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ABSTRACT OF THESIS

Investigating the Contribution of the Amino- and Carboxy-Terminus of G Protein Families for
Receptor Specificity and Efficient Downstream Signaling

Geneva Lea Ann Walters

Master of Science in Biology

University of California San Diego, 2021

Professor Roger Sunahara, Chair
Professor Elizabeth Villa, Co-Chair
G Protein-Coupled Receptors (GPCRs) represent one of the largest and physiologically
relevant families of cell surface receptors which mediate extracellular signals through the direct
and selective interaction with heterotrimeric G proteins. GPCRs have also been observed

coupling to multiple G protein families, yet the structural drivers of this type of selectivity, or



promiscuity, haven’t been fully explored. Current models in the field suggest that selectivity by
the GPCR is primarily driven by the carboxy-terminal end of the Ga subunit of the
heterotrimeric G protein complex, but more recent studies have identified other important
regions to explore i.e., the Go amino terminus. To address this, we generated a library of
chimeric Gois subunits through site-directed mutagenesis in which the carboxy-termini and/or
amino-termini from different families were swapped and replaced to explore each motif’s
influence on the GPCR-G protein interaction. The activity of the chimeras were indirectly
measured using a FRET-based assay to detect the downstream second messenger cAMP using
HEK?293 cells in which endogenous Gais subunits have been disrupted. While the results of the
data collected show a synergistic effect when both regions are replaced, an extended literature
review has inarguably revealed the amino-terminus to be among a group of important structural
players influencing selectivity of GPCRs, along with the aN/B1 hinge, the f2/B3 loop, and the
carboxy-terminus, which all have varying influences depending on the receptor. Overall, the
findings herein provide important insights into the selectivity determinants related to the GPCR-

G protein selection process and identify motifs outside of the carboxy-termini.
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Introduction
1.1 GPCRs and Heterotrimeric G Protein Signaling

In the plasma membrane of all eukaryotic cells lies the most studied and largest family of
receptors called, G Protein-Coupled Receptors (GPCRs) 23, This family of receptors is the
target of roughly 35% of all FDA approved drugs >!, such as the beta-2 adrenergic receptor
(B2AR) partial agonist salmeterol which is a popular treatment of bronchospasm in patients with
moderate to severe asthma '°. GPCRs are the third largest family of genes in the human genome,
as more than 800 genes are included in this family '°. Additionally, GPCRs can be categorized
into six different classes that are based on their sequence similarities and their functions: Class
A, Class B, Class C, Class D, Class E, Class F !”. Class A (rhodopsin-like receptors) can be
further categorized into two subtypes: rhodopsin GPCRs and non-rhodopsin GPCRs (such as the
B2AR) !7. Based on the significant role Class A receptors play in mammalian physiology and
how widely they are studied regarding their therapeutic relevance in cancer, asthma, and
cardiovascular disease research, they are of particular interest in this study.

Structurally, Class A GPCRs, such as the B2AR, share a specific set of characteristics that
lend to their common structures (Figure 1.1a and 1.1b). More specifically, all have a relatively
short amino-terminus (N-term), followed by a seven-transmembrane a-helical region (TM1-
TMT7). The TMs are linked by three extracellular loops (ECL1-3) and three intracellular loops
(ICL1-3) 7. On the extracellular side, the amino-terminal end of the GPCR and the ECLs bind to
various physiologically important extracellular stimuli, such as hormones, neurotransmitters, or

even light and assist in the transduction of these signals within the cell '°

. When activated by one
of these stimuli, GPCRs undergo conformational changes leading to recruitment and activation

of one of the four families of heterotrimeric guanine nucleotide-binding proteins on the opposite



side of the plasma membrane (G proteins: Gs, Gi/o, Gq/11, or G12/13). Heterotrimeric G
proteins are composed of a guanine-nucleotide binding Go-subunit and an obligate dimer
containing the GB and Gy subunits. Goy heterotrimers are held on the plasma membrane via

lipid anchors on the Go and Gy subunits ',

b)

N-term

ECL1 ECL2 ECL3

TAL
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C-term

Figure 1.1: General Structure of G protein coupled receptors (GPCRs). (a) The ribbon structure of the beta-2
adrenergic receptor (B2AR) where each helix is colored uniquely (PDB: 3PDS). The agonist, FAUCS50, and the T4L
fusion protein used to stabilize the crystal structure have been omitted for clarity. Visualized in PyMol. (b)
Schematic representation of a general GPCR structure showing the amino-terminus (N-term), transmembrane
helices 1-7 (TM1-7), intracellular loops 1-3 (ICL1-3), extracellular loops 1-3 (ECL1-3), and the carboxy-terminus
(C-term). Created with BioRender.com.

Classically, the GPCR-G protein signaling cascade occurs through a multistep process
initially through coupling, promotion of nucleotide exchange, heterotrimer dissociation, GTP
hydrolysis on the Ga subunit, and the ultimate reassociation of the Gofy heterotrimer. First, G
proteins are thought to couple to activated GPCRs through a direct interaction between the Ga-
subunits carboxy-terminus (C-term) and the intra-cellular facing core of the receptor 7. Here
it is currently thought that engagements with the activated GPCR results in conformational
changes within the Ga subunit allowing guanosine diphosphate molecule (GDP) dissociation and

subsequent exchange for a guanosine triphosphate molecule (GTP) !!. GTP binding to the G,



subunit results in a further conformational change resulting in a functional dissociation from the
GBy dimer, which allows both Ga and Gy to separately regulate downstream effector proteins
and initiate cell type-specific responses (Figure 1.2) '2. The hydrolysis of GTP to GDP by the Go
subunit intrinsic GTPase activity signals the termination of the signaling cascade through
promoting reassociation with GBy and formation of the inactive heterotrimer'!. We will limit the

scope and detail of this paper to Gais, GOy, and Go11-dependent signaling.

PP
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Figure 1.2: Heterotrimeric G protein family signaling. Go subunit subtypes (G0, GOijo, GO/11, and Gol2/13)
are activated by G protein coupled receptors (GPCRs) in response to ligand binding. After the functional
dissociation of Ga. from GPY, the activated G protein subunits separately transduce signals to specific effectors.

1.2 G Proteins
1.2.1 The Gs Family and Disease

The first heterotrimeric G protein to be discovered was the stimulatory G protein, Gs *°.
There are two Gs subtypes, Gos and Gowir, where Gois displays a ubiquitous expression pattern
while Gt is predominantly expressed in the olfactory system '°. There are two major and one
minor splice forms of Gots subunit, GOS(short), GOs(long) and Gotsxr), respectively. GOS(shor),
Goisong) are generally co-expressed at similar levels within a single cell type within nearly all
mammalian cell systems '°. Additionally, all Gois subunits are susceptible to modifications made

by cholera toxin (CTX), which is an enterotoxin made by Vibrio cholerae *'. More specifically,



Arg201, located in the alpha helical domain (AHD) of Goss, is adenosine diphosphate (ADP)-
ribosylated by the toxin '°. This arginine residue is conserved in all Go subunits and contributes
toward GTPase reaction (e.g. conversion of GTP back to GDP) and is thus critical for G protein
inactivation !°. Mutations of Arg201, or ADP-ribosylation by cholera toxin, thus inactivates the
subunits intrinsic GTPase activity and causes Gois to be constitutively active '°. Prolonged Gok
activation leads to prolonged protein kinase A (PKA)-mediated signaling causing catastrophic
symptoms of cholera poisoning (e.g. diarrhea and dehydration), or in the case of Arg®"!
mutations, can cause cancer and several diseases !°.

In contrast to mutations that cause constitutively active forms of Gais, heterozygous
inactivating Go,s mutations have been found to cause Albright hereditary osteodystrophy (AHO)
41 The heterozygous mutations have been found to cause a decrease (~50%) in functional Gais
present/expressed in erythrocytes and other tissues collected from patients *!. While the loss-of-
function disorder has been known to manifest in many ways, it is mainly characterized by short
stature, short bones in hands and feet, subcutaneous ossification, obesity, and occasionally,
developmental delays *!. Diseases such as this signal the importance of G proteins and their

physiological relevance within the cell.

1.2.2 The Gi Family and Disease

In opposition to the Gois subunit, the majority members of Gai; subunits work to decrease
cAMP levels when necessary while some of the members of the Gai family are potent regulators
of voltage-gated cation channels, most notably voltage-dependent K* and Ca?*channels *°. There
are eight genes encoding the Ga; family members: G, G2, Gz, GO, GO, Gow, Gowe and

gustducin (Gows). Each Gou family member, except Go, is uniquely sensitive to pertussis toxin



(PTX) secreted by Bordetella pertussis '°. PTX, like cholera toxin, uses nicotinamide adenine
dinucleotide (NAD) as a substrate to ADP-ribosylate the carboxy-terminus of the Goy subunit '°.
More specifically, the modification occurs four amino acids in from the C-terminal end at a
conserved cysteine residue located four residues in from the C-terminal end . ADP ribosylation
of this Cys disrupts interactions with the GPCR intracellular core, effectively preventing
coupling of the Gi heterotrimer to the receptor, which locks the Gy subunit in an inactive, GDP-
bound state 2%, Ribosylated Goy; is therefore no longer capable of inhibiting adenylyl cyclase,
allowing unregulated accumulation of cAMP, overexpression of cAMP- and PKA-inducible
genes that regulate proliferation, differentiation, and survival of numerous cell-types which leads

to multiple clinical pathologies **.

1.2.3 The Gq/11 Family and Disease

Although Gog and Goup are encoded by distinct genes, the proteins share the same
number of amino acids, are located on the same chromosome, and are functionally
indistinguishable *. Unlike Gs or Gi, activation of members of the Gq family by a Gq/11-
coupled receptor, like the M1 muscarinic acetylcholine receptor (M1AChR), leads primarily to
activation of phospholipase Cp (PLC). The PLCP isoform leads to two separate seconds
messengers, inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) from the substrate
phosphatidylinositol (4,5) biphosphate (PIP2) “°. While DAG is a potent activator of protein
kinase C (PKC) isoforms, IP; activates IP3-gated calcium channels (ryanodine receptor) on the
endoplasmic reticulum (sarcoplasmic reticulum in muscle cells) and causes release of calcium

into the cytoplasm (promotes contraction in muscle cells) *°.



Interestingly, aberrations in Gy signaling has been linked to multiple conditions in
genetically modified mouse studies. Efficient Gog activation by Gq coupled receptors plays a
role in the development of heart failure *°. In mouse models, cardiomyopathies and heart failure
occurs from overexpression of G0 or constitutively activated Goy >2. Transgenic models in mice
expressing an inducible Gaoy genetically engineered to prevent interaction with PLCP failed to
produce similar pathologies suggesting that over-activation of PLCP is related to heart failure 3.
Additionally, another study done in Go -deficient mice showed that bleeding time and resistance
to thromboembolism was increased substantially compared to wild-type animals, suggesting that
Goy plays an important role in platelet aggregation *°. Therefore, a better understanding of the
Gq/11 family and their relationships with GPCRs at a structural level could lend to better

therapeutics.

1.3 Go Subunit Structure, Function, and Chaperones
1.3.1 Structure and Function

There are 17 genes corresponding to 21 different Go subunits sharing 40% overall
conserved amino acids, while also sharing 60-90% identity within subtypes '>?*. These Go.
isoforms can be broken up into four distinct families, primarily based on the downstream
effectors which they regulate. In terms of structure and function, each Go subtype shares a
common architecture and molecular mechanism. Multiple crystal structures of different Ga-
subunits have revealed that the guanine nucleotide binding pocket is contained in a compact
domain that is structurally like the small family of G proteins in the ras family **. This region is
referred to as the ras-homology domain (RHD). What distinguishes heterotrimeric G proteins

from the ras family of G proteins is an extra domain within Ga,, the alpha helical domain (AHD),



named after its high content of alpha-helical structure (Figure 1.3) !!. Guanine nucleotide binding
is primarily contributed by residues in the RHD but is influenced by tight interactions with the
AHD !!. Like many nucleotide-lyases, e.g. ATPases and GTPases, diphosphate and triphosphate
forms are heavily coordinated within the Go subunit by residues within the phosphate binding
loop (P-loop), the so-called GAGES box (Gly-Ala-Gly-Glu-Ser) 3, but also by residues within

the Bs-ou and Bs-0ts loops on the RHD !!.

Figure 1.3: Ribbon structures of the Gos subunit and the beta-2 adrenergic receptor (B2AR) in complex with
the entire heterotrimer Gs protein. Visualized using PyMol. (a) Structure of the G, subunit complexed with
guanosine 5'-O-(3-thiotriphosphate) (GTPYS) shown as spheres (PDB: 1AZT). The structure is color coded as
follows: magenta is the ras-homology domain (RHD), red is the alpha-helical domain (AHD), cyan is the a5 helix
(C-terminus), blue is part of the aN helix (N-terminus), yellow is linker 1, and green is linker 2. (b) Structure an
agonist-bound, nucleotide-free B2AR (cyan) complexed with the Gs protein heterotrimer (G subunit: magenta, Gf3
subunit: blue, Gy subunit: yellow). The camelid antibody fragment and T4 lysozyme used to stabilize the crystal
structure have been omitted for clarity (PDB: 3SN6).

Interestingly, the points of contact on the Ga subunit where the guanine nucleotide is
coordinated is linked to important GPCR-G protein regions of interaction. For example, the
outward movement of TM6 of an activated GPCR (facilitated by ligand binding) opens enough

for the carboxy-terminus (ais helix) of Gat to insert into the intracellular core of the receptor 2.



Additionally, the P-loop which coordinates the second or beta phosphate (B-[PO4]) of GDP or
GTP, is linked to the Go’s N-terminus by the highly conserved B strand (Figure 1.4). This P-
loop is a highly conserved region that is found in Ga subunits of heterotrimeric G proteins as
well as small molecular weight G proteins, such as the ras family °’. Consequently, it appears
that disordering the P-loop and disrupting coordination of the B-[PO4] of GDP, thus allowing its
release, is considered a critical step that occurs prior to G protein activation through GTP binding
in both types of G proteins 3!. Important to note, the site of interaction of the Gt N-term, which
leads into the B1—al loop (P-loop), is primarily within the second intracellular loop (ICL2) of
the GPCR !!. ICL2 is located directly after the highly conserved DRY motif of GPCRs, located
in the third transmembrane domain 7. In almost all receptor-G protein structures, ICL2 of the
receptor adopts a short helical conformation and interacts directly with the Go, N-term >3,
Mutations in ICL2 have been shown to exhibit strong phenotypes on G protein activation,
implying that this region is involved in G protein coupling !!. Thus, at least from a structural
perspective, it seems reasonable that involvement of the Gow N-terminus and its proximity to the
Bi-strand in P loop, should be important in nucleotide exchange across all G protein families.
The fact that strong interactions between the N-termini of Gaw and GPCR have been seen in
almost all GPCR-G protein complex structures >4, in addition to the C-termini, this suggests that
perhaps a coordinated contribution of both termini are required for efficient coupling and
downstream signaling. While this relationship is suspected, further research still needs to be

done.



Figure 1.4: Location of guanine nucleotide (GTPYS) coordination on the G subunit and important
contact sites between B2AR and Go in nucleotide free conditions. Visualized using PyMol. (a) Close up
cartoon structure of the f1—al loop (P-loop), B6—a5 loop, B5—04 loop interacting with the phosphates
and purine ring of GTPYS (represented as spheres). (PDB: 1AZT). (b) B2AR (blues)-Ga (pinks) complex
showing the carboxy-terminus (C-term) extended into the intracellular core of the receptor and the
interaction between ICL2 of the receptor with the amino-terminus (N-term)-f31 hinge which leads into the
B1-al loop (P-loop) where the guanine nucleotide phosphates are coordinated. (PDB: 3SN6).

1.3.2 Chaperone Ric-8B

Ric-8 proteins (~60 kDa) act as molecular chaperones that positively regulate the o
subunit of heterotrimeric G proteins *>. There are two distinct genes responsible for making Ric-
8A and Ric-8B that are present in mammals, frogs, and fish . In mammals, while Ric-8A
prefers binding to Gatio, GOg/11, GOli2/13 subunits, Ric-8B exclusively prefers Got/olr subunits *°.
One study found that newly translated Gow subunits were prone to rapid degradation in the
absence of Ric-8 in the cell (using Ric-8A or Ric-8B knock out embryonic stem cell lines),
supporting the chaperone role and protection against the o subunit unfolding after translation,
prior to membrane association +*. Additionally, it has been suggested that Ric-8 proteins can act

as non-GPCR guanine nucleotide exchange factors (GEFs) **. Ric-8B overexpression was shown

to enhance coupling efficiency of odorant receptors when Gaiir and Gy were also



overexpressed *2, although this observation may be the result of improved Gl stability rather
than contributions to GEF activity. Taken together, these studies suggest the potential importance
of co-overexpression of cognate Ric-8 in G protein overexpression assays, which is relevant to

this current study.

1.4 On GPCR-G Protein Selectivity
1.4.1 Selective and Promiscuous Coupling

Efficient and selective coupling between a GPCR and a specific G protein family is
crucial for initiating essential cellular signaling cascades 2. For example, epinephrine binds to
the B2AR, which classically promotes the stimulatory heterotrimeric G protein (Gs) to couple to
the receptor 2. After nucleotide exchange on the Got subunit (Go) and the functional
dissociation of Gois from Gy occurs, the Gois subunit goes on to directly stimulate adenylyl
cyclase to make the second messenger cyclic adenosine monophosphate (cAMP) which activates
protein kinase A (PKA), which phosphorylates and changes the activity of many important
players involved in metabolism 3. Conversely, the cAMP response can also be modulated by
B2AR recruitment of the inhibitory heterotrimeric G protein (Gi), which inhibits adenylyl cyclase
and thus decreases intracellular ;cAMP when necessary '°. Interestingly, structural analysis of the
B2AR-Gi complex reveals that ICL2 of the receptor does not adopt an alpha helical structure,
which is in contrast to the B2AR-Gs complex **. This suggests that the interaction between ICL2
and the N-terminus of the Ga subunit could be important for efficient coupling between cognate
receptor-G protein pairs. While B2AR has a preference to couple to Gs over Gi **, the nature of
this selectivity or promiscuity, which is physiologically relevant, is still poorly understood across

all GPCR-G protein relationships.

10



In fact, it has been found that GPCRs are capable of coupling to any one of the four
major G protein families. GPCR promiscuity suggests that distinct regions within the Go
subunits amino acid sequence act as selectivity determinants for their cognate receptors more so
than others 7. From an evolutionary perspective based on inferences from sequence alignments,
Flock et al. (2017) suggests that because there are Ga subtype-specific residues surrounding
universally conserved GPCR-G protein interface positions, selective binding by certain GPCRs
is ensured, yet promiscuous binding is still achieved. They went on to compare the relationship
between GPCRs and G proteins to a lock and key mechanism, where the G protein is the lock
and GPCRs are keys with non-identical cuts ’. To extend this analogy, considering the amino-
and carboxy-termini are part of the subtype specific residue regions observed interacting with
receptors !!, replacement of one or both regions should lead to receptor coupling and recognition
dictated by the swapped termini regions. While this study theoretically predicts regions (protein-
protein recognition sites) that are important outside of the suspected Go. C-terminus based on
sequence alignments and structures ’, there is still a need to uncover more molecular details

through experimentation.

1.4.2 Structure Dictating Selectivity
1.4.2.1 C-terminus investigations

Over the years, it has been strongly suggested that the C-term of the Ga subunit is the
most important selectivity determinant. Especially considering the crystal structures showed with
overwhelming evidence that the C-terminal helix of Go subunit fits snugly into the intracellular
cavity of the receptor, which suggests this region is particularly important in the receptor-G

protein interaction *. This has placed a significant amount of focus to be put on the Go. subunit’s

11



C-term in the GPCR field. For example, Sandhu et al. (2019) used C-terminal peptides of G,
Gai, and Goyg protein subunits to show that each adopts a unique orientation when coupled to
their cognate GPCR. Unfortunately, because the study only focused on the C-term of the

G subunits, their conclusions underestimate the importance of the entire G protein heterotrimer
for efficient coupling and signaling e.g., GBy plays a major role in positioning the N-term of Go
so that it can interact with ICL2 on the receptor '!. In another example, the crystal structure of
the adenosine Aza receptor (A2aR) bound to an engineered “mini-Gs” protein exhibited many
features and interaction sites like the B2AR-Gs crystal structure 3. The study showed 14
residues from the C-term of the mini-Gs protein packing against TM3, ICL2, TMS5, TM6, TM7
and TMS of A2aR, similar to the B2AR-Gs structure. While these findings seem to signal the
importance of the C-term across receptor-G protein interactions, the study underestimated the
importance of additional sites of interaction of native G proteins. In fact, the mini-Gs protein, in
addition to lacking an AHD, the engineered Ga was missing 25 amino acids from the extreme N-
terminus, regions which, as mentioned earlier, interact with Gy and ICL2 of the receptor. Thus,
while these studies have helped to uncover and solidify important details regarding GPCR-G
protein interactions and contact sites, these peptides or mini-Gas studies do not encapsulate the
entire temporal sequence of the GPCR-G protein dynamic that leads to efficient signaling and
don’t reveal an obvious selectivity ‘barcode’.

Another methodology to investigate the importance of structural motifs relies on chimeric
proteins. Indeed, engineered chimeras of G proteins where the C-termini between two Go
isoforms were swapped have been successfully evaluated. For example, by replacing the C-term
of Gag with Gai, classic Gai-coupled receptors (e.g., dopamine D2 and adenosine A receptors)

lead to the activation of phospholipase C, which is normally coupled to Gol receptors 4°.

12



Interestingly, Goq chimeras containing only five C-terminal residues from Gois were capable of
allowing the Gos-coupled vasopressin V2 receptor to regulate phospholipase C *7, suggesting
that as little as the last five residues of the C-term appear to be critical for receptor-G protein
specificity. Thus, C-terminal chimeras between Ga isoforms have been examined and are
generally in good agreement and support the role of the C-term in receptor-G protein specificity.
However, a largely underappreciated property of these receptor-chimeric G interactions
is that the coupling efficiency is underestimated. Dose-response, the concentration of agonist
required to fully activate the effector is typically much higher than coupling to the receptor’s
cognate or native G protein. Additionally, it has been found that splice variants of G, couple to
different receptors even though their last 8 amino acids (C-termini) are identical *’. Thus,
although the C-terminus does contribute toward receptor coupling, there must be other regions of

the G protein that play a role in coupling specificity and efficiency.

1.4.2.2 N-terminus investigations

Essentially, the field has put a significant focus on the sole contribution of the Ga. C-term
and have overshadowed the contributions of the N-term, a region supported by biochemical and
structural data !'. However, a series of studies previously performed by the Johnson laboratory
pin-pointed a series of residues in the N-terminus of Gais and G critical to both G protein
activation (GDP dissociation) and for receptor specificity °* >°. As mentioned previously,
structural data on various GPCR-G protein complexes have implicated the Gow N-term and ILC2
of the receptor as critical for receptor catalyzed nucleotide exchange. Not only that, in the case of
initial protein recognition and selective receptor binding, the role of the N-term has been

suspected, but not thoroughly investigated. N-terminal truncations of G (transducin) reveal that
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the N-term is critical for rhodopsin-catalyzed nucleotide exchange >°. Additionally, similar
studies involving chimeric CB1/CB; cannabinoid receptors identified I[CL2 of the CB; receptor to
be responsible for mediating Gs and Gi specific coupling %°. Strikingly, truncations up to the
highly conserved KLLLL sequence (1-strand) were incapable of being activated by light-
stimulated rhodopsin, despite being able to form a receptor-G protein complex *°. Another
truncation study reported that deletion of a unique 6 amino acid extension present on the N-
terminus of the Gl subunit permits coupling to several different Gi- and Gs-coupled receptors
productively interacted with the truncated protein 3. This suggests that, at least in the case of
Gg-coupled receptors, the N-terminus is important for constraining the receptor to bind
selectively to Gq and potentially alludes to an important role the N-terminus plays in the initial
receptor-G protein interaction but still doesn’t fully address the role it plays in efficient G protein
activation. Preliminary biochemical data from the Sunahara Lab suggest that the Go protein’s
amino-terminal end greatly contributes to GPCR-G coupling selectivity and protein recognition
to achieve efficient downstream signaling (Figure 1.5, unpublished, 2021). As illustrated in
Figure 1.5a, when the C-term of Gos is replaced with that of Goi (Ns*Gos*Ci, red), the dose-
response curve related to carbachol stimulation of M2AChR is right shifted when compared to
native, wild type Goi (blue) coupling. Interestingly, the additional replacement of the N-term
with that of Gai (Ni*Gos*Ci, magenta) resulted in the restoration of the dose-response
relationship of carbachol with sensitivities similar to native Gai (blue) coupling. Therefore, there
is a growing appreciation from structural and biochemical data of GPCR-G protein complexes
that efficient and specific coupling involves engagement of both the N- and C-terminal ends of

Go subunits with the receptor !!. For these reasons we rationalized that replacement of both
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termini in G protein chimeras should lead to much more efficient receptor coupling and a panel

of potentially useful chimera for further GPCR studies.

a) Gai chimeras b) Goao chimeras
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Figure 1.5: Amino- and carboxy-termini of Goi and G, are necessary for carbachol-stimulated M,AChR
G protein activation. cAMP accumulation is represented as percentage normalized to the maximum
agonist-induced response individual to each chimeric Go-based protein (CFP/YFP-%max). Using
AGNAS cells, Gai-Gas (a) and Gao-Gas (b) chimeras with termini regions systematically swapped,
similar to the chimeras generated in this current study, were co-transfected with the MoAChR and a dose-
response curve to carbachol was performed (Vasquez and Sunahara, unpublished). For comparison
purposes, the carbachol dose response curves for MoAChR-mediated inhibition of forskolin-stimulated
adenylyl cyclase through coupling to Gati was included in panel a (blue symbols). Chimeras shown are
pertussis insensitive mutants (C352G). Error bars represent = SEM.
1.5 Recent Discoveries
1.5.1 Time-Resolved Mass Spectroscopy Techniques

Successful x-ray crystal structures of GPCR-G protein complexes have revolutionized the
field and helped uncover important interaction sites within the complex. While structural studies
provide important snap shots into GPCR-G protein complexes, the inanimate nature of the
structures and nucleotide-free state in which they are stabilized fail to assess the temporal

sequence of the coupling events. Recently, time-resolved techniques, such as

hydrogen/deuterium exchange mass spectrometry (HDX-MS) and hydroxyl radical-mediated
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protein footprinting with mass spectrometry (HRF-MS), have been helpful tools for revealing
structural changes that happen during the sequence of coupling events in the hopes of figuring
out a general GPCR-G protein coupling mechanism *°. Considering that unraveling the coupling
mechanism could explain the selective and specific nature of class A GPCRs, a recent study
using both techniques mentioned suggests that the Go. C-term is necessary for efficient
engagement but that N-terminal interaction with the receptor ICL2 of the receptor is critical for
GDP release *°. Furthermore, the authors suggest that the structures of the nucleotide-free B2AR-
Gs complex are conformationally different from the initial transient interaction. While they were
not able to determine the exact initial engagement contacts, the initial transient state could
represent a selectivity filter. Considering there has been a growing desire to uncover a general
mechanism that dictates GPCR-G protein selectivity, this study brings the scientific community

one step closer.

1.5.2 Recent Chimeras by Jelinek et al.

In good agreement with our preliminary data, Jelinek et al. (2021) recently characterized
the contributions of regions outside of the Gal C-term that contribute toward selective coupling
and recognition by GPCRs #°. Here, the authors exchanged N- and C-termini of Gol and Golg
corresponding to suggested contact sites with GPCRs from previous studies and characterized
the binding stabilities, dissociation kinetics, and activation potencies of the two wild-type G
proteins (Go and Gq) and analogous sets of G subunit chimeras (with the same regions
swapped from either protein). The authors measured coupling of two Gg-coupled receptors (M3
and H; receptors) in single permeabilized HEK293T cells using a Fluorescence Resonance

Energy Transfer (FRET)-based system. Exchanging the last 11 C-terminal amino acids of Goy
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with that of Gal, (GqoC11) impaired the binding stability of the chimera-H; receptor complex
was noticeably impaired while the same was not true for the M3 receptor. Moreover, although
they found that the binding stability of GqoC11 with the M3 receptor was only slightly impaired,
the activation of the chimera was substantially comprised. Similarly, when the N-terminus from
Go was replaced with that of Go, (GqoN), the chimera did not bind to the H; receptor at all
whereas the chimera could bind to the M3 receptor but failed to be activated. Additionally, the
results showed that the Go-based double chimeras (with Gol, as the backbone along with C- and
N-termini replaced with Gol) coupled to both receptors with a synergistic effect that was
comparable to wild-type Gq results, gaining almost Gq-like properties. In contrast, the opposite
construct (Gog-based double chimeras with the N- and C-termini from Gal,) encountered
selectivity barriers upon activation by the M3 receptor, not at complex formation. Lastly, when
the 32/PB3 loop is considered based on its proximity to ICL2 (observed in the M{AChR-G11
complex; PDB: 60ij), the authors found that when this region was swapped from G, with that
of Gay, there was an increase in activation potency and binding stabilities with both of the tested
receptors. These findings suggest that selectivity mechanisms are specific to each receptor and
potentially occur multiple times during the coupling process. In summary, it appears that the N-
terminus (including the aN/B 1 hinge), the $2/B3 loop, and all 22 amino acids from the a5 helix
majorly contribute to coupling specificity. This is remarkable because their data reveals several
suspected structures outside of the C-terminus of the Ga subunit (such as the N-terminus which
is particularly relevant to our current study) that influence selective binding and coupling to the

M3 and H; receptors.
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1.6 Biosensors and cAMP Measurement

Considering that GPCR-mediated activation of Gs produces a predictable signaling
cascade in which the GTP-bound Ga subunit directly stimulates adenylyl cyclase to produce
cAMP (and inorganic pyrophosphate), an indirect way of studying GPCR-mediated Gs activation
involves the measurement of intracellular cAMP 2. Several methods of detection have been
developed and improved over the last few years, the majority of which are end-point assays
using radio-immunoassays to detect cCAMP. More recently, real-time intracellular cAMP
detection has been made possible and more efficient by the utilization of fluorescent biosensors
22 FRET-based biosensors have become particularly useful because they use non-radiative
energy transfer between fluorophores in close proximity as a method of detection *®. The sensors
take advantage of the conformational change that occurs to the sensor upon cAMP binding,
therefore, the optimal change in FRET is dependent on the distance and positioning of the
fluorescent protein(s) to each other ?2. One such FRET-based biosensor, the red cAMP indicator
called “Pink Flamindo” (Pink Fluorescent cAMP indicator), stands out as being particularly
useful in our current study . The biosensor takes advantage of the cAMP-binding domain of the
protein called Epac (Exchange protein directly activated by cAMP 1, residues 205-353) and has
it genetically-encoded within the sequence of the red fluorescent protein, mApple (Figure 1.5) ?°.
This allows the fluorescence to be measured at one wavelength instead of two, unlike other
FRET-based cAMP indicators using two fluorescent proteins *¢, and avoids the non-specific
activation of adenylyl cyclase caused by blue light since Pink Flamindo utilizes a red-shifted

derivative >°.
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1.7 Ligand-Biased Signaling

A current popular topic in the world of molecular pharmacology is the idea of “ligand-
biased signaling”. This is the observation that certain ligands change the conformation of the
receptor in a way that promotes the activation and signaling associated with certain G proteins
(or other effectors) more so than others **. For example, protease-activated receptor 1 (PAR),
which is part of the group A rhodopsin-like GPCRs, is activated by thrombin or trypsin by
cleavage at canonical sites, revealing a tethered ligand domain that binds the second extracellular
loop on the receptor that induces conformational changes required for downstream signaling *°.
Interestingly, trypsin or thrombin-activated PAR; couple to many different G protein-dependent
and independent signaling pathways *°. However, because canonical PAR signaling pathways
depend on proteases cleaving at specific cleavage sites, proteases that cleave PARs at other
locations and reveal unique tethered ligands act to promote non-canonical signaling pathways in
a biased manner *°. The anticoagulant-activated protein C (APC) cleaves PAR; at the canonical
site as well as an alternative site, which leads to B-arrestin 2-mediated Rac1 activation which is
independent of G protein signaling *°. Additionally, APC-activated PAR cannot activate
extracellular signal-regulated kinase 1/2 (ERK 1/2) #*. Therefore, ligand-biased PAR| activation

of canonical and non-canonical signaling pathways is dependent on the cleavage site and the

specific ligand involved.

1.7.1 Significance of Salmeterol
The partial agonist for B2AR, salmeterol, is commonly prescribed for patients with
asthma and chronic obstructive pulmonary disease because it acts as a bronchodilator '*. The

popularity surrounding this partial agonist for those conditions are based on two important
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properties. Salmeterol has a long duration of action (up to 12 hours) and selectively binds to
B2AR instead of B1AR, which reduces cardiac involvement 8. Our recent crystal structure of
salmeterol bound to B2AR '8, along with spectroscopic approaches and single molecule studies in
support, suggests that salmeterol-bound B2AR stabilizes a conformation that is distinct from the
epinephrine (full agonist)-bound form of B2AR 8. More specifically, while the epinephrine-
bound B,AR stabilizes a 13 A outward movement of TM6, salmeterol-bound BAR had an
outward movement of only 8 A '8, Therefore, the difference in movement of TM6 creates a
smaller binding pocket in which the C-terminus of the Ga, subunit inserts. Considering that
members of the Ga; subfamily have a smaller C-term than Ga, in terms of surface area and
volume, coupling of B2ARs bound to salmeterol may permit preferential coupling to Goi over
Gos. Our collaborators have recently resolved a structure of a Gi-B2AR complex stabilized by
salmeterol (unpublished) and the structure appears consistent with this model. Although beyond
the capacity of our current study, the N- and C-termini Go/Goi chimeras may be extremely
useful for biochemically characterizing salmeterol- vs epinephrine-bound f2AR. We are hoping
to initiate these studies and use the data as biochemical support for the structural data on the Gi-

B2AR-salmeterol complex.

1.8 Project Aims

To better understand the potential drivers of GPCR selectivity, the aim of this thesis was
to focus on analyzing the current hypotheses through site-directed mutagenesis studies to find the
motif(s) that contribute to receptor-G protein interactions in the hopes of deconvoluting some of
the promiscuous behavior of G protein-coupled receptors. Obtaining biochemical data that

focuses on the N- and C-termini of the Go subunits during receptor-G protein interaction and
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coupling efficiency would be extremely useful for understanding receptor-G protein selectivity.
Moreover, these studies may unravel adverse reactions of some therapeutics through
promiscuous G protein or arrestin coupling, but also potentially reveal strategies for the
development of novel biased ligands. To accomplish this goal, we rationally designed chimeric
Gos subunits, mixing and matching both the N- and C-termini from different G protein isoforms
and studied coupling efficiency. The designs were based on sequence alignments of all G
subtypes, but also guided by available structural biology data. The chimeras are based on the Gots
subunit core so that we could take advantage of the real-time cAMP sensor Pink Flamindo, as
well as a plethora of Gai-specific reagents available in the Sunahara lab. We limit our study to
the B2AR and Ms-acetylcholine receptor (M3AChR), which natively couple to Gs, Gi and Gq,
respectively. We generated stably expressed Pink Flamindo cAMP biosensor in cells where the
genes that dictate the Gois subtype has been disrupted by a CRISPR/Cas9 system (AGNAS) to
host transiently transfected Ga chimeras of interest. We hypothesized that both the N- and C-
termini are equally important for dictating GPCR selectivity and coupling efficiency. The long-
term goal is to aid in the discovery of safer and more efficacious therapeutics. We feel that
gaining a better understanding of structural basis for receptor-G protein selectivity may aid in
developing these safer drugs. In summary, this study focuses on the three representative
members of the Go family and aims to determine which motifs within the Ga subunit dictate

GPCR selectivity, efficient coupling, and G protein activation.
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2. Materials and Methods

2.1 Materials

Table 2.1: List of Primers

Ggtgca

Primer name Primer | Sequence (5’ to 3’) Corresponding
Number construct(s)
(NBC
naming")
GNAlinto pcDNA | 19 CTCACTATAGGGAGACCCAA 1
3.1(+) forward GATGGGCTGCACGCTGAG
GNAIinto pcDNA | 20 GGGCCCTCTAGACTCGAGTTAA | 1III
3.1(+) reverse AA
GAGACCACAATCTTTTAGATTAT
TTTTTATGATGACATC
GNAQ into pcDNA | 21 CTCACTATAGGGAGACCCAAGA | QQQ
3.1(+) forward TGACTCTGGAGTCCATCATGGC
GNAQ into pcDNA | 22 GGGCCCTCTAGACTCGAGTTAG | QQQ
3.1(+) reverse ACCAGATTGTACTCCTTCAGGTT
C
GNAO into pcDNA | 23 CTCACTATAGGGAGACCCAAGA | OO0 *
3.1(+) forward TGGGATGTACTCTGAGCGCAG
GNAO into pcDNA | 24 GGGCCCTCTAGACTCGAGTCAG | OO0 *
3.1(+) reverse TACAAGCCGCAGCCC
GNA12 into pcDNA | 25 CTCACTATAGGGAGACCCAAGA | 121212 *
3.1(+) forward TGTCCGGGGTGGTGCG
GNA12 into pcDNA | 26 GGGCCCTCTAGACTCGAGTCAC | 121212 *
3.1(+) reverse TGCAGCATGATGTCCTTCAG
GNAS into pcDNA | 27 CTCACTATAGGGAGACCCAAGat | SSS
3.1(+) forward gggctgtctgggaaacage
GNAS + pcDNA 28 GGGCCCTCTAGACTCGAGTTAga | SSS
3.1(+) reverse gcagctcatactgacggagg
[<>SS forward 53 cacccagcagcagcagCTTGACCTCGCG | ISS *
CGCC
[<>SS reverse 54 GCGCGCGAGGTCAAGctgctgetgetg | ISS *
ggtge
SS<>I forward 35 catccagcgcatgcacCTAAAAGATTGT | SSIand ISI
GGTCTCTTTTAACTCGAGTCTAG
SS<>I reverse 36 CGAGTTAAAAGAGACCACAATC | SSIand ISI
TTTTAGgtgcatgcgetggatgatgtc
ISI (Pg)** forward | 49 TTAAAAGAGACCACCATCTTTTA | ISI (Pg) ***
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Table 2.1: Continued

ISI (Pg)** reverse 50 cCTAAAAGATGGTGGTCTCTTTT | ISI (Pg) ***
AACTCGAG

Q<>SS forward 46 GACGCCCGCCGGtaccgggecacgeace | QSS *

Q<>SS reverse 47 GACGCCCGCCGGtaccgggccacgeace | QSS *

SS<>Q forward 39 catccagcgcatgcacCTGAAGGAGTAC | SSQ and QSQ
AATCTGGTCTAACTCG

SS<>Q reverse 40 GTTAGACCAGATTGTACTCCTTC | SSQ and QSQ
AGgtgcatgcgctggatgatgtc

O<>SS forward 41 CCGCCAAAGACGTGAAATTAtacc | OSS *
gggccacgeace

O<>SS reverse 48 TAATTTCACGTCTTTGGCGGCG | OSS *

SS<>0O forward 43 catccagcgcatgcacCTCCGGGGCTGC | SSO and OSO
GGC *

SS<>0 reverse 44 CGCAGCCCCGGAGgtgcatgcgetggat | SSO and OSO
gatgtc *

OSO (Pg) *** 51 AAGCCGCCGCCCCGG 0OSO (Pg)

forward kAk

OSO (Pg) *** 52 GGGGCGGCGGCTTGTAC 0OSO (Pg)

reverse KAk

ISI (Pg)** reverse 50 cCTAAAAGATGGTGGTCTCTTTT | ISI (Pg) ***
AACTCGAG

Q<>SS forward 46 GACGCCCGCCGGtaccgggccacgeace | QSS *

Q<>SS reverse 47 GACGCCCGCCGGtaccgggecacgeace | QSS *

" Refer to Figure 2.1 for description of NBC naming scheme
* These wild-type/chimeric G alpha subunits were made but not utilized in an assay; the genes
were transferred into pcDNA3.1(+) from pcDNA3.0(+) for future directions or were an

intermediate chimera towards the final construct to be tested in assay.
** “<>” denotes the location at which the different wild-type proteins were joined

*Hx “Pg” denotes the site-directed mutation from C to G at the fourth residue from the C-
terminal end to make the construct insensitive to pertussis toxin.

Table 2.2: PCR Reaction Mixture Components

Components Concentration | Volume Final Company
(ulL) Concentration
Autoclaved Milli-Q 11.5 Millipore, Lab Produced
H,O
Q5 Reaction Buffer 5X 5.0 1X New England BioLabs Inc.
Deoxynuclotide 10 mM 0.5 200 uM New England BioLabs Inc.
(dANTP) Solution Mix
QS5 Hot Start High- 2,000 0.5 New England BioLabs Inc.
Fidelity DNA units/mL 0.02 units/uL
Polymerase
DNA template ~1 ng/ul 5 <1,000ng |-
Primer pair mixture variable 2.5 1 uM Synthesized by Eton
Biosciences, La Jolla, CA
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Table 2.3: PCR Cycling Parameters

Temperature (°C) Time (seconds) Cycles

98 60 X1

98 20

60 30

7 150-180* } X 30
72 600 X1

20 o0

* Variable depending on fragment length

Table 2.4: Stocks, Buffers, Reagents and Chemicals

Buffer/ Reagent/ Stock Solution

Composition/ Company, Catalog No.

Milli-Q Water

Millipore Milli-Q lab water system

6X Gel Loading Dye, Purple

New England Biosciences Inc., Catalog No. B7024S

10X TAE Buffer 48.5 g of Tris base ([tris(hydroxymethyl)aminomethane])
11.4 mL of glacial acetic acid (17.4 M)
20 mL 0.5 M EDTA (pH 8.0)
Deionized water to make 1 L

1X TAE Buffer 50 mL 10X TAE

450 mL Deionized water

1% (w/v) Agarose Gel

0.3 g of agarose powder (Fisher Scientific, Catalog No.
BP1356-100)

30 mL 1X TAE

6 UL of a 2.5 mg/mL aqueous solution of ethidium
bromide

Quick-Load 1 kb DNA Ladder

New England Biosciences Inc., Catalog No. ND468S

10X CutSmart Buffer New England Biosciences Inc., Catalog No. B7204S
1X CutSmart Buffer 10 uL 10X CutSmart Buffer
90 uL autoclaved Milli-Q water
PB Buffer 23.88 g guanidine hydrochloride
15 mL isopropanol
Autoclaved Milli-Q water to make 50 mL
PE Buffer 50 uL 1M Tris (pH 7.5)
41 mL ethanol
Autoclaved Milli-Q water to make 50 mL
5X IT Buffer 1 mL 50% PEG (polyethylene glycol) 8000 in Milli-Q

water

0.4 mL 100 mM Tris (pH 7.5)

0.1 mL 50 mM MgCl,

0.1 mL 50 mM DTT (Dithiothreitol)

0.2 mL 1 mM of each dNTPs, New England BioLabs Inc.
0.2 mL 5 mM NAD+ (nicotinamide adenine dinucleotide)
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Table 2.4: Continued

Assembly Mixture

200 uL 5X IT buffer

0.4 uL T4 Exonuclease, New England
BioLabs Inc.

12.4 uL Phusion DNA Polymerase, NEB Inc.
100 pL Taq ligase, NEB Inc.

160 uL 1M Tris (pH 7.5)

277.1 uL autoclaved Milli-Q water

SOC Media

0.5% (w/v) yeast extract
2% (w/v) tryptone

10 mM NaCl

2.5 mM KCI

10 mM MgCl,

10 mM MgSO4

20 mM glucose
Deionized water

LB Media, Liquid

1% (w/v) tryptone
0.5% yeast extract
1% NaCl
Deionized water

LB Media, Solid, carbenicillin

500 mL LB media, liquid
7 g agar
500 uL carbenicillin

Transporter 5

Polysciences, Catalog No. 26008-50

TB (Terrific Broth)

Fisher BioReagents, Catalog No. BP24682

DMEM Gibco, Catalog No. 12430062
Opti-MEM Gibco, Catalog No. 11058021
10X PBS 80 g NaCl

2.0 gKCl

14.4 g NaaHPOg4

2.4 g KH2PO4
1X PBS 50 mL 10x PBS

450 mL deionized water
Lifting Buffer 1X PBS

1.25 mL EDTA (pH 7.2)

1X HBSS (Hank’s Balanced Salt Solution)

Corning, Catalog No. 21-023-CM

HEPES (1M) (N-2-hydroxyethylpiperazine-
N-2-ethane sulfonic acid)

Gibco, Catalog No. 15630080

HBSS-HEPES 1L 1X HBSS

20 mM HEPES
Isoproterenol Sigma, Catalog No. [-2760
Carbachol Sigma, Catalog No. C-4382
Ascorbic Acid Mallinckrodt, Catalog No. 1852

IBMX (3-isobutyl-1-methylxanthine)

AdipoGen Life Sciences, Catalog No. AG-
CR1-3512
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Table 2.5: List of Antibiotics and Toxins

Antibiotic/Toxin Name Stock Concentration Final Concentration
Zeocin 100 mg/mL 100 pug/mL
Doxycycline 4 mg/mL 4 ug/mL
Carbenicillin 100 mg/mL 100 ug/mL
Pertussis Toxin (PTX) 100 ug/mL 100 ng/mL

2.2 Methods

2.2.1 Plasmid Construction

cDNAs for human Ga subunits were used for the purpose of this study to generate
chimeric Go subunits. An open reading frame of three full length, untagged, wild-type Ga
subunits (Gos, G, Gog) were cloned into pcDNA3.1(+) expression plasmid for expression in
mammalian cells. Primers were designed that contained sequences encoding the swapped C-
termini or N-termini of each wild-type Ga subunit. Chimeric Go subunits were created using the
synthesized primers (Eton Biosciences). A site-directed mutation was also introduced at the
fourth residue from the C-terminal end to the constructs containing the C-terminal sequence of
the Go subunit to make those constructs insensitive to pertussis toxin ((Pg), C352G). This
enabled the measurement of Goi sequence containing chimera in the absence of endogenous Ga;.
All primers used, their lengths, and the corresponding chimera it made are listed in Table 2.1 and
a schematic representation of the chimeras are shown in Figure 2.1. Refer to Figure 2.2 to see a
detailed overview of the chimeras including the specific residues replaced in context of

secondary structure as a snake plot.
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N B C NBC name

QsSSs

Wild Type G Proteins ssQ
T e asa
( Gaa X Gaa X Gaqa ) ISS
( Gai X Gai X Gai ) Ssl
ISI

GEDE@&ED ) —— [ssi(Pe)

— [ 1si(Pg)

Figure 2.1: “NBC” naming scheme for chimeric Go subunit constructs. System of naming refers to the
three regions of the Gat subunit for context (“N” refers to the amino-terminal end, “B” refers to the base, or core
structure, of the subunit, and “C” refers to the carboxy-terminal end). The name generated by this scheme, located to
the right of the arrow, contains letters that represent each Go subunit subtype of origin as a single letter (Go,=S,
Gog=Q, Goy=I). Wild type G proteins are color coded and presented on the left as a key. “*” and “(Pg)” indicate a C
to G mutation at the 4% C-terminal residue that makes the construct insensitive to pertussis toxin.

Gai

Figure 2.2: Overview of swapped regions from wild-type Ga. subunits. Detailed snake plots (obtained
from gpcrdb.org) showing specific amino acids that were swapped from each wild-type Go. subunit (Go; and Golg)
onto the base of Gai. The yellow (Gai) and green (Goly) regions were systematically swapped for the red regions.
Amino acids are color coded the same as Figure 2.1.
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For each forward and reverse primer pair that creates a PCR generated fragment, 1 uL of
each was mixed with 38 uL of autoclaved Milli-Q water (primer pair mix). To prepare the PCR
reaction mixture, the following components were combined in the follow order for a total of 25
uL and placed in a 96-well, iCycler Thermal Cycler (Bio-Rad) (Refer to Table 2.2): 11.5 uL of
autoclaved Milli-Q water (Millipore), 5.0 uL 5X QS5 reaction buffer (New England Biolabs Inc,
(NEB)), 0.5 uLL ANTP mix (NEB), 0.5 uL Q5 Hot Start High-Fidelity DNA Polymerase (NEB),
5 UL of corresponding dilute DNA template (~1 ng/ uL), and 2.5 pL of the primer pair mix. The
PCR cycling parameters were as follows (Table 2.3 and Figure 2.3): initial denaturation step at
98 °C for one minute, followed by 30 cycles of denaturation of template DNA at 98 °C for 20
seconds, annealing at 60 °C for 30 seconds, extension at 72 °C for 2.5-3 minutes (20 seconds per
1000 base pairs), and a final extension step of 72 °C for 10 minutes followed by an infinite hold

at 20 °C until ready for use.

30X

98°C 98°C

60 sec 20 sec
72°C 72°C
150-180 600 sec
60°C sec

30 sec

20°C

Figure 2.3: PCR thermocycle. Protocol for thermocycle for all PCR reactions performed in a 96-well, iCycler
Thermal Cycler (Bio-Rad).

To detect and verify the sizes of each PCR generated DNA fragment, 5 uL of each PCR
reaction was mixed with 1 pL of 6X purple loading dye (NEB) and loaded in a pre-cast 1% (w/v)

agarose gel containing 6 UL of ethidium bromide (2.5 mg/mL stock concentration) together with

a standard marker (Quick-load 1 kb DNA ladder, NEB) (Table 2.4). Electrophoresis was
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performed using a Bio-Rad Power/Pac 1000 at 100 volts for 30 minutes through 1X TAE buffer
(Table 2.4). The plasmid DNA was visualized using a ChemiDoc™ Touch Imaging System
(Bio-Rad) and compared to a reference ladder to determine the number of base pairs.

Prior to fragment purification, 20 uL of each PCR mixture was mixed with 25 pL of 1X
CutSmart buffer (NEB) and 0.5 pL of the restriction enzyme Dpnl (NEB, 20,000 units/mL) and
then incubated at 37 °C for 30 minutes. The Dpn/ digested fragments were then purified on a
silica-based purification column (UPrep spin column, Genesee Scientific). The fragments were
resuspended in 300 uL of buffer PB (Table 2.4) and centrifuged at 7600 RCF (relative
centrifugal force) for one minute. After discarding the flow through, the column was washed
twice with 700 uL of buffer PE at 7600 RCF (Table 2.4). Autoclaved Milli-Q H>O (10 uL) was
then added to the column and left to incubate at room temperature for two minutes then
centrifuged at 7600 RCF for an additional two minutes. The resulting purified fragments were
assembled by Gibbson Assembly protocol in which 7 UL of Assembly Mix (Table 2.4) was
mixed with a 1:1 ratio (1 UL each) of the purified fragments. The mixture was incubated at 50 °C

for 15 minutes followed by submersion in a water bath at 37 °C for 30 minutes.

2.2.2 Plasmid Preparation and Quantification of DNA Concentration

Plasmids were transformed into pre-made chemically competent DH5a E. coli
(Escherichia coli) cells by combining 30 uL. competent E. coli cell stock with the purified
fragments mentioned above followed by 20 minutes on ice. The mixture was then heat shocked
in a water bath at 42 °C for 60 s followed by another 20 minutes on ice. The mixture was added
to a New Brunswick Innova 4000 Incubator Shaker at 220 RPM (rotations per minute) for 30

minutes at 37° C after the addition of 700 UL of SOC media (Table 2.4). The bacterial cells were
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then pelleted by centrifugation at 960 RCF for 5 minutes. After the removal of 600 UL of the
supernatant, the remaining 100 uL was used to resuspend the pellet. The resuspended pellet was
then incubated overnight at 37° C in Luria-Bertani (LB) agar media (Table 2.4) containing petri
dishes in the presence of carbenicillin (Table 2.5). Colonies were selected by toothpick the next
morning and grown in 5 mL of Terrific Broth (TB; Table 2.4) in the presence of carbenicillin
(Table 2.5) overnight at 37° C in a shaking incubator (220 rpm, New Brunswick Innova 4000
Incubator Shaker). Bacteria were then harvested by centrifugation at 3480 RCF for 15 min and
the supernatant removed.

The plasmids were purified and isolated from the E.coli cells using a Thermo Scientific
GeneJET Plasmid Miniprep Kit (catalog number: K0502) according to manufacturer’s
instructions. Additionally, their purifications and concentrations were tested on a NanoDrop™
2000 Spectrophotometer (Thermo Scientific) using 2 uL samples, after being zeroed with
autoclaved Milli-Q water. Absorbance at 260 nm and 280 nm were measured with a 340 nm
correction. All constructs were confirmed by forward and reverse sequencing (Eton Biosciences,
La Jolla, CA).

The sequence verified plasmids were then transformed into pre-made chemically
competent DH5a E. coli cells by combining 15 uL. competent cell stock with 1 uL of dilute
plasmid DNA ( ~1 ng/ uL) on ice for two minutes. The mixture was heat shocked in a 42 °C
water bath for 60 seconds, followed by an additional two minutes on ice. After the addition of
100 uL SOC media, the transformation mixture was then incubated overnight at 37° C on LB
agar media (Table 2.4) containing petri dishes in the presence of carbenicillin (Table 2.5).
Colonies were selected by toothpick the next morning and grown in 50 mL of TB in the presence

of carbenicillin overnight at 37° C in a shaking incubator at 220 RPM (New Brunswick Innova
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4000 Incubator Shaker). Bacteria were then harvested by centrifugation at 3480 RCF for 15
minutes and the supernatant removed. Finally, a Thermo Scientific GeneJET Plasmid Midiprep
Kit (catalog number: K0482) was used to isolate and purify the plasmid DNA at a higher yield.
The concentrations were then quantified as mentioned above and the purified plasmids stored at -

20 °C until ready for use.

2.2.3 Cell Culture and Transfection

Cloned human embryonic kidney (HEK?293) cells, known as AGNAS cells, in which
genes were knocked out by a CRISPR/Cas9 system corresponding to both members of the Gois
family (genes GNAS and GNAL, encoding Gois and G, respectively), were used in all
experiments. These lines were generously provided by Dr. Asuka Inoue (Tohoku University,
Japan). Additionally, the AGNAS cell line stably expressed a doxycycline inducible Epac sensor
(Pink Flamindo) encoded in pcDNA4.0 plasmid and was maintained by the addition of Zeocin™
(10 puL added per plate at a concentration of 100 mg/mL at the time of seeding). The AGNAS
cells were cultured in 10 cm tissue culture plates in 10 mL of Dulbecco's Modified Eagle
Medium (DMEM, Table 2.4) supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) in an environment of 5% CO> at 37° C.

Twenty-four hours prior to and at the time of transfection, 10 uL of doxycycline (Table
2.5) was added to promote the expression and accumulation of the Pink Flamindo sensor.
Additionally at the start of the transfection, the media was replaced by 10 mL of reduced serum
media (Opti-MEM, Table 2.4). Transfection was performed using a polyethyenimine (PEI)
reagent (Transporter 5, Polysciences). A transfection mixture was prepared in which 600 puL of

reduced serum media, 96 WL of Transporter 5, 12 ug of wild-type Gas or one of the chimeric
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plasmids, and 12 pg of the protein chaperone Ric-8B2 were left to incubate for 20 minutes at
room temperature and then added dropwise to the cells. For the cases in which a pertussis toxin
insensitive chimera was being evaluated or the system was stimulated with carbachol, (ISI (Pg),
SSI (Pg), SSQ, QSQ), 10 uL of pertussis toxin (100 pg/mL stock solution) was added to the
plates at the time of transfection. Cells were incubated in an environment of 5% CO> at 37° C for

24 hours before harvesting and completing the assay described below.

2.2.4 cAMP Assay of wild-type and chimeric G proteins

Twenty-four hours after transfection when the cells reached about 90% confluency, the
AGNAS cells were harvested by first washing each plate two times with 1X phosphate buffered
saline (PBS) (pH 7.4, Table 2.4). The cells were lifted from the plates using 5 mL of a solution
of 1X PBS containing 20 mM HEPES (N-2-Hydroxyethylpiperazine-N-2-Ethane Sulfonic Acid)
and 1 mM EDTA (pH 7.2) (Lifting Buffer, Table 2.4). The cells were harvested by
centrifugation in 15 mL Falcon tubes at 3000 rpm (Fisher Scientific Centrific Centrifuge) for 5
min. The pelleted cells were additionally washed in 5 mL of HBSS-HEPES buffer (Hank’s
balanced salt solution containing 20 mM HEPES, Table 2.4) and pelleted by centrifugation at
3000 rpm (Fisher Scientific Centrific Centrifuge) for 5 minutes. The pelleted cells were then
resuspended in 1 mL of HBSS-HEPES buffer. In a black, clear-bottomed, poly-D-lysine coated
96-well plate, 100 uL of the cell suspension (approximately 250,000 cells per well) was added
per well and incubated at 37° C for 40 minutes while ligand dilutions (stimulation buffer) were
prepared.

An increasing concentration of ligand (isoproterenol or carbachol in 10% dimethyl

sulfoxide (DMSO)) was prepared in HBSS-HEPES buffer (stimulation buffer) according to the
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optimal values in which to generate a dose-response curve. The range of ligand concentrations
for each was 0-0.01 mM, except the carbachol stimulated assay using the SSQ or QSQ chimera
with PTX added in which a range of 0-0.001 mM was used. Interestingly, studies have shown a
synergistic relationship between B2AR and ascorbic acid 2’. More specifically, ascorbic acid was
found to enhance the receptors sensitivity and duration of action while the receptor was found to
assist ascorbic acid’s antioxidant activity by converting it to its reduced, useful form.

28,29 ascorbic acid was added to

Additionally, because isoproterenol is susceptible to oxidation
the stimulation buffer at a final concentration of 1 mM. The competitive nonselective
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) was added at a final
concentration of 0.2 mM to inhibit the degradation of cAMP within the cell. After the addition of
50 uL of stimulation buffer to each well containing an adherent monolayer of cells using a

multichannel pipette (final volume in each well was 150 puL), the absorbance of the plates was

immediately measured at 535 nm and 612 nm every 13 s for 30 min using a microplate reader

(GEN:ios Pro, Tecan).

2.2.5 Data Analysis

Excel was used to baseline-normalize the time scale to disregard the first 26 s to account
for mixing error (26 s set as 0 s). The difference between the first fluorescence data point and
each data point thereafter until the 230" time point was calculated to attain the change in cAMP
accumulation over time. This range was chosen as it reflected the linear portion of the initial
increase in fluorescence. A curve was fit with nonlinear regression to generate the log dose-

response relationship using GraphPad Prism 6. The data was then normalized to the maximum
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observed response per data set using nonlinear regression to generate a log dose-percent response

(cAMP accumulation) curve for comparison between chimera data.

3. Results
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Figure 3.1: Analysis of wild type Gai protein induced cAMP accumulation using the Pink Flamindo cAMP
biosensor in AGNAS cells. cAMP accumulation is represented as percentage normalized to the maximum agonist-
induced response individual in fluorescence units (FU). All assays were performed on an adherent monolayer
(250,000 cells/well) of AGNAS cells (HEK293 cells lacking endogenous Gois isoforms) in the presence of IBMX
(0.2 mM) and ascorbic acid (1 mM). Absorbance was measured at 535 nm and 612 nm every 13 s for 30 min using a
microplate reader (GENios Pro, Tecan). The dose-response curve represents the initial rate of increase (slope) in
fluorescence units from 26-230 s. Cells were stimulated with a range of isoproterenol (2AR agonist) and co-
transfected with 12 pg wild-type Gos (SSS) and 12 pg of the protein chaperone Ric-8B2. The data is represented by
the means of four independent experiments + SEM in green.

To serve as an initial positive control displaying efficient receptor coupling and Gois
protein subunit activation, AGNAS cells containing a stably expressed cAMP sensor (Pink
Flamindo) were co-transfected with the wild type Gos protein subunit and the protein chaperone
Ric-8B2 then stimulated with a range of isoproterenol in the presence of IBMX and ascorbic acid

(Figure 3.1). Figure 3.1 shows a dose-response relationship characteristic of isoproterenol
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stimulated B2AR which classically leads to cAMP production via adenylyl cyclase following the
activation of G protein subunits as a normalized percentage of cAMP accumulation. The ECsg

was 10 nM, which is within the expected range of this system based on previous data.
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Figure 3.2: Analysis of Go,-based chimera induced cAMP accumulation using the Pink Flamindo
cAMP biosensor in AGNAS cells. cAMP accumulation is represented as percentage normalized to the
maximum agonist-induced response individual to each chimeric Gos protein in fluorescence units (FU).
All assays were performed on an adherent monolayer (250,000 cells/well) of AGNAS cells (HEK293
cells lacking endogenous Gois isoforms) in the presence of IBMX (0.2 mM) and ascorbic acid (1mM).
Absorbance was measured at 535 nm and 612 nm every 13 s for 30 min using a microplate reader
(GEN:ios Pro, Tecan). The dose-response curves represent the initial rate of increase (slope) in cAMP
from 26-230 seconds. (a) cAMP assay in which pertussis toxin (PTX) treated cells were stimulated with a
range of isoproterenol (iso). Cells were co-transfected with 12 ug of SSI (Pg)* in blue (n=5, error bars
represent + SEM) (Gas with the carboxy-terminus from Gai) or 12 pg of ISI (Pg)* in purple (n=2, error
bars represent + SEM) (Gois with the amino- and carboxy-termini swapped with Goi) along with 12 pg of
the protein chaperone Ric-8B2. (b) cAMP assay in which PTX treated cells were stimulated with a range
of carbachol in 10% DMSO (M; agonist). Cells were transfected with 24 pg of SSQ in red (n=1, in
duplicate) (Go, with the carboxy-terminus from Goyg) or 24 pg of QSQ in blue (n=1, in duplicate) (G0t
with the amino- and carboxy-termini swapped with Go) along with 12 pg of the protein chaperone Ric-
8B2. * (Pg) represents a C352G mutation to make the chimera insensitive to pertussis toxin.
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To investigate the contributions of the amino- and carboxy-termini of Go protein
subunits, a collection of chimeric Gos-based protein subunits were created in which the amino-
and carboxy-termini were systematically swapped with those of either Goi or Gog and
transfected into AGNAS cells containing a stably expressed cAMP sensor (Pink Flamindo) that
functioned as an indirect readout of receptor coupling specificity and Ga protein subunit
activation (Figure 3.2). As a first step toward understanding the contributions of the termini
towards coupling and exchange, we studied the effects of isoproterenol on activation of
endogenously expressed B2AR and measured its coupling efficiency to the Go chimeras. PTX
was added to all assays to inhibit endogenous Ga; protein subunits to effectively isolate the
effects the specific chimeric Gois protein subunits have on cAMP production. In Figure 3.2a
AGNAS cells were co-transfected with a Gos-based chimera in which the C-term was replaced
with that of a pertussis insensitive version of Gai (SSI (Pg), blue) or Gos-based double chimera
in which the N- and C-termini were replaced with that of a pertussis insensitive version of Goy
(ISI (Pg), purple), and Ric-8B2. As illustrated, isoproterenol (iso) potently activated adenylyl
cyclase activity (enhanced cAMP) through SSI (ECso ~ 8.1 nM, n=5) and then the slightly more
sensitive ISI (ECso ~ 3.5 nM, n=2), albeit not statistically powered to be conclusive. The
sensitivity of the chimeras to isoproterenol appears to display similar behavior to wild type-Gois
(SSS). We would have predicted that the native Gos N-term on SSI should have displayed
enhanced coupling of the Gai C-term chimera over the Goi N-term containing chimera (ISI).
Clearly, further experimentation (repetitions) is required to determine whether the Gois N-term

couples better than Goi N-term.
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Similarly, in Figure 3.2b, PTX pre-treated AGNAS cells were transfected with a Gois-
based chimera in which the C-term was replaced with that of Gog (SSQ, red) or Gos-based
double chimera in which the N- and C-term were replaced with that of Gog (QSQ, Figure 3.2b,
blue). The cells were stimulated with a range of carbachol concentrations (in 10% DMSO) and
the ECso was found to be 985 nM (n=1, in duplicate) for SSQ and 33 nM (n=1, in duplicate) for
QSQ, which is less than the single replacement chimera (SSQ). In this case, we were targeting
endogenously expressed M3AChR. Altogether, based on the EC50 values at this point, these data

suggest the amino-terminus plays an important role towards efficient downstream signaling.

Table 2.6: Summary of ECso Values

Chimera (NBC name) ECso (nM) Agonist Used Receptor Targeted
SSS 10 Isoproterenol B2AR
SSI 8.1 Isoproterenol B2AR
ISI 35 Isoproterenol B2AR
SSQ 985 Carbachol M3;AChR
QSQ 33 Carbachol M3;AChR

4. Discussion

Multiple sources of evidence suggest that the N- and C-terminal ends of G protein «-
subunits contribute toward receptor-G protein selectivity and to coupling efficiency. Early
biochemical studies suggested that the Gaw C-term makes the key contribution toward receptor
coupling thus toward receptor-G protein specificity. More recent structural evidence, however,

have uncovered significantly larger surfaces on Ga that contribute toward receptor binding and
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G protein activation. These studies have shown that while GPCRs indeed have extensive
interactions with the C-term of the Ga subunit, the N-term has an equally important role
interacting with the intracellular loops of GPCRs e.g., ICL2. This structural data is in good
agreement with more recent biochemical and biophysical evidence which support the critical role
of the Ga N-term to receptor specificity but more importantly brings attention to a role relating
to G protein activation through promoting nucleotide release.

While the role of the C-term is important and seems logical, when the promotion of GDP-
release (nucleotide exchange) is considered in the context of other G proteins, such as the small
molecular weight ras family, the logic weakens. The ras family incidentally displays a strong
similarity to the nucleotide-binding domain (RHD) of G subunits and do not rely on their C-
term to promote nucleotide exchange. Instead, nucleotide exchange is promoted through
disruption of the P-loop, which is the major site of interaction with the B-[PO4]- of GDP *. As
mentioned previously, the P-loop is linked to the N-term in G subunits by the highly conserved
B1-strand. Therefore, in light of the mechanism involved in ras activation/nucleotide release, the
structural evidence supporting the role of the N-term of Ga with respect to nucleotide exchange
seems reasonable.

Another example of the importance of regions outside of the C-term of G involves the
affinity of various forms of guanine nucleotides: GMP, GDP, and GTP. The initial arguments
supported by early biochemical data in favor of the critical role of the C-term or a5 helix were
based on the fact that the loop between the B6-strand and the a5 helix (B6-0.5 loop) contains
residues that coordinate the purine ring of GDP and GTP. It appeared logical that perturbing the
B6-a5 loop might affect the coordination of the purine ring and allow nucleotide release.

However, the significance of the purine ring is hindered when GMP is considered. GMP contains
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the same purine ring as GDP and GTP, but has 10*-10°-fold lower affinity than GDP for Go.
subunits, just like ras-like G proteins '!. Moreover, the fundamental difference between GMP
and GDP (monophosphate vs diphosphate) is the B-[PO4] which happens to be the phosphate
coordinated by the P-loop !'!. Thus, it appears logical that the N-term must be intimately involved
in nucleotide release through it’s connection to the P-loop. This reasoning is supported by recent
structural data showing the N-term of Gat interacting with ICL2 of GPCRs, regions which
mutagenesis studies have strongly implicated in G protein coupling, which is consistent with the
N-term’s role in G protein activation. Therefore, with the support of recently published studies
and our known preliminary data on the G protein chimeras, the shared contributions of both the
N- and C-term in receptor-G protein coupling, G protein activation and toward receptor-G
protein specificity were explored.

In our studies, we decided to use the core of Goi,s to assemble the chimeras and measure
the real-time cAMP accumulation using the Pink Flamindo biosensor because Gois activates
adenylyl cyclase through direct interaction with its Switch II domain, which is located well away
from the N- and C-term and unrelated to nucleotide exchange *°. We also decided to take
advantage of an HEK293-derived cell line in which the gene encoding Gois (GNAS) has been
disrupted. This AGNAS cell line displays low endogenous adenylyl cyclase activity under basal
conditions and is insensitive to stimulation by Gs-coupled receptor activation '°. Therefore,
stimulation of B2AR with isoproterenol in AGNAS lines leads to decreases in cAMP
accumulation through recruitment of the endogenous inhibitory G protein (Gi), which has also
been found to couple to B2AR!'?. Additionally, to control for a potential coupling of B2AR to
endogenous Gai, the cells were treated with pertussis toxin (PTX), which prevents Goi from

interacting with the receptor, as previously mentioned. Furthermore, we utilized point mutants of
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Go chimeras containing the c-term of Gai, where the residue that is normally ribosylated by
PTX is mutated (C351G mutation). This allowed us to use PTX to exclude the contributions of
endogenous Ga; signaling and focus only on the interaction, coupling, and activation of the
PTX-insensitive Gai C-term-containing chimeras.

In our study, we observed that overexpression of the Gos-based single replacement
chimeras with the carboxy-terminus of G (SSI (Pg)) caused an increase in cAMP generation
after isoproterenol stimulation through the B2AR, which suggests that the C-term of G is fully
capable of coupling and activation via B2AR. Unfortunately, time limitations have disrupted our
ability to establish a complete data set on B2AR coupling to SSS, SSI and ISI. Our preliminary
data suggests that the Goi N-term in the ISI chimeras displays slightly higher affinity for
isoproterenol than the SSI chimera, although our data are not statistically powered enough to
determine whether these differences are significant.

The same relationship was seen with the Gois-based C-term replacement with that of Goyg
(SSQ). Application of carbachol and stimulation of endogenous M3AChR led to activation of the
SSQ chimera (i.e. gained a Gog coupling capacity) and stimulation of adenylyl cyclase. The
M3AChR is a classic Gg-coupled receptor that regulates calcium signaling via IP3 generation.
Since we utilized the AGNAS cell lines, it is safe to assume that cyclase responses are a direct
result of the Gos-based chimera coupling to the M3AChR when endowed with the Goyg C-
term. These findings are in good agreement with previous data from Conklin et al. (1996) which
showed that when the carboxy-termini are swapped between Goq and Go, subunits, receptors

will activate chimera appropriate to which carboxy-termini is present and cognate to MsAChR 7.
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More notably, when the Gog N- and C-term containing double chimera QSQ is
considered, a 30-fold difference in EC50 was observed when compared to that of SSQ (33 nM vs
985 nM, respectively). This difference suggests that the N-term greatly contributes to the
M3AChHR selection process and leads to more efficient G protein activation, giving the double
chimera close to Gg-like qualities. This finding is in good agreement with previously published
data suggesting that Gq-coupled receptors, such as M3sAChR, use the N-term of Goy as a
selectivity filter **. Additionally, Jelinick et al. (2021) found that when both termini were
replaced on Go, with that of G, the chimera gained qualities comparable to wild type Gq
results (receptor-G protein complex stabilities and G protein activation results) when coupled to
M3AChR #°. While conclusions made about our data make sense based on the number of
repetitions completed, a conclusive assignment of significance can only be attained after more
repetitions are compiled. Ultimately, previous literature suggest that the C-term is not the sole
contributor related to a receptor’s selectivity process but implicates the N-term as a synergistic

partner.

5. Conclusions

In conclusion, we engineered a set a Gos-based chimeras by swapping the N- and C-
termini from that of either Goi or Golg. The goal of which was to uncover the contributions of the
N- and C-termini towards efficient downstream signaling and receptor specificity by using
cAMP accumulation as an indirect means of measurement. It was hypothesized that both the N-
and the C-term contribute to efficient second messenger generation. While the results of this
study are inconclusive based on the number of experimental repetitions completed and the lack

of statistical analysis, the results compiled from an extended literature review support the notion
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that both the N- and C-term play a role in receptor-G protein selectivity and efficient G protein
activation. More specifically, it appears that the N-terminus and all 22 amino acids from the C-
term majorly contribute to coupling specificity. Altogether, these results and literature reviewed
in this study potentially detail important insights regarding GPCR-G protein selectivity and
identify motifs within the Go subunit that appear to initiate efficient downstream signaling.
Additionally, we hope that exploring the intricacies of GPCR-G protein selectivity provides
insight into on-target, yet signal-biased, drug side effects. By gaining a deeper understanding of
how ligands, such as salmeterol, can stabilize coupling to one G protein isoform over another
isoform in the context of the G protein’s N- and C-term composition, we may uncover the
underlying factors that dictate a universal mechanism of receptor-G protein selection. Attaining

this knowledge may aid in the design and development of safer therapeutics.

5.1 Future Studies

Due to time limitations, we could not collect enough technical and biological repetitions
on the agonist-stimulated activation of the chimeras. More repetitions will need to be completed
in order to determine the ECso values in at least three independent experiments. The ECso values
from agonist stimulated, cognate receptor-G protein pairs could then be compared statistically to
each chimera containing the respective N- and C-termini from the cognate pair using a t-test,
e.g., the ECso value from carbachol stimulation of the MAChR coupling to Gai compared to the
ECso’s of IS and SSI chimera also coupling to the MoAChR after carbachol stimulation.
Additionally, there are several controls that are required, including being able to exclude the

possibility that the M3AChR is activating adenylyl cyclase independent of the transfected

chimeras. This could be done by giving AGNAS cells carbachol and generating a dose-response
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curve in the absence of any chimera. Another control would be to co-transfect Ric-8B2 with each
chimera and repeat the wild-type Gots measurements with PTX. Also, it would be wise to assess
whether the chimeric G proteins were expressed at similar levels to each other and to the wild
type versions. Fortunately, we froze and stored 100 pL aliquots of cells from each transfection
and each assay, which allows us to assess expression levels by western blotting analysis in the
future. It is also possible to stably express a chimera with a tetracycline-regulated promoter in
order to attain equal expression levels of the chimeras, should transient expression be variable.
Similarly, while beyond the scope of this study, we may attempt to obtain cryoEM structures of
the receptor-bound chimeras to examine how matched, or cognate termini, interact with a
receptor in comparison to non-cognate termini. Finally, this chimeric strategy could also be
extended to other G protein isoforms to see if the same relationships can be observed which
could lead to the discovery of a universal mechanism. We also plan to expand the screen of
coupling efficiency of the chimeras beyond the f2AR and M3AChR. Our next candidate class of
receptors are the Gi-coupled forms, most notably the mu-opioid (MOR), dopamine D2 (DRD2)
and M, muscarinic receptors (M2AChR). The future directions listed here should guide us

towards a predictable mechanism of ligand-receptor-G protein trio interactions.
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