer interact
between the TM helices and preferred to bind farther into the core of the protein. Partial
recovery of VVorapaxar was found in less than a third of the top scoring docking trials. The
carbamate tail preferentially interacted with TM6 and 7; however, the tricyclic core rotated
to interact with ECL2 in many other models to accommodate the TM interactions. This
suggests that position 310 relays some ligand selectivity to the PAR protein; however, it is
coordinated across several other positions within the binding pocket.

The second proline mutant in ECL2 (P312H) also prevented recovery of the initial
BMS-3 binding pose. Though no specific interactions or contact were found between either
the proline or the histidine mutant, the proline residues acts as an anchor point to kink
ECL3 down towards the pocket. In the presence of the histidine, all of the best scoring

models possessed a more flexible and “open” ECL3 away from the binding pocket toward
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ECL2 with Ca distances of 4.2-4.8 Angstroms. Indeed, the mutant models lacking the
second proline at residue 312 maintained an extra turn in TM helix 6; this allowed the
BMS-3 compound to move up and out of the pocket to maintain its interactions with other
residues of ECL3 while making new contacts within ECL2. The shifted ECL3 also allowed
Vorapaxar to sample more conformational space making recovery of Vorapaxar binding
limited to only 20% of the top models. Therefore, though proline 312 is not predicted to
directly interact with BMS-3 (nor H342 to directly interact with VVorapaxar), this position
acts a critical anchor point at the top of TM6 and dictates the flexibility and conformation
of ECL3 which ultimately affects the shallow ligand binding pockets of PAR1 and 4.
A314S and W315T both appeared to have little effect on the binding of BMS-3 as the
ECL3 loop still accommodated the 5-5 ring system, though BMS-3 maintained several new
binding poses to satisfy more hydrogen bond interactions in the A314S mutant. W315T
was not predicted to directly interact with BMS-3, and the threonine side chains did not
disrupt the flexible loop region. Vorapaxar binding was recovered in a fraction of the
scoring models of A314S and W315T, though the scores were less favorable than for
BMS-3 binding; this is expected as Vorapaxar should not bind favorably to PAR4 unless
the mutant residues improved binding. Therefore A314 and W315 of PAR4 and S344 and
T345 of PARL1 do not appear to be critical residues for the binding of either ligand. Instead,
residues within ECL2 and the N-terminal region of ECL3 appear to have more influence on

the shallow ligand binding pocket of PAR1 and 4.
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A.4 Conclusions

There are two proteinase-activated receptors on human platelets, the high affinity
thrombin receptor PAR1 which is responsible for quickly responding to thrombin, and the
low affinity PAR4 protein. The function of PAR4 as a low-affinity thrombin receptor has
been studied to a limited degree as no high affinity, selective antagonists previously existed
for PARA4. In vivo assessment of its function in platelets was limited to knockout studies in
mice. Confounding these results were the lack of PARL co-expression in these studies.
Therefore, new tool compounds are required to interrogate this receptor’s function in
human or primate platelets.

RosettaCM was employed to create an initial approximation of the PAR4 structure
based on the recently solved PAR1 crystal structure®*. The PAR1 and PAR4 sequences
share a low degree of sequence similarity which made the computational modeling efforts
challenging. Therefore a three-pronged modeling effort was utilized which incorporated
three different starting trajectories for the transmembrane receptor. This included a single
template modeling approach based solely on the human PAR1 homolog of PAR4 which
shared some ligand similarity and couple to similar G proteins. The other two approaches
assessed more conformational diversity by incorporating either 20 or five Class A GPCRs
as starting templates for modeling. These templates also possessed low sequence similarity
to the human PAR4 sequence, but maintained the overall conserved 7TM receptor fold.

Preference was giving to receptors which also possessed a p-hairpin within ECL2. These
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two multi-template approaches allowed for sampling of more conformational diversity
outside of the initial PARL starting structure. The best scoring models from each of these
three trajectories were then moved forward for further characterization and to guide novel
ligand synthesis (not shown).

We also took advantage of the newly patented BMS-3 compound which was shown to
possess PAR4 selectivity over PARL1In in vitro assays. This made BMS-3 an excellent
candidate for docking trials in the comparative modeling decoys to assess the models’
validity and further assist biochemical efforts in characterizing the binding pocket. In
addition, the PAR1 selective antagonist, VVorapaxar, maintained a very tight alignment with
the BMS-3 compound when overlaid. This suggested that perhaps Vorapaxar and BMS-3
shared a similar binding pose within the receptors with a few critical amino acids or small
molecule functional group deviations to account for their binding selectivity between the
two proteins. Our docking efforts suggest that BMS-3 can assume a binding pose similar to
Vorapaxar, though there are many well-scoring binding possess available to the ligand
deeper within the core of the PAR4 pocket.

These subtle differences in the binding pocket and binding modalities were further
assayed through both in vitro and in silico site-specific point mutations and ligand re-
docking trials. Though the biochemical assays are on-going and not discussed here, we
found that of the six mutants selected along ECL2 and 3, only four of them altered ligand
binding. Two of the four did so without physically interacting with the ligand; rather, they
altered the flexibility of the loop regions by acting as immobile anchor points at the tops of
TM6 and into ECL3.

The protein modeling and small molecule docking efforts reported herein were
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performed entirely in silico though they were guided with in vitro data. In parallel, we have
assayed human PAR1 and PAR4 in platelets in the presence of thrombin, activated peptide,
and a library of putative small molecule inhibitors. Our approach to modeling was cyclic
and iterative between the pharmacology and medical chemistry efforts. Not discussed were
the results of the novel ligand developments using a diverse series of starting scaffolds
derived from the BMS-3 compound via a scaffold-hopping approach. In addition library
screenings of the Vanderbilt chemical libraries were also applied to obtain novel scaffolds
which may preferentially interact with PAR4 over PAR1.

These pharmacology and synthetic chemistry efforts are ongoing. In addition, several
of these scaffolds with favorable binding kinetics will be pursued for radiolabeling. The use
of a hot ligand in conjunction with the site-specific mutations would be an invaluable tool
for biochemicaly characterization of the ligand binding pocket. In addition, collaborations

with the Kobilka lab are underway to crystalize the structure of PAR4 bound to BMS-3.

Abbreviations

PAR1 &4  -- Protease Activated Receptorl & 4
GPCR -- G protein Coupled Receptors
PDB -- Protein DataBank

SSE -- Secondary Structure Elements
™ -- Transmembrane

RosettaCM  -- Rosetta Comparative Modeling
ICL -- Intracellular Loop

ECL -- Extracellular Loop

a.a. -- Amino Acid
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Figure A.1: Activation mechanism of PARA4. Protease-activated receptors (PAR), such as PAR4,
are a class of GPCRs whose extracellular N-terminus can be cleaved via a thrombin protease. After
cleavage, the newly exposed amino terminus acts as a “tethered ligand” which binds within the

receptor and mediate activation
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PAR1
PAR2| 37.37
PAR3| 32.23 33.04
PAR4| 30.98 32.68 34.28
PAR1 PAR2 PAR3 PAR4

Table A.1: Amino acid sequence identity between the human PAR sequences (1-4). Uniprot®
Entry P25116, P55085, 000254, and Q96RI0, respectively. Alignments performed in
ClustalOmega®™ using the default settings.
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Crystal Sequence
PDBID Protein Family| Resolution Identity
3vw7 PAR1 2.2 32.11
1ul9 Rhodopsin 2.2 20.54
3eml A2AR 2.6 25.18
3odu Chemokine R 2.5 25.00
3rze Histamine H1R 3.1 22.94
3v2w Lipid Receptor 3.4 23.36
4djh K-Opioid R 2.9 24.32
4ea3 Nocicep/Orpha 3.0 28.03
3pbl D3 DAR 2.9 25.36
3uon M2 AChR 3.0 25.87
4daj M3 AChR 34 23.77
4dkl M-Opioid R 2.8 25.50
4n6h A-Opioid R 1.8 24.06
diar S5HT 1b 2.7 22.26
4ib4 S5HT 2b 2.7 23.38
3sn6 B2AR 2.9 21.59
4bvn B1AR 2.1 21.38
4phu GPR40 2.3 26.80
4grv NeurotensinR 2.8 22.07
4rnb OrexinR 2.5 23.34

Table A.2: 20 Structures selected as templates. Crystal structures of GPCRs were curated from
the PDB to act as templates for comparative modeling experiments. Structures were selected for
their resolution, lack of mutations and quality of electron density in critical regions of the protein.
Sequence similarity between all templates and the target sequence was below the threshold for
single template comparative modeling except for PARL.
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Crystal Sequence |All Atom RMSD| TM RMSD to
PDBID |Protein Family|Resolution|Ildentity to PAR4| to3VW7 3VW7
3vw7 PAR1 2.2 32.1 - -
3odu Chemokine R 2.5 25.0 3.3 1.2
4ea3 |Nocicep/Orphan 3.0 28.0 2.3 1.9
4n6h A-Opioid R 1.8 24.0 2.3 1.7
4phu GPR40 2.3 26.8 1.6 1.2

Table A.3: Five structures selected as templates. To refine the search space around the PAR4
sequence, five crystal structures were selected from the initial 20. These templates were selected
based on their structural similarity to the PAR1 crystal structure as a whole and their conserved
transmembrane (TM) regions. As only two of the five maintained B-hairpins in their ECL2, these
regions were “dis-aligned” for all alignment inputs that did not contain hairpins to improve SSE

recovery.
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PAR4 PAR1 SSE

A231 L262 ECL2
Q232 L263 ECL2
P310 L340 ECL3
P312 H342 ECL3
A314 5344 ECL3
W315 1345 ECL3

Table A.4: Selected point mutations for binding pocket mapping. PAR4 sequences
were mutated to the corresponding PAR1 amino acid. Column 1 — Residues and amino acid
sequences from human PAR4 to be mutated to the amino acid from column 2. Column 2 —
Residues and amino acid identities of human PAR1. Column 3 — Location of residue along
PARL crystal structure and the predicted region of PAR4.
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Figure A.2: PAR4 and PAR1 sequence alignment. The full length human PAR4 and PAR1
sequences were aligned using ClustalOmega® with conserved residues highlighted in indigo. PAR1
crystal structure secondary structure elements (SSE) are depicted as red transmembrane (TM)
helices (1-7) and blue beta strands. The truncated N- and C- terminus of the PAR1 crystal structure
are denoted by black horizontal lines. PAR4 secondary structure element predictions and
transmembrane spanning predictions from PSIPRED**? and OCTOPUS** are shown. Conserved
cysteine residues involved in a disulfide bond are denoted by orange arrows. Residue numbering
refers to the PAR4 sequence.
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Single Template Score vs. RMSD to PAR1 structure
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Figure A.3: PAR4 Single Template score vs RMSD to PARL structure. 250 preliminary decoys
were created of the PAR4 structure threaded onto the PAR1 backbone template. Initial score versus
RMSD plot shows that a high structural similarity to the starting template.
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Figure A.4. Multi-Template Comparative Modeling does not accurately reflect extracellular
loop (ECL) regions. A) Three top models as representatives of the 20 template modeling
approach. RosettaCM prefers helices in extracellular loops despite a third of the input templates
maintaining B-hairpins within their ECL2 regions. B) Representative model with ECL2 and ECL3
occlude binding pocket. Grey — relaxed PARL structure. Color — representative top PAR4 multi-
template comparative models by Rosetta Score.

290



g o

§ 200
= £ 300
£
%; 400 «®
§a~soo ¢
s
é-f 600
] -700
§ 200 ¥
900
0 5 10 15

RMSD to PAR1 model

-100

§8888s¢8¢%
+

0 5 10 15
RMSD to PARI model

Figure A.5. Score versus RMSD for 20 template comparative modeling. A) All-residue RMSD
of preliminary runs of multi-template comparative modeling as compared to an energy minimized
PAR1 model. B) RMSD of transmembrane (TM) residues only.
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Figure A.6: Representative Single Template BMS-3 Docking. Single template docking of BMS-
3 resulted in several different binding poses away from the PAR1-Vorapaxar pose (white). BMS-3
preferentially interacted deeper in the protein core (cyan) or with the extracellular loops (purple).
The C-terminal section of ECL2 and the top of TM5 were removed for clarity. TM6 and TM7 of
the single template models pack tighter than PARL.
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Figure A.7: Two primary binding modalities for 20 Template docking of BMS-3. BMS-3
preferentially bound across the protein core of PAR4 as opposed to interacting with the
extracellular loops. A) Primary binding pose of BMS-3 found in largest cluster across the core of
PAR4. B) Secondary binding pose found in largest cluster. TM1- navy, TM2- light blue, TM3-
cyan, TM4- green, TM5- yellow, TM6-orange, TM7- red. ECL2 and 3 are removed for clarity. C)
Overlay of A) with PAR1 structure (blue) and VVorapaxar which binds between TM4-5 and TM6-7.
D) Overlay of B) with PARL structure (blue) and Vorapaxar which binds between TM4-5 and
TM6-7. ECL2 and 3 are removed for clarity.
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Figure A.8. Score versus RMSD for multi-template docking. A) RMSD of preliminary
runs of multi-template docking trials of BMS-3 as compared to the top decoy in the top
cluster.

294



Figure A.9: Representative loop remodeling trials around a docked BMS-3 ligand.
ECL2 was remodeled from the cysteine involved in the disulfide to TM3 to the proline at
the top of TM6. A) Top view of the best model of PAR4 with BMS-3 docked (white). Loop
structures (colored) show some propensity to form helices and/or interact with ECL3. B)
Side view of A. C) Side view of B rotated 90° to the left. D) Side view of C rotated 90° to
the left.
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Figure A.10: Six mutations of PAR4 to PAR1 sequence. PAR4 models with WT
sequence (white) were individual mutated to PAR1 sequence for a total of six individual
point mutants (blue model, mutations in pink). A combination of all six mutations was also
made to better map the ligand binding pocket. BMS-3 and Vorapaxar were then re-docked
into the mutant models to evaluate the predictive ability of the models.
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CONCLUDING REMARKS
AND
FUTURE DIRECTIONS

G protein Evolution
Heterotrimeric G proteins are critically important elements for the transduction of

extracellular signals into intracellular responses. Their evolution across eukaryotes
highlights their necessity as all branches of Eukaryota possess different components of G
protein-mediated signaling. Across this evolution, each organism has modified these
components to fit its own unique environment, providing a rich diversity for sequences,
novel interactions, signal regulation, and downstream cascade responses. Though there is
still much to understand, it is clear that G proteins were present in the last common
eukaryotic ancestor and have shaped intracellular signaling significantly across evolution.

Improved long-read sequencing techniques and genome assembly algorithms have
greatly aided in our understanding of genetics and evolution. Future sequencing efforts
focusing on more basal organisms from species such as non-terrestrial plants and algae to
species in other branches like excavates, rhizarians, and chromalveolates will continue to
broaden our knowledge of G protein evolution across these organisms.

Future development of curation algorithms will be necessary to accurately annotate,
reflect and assess G protein sequences across evolution. Presently, there are several new
genome curation and annotation software suites available. Improvement to the
ExonMatchSolver, used herein, should focus on incorporating accurate gene models and
pseudogene search criteria to assist in the differentiation of functional versus inert genes. In
addition, curation of tandem gene pairs when on a single scaffold is still difficult to assess
using the ExonMatchSolver. Instead development of multi-hit, multi-gene analysis could
be incorporated to resolve these clashes which are currently treated as redundant, and
therefore irrelevant, data matches.
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Application specific future work should evaluate the transition between GEF-mediated
versus spontaneous self-activation of the G protein o subunit, as it remains a large open
question in the field. These two largely conflicting views on which system of signal
regulation arose first are confounding, as both camps have found evidence of the necessary
signaling components in different “ancient” species of excavates. Therefore, future
functional studies, in conjunction with deeper species genome sequencing efforts, are
required to ascertain if the Go subunits from these species are capable of unassisted
nucleotide exchange or if a 7TM receptor, like a GPCR, is required. These functional
studies will also give insight on the dynamics of the system through analysis of the rates of
nucleotide exchange, nucleotide hydrolysis, heterotrimer dissociation versus association,
intracellular localization patterns, and preferential protein-protein couplings.

G protein structure

The G protein a subunit appears to have maintained its tertiary fold across evolution.
Similar to small or monomeric G proteins such as the Ras/Rho and elongation factors
families, the a subunit of the heterotrimeric G protein possesses a nucleotide binding
domain with catalytic ability to hydrolyze GTP. This GTPase domain maintains several
conserved motifs across the different families of G proteins for facilitating nucleotide
interaction. The kinetics of these interactions are modified by subtle changes in amino acid
characteristics around these motifs.

Specifically within the heterotrimeric Go subunit, in addition to variants within the
GTPase domain, an evolutionarily recent helical domain alters the binding and association
rates of the subunit by occluding the binding pocket in different signaling states. This

helical domain, named for its array of helical bundles, remains in a closed position around
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the nucleotide binding pocket when the Ga subunit is in its basal state. Its opening is
induced, in Metazoans at least, through the activation of a GPCR which couples to the
GTPase domain and initiates an allosteric conformational change through the protein to
release the helical domain away from the pocket. This clam-shell like opening of the helical
domain away from the GTPase domain then returns to a closed state upon the binding of a
new nucleotide. This structural rearrangement is critical to the activation of the G protein
and downstream signaling cascades.

Therefore, to understand this structural rearrangement and the order of events leading to
G protein activation, one must understand the underlying residue characteristics across the
communication network of the protein. The helical domain of the Ga subunit is by far the
most flexible in terms of sequence identity though its tertiary structure has been shown to
be maintained in both plants and animal crystal structures. Yet this helical region possesses
the most sequence variability across different species of eukaryotes and even across the
subfamilies of Go within Metazoans. Therefore, understanding the sequence underlying the
conserved tertiary structure is paramount to coupling the function of the protein with the
intrinsic dynamics of the system.

The structural rearrangements are not made on a per-residue basis, but through residue-
residue interactions which propagate across the protein allosterically between the different
signaling states. The specific structure and nuanced conformations of the Go subunit
strictly dictates its affinity for its numerous protein partners along the signaling cycle.
Therefore, understanding how the Go subunit moves and transitions between these
different conformations at the per-residue level will shed light on the mechanism of G

protein activation and function.

299



In order to interrogate these networks herein, Rosetta Energy scores were used as a
predictive means to evaluate residue-residue interactions. This approach lends significant
power as it is computationally very inexpensive to run these analyses. Focused on the Gail
paralog, we assessed the variance of the a subunit across three different signaling states.
However, there are more possible signaling states and transition states between the selected
basal, ternary, and activated Ga states. Future work could evaluate the complexes of
interaction such as the RGS+Go(GTP) and RGS+Go(GDP+Pi) states, the inactive Ga
subunit after hydrolysis, and Ga(GTP)+effector complexes.

Confounding these future directions are the dynamics of the G protein signaling
system; there are many structural transition states the subunits must pass through to reach
the next signaling state along the cycle. Therefore, one primarily limitation of the current
study was the lack of dynamics assayed within our system. To partially overcome this
challenge, I have modeled the G protein subunit across multiple signaling states, and within
each of these states, | have created ensembles of models that are more representative of the
conformational flexibility the protein possesses. However, though these ensembles capture
some degree of conformational flexibility, only the average residue-residue energetics were
evaluated herein. Therefore, this diversity was reduced to a single representative number
which mutes and partially nullifies the goal of evaluating more conformation. Future
approaches will require more evaluation of the standard deviations of these ensembles to
assess how flexible these communication networks truly are.

In addition, this work focuses solely on the two body interactions along the backbone
and side chain atoms of each residue. To gain a fuller understanding of how this

communication map propagates information, two, three and four body interaction maps are
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needed. The two body interactions oversimplify the system into a 2D coordinate plane.
Evaluation of three and four body interactions, though not possible in the current Rosetta
framework, would shed light on the 3D interaction coordinates and how the communication
maps actually function within a network or web of residue-residue interactions.

As stated before, these three body and four body interaction maps are not possible in
the current Rosetta framework, nor are there plans to develop an interface for such
analyses. Instead, a more realistic future direction for this work would be to pursue
reanalysis of these communication maps and AAG calculations with accurate reference
energies reflective of the unfolded state of the protein and to more accurately take into
account the orbitals around these residues using an updated score function. At present, the
Rosetta score function gives some preference to interactions with more hydrogen bonds
available and inaccurately reflects certain atomic orbitals; thus the Rosetta score function
biases the network maps away from the interaction energies of certain amino acids. When
calculating interaction energy maps, and more specifically for AAG calculations, evaluating
the unfolded energy landscape of the protein on a per residue basis would alleviate some of
the biases seen in the present implementation and results. In addition, updating these
calculations using a more recent score function which takes into account the correct orbital
positions may change how the network is created and scored.

G protein subfamilies

In addition to updating the score function used to analyze the communication networks
across the Ga subunit, it is equally important to assess the variances of networks between
different G protein subfamilies. There are five known Ga subunit families in vertebrates,

four of which are present in the human genome (Gai, q, s, and 12). These four families are
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subdivided by sequence and downstream effector function. There are 16 different paralogs
total in humans, eight are classified in the Gai family, four in Gag, and two each in Gas
and Gal2. Representative members of these families have been crystalized and show a
high degree of tertiary structure conservation. Indeed, there is very little structural
deviation at first glance between these subfamilies.

In order to create a more nuanced functional picture of these families, per-residue
calculations of Rosetta energy scores could be created to map the variances across these
proteins’ communication maps. These different families preferentially couple to different
receptors, different downstream effectors, and exchange and catalyze nucleotide hydrolysis
at different rates. Therefore, there should be predictive differences in their communication
maps along the a5 and aN helices for GPCR interaction and selectivity, along their switch
regions, and within their GTPase/helical bundle interfaces, respectively.

Future studies should create ensembles of the five different G protein families across
their specific signaling states (basal trimer, the ternary complex, activated monomer,
activated monomer bound to RGS or effectors, inactivated monomer etc.). These
conformational models should then be assessed for their intrinsic communication network
maps. Deviations in these networks between families would shed light on which positions
of the G protein are necessary for GPCR interaction, and which contain information for
selectivity of interaction.

In conjunction, the exact order of Ga activation and subsequent dissociation from the
ternary complex remains unknown. At present, biochemical studies using crosslinking may
shed light on which regions of the proteins are responsible for propagating information

across the complex. However, the use of in silico thermodynamic predictions through
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Rosetta could answer targeted questions about which residues within the helical domain are
necessary for helical domain opening in response to GPCR binding. Future biochemical
and computational studies should iteratively evaluate which residues, and residue positions
across G protein families, are responsible for the integrity of this message and further relay
it to the GPCR and Gpy subunits. AAG and Rosetta energy scores could be used to predict
these nuanced variances which in turn could be biochemically validated through site-
specific point mutations and crosslinking studies.

Other questions which could be answered through such a study include analysis of the
rate of GTP hydrolysis. Specifically it is not known how the different regulators of G
protein signaling assist in the catalysis and timing of nucleotide hydrolysis coupled with
subcellular localization and signaling integrity. This is especially true in the eye where
various regulators and interaction partners ensure Ga signaling only when specific proteins
are present. In silico work modeling the nucleotide binding pocket in the presence and
absence of Mg?*, RGS proteins, soluble GAP proteins, 7TM-GAPS, different effector
proteins, and other modifiers of GTP hydrolysis would assist in understanding this highly
regulated system.

Combining G protein evolution and structure

Each of the aforementioned future directions look at either the sequences of the Ga
subunit to understand mechanism and regulation, or the structural determinants underlying
the thermodynamics of the system. A more encompassing future scope for these studies
should include elements of both sequence and structural constraints to assess G protein
activation and function.

Sequence conservation is the most common and straightforward method employed to
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evaluate the significance of a residue at a given position. However, conservation of an
individual amino acid ignores the evolutionary constrains imbued on the rest of the
sequence to maintain the integrity of the given amino acid. Therefore, more advanced
mathematical modelings of evolutionary constraints look at co-evolving pairs of residues,
statistically coupled residues, and directly coupled residues to evaluate how a protein’s
sequence was maintained and/or modified. These different analyses (among many others)
provide “scores” for different networks of amino acids across many positions of a multiple
sequence alignment. These scores in turn, can act as constraints when evaluating the
communication networks of protein function and give insight into which positions of a
protein sequence were maintained for structure or function and which were more amenable
to modification and change.

Both structure-based and sequence-based methods which aim to evaluate amino acid
significance for function contain errors. These errors come from innumerable sources such
as limited knowledge-based approximations, limitations of sample size, inaccuracies in the
input data curation, and the use of simplified, heuristics or shortcuts required to decrease
computational time. In order to overcome these challenges, future work should focus on
incorporating data from many structure- and sequence-derived methodologies in order to
filter for false positives and amplify true positives between the different metrics.
Incorporation of multiple powerful computational methods lends more predictive
probability to identifying critical residues necessary for maintaining structure and function.

Future work focused on G protein activation should evaluate metrics such as direct
coupling analyses, statistical coupling analyses, conservation, and metrics such as mutual

information to use as different lenses with different degrees of accuracy and sensitivity to
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answer the same questions: which residue positions are necessary versus sufficient for G
protein activation across all Go families and within individual subfamilies? Which
positions convey the ability to interact with a 7TM receptor, and which convey selectivity?
Which positions along the GTPase and helical domain interfaces are preferred for self-
activation versus GEF-regulated? Which residue positions have been constrained across
evolution to maintain effector interaction and selectivity? Which are constrained to induce
nucleotide hydrolysis and which positions could potentially modify this rate?

These predictions, from multiple sequence-based algorithms, should then be coupled
with the aforementioned structural studies evaluating Go structural dynamics across
signaling states and within specific subfamilies. The Rosetta modeling, sampling, and
scoring methodologies employed herein use a combination of physics and knowledge-
based potentials. Intrinsic limitations in the databases used to derive each of the
knowledge-based terms, limitations in modeling heuristics, stochastic Monte Carlo
sampling, and approximations of atomic details all prevent Rosetta from flawlessly
recapitulating nature. As Rosetta does not reflect a physiologically relevant trajectory of
possible structural conformations, careful design and evaluation of input and output models
IS necessary. Even so, these limitations result in baseline level of error and insensitivity
which can only be overcome through the coupling of multiple structure- and sequence-
based methods.

At present, there is some EPR and DEER information available for certain families and
mutants of the Ga subunit. Future efforts should incorporate these constraints into more
accurate models of G protein activation. In addition, much is known about the interface of

the GPCR with the Ga subunit through mutational and crystallographic studies. These

305



constraints should be used to improve our current understanding of the high affinity ternary
complex.

Additional biochemical mutants and crosslinking assays should also be fed into this
model in an iterative cycle. The predictive power of the residue-residue energy maps must
now be evaluated in vitro through selective mutation and crosslinking studies. These should
be coupled with the sequence-based studies which will highlight additional residue pairs or
confirm structure-derived pairs predicted as necessary to maintain either structure or
function. Some of these studies are currently underway. However, larger scale point
mutations, paired mutations, and reversal mutations of residue-residue interactions
previously reported as critical would shed more light on the validity of our computational
approach. In addition, there are several crystallographic efforts being made to crystalize the
various mutants at positions calculated to be critical. The results of these studies should be
fed back into the computational modeling efforts as restraints for the next round of
calculations and predictions.

Expanding these in vitro studies into the different Ga subfamilies remains a challenge.
Future collaborations with external labs with the technology and expertise to express and
purify these subunits will be necessary for the successful integration of the computations
calculations into working models of G protein activation. At present, collaboration with the
Sondek labs for Gaq represent the first steps towards a unified, cross-family model. Future
efforts linking their mutational data with the predictive power of different bioinformatics
approaches will be necessary. To date, the Capra lab has developed several such methods
evaluating the presence and propensity of specific mutations to cluster across proteins

based on databases of cancerous and benign mutations. Future work linking these
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collaborations with our own interdisciplinary work will result in a more holistic picture of

G protein mechanics.
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