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Abstract

The most abundant cell surface receptor in eukaryotes, G-protein coupled receptors
(GPCRs) couple with heterotrimeric G proteins, utilizing active Ga and Gy subunits, to initiate
distinct intracellular signaling pathways implicated in cell functions and physiological responses.
Several GPCRs are validated therapeutic drug targets, while the majority of GPCRs represent
unexplored potential, with many studies aiming to define their signal transduction response,
identify ligands, and determine their roles in diseases and disorders. Amino acids have become an
interest of studies aiming to elucidate their role as ligands, with previous findings demonstrating
that L-phenylalanine activates 12 Class A GPCRs. The aim of this study was to characterize the
signal transduction response in multiple established signaling pathways for the L-phenylalanine -
responsive GPCRs. This was investigated utilizing mammalian cells expressing a target GPCR
and luciferase reporter for one of the Gaui2/13, Gog11, GBy, Gai, and Gos signaling pathways. Cells
were treated with either L-phenylalanine or a control vehicle prior to luciferase assay examinations
of their response. L-phenylalanine differentially activated GPCR signaling pathways, in a manner
that was receptor-dependent, to preferentially increase or decrease cellular responses. Moreover,
this response was not always limited to one preferential pathway, and not all receptors previously
identified to be activated by L-phenylalanine were observed to significantly signal through the
examined pathways. Elucidation of L-phenylalanine’s role in the regulation of cellular
communication and function must be explored through independent receptor characterization due

to its promiscuous receptor-dependent activation of GPCRs.
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were treated with a Opti-MEM vehicle or a positive control (POS) for activation (controls were
20% FBS for Gai2/13, GBy pathways; 10 ng/mL PMA & 1 uM Ionomycin for Gog11; and forskolin
for Gai, and Gos pathways). Luciferase/p-galactosidase activity (RLU) was determined and
expressed relative to the vehicle as fold change. Data was collected in biological triplicates and
shown as mean +/- SEM. Statistical significance (*p < 0.05) in activation relative to the vehicle
was evaluated using one-way ANOVAs and corrected using Holm-Sidak statistical hypothesis
testing.
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(visualized as a dotted line) as fold change. Data was collected in biological triplicates and shown
as mean +/- SEM. Statistical significance (*p < 0.05) in activation relative to the vehicle was
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treated with a Opti-MEM vehicle, 0.8- or 5 mM L-Phenylalanine (PHE). For investigation of the
Gaiio pathway, cells were additionally treated with forskolin (concentration) to activate adenylyl
cyclase and induce pathway target pathway activation. Luciferase/p-galactosidase activity (RLU)
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1. Introduction

1.1. Signal Transduction

Signal transduction is an essential form of cellular communication, by which cells adapt to
their external environment for survival. Diverse molecules, including lipids, peptides, ions,
photons, and amino acids act as extracellular signals to facilitate communication between cells and
their surroundings.® Cells must interpret these signals through intracellular signaling cascades that
disseminate this molecular communication within the cell to elicit cellular responses.* These
signaling pathways can reachthe nucleus of a cell to targettranscription factors
and effectively regulate gene expression.® Signal transduction pathways coordinate and regulate
nearly all physiological responses, including cell death, development, differentiation,
metabolism, and proliferation.’

Extracellular signaling molecules that bind to protein receptors at the cell surface are called
ligands.® Upon ligand binding, receptors undergo a conformational change to activate target
proteins and stimulate the release of second messenger molecules; second messengers amplify and
cascade signals by altering the activities of downstream target effector proteins to produce cellular
responses.® The same signal molecule can activate multiple pathways, which produce distinct
responses.® Further, signaling pathways can be linear and have single targets; however, many are
branched complex networks with the capability of participating in crosstalk, producing a multitude
of biochemical responses.® As such, many proteins and second messengers participate in more than
one signaling pathway to interact with several upstream and downstream molecules.? Ligands and
receptors exhibit a selective binding affinity for one another, though some demonstrate

promiscuous binding, indiscriminately activating intracellular signaling pathways.®
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The nature of receptor activity is affected by the type and location of ligand binding.” Most
ligands directly activate a receptor, binding directly at the orthosteric site.” Alternatively, ligands
can bind to allosteric sites and alter receptor conformation, indirectly affecting its signaling
activity.” Allosteric ligands change the conformation of all binding sites, modulating their binding
affinity.” Further ligands are categorized based on their effect on the receptor, as agonists,
antagonists, or inverse agonists.” Agonists stabilize the receptor to induce activation and therefore
initiate signal transduction.” Inverse agonists have a negative efficacy on activity, producing
opposing effects, compared to the agonist.” Antagonists, while they do not affect a receptor’s
constitutive activity (ligand-independent activity), bind and impede on agonist-induced
activation.’

The rapidly evolving knowledge surrounding signal transduction has allowed for
significant advances in pharmacology and drug design. Cell surface receptors are common targets
for drugs which can manipulate and imitate signaling responses for therapeutic benefits.?
Approaches in drug design rely heavily on the characterization of receptor-specific signal
transduction, the determination of the biological impact of signaling, and the identification of
ligands which elicit the desired response.” Large scale elucidation of the signal transduction of
receptors using high-throughput screening (HTS) methods has been advantageous for academics
and pharmaceutical groups seeking to identify new drug targets; however, many receptors remain
uncharacterized.®
1.2. G-Protein Coupled Receptors

G-protein coupled receptors (GPCRs) are the most abundant cell surface receptor in
eukaryotes.” GPCRs transmit signals intracellularly via coupling with heterotrimeric guanine

nucleotide-binding proteins (G proteins).!? There are over 800 GPCRs identified in humans, based
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on their distinguished seven-transmembrane (7TM) a-helices structure and topology. They
mediate a range of signal transduction events, transmitting signals using their extracellular N-
terminus and intracellular C-terminus.’ Due to their implications in cell functions and
physiological responses, GPCRs have been heavily researched and validated as therapeutic drug
targets.'! GPCRs are targets for ~30% of all drugs currently approved across the global therapeutic
market, and are the focus of approximately 2/3rds of recent clinical trials'?. These targets constitute
only a fraction (~15%) of the superfamilies’ total members.!3 The majority of GPCRs represent
unexplored potential, with many studies aiming to define their signal transduction response,
identify ligands, and determine their roles in diseases and disorders.'?

Diverse and relatively unconserved, GPCRs are functionally classified using an A-F
system’: The rhodopsin-like family (A), the secretin receptor family (B), the metabotropic
glutamate receptor family (C), the fungal pheromone receptors (D), cAMP receptors (E) and
frizzled/smoothed receptors (F).'* Classes A, B, C, and F, are found in humans.” Approximately
80% of all GPCRs fall within class A which includes hormone, light, and neurotransmitter
receptors'#; additionally, roughly half of the class is comprised of olfactory sense receptors.'* Class
A receptors are known to bind with a diverse range of ligands and are related to a vast number of
physiological functions and diseases.”!3

The International Union of Basic and Clinical Pharmacology (IUPHAR) officially names
GPCRs based on their endogenous ligand.® However, several GPCRs have unidentified or disputed
endogenous ligands, which are termed “orphans”, particularly found within classes A and C.'°
GPCRs become de-orphanized when researchers identify a ligand for the receptor with a
physiological link to its activity, and the result is reproducible.!® In pharmacology, de-

orphanization often leads to advances in identifying novel physiological processes and
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therapeutics.!® There are currently several HTS methods available for identifying and validating
endogenous ligands.'”
1.3. G-Protein Signalling

GPCRs coupled with heterotrimeric G proteins act as signal transducers.!® These
heterotrimeric G proteins are comprised of guanosine diphosphate (GDP)-bound Ga. subunits and
a GPBy heterodimer.! Based on the sequence of their Ga subunit, G proteins divide into four
subfamilies: Gos, G, Golg/11, and Gauiziz.! Upon activation, a change in the conformation of the
GPCR activates the Go subunit to exchange GDP for guanosine triphosphatase (GTP).! This
causes a conformational change in the Ga subunit and the dissociation of the GBy heterodimer.!
Utilizing either the active Ga subunit or free Gy, GPCRs initiate distinct intracellular signaling
pathways (Figure 1.1).! Pathways will propagate signals to regulate the activities of downstream
target effectors and transcriptional machinery.'® Signaling terminates following the reassociation

of GPBy and the hydrolysis of GTP to GDP as a result of GTPase activity.!

a-effector Py-effector

Figure 1.1. Standard ligand induced activation of GPCR signaling pathways. Ligand binding
initiates intracellular receptor coupling with heterotrimeric G proteins to transmit signals
downstream through target effectors.!

The canonical signaling targets of the 4 Ga subunits are well characterized; however, the

subsequent interactions and crosstalk within their signaling pathways are often complex, and

remain relatively unclear.! The Gas pathway regulates intracellular levels of cyclic adenosine

Burke 4



monophosphate (cAMP) through activation of the enzyme adenylate cyclase (AC).> This pathway
induces gene transcription via terminal effectors binding to the cAMP response element (CRE).?
The Gai, pathway signals through its a subunit to oppose the Gas pathway by inhibiting the activity
of AC.! The Gagq pathway activates phospholipase C (PLC) to generate the secondary messengers
inositol trisphosphate (IP3) and diacylglycerol (DAG), to induce Ca?* production.!® This pathway
induces gene transcription via the nuclear factor of activated T-cells response element (NFAT-
RE).?2 The Gouz13 pathway is currently the least characterized a-subunit pathway; however, it is
known to affect the GTPase RhoA. This pathway induces gene transcription via the serum response
factor response element (SRF-RE).? Further, GPCRs can use their GBy heterodimer to initiate
signaling, activating mitogen-activated protein kinases (MAPKSs). The Gy subunit induces gene

transcription via activation of gene promotors containing serum response element (SRE).?

RhoGEF

Figure 1.2. The major GPCR signaling pathways Gas, G, Gog11, G213, GBy. GPCR
activation induces cascades of intracellular signaling that terminate in transcriptional activation at
pathway-specific response elements. Luciferase genes can be stably or transiently added to cell
lines to couple each pathway to expression of a luciferase enzyme.?

GPCRs exhibit biased signaling, as distinctive ligand-dependent receptor conformations

selectively activate downstream signaling pathways.!” When activated, GPCRs are often capable

Burke 5



of adopting multiple, ligand-dependent, conformations, each producing a distinct response and
downstream effect!’; each GPCR induced conformational state may initiate a downstream signal
through a specific G protein pathway.” The reasoning for a receptor’s coupling specificity is not
fully understood, and may be dependent on extrinsic factors such as subcellular location.?’.

The termination of signal transduction is coordinated and regulated by p-arrestins via a
desensitization and sequestration processes.?! Following activation, G protein coupled receptor
kinases phosphorylate the intracellular GPCR loops.?! Immediately following the phosphorylation
of active GPCRs, B-arrestins are recruited to the receptor, binding with a high affinity and causing
selective dampening of transduction due to steric hindrance.?'?> Subsequently, the C terminus of
B-arrestin interacts with clathrin proteins to facilitate internalization, degradation, and recycling of
the receptor complex via endocytosis.?

HTS luciferase reporters are commercially available to characterize receptor/G protein
pathway activation downstream of each canonical pathway.> Promotors for G protein pathways
followed by a firefly luciferase gene can be stably or transiently added to cell lines to couple each
pathway to expression of a luciferase enzyme. Luciferases are oxidative enzymes that produce
bioluminescence through catalysis of a luciferin substrate.” If pathway activation occurs,
transcription factors corresponding to each pathway transcribe pathway-specific response
elements in the nucleus (CRE, NFAT-RE, SRE, SRF-RE). The resultant increase in gene
expression and luciferase protein activity is measured as an increase in light that corresponds with

the magnitude of pathway activation.?
1.4. Amino Acid Signaling

The potential of metabolites, and to a greater extent amino acids, as extracellular signaling

molecules has just begun to be elucidated.”* Amino acid sensing in the body is vital for
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coordinating protein abundance with metabolism, and is associated with various signaling
pathways.?>?® Amino acid sensors preferentially recognize the natural L-isomers; The L-
configuration is the predominant form for amino acids, and the only configuration capable of
protein biosynthesis in the human body.?®?” Amino acid sensing receptors have been found
abundant in the gastrointestinal tract and were first identified within the class C family of GPCRs,
for-example taste receptors, GABA receptors, and the calcium sensing receptor (CaSR).?® The
taste receptors TAS1R1 and TAS1R3, which form the dimer responsible for mediating the umami
flavour, are activated by most amino acids.?® TASIR1-TAS1R3 receptors are further expressed in
tissues throughout the body, where its suggested their activation by amino acids may be linked to
regulating autophagy.?® Studies suggest that amino acid sensing receptors have a limited selectivity
or enhanced sensitivity for aromatic amino acids.?® While there is some progress on the functions
of amino acid signaling in regulating metabolism, the signal transduction pathways are largely

unknown.?*

1.5. Rationale for the Current Study

An essential amino acid, as it is not synthesized metabolically and must be taken up in the
diet, L-phenylalanine (L-Phe), serves important physiological roles in metabolic pathways and the
biosynthesis of proteins.?’ L-phe is the L-enantiomer of the large hydrophobic aromatic amino acid
phenylalanine. Aromatic amino acids such as L-phe, and its derivative L-tyrosine, have been
recently proposed as an endogenous ligand for GPCRs found within the gastrointestinal tract.??°
This is the case for CaSR, and the class A orphans GPR142 and GPR139.2%-26:27

We have shown in previous studies that the essential amino acid L-Phe can activate
multiple class A GPCRs. These studies from our lab aimed to investigate the receptor activation

of 72 orphan receptors and 72 receptors with known roles in lipid and energy homeostasis,
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following treatments with essential and non-essential amino acids mixtures, using a HTS -arrestin
recruitment assay method (Figure 1.3).3? Following investigations with essential and non-essential
amino acid mixtures, we found that the amino acid L-Phe had the most significant impact on the
activity class A receptor candidates (Figure 1.4). Class A orphan receptor candidates GPR3,
GPR6, GPR12, GPR34, GPR35, GRP88, GPR142, and class A lipid receptor candidates CLTR2,
GPBA, MC4R, S1P1, S1P4 were found to be significantly activated by 0.8 mM L-Phenylalanine.
The results suggested that, through activation of GPCRs, the role of L-Phe in cell function may
extend beyond its role as a building block in proteins to include regulation of physiological

significant cellular communication.
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Figure 1.3. Heat map of amino acid-treated orphan and lipid receptors screen. The fold
change RLU of the change in luminescent signaling of 144 lipid and orphan receptors treated with
a mixture of 20 essential and non-essential amino acids relative to vehicle treatment in a B-arrestin
recruitment assay. (Data courtesy of Madeline Power and Madeline Russell, 2019).
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Figure 1.4. L-Phe activation of lipid and orphan GPCRs. Fold change RLU of receptor
candidates significantly activated in screen treated with vehicle (VEH, gray) and 0.8 mM L-Phe
(PHE, blue). Data shown as min to max with line as median, * p <0.05. (Data courtesy of Madeline
Power and Madeline Russell, 2019).

1.6. Summary

The aim of this study was to characterize the signal transduction response in multiple
established signaling pathways for the L-Phe-responsive GPCRs. This will be accomplished by
individually transfecting 12 class A orphan and lipid GPCRs into mammalian cells stably or
transiently expressing vectors for luciferase reporter genes specific to Gauiz/13, Gogi1, GoiGpy,
Gaiij, or Gas signaling pathways. Cells will then be treated with either L-phenylalanine or a control
vehicle prior to conducting luciferase assays to examine activation responses. Through this project
we expect to create 12 receptor profiles, characterizing the transduction response in each major G-
protein pathway. We hypothesize that activation of the identified receptors will result in GPCR
signal transduction in multiple downstream pathways and that these may differ depending on the
receptor. The findings from this project will identify whether these receptors produce biologically
relevant responses to L-Phe. This is a necessary first step in the longer-term goal to determine the
impact and potential these signal transduction pathways and receptors have on health, and

metabolism, and diseases.
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2. Materials and Methods

2.1. Cell Culture

For GBy coupled pathway experiments, human embryonic kidney 293 (HEK293) cell lines
stably expressing SRE responsive MAPK reporters, containing a firefly luciferase gene, were
utilized.*® For Gag11 and Gi2/13 pathway experiments, HEK293-T17 cell lines were utilized, and
reporters were added by transient transfection. All cells were grown at 37°C and 5% COa,. Cell
growth medium contained Dulbecco’s Modification Eagle’s Medium (DMEM; Corning, 10-013-
CV), with 10% fetal bovine serum (FBS; Wisent Biproducts, 080-150). Cells were passaged when
cultures reached 70-80% confluency (approximately every 48 hours), at a sub-cultivation ratio of
1:10. During passaging, cells were washed using 1X phosphate buffered saline (PBS) wash buffer,
detached from the plate with 0.25% trypsin/2.21 mM ethylenediaminetetraacetic acid (EDTA;
Corning, 25-053-CL), and centrifuged at 300 rcf for 5 minutes, prior to resuspension in a 10 cm
cell culture dish. HEK293 cell lines expressing MAPK reporters were additionally maintained in

0.04 pg/mL puromycin (Bioshop, PUR333.25).

2.2. Plasmid Preparation

Plasmids containing the coding sequences of GPCRs were obtained from the PRESTO-
Tango library (Roth Lab, Addgene Kit #1000000068), and propagated using standard procedures
in E.coli. Transfection-grade plasmid DNA was isolated with NucleoBond Xtra Midi Plus kits
(Macherey-Nagel, 740412.50) for high-yield purification, and NucleoSpin Plasmid Transfection-
grade kits (Macherey-Nagel, 740490.25) for low-yield purification. Additionally, pCMV-beta-
galactosidase (B-gal), empty vector pBluescriptSK (pBSK), and pEGFP-N1 expressing green
fluorescence protein (GFP) plasmids were a gift from C. Sinal (Dalhousie University). B-gal and

GFP were used as internal controls to quantify and observe the efficiency of transfections
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respectively. DNA plasmid concentration and purity was quantified using Nanodrop spectrum
analysis software.

2.3. Luciferase Assay

A summary of the luciferase assay experimental timeline is shown in Figure 2.1.

On Day 1 of Gag11 and Gi2/13 pathway experiments, HEK 293 cells were plated at 12,000
cells/well in DMEM containing 10% FBS in 96 well plates. For GBy coupled pathway
experiments, MAPK cell lines were plated in the same medium conditions at 35,000 cells/well in
24 well plates.

On Day 2 of experiments HEK 293 cells were transiently transfected with the following
components prepared in Opti-MEM: 50 ng/well signaling reporter, or pBSK if reporter was already
expressed; 25 ng/well f-gal; 100 ng/well GPCR candidate DNA; using 2.8 pg/well
polyethyleneimine (PEI) transfection reagent. Volumes were increased fourfold for Gy coupled
pathway experiments. Additional control used either pPBSK or GFP in place of receptor DNA.
pBSK was used to provide a negative transfection control to verify the efficacy of B-gal vector and
to elucidate endogenous receptor signaling effects. Transfected cells were incubated at 37°C and
5% COz for 15 hours post-transfections, following which medium was removed and cells were
then serum-starved for 24 hours in Opti-MEM (Gibco, 31985-07).

On Day 4 of experiments technical triplicates were treated with 3X treatments of 0.8 mM,
5 mM L-Phe (TCI America, PO134), or a control vehicle (Opti-MEM). Treatment times for
experiments were 4 hours unless otherwise indicated (Appendix C). Positive controls were
additionally given 20% FBS (for cell expressing MAPK or SRF) or 10 ng/mL PMA and 1 uM

Ionomycin (for cells expressing NFAT). Cells were lysed using 20 uL/well (100 pg/well for GBy
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pathway experiments) 1X Firefly lysis buffer (Biotium, 30028) and stored at -80°C following
treatments.

B-gal assays were performed by combining 30 uLL of 2X B-gal assay buffer (0.1 M sodium
phosphate buffer (pH 7.3), 1mM MgCl, 0.067% (w/v) ortho-nitrophenyl- B-galactosidase
(ONPG), 50 mM B-mercaptoethanol) and 30 pL of cell lysate. Absorbance was quantified at 420
nm using a BioTek Synergy HT luminescence reader and Gen5 software, 10 minutes following
the addition of B-gal assay buffer. The luciferase assay was performed using 10 pL luciferase assay
buffer (Biotium, 30028L) containing D-luciferin (Biotium, 9907) and 20 pL of cell lysate. 5 min
following the addition of luciferase buffer with oscillation, luminescence (RLU) was quantified
using a BioTek Synergy HT luminescence reader and Gen5 software.

All experiments contained technical triplicates of receptors with individual treatments and

were performed a minimum of three times.
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Figure 2.1. Schematic outlining the experimental timeline of Signaling Reporter Assays (Day
1) HEK 293 cells were plated in 96- or 24 well plates. (Day 2) Cells were transfected, §-gal, L-
Phe activated GPCRs, pBSK, and signaling reporter (for Gos and G/, experiments) using PEI. (Day
3) Cells were serum-starved for 24 hours in Opti-MEM. (Day 4) Cells were treated with 0.8 mM
L-Phe, 5 mM L-Phe, vehicle (Opti-MEM), or positive control for designated treatment length;
Cells were lysed and stored at -80°C following treatments. (Day X) Receptor activity was
quantified via luciferase and [-gal assays using a BioTek Synergy HT luminescence reader and
GenS software. Method illustrations created with www.Biorender.ca.

2.4. Statistical Analyses

Raw data compiled from experiments was analyzed using Microsoft Excel and
standardized as RLU/A420. Data was corrected for background noise using assayed 0.1X Firefly
lysis buffer as blank measurements and transformed as average fold change with respect to vehicle

treatments. Additionally, analogous data from experiments performed on Gas and Gy, pathways
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were consolidated for figure presentations; this data was contributed by master’s student Madeline
Power. Statistical analysis and data visualization was achieved using Prism 9 (GraphPad
Software). A two-way analysis of variance (ANOVA) was performed, with multiple comparisons
between the mean of individual treatments to the mean of the vehicle treatments. The analysis was
corrected using Holm-Sidak statistical hypothesis testing, which adjusted p values for multiplicity.
The significance level for all statistical analyses was set at p < 0.05 and indicated in figures with
an asterisk. All data was presented in figures as the mean + standard error of the mean (SEM).
2.5. Bioinformatics

PRED-COUPLE 2.0 was used to predict the normalized posterior probability score,
indicating coupling specificity, of investigated GPCRs to the G proteins o subunits: Gog/i11, Goiio,
Gas, and Gaiz13 (Appendix B). Further, TMHMM-2.0 was used to predict GPCR transmembrane
domain location and orientation, based on a hidden Markov model, from FASTA formatted amino

acid sequences (Appendix C).
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3. Results

3.1. Luciferase assays can be used to inspect GPCR pathway activation

Methods first needed to be validated to ensure significant responses could be measured
within target pathways for subsequent examinations of L-Phe induced activation of signaling
pathways among class A GPCRs. Preliminary screenings of luciferase assays were performed
using pBSK as a control for pathway activation and assay function in the absence of GPCR-
dependent interference. To determine the extent and nature of pathway signaling we examined the
activation of luciferase reporter expression downstream of Ga.i2/13, Gagi1, GBy Gaijo, and Gas. To
do so, HEK293 cells stably or transiently expressing vectors for luciferase reporter genes under
the control of the CRE, NFAT, SRE, or SRF-RE response elements were transfected with pBSK
and treated with OptiMEM vehicle or known positive controls for pathway activation (Figure 3.1).
For all pathways, treatment with their respective pathway activation control resulted in
significantly increased fold-change luminescence relative to the untreated vehicle. Positive control
treatments induced increases of at least 2-fold in all investigated pathways, with the GBy pathway
demonstrating the most sensitive response with the magnitude of activation over 30-fold. Variation
among pathway responses could be attributed to the differences in the number of cells plated for
signaling reporter assays, which were presumed from prior transfection optimization procedures.
These findings demonstrate that the procedures and equipment are sufficient to investigate
signaling in these pathways and ready to use for the investigation of L-Phe signaling of GPCRs

through these pathways.
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Figure 3.1. Validation of Signaling Reporter Assays. HEK293 expressing a luciferase reporter
for G protein signaling pathways were transfected with the empty vector plasmid pBSK. Cells
were treated with a Opti-MEM vehicle or a positive control (POS) for activation (controls were
20% FBS for Gai2/13, GBy pathways; 10 ng/mL PMA & 1 uM Ionomycin for Gog11; and forskolin
for Gai, and Gos pathways). Luciferase/p-galactosidase activity (RLU) was determined and
expressed relative to the vehicle as fold change. Data was collected in biological triplicates and
shown as mean +/- SEM. Statistical significance (*p < 0.05) in activation relative to the vehicle
was evaluated using one-way ANOVAs and corrected using Holm-Sidak statistical hypothesis
testing.

3.2. Investigation of Endogenous L-Phe signaling

Following assay validation, luciferase assays were interrogated to distinguish between
activation of endogenous expressed receptors in HEK293 cells and exogenously expressed GPCRs
of interest. Given that HEK293 cells have the potential to endogenously express/interact with
signaling proteins, and downstream luciferase assays indiscriminately respond to pathway
activation, it is necessary to determine the impact of L-Phe treatment in the absence of GPCR
expression.** To assess whether L-Phe could activate endogenous signaling pathways, luciferases
assays were performed in response to 0.8- and 5 mM L-Phe treatments, using reporter cells
transfected with pBSK (Figure 3.2). L-Phe significantly induced signaling relative to the vehicle
across both treatment doses within the Gog/11 pathway, and the Go.12/13 pathway in response to the

higher treatment exposure.
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Figure 3.2. GPCR-independent activation of signaling pathways induced by L-Phe. HEK293
cells expressing a luciferase reporter for G protein signaling pathways were transfected with the
empty vector plasmid pBSK. Cells were treated with a Opti-MEM vehicle, and 0.8- or 5 mM L-

Phenylalanine (PHE), for optimal treatment times (See Appendix C). Gaiy, investigated cells were
additionally treated with a forskolin mixture to induce signaling within the target pathway.

Luciferase/B-galactosidase activity (RLU) was determined and expressed relative to the vehicle
(visualized as a dotted line) as fold change. Data was collected in biological triplicates and shown
as mean +/- SEM. Statistical significance (*p < 0.05) in activation relative to the vehicle was
evaluated using two-way ANOV As and corrected using Holm-Sidak statistical hypothesis testing.

3.3. L-Phe differentially impacts signaling through class A orphan GPCRs

To determine which signaling pathways L-Phe activates in class A orphan GPCRs,
luciferase assays were individually conducted for luciferase reporters expressed in Gai2/13, Gogi1,
GaiGPy, Gain, and Gos pathways. Receptor candidates GPR3, GPR6, GPR12, GPR34, GPR35,
GPRS88, GPR142 were treated with 0.8 mM and 5 mM L-Phe (Figure 3.3). Fold change compared
to vehicle treatments of L-Phe yielded a significant change in pathway activity, exclusively among
GPR12, GPR34, and GPR35. L-Phe differentially activated the signaling of these receptors to
significantly increase or decrease response element activity compared to the vehicle. Moreover,
except in the case of GPR12, L-Phe inhibited signaling responses through a single significant
pathway and was dose dependent. In the case of GPR12, L-Phe treatments had differing pathway

effects, inhibiting activity within Gou213 and Gogi1 pathways, this response was dose dependent
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for the latter. Further, L-Phe induced increases in signaling through Gai, over both treatment

concentrations.

N
o
1

»
o

Fold Change RLU

o o -
° o o
I 1 1

GPR3

= 0.8 mM PHE
= 5mM PHE

T
Gayzsy

o n n
o ° @

Fold Change RLU
-
°

4
@

fd
o

T
Gay,

.. -. .
Gayys Gy [

a,
GPR6 = 0.8 mM PHE

= 5mM PHE
2
. -
[
. °
: 2
T &
------ z
g

r
Ga,

= 0.8 mM PHE

2.5 3 5mM PHE

2.0
3 =]
: : 2

1.5+ : . °
E‘ 2
© 1.0 - g
o P! IR -
e : s
) N i )

0.0- T T

X Ga,
GPR34 = 0.8 mM PHE

2.59 = 5mM PHE

2.0
F 3
« % x
2 1.5+ §
2 . Z
© 1.04 : )
z . <

: o

“ 0.5+ ’ w

0.0

T
Gayzny

o
o

o
°

»
o
1

»
o

-
o
1

-
°

GPR35

]ﬂ __________ iﬂ ___________ .ﬂ ___________ .

= 0.8 mM PHE
= 5mM PHE

Ga12!|3

Gagr Gay,
GPR88 = 0.8 mM PHE
2.59 = 5mM PHE
2.0
18 - ' . a
1ol g | . ] T
' : :
0.5+ a
0.0~ T T T T T
Gayp3 Gagyyy GBy Gay, Ga,
GPR142 = 0.8 mM PHE

2.0

0.5

= 5mM PHE

T
Gatyns Gagyys

Figure 3.3. Receptor-dependent activation of class A orphan GPCRs induced by L-Phe.
HEK293 cells expressing a luciferase reporter for G protein signaling pathways were transfected
with the receptor candidates GPR3, GPR6, GPR12, GPR34, GPR35, GPRS8S, or GPR142.
Receptors were treated with a Opti-MEM vehicle, 0.8- or 5 mM L-Phenylalanine (PHE). For
investigation of the Ga.i, pathway, cells were additionally treated with forskolin (concentration)
to activate adenylyl cyclase and induce pathway target pathway activation. Luciferase/3-
galactosidase activity (RLU) was determined and expressed relative to the vehicle (visualized as a
dotted line) as fold change. Data was collected in biological triplicates and shown as mean +/-
SEM. Statistical significance (*p < 0.05) in activation relative to the vehicle was evaluated using
two-way ANOVAs and corrected using Holm-Sidék statistical hypothesis testing.
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3.4. L-Phe differentially impacts signaling through class A lipid metabolism GPCRs

To determine which which signaling pathways were activated by L-Phe in class A lipid
metabolism GPCRs, the above experiment was repeated with the receptor candidates CLTR2,
GPBA, MC4R, S1P1, S1P4 (Figure 3.4). Similar to the unexpected findings among orphan
GPCRs, L-Phe differentially activated the signaling of GPCRs involved in lipid metabolism,
significantly increasing or decreasing response elements compared to the vehicle. L-Phe induced
significant dose-dependent responses among pathways for GPBA, MC4R, and S1P4. Both
GPBA and MCA4R had decreased activity when treated with 0.8 mM L-Phe, within the Gai2/13
and Gog/11 pathways respectively. Alternatively, treatments of 5 mM L-Phe increased receptor

activity of S1P4 with the Gog/11 pathway.
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Figure 3.4. Receptor-dependent activation of class A lipid metabolism GPCRs induced by
L-Phe. HEK293 cells expressing a luciferase reporter for G protein signaling pathways were
transfected with the receptor candidates CLTR2, GPBA, MC4R, S1P1, or S1P4. Receptors were
treated with a Opti-MEM vehicle, 0.8- or 5 mM L-Phenylalanine (PHE). For investigation of the
Gaiio pathway, cells were additionally treated with forskolin (concentration) to activate adenylyl
cyclase and induce pathway target pathway activation. Luciferase/p-galactosidase activity (RLU)
was determined and expressed relative to the vehicle (visualized as a dotted line) as fold change.
Data was collected in biological triplicates and shown as mean +/- SEM. Statistical significance
(*p < 0.05) in activation relative to the vehicle was evaluated using two-way ANOV As and
corrected using Holm-Sidék statistical hypothesis testing.
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4. Discussion

Given the results of previous investigations which concluded that L-Phe can significantly
activate GPCRs by assessing via [3-arrestin recruitment, this study aimed to characterize the signal
transduction within established signaling pathways of L-Phe- responsive GPCRs. This study
provides further evidence and insight into L-Phe’s role as a signaling molecule through the study
of 12 orphan and lipid class A GPCRs. This study assessed L-Phe induced using HTS luciferase
assay methods.” Following the validation of signaling reporter assays we showed that L-Phe
treatments can significantly activate endogenous GPCR signaling pathways relative to vehicle
controls, and differentially activate signaling pathways in 6 of the assessed receptors. These data
support the conclusion that L-Phe has a role in the regulation of cellular communication and
function. Additionally, L-Phe evaluations exhibit a promiscuous ligand binding profile indicating
that complete characterization of signaling must be further explored through independent receptor
investigations.
4.1. L-Phe Activates Endogenous GPCR Signaling Pathways

Initial investigations using pBSK demonstrated that L-Phe can induce endogenous
signaling through Gai2/13 and Gag11 pathways (Figure 3.2). This demonstrates that HEK293 cells
endogenously contain the signaling repertoire necessary to activate luciferase reporters, therefore
these results will allow us to distinguish between endogenous and exogenous signaling. As such,
due to the similarity in observed significance, activation of the Gay11 pathway within receptor
S1P4, identified in Figure 3.4, may be attributed to endogenous signaling rather than the
exogenous receptor. However, as luciferase reporter vectors illustrate isolated activation at the
terminal end of the signaling pathway it is unclear what L-Phe is acting on endogenously to

produce the observed responses.? L-Phe may be acting on GPCRs endogenously expressed in these
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cells, effectors within these signaling pathways, intracellular targets participating in pathway
crosstalk, or a combination of all suggested mechanisms simultaneously.** In order to characterize
the extent of L-Phe signaling and attribute its effects to a endogenous signaling mechanism it will
be necessary to explore upstream methods of quantifying activation such as utilizing inhibitors
throughout target pathways to dissect activation. To address this, further studies from this lab aim
to explore upstream activation of L-Phe via nano-luciferase techniques detecting G protein-ligand

specific interactions.
4.2. L-Phe Differentially Activates GPCR Signaling Pathways

Receptor activation in Figure 3.3 & 3.4 highlights that L-Phe does not induce a universal
signaling response among all orphan and lipid receptors. Further, dose-dependent effects of L-Phe
were ambiguous with preference dependent on the signaling pathway and receptor. Results
differed from the hypothesis, based on typical biased signaling of GPCRs, that L-Phe treatments
would elicit activation within a receptor-dependent preferential pathway. Significant activation
through signaling pathways was only determined in half of the receptors investigated. Further,
receptor activation did not correspond to predicted receptor coupling to G proteins (Appendix B),
and there was no identified structural basis for activation among receptor transmembrane domains
(Appendix C). Interestingly signaling activation was not always limited to one signaling pathway
within receptors, as seen in the case of GPR12. Activation within the Ga,s pathway consistently
inhibited signaling responses, however all other pathways varied in their effect on signal
transduction. This implies that L-Phe has diverse receptor-dependent properties as an agonist,
altering effects on the efficacy of receptor activity. Moreover, L-Phe did not induce significant
activation through the GPy pathway among any receptor. The GPy pathway is associated with

cellular responses such as cell proliferation, differentiation, and development, suggesting L-Phe is
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not linked to regulation of the cell cycle.’® These results established that L-Phe differentially
activates GPCR signaling pathways, in a manner which is receptor- dependent, to preferentially
increase or decrease cellular responses.
4.3. L-Phe is a Promiscuous Ligand

Molecular promiscuity is the ability of a molecular to affect multiple targets, hence a
promiscuous ligand displays a lack of selectivity over its interactions with receptors.’” These
interactions can be functional with desired biological effects or non-functional producing non-
specific effects of no physiological significance.?” Non-functional ligand promiscuity can cause
issues for HTS assay methods by yielding false-positive signals that mimic typical responses.’” In
contrast, promiscuity is the basis of “polypharmacology” which aims to take advantage of ligand
promiscuity to design efficient drugs which have multitarget-dependent affects.?® One example of
a promiscuous drug is Aspirin which acts on multiple receptor targets and is used to treat or prevent
several disorders including inflammation, fever, heart attacks, etc.>® The nature of a ligand’s
promiscuity can be due to its specific characteristics or the similarity of binding pockets among
proteins.*®

L-Phe activates GPCR signaling pathways in a manner that is receptor-dependent,
suggesting the signaling molecule has the potential to affect distinct biological functions.
Considering literature which proposes L-Phe is an endogenous ligand for GPR142 and GPR139,
combined with our previous studies suggesting it signaling potential extends far beyond those two
receptors, our results present compiling evidence that L-Phe may be a promiscuous ligand due to
its lack of selectivity. L-Phe exhibits a lack of selectivity for a receptor, a preferential signaling
pathway, and a particular effect on agonism. This case for promiscuity is further supported by

literature which identifies a strong structural basis between aromaticity and a molecule’s
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promiscuity.? It is unclear whether the receptors L-Phe had no significant signaling effect on
provides evidence that the molecule has non-functional promiscuous properties or whether there
is an alternative technical or biological explanation for this observation.

One biological hypothesis is that L-Phe is interacting with different binding sites in a
receptor-dependent manner; in these receptors L-Phe may act on allosteric sites to affect the
binding affinity and signaling activity of an orthosteric ligand which was not present under the
experimental conditions. Allosteric modulators bind and alter receptor confirmations to affect
positively or negatively the signaling response attributed to the orthosteric ligand. This
phenomenon has been exhibited in the amino acid sensing receptor CaR, where L-amino acids
serve as positive allosteric regulators.*® Experiential investigations exploring the effect of L-Phe
on receptor signaling in the presence of a known agonist may address this hypothesis.*

A further explanation is that L-Phe may be interacting in signaling crosstalk among
pathways, similar to theories proposed for the endogenous activation, which result in the inhibition
of downstream activation. As previously proposed, elucidating the upstream mechanisms of L-Phe
activation is a necessary step to addressing its functionality as a promiscuous ligand. As well, L-
Phe may act on GPCR oligomers, meaning has a higher affinity for functional binding sites formed
by receptor pairings.*! If L-Phe requires a multimeric receptor complex to signal canonically, this
may result in active [-arrestin recruitment but no observed downstream signaling if part of the
receptor oligomer is absent. Oligomerization of GPCRs can be detected via
coimmunoprecipitation.*!

Lack of observed significance within receptors could also be attributable to sensitivity

limitations of the luciferase assay and technical equipment measuring luminescence. Further
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biological replicates and/or conducting L-Phe dose response curves for receptor may help validate
this theory.

Finally, given that our study demonstrated that L-Phe activation is receptor-dependent,
each receptor will need its own independent characterization of activation to elucidate signaling.
Within relevant parameters of GPCR signaling, future studies would benefit from performing
assays using primary cells from tissues that are biologically significant to the individual receptor.
Tissue distribution of studied GPCRs can be found within the IUPHAR GPCR database

(https://www.guidetopharmacology.org/).

4.4. Conclusion & Future Directions

Through this study, we determined that L-Phe differentially activates GPCR signaling
pathways, in a manner that is receptor- dependent. Further, not all receptors previously identified
to be activated by L-Phe were observed to significantly signal through any of the examined G
protein signaling pathways. These results suggest that the role of L-Phe in cell function may extend
beyond its role as a building block in proteins to include regulation of cellular communication
through receptor-dependent activation of GPCRs. Additionally, L-Phe may exhibit a promiscuous
binding profile as a ligand, with various hypothetical implications as a non-functional or functional
ligand.

As this study examined receptor activation using reporter vectors downstream of
established signaling pathways, future studies should explore the effect of L-Phe upstream of target
pathways to fully elucidate activation. Additionally, individual receptor characterizations
unveiling relationships among ligands, receptors, and effectors are necessary to investigate

allosterism, agonism, biased signaling, crosstalk, and multimeric receptor pharmacology.’
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Overall, the knowledge acquired from this study helps to build pharmacological profiles
for both L-Phe and investigated receptors. The relationship explored between L-Phe and the
physiological signalling responses in cells provides support for the importance of L-amino acids
as extracellular signaling molecules through the activation of GPCRs. Finally our findings also
support the recent shift in understanding that the biochemical characterization of GPCR signaling
is not a simple paradigm, but rather a diverse cascade involving complex extracellular receptor

systems.
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6. Appendix
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Appendix A. Signaling Treatment Time Optimization. HEK293 cells either transiently or
stably expressing a luciferase reporter for G protein signaling pathways were transfected with
pBSK. Cells were treated with Opti-MEM (VEH) and either 20% Fetal Bovine Serum or 10 ng/mL
PMA & 1 uM Ionomycin (POS) as a positive control for pathway activation. Treatment times of
24-, 18-, 12-, 6-, 4-, 2 hours were observed. Luciferase/pB-galactosidase activity (RLU) was
determined and expressed relative to VEH as fold change. Data was collected in biological
triplicates and shown as mean +/- SEM. Statistical significance (* p < 0.05, ** p <0.01, *** p <
0.001, **** p < 0.0001) was evaluated using two-way ANOVAs and corrected using Holm-Sidak
statistical hypothesis testing.
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Appendix B. Normalized posterior probability score. PRED-COUPLE 2.0 predicted coupling
specificity of 12 human GPCRs to the G proteins Gogi1, Gaio, Gas, and Gaiz13. Positive
predictions in bold type.

Gatyyy Gay, Ga, Gatyys
Score: < 0.3 negative MC4R 0.05 0.05 0.99 0.00
GPR6 0.02 0.30 0.99 0.00
> (.3 positive GPR3 0.15 0.79 0.90 0.05
GPBA 0.66 0.91 0.97 0.46
s1p1 0.24 0.98 0.03 0.00
s1p4 0.73 0.99 0.32 0.95
GPR12 0.00 0.52 0.97 0.00
GPR142 0.95 0.83 0.22 0.07
GPR88 0.00 0.93 0.96 0.00
CysLTR2 0.99 0.11 0.00 0.00
GPR34 0.45 0.94 0.14 0.00
GPR35 0.98 0.85 0.14 0.89

Appendix C. Location, length, and orientation of predicted GPCR transmembrane helices.
TMHMM-2.0 predicted transmembrane domains based on a hidden Markov model, from
receptors’ FASTA formatted amino acid sequences. Alternating orientation of domains is
indicated as outside (0) to inside (i) or inside to outside of predicted transmembrane domains.

Orientation Location

T™ 1 T™M 11 TM™M 111 TM IV T™ V TM VI T™M VII
CLTR2 0-1 58-80 92-114 129-151 172-194 219-241 331-350 370-392
GPR3 0-1 43-65 78-100 110-132 153-175 195-217 245-267 277-299
GPR6 0-1 75-97 110-132 142-164 185-207 227-246 277-299 309-331
GPR12 0-1 47-69 82-104 114-136 157-179 199-221 249-271 281-303
GPR34 0-1 57-79 91-113 128-150 171-193 217-239 268-290 310-329

GPR35 0-1 23-45 58-80 95-112 133-155 170-192 219-241 -

GPRSS i-0 34-56 119-141 162-179 194-216 284-306 316-338 -
GPR142 0-1 160-182 194-216 236-258 278-300 315-337 357-379 394-416
GPBA 0-1 18-40 53-75 85-107 128-150 165-187 229-251 261-283
MC4R 0-1 50-69 81-103 123-145 166-188 192-214 245-267 282-304
S1P1 0-i 47-69 81-103 118-140 160-182 202-224 252-274 289-311
S1P4 0-1 46-68 81-103 118-140 162-184 204-226 254-276 291-309

Burke 32



