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Abstract

Yeast-based sensors have shown great applicability for deorphanization of G protein-coupled receptors (GPCRs) and screening of lig-
ands targeting these. A GPCR of great interest is free fatty acid 2 receptor (FFA2R), for which short-chain fatty acids such as propionate
and acetate are agonists. FFA2R regulates a wide array of downstream receptor signaling pathways in both adipose tissue and im-
mune cells and has been recognized as a promising therapeutic target, having been implicated in several metabolic and inflammatory
diseases. While research aiming to identify ligands recognized by FFA2R for translational applications is ongoing, screening is com-
plicated by the complex regulatory and cell-specific responses mediated by the receptor. To simplify screening towards identification
of novel ligands, heterologous platforms are valuable tools that offer efficient identification of ligand activity in the absence of regula-
tory mechanisms. Here, we present a yeast-based sensor designed to evaluate G protein « il-mediated FFA2R signaling, with an assay
time of 3 h. We verify this platform towards the natural agonists, propionate and acetate, and show applicability towards evaluation
of synthetic agonists, antagonists, and allosteric agonists. As such, we believe that the developed yeast strain constitutes a promising

screening platform for effective evaluation of ligands acting on FFA2R.

Keywords: biosensors; GPCR; yeast mating pathway; ligand screening; FFAR2; GPR43

Introduction

The over 800 G protein-coupled receptors (GPCRs) encoded in the
human genome play vital roles in virtually all cells and tissues.
Binding to a wide array of agonists, including odorants, hormones,
and metabolites (Lv et al. 2016), GPCRs are prominent therapeutic
targets, making up ~34% of FDA-approved drug targets as of 2017
(Hauser et al. 2017). Some members of this receptor family are
of major importance in modulation of metabolism and immune
responses, achieved through activation of biochemical cascades
in response to extracellular signals recognized by receptors ex-
pressed in cell plasma membranes (Lv et al. 2016, Chen and Obal
2023). A human GPCR of interest is the free fatty acid 2 receptor
(FFA2R/FFAR2/FFA2/GPR43). Recognizing short-chain fatty acids
(SCFAs) such as acetate, propionate, and butyrate, FFA2R induces
a response in several immune cells, the adipose tissue, enteroen-
docrine cells, and pancreatic B-cells, demonstrating that func-
tional FFA2Rs are expressed in these cells and tissues (Namour
et al. 2016, Sergeev et al. 2017, Chun et al. 2019, Secor et al. 2021).
FFA2R regulates and modulates a multitude of cellular processes,
including B-cell proliferation, insulin secretion, and neutrophil ac-
tivation, and has been suggested as a promising therapeutic tar-

get for management of the inflammatory response and type 2 dia-
betes (T2D; Fig. 1A; Namour et al. 2016, Bartoszek et al. 2020, Yao et
al. 2022, Teyani and Moniri 2023). However, much is still unknown
regarding the complex signaling mechanisms of FFA2R with this
being an active field of study (Lind et al. 2021, 2023). Research in
human cells is further complicated by crosstalk between FFA2R
and other receptor-induced signaling pathways (Lind et al. 2023,
Teyani and Moniri 2023), such as transactivation (Lind et al. 2023)
and coupling between FFA2R and other GPCRs (Ang et al. 2018).
While many ligands selectively targeting FFA2R have been devel-
oped, so far only one (the antagonist GLPG0974) has reached a
Phase II clinical trial for treatment of ulcerative colitis, where it
failed to show a clinical improvement within 4 weeks (Pizzonero
et al. 2014, Namour et al. 2016, Milligan et al. 2017).

The activating mechanisms of GPCRs are highly conserved
among eukaryotes. Specifically, the binding of an agonist to the
receptor at the cell surface triggers a structural change that en-
ables coupling to a heterotrimeric GTP-binding protein (G protein)
complex located on the cytosolic side of the receptor-expressing
cell membrane (Dohlman et al. 1998). The « subunit of the G
protein complex, consisting of G protein subunits aBy (Gafy),
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Figure 1. FFA2R-mediated signaling in human cell lines and yeast sensor design. (A) A general overview of the G protein « (Ge)- and G protein gy
(GBy)-regulated signaling of FFA2R in human cells in response to receptor activation is presented. FFA2R couples to both the Gag/1; and Gey, G protein
subunit families, activating an array of cellular signaling pathways and cell-type-specific functional responses, for which examples are listed (Secor et
al. 2021, Teyani and Moniri 2023). Note that variations, such as overlap between signaling pathways and crosstalk with other receptors may occur in
certain cell types, not included in this general overview. (B) A yeast sensor platform for evaluation of FFA2R was constructed via the yeast mating
pathway, with transcription-based fluorescence (GFP) as an output. Upon binding of an agonist to FFA2R, the chimeric Go (Gpal-Ga) disassociates from
the By-heterodimer (Ste18-Ste4) to bind the GPCR. Subsequently, Ste18-Ste4 transmits the signal, activating the MAPK cascade resulting in
phosphorylation of the chimeric transcription factor (TF; Ste12-PRD) and transcription of GFP under the synthetic promoter LexO(6x)LEU2p. To enable
rational tuning of the pathway with a predictable response, a parental strain was chosen in which only key mating pathway components remained,
making it void of mating pathway crosstalk (Shaw et al. 2019). The expression levels of pathway components depicted in blue and green had been
previously optimized for an increased dynamic range of the pathway response. Different chimeric Ge, containing the C-terminus of human Gey, Gais,
Gayo, Gag, and Ga1q, were evaluated. In addition, expression levels of the Gpal-Ga j; were further tuned to adjust baseline activity of the pathway. SCFA,
short-chain fatty acids; FFA2R, free fatty acid receptor 2; DAG, diacylglycerol; PKC, protein kinase C; IP3, inositol trisphosphate; ERK1/2, extracellular
signal-regulated kinase-1/2; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; MAPK, mitogen-activated protein kinase; GFP, green
fluorescent protein; GDP, guanosine diphosphate; GTP, guanosine triphosphate; PPY, pancreatic polypeptide; GLP-1, glucagon-like peptide 1.

is bound to GDP in its inactive state. Upon coupling to the acti-
vated GPCR, GDP is exchanged for GTP, and the Go subunit dis-
associates from the GBy-heterodimer (Fig. 1B; Wettschureck and
Offermanns 2005). Subsequently, the separated Ge and GBy sub-
units trigger diverse signaling cascades inside the cell, resulting
in simultaneous up- and down-regulation of cellular processes
(Teyani and Moniri 2023). Although the mechanisms of G protein-
mediated signaling are highly conserved, the complexity of sig-
naling varies between species and kingdoms. The human genome
encodes 17 different Ga subunit variants divided into 4 families,
which are denoted Gas, Gay/o, Gerg/11, and Gayy/13, based on simi-
larities in expression pattern and protein structure (Wettschureck
and Offermanns 2005). In addition, 5 GB and 12 Gy subunit vari-
ants are encoded, resulting in a multitude of possible G pro-
tein heterotrimers (Wettschureck and Offermanns 2005). The re-
cent analysis of a receptor-G protein couplome, obtained from sev-
eral studies in which the interacting proteins have been overex-
pressed, revealed that some receptors selectively couple to only
one or a few G protein complexes, whereas others are promis-
cuous and couple to several different ones (Hauser et al. 2022).
While it is possible to investigate the G protein recruitment profile
for a given GPCR upon overexpressing the GPCR and G proteins,
it is difficult to investigate this in primary cells (Wettschureck
and Offermanns 2005). This is largely due to these interactions
varying not only depending on the cell type, but also depending
on the ligand, as the recruitment profile can be partial to spe-
cific Gas (Wettschureck and Offermanns 2005). Examples include
the dopamine D1 receptor coupling to Ges and Gas respectively,
in distinct parts of the brain (Yano et al. 2018) and, relevant for
this study, FFA2R coupling to the Gaj/, and Gag/11 subunits in sev-
eral types of immune cells, including neutrophils, dendritic cells,
and monocytes (Schlatterer et al. 2021), and in pancreatic B-cells
(Teyani and Moniri 2023). Depending on the cell type, different

functions are modulated by the same GPCR (Fig. 1A; Schlatterer
et al. 2021, Teyani and Moniri 2023). Further considering the mul-
titude of GPCRs in human cells and crosstalk between these, the
process of discerning the response of a specific GPCR to a given
stimulus can be difficult and time-consuming. To enable inves-
tigation of the receptors in an independent system, yeast-based
platforms have been developed for evaluation of human GPCRs
(Brown et al. 2015, Wang et al. 2021).

In contrast to primary human cells, baker’s yeast, Saccharomyces
cerevisiae, only has three GPCRs and two Ge subunit variants,
which modulate the mating response and extracellular glucose,
with both pathways having been studied extensively (Versele et
al. 2001, Harashima and Heitman 2005). Two of the yeast GPCRs
(Ste2/Ste3) are involved in the mating response of the respective
yeast mating types (a/), activated by the opposite mating pep-
tide (Versele et al. 2001). Activation results in signal transmission
via the corresponding G (Gpal), resulting in cell cycle arrest and
transcription of the mating response genes (Versele et al. 2001).
The third yeast GPCR (Gpr1l) is involved in the glucose response,
transmitting the signal via a separate Ge (Gpa2), to regulate pseu-
dohyphal growth in glucose-limited conditions and fermentative
growth in the presence of glucose (Kraakman et al. 1999, Versele
et al. 2001). Of the two GPCR-regulated pathways, the mating re-
sponse is less intertwined with the central metabolism of the cell,
making it easier to study. As such, the yeast mating pathway has
been utilized extensively for diverse applications; as a model for
GPCR function, as a platform for screening of ligands of orphan
GPCRs, and in recent years as a platform for development of cheap
point-of-use biosensors (Versele et al. 2001, Brown et al. 2003, Os-
trov et al. 2017, Yasi et al. 2019, Miettinen et al. 2022).

Traditionally, yeast biosensors based on the mating pathway
have applied the native pathway with few modifications. These
largely include removal of feedback regulation by deletion of
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genes involved in GPCR desensitization (SST2) and a-pheromone
degradation (BAR1), deletion of genes regulating mating-induced
cell-cycle arrest (FAR1), and deletion of genes to be replaced, in-
cluding the mating GPCR gene (STE2; Brown et al. 2003, Ostrov et
al. 2017, Yasi et al. 2019). When applicable, Gpal has also been re-
placed, introducing a chimeric variant with five C-terminal amino
acids of a human Ge, to enable coupling with a larger repertoire
of human GPCRs (Brown et al. 2000). For integration of a new
GPCR in the strain, a strong constitutive promoter has often been
used, while the reintroduced Gu often has been expressed under
the native promoter (Brown et al. 2003, Ostrov et al. 2017, Yasi et
al. 2019). To enable quantitative measurements of pathway acti-
vation, fluorescence-, colorimetry-, or growth-based outputs are
commonly utilized (Lengger and Jensen 2019). These are coupled
to pathway activation by placing the genes under control of the
mating response gene FUS1 or FIG1, both regulated by the tran-
scription factor Ste12 downstream of the mating pathway (Brown
et al. 2003, Ostrov et al. 2017, Yasi et al. 2019). While this system
has enabled GPCR deorphanization, ligand screening, and screen-
ing of mutants (Bindels et al. 2013, Brown et al. 2015, Meltzer et
al. 2022), development of fine-tuned yeast sensor strains without
a leaky response has been limited by an absence of viable options
for pathway adjustment. However, fundamental advances have
been made in recent years towards streamlining and modulariza-
tion of the yeast mating pathway, enabling rational tuning of cell
sensing (Shaw et al. 2019). In a heavily engineered strain back-
ground void of all nonessential components and connections to
the mating response, expression levels of the GPCR, Ga, and out-
put genes have been demonstrated to have a major effect on the
pathway response (Shaw et al. 2019). While high expression lev-
els of the GPCR and output genes result in an increased dynamic
range and higher sensitivity, the expression level of the Ga regu-
lates a trade-off between an increased basal activity at low expres-
sion levels and a decreased dynamic range at high expression lev-
els. In addition, several chimeric Stel2 transcription factors and
compatible synthetic promoters were developed, enabling precise
adjustment of the output genes expression levels and decoupling
from the mating response (Shaw et al. 2019). As such, rational tun-
ing of GPCR-based sensors in yeast has become possible and can
potentially aid in improving existing platforms for evaluation of
human GPCRs.

In this work, we develop a yeast-based sensor for evaluation
of FFA2R ligands acting through Gey; for application in screening
of ligands. Utilizing a strain background with a streamlined mat-
ing pathway and increased expression levels of the fluorescent
output gene and the GPCR, we aimed to improve the sensitivity
and decrease the assay time compared to a previously developed
yeast FFA2R sensor (Brown et al. 2003). To optimize the baseline
activity of the pathway, varied expression levels of the chimeric
Gpal-Gay; were evaluated. The yeast platform was verified using
SFCAs acetate and propionate, and then tested by evaluation of
Gaj;-dependent activity of FFA2R towards orthosteric agonists, or-
thosteric antagonists, and allosteric agonists not previously eval-
uated in yeast.

Materials and methods

Chemicals

Orthosteric agonist 3-benzyl-4-(cyclopropyl-(4-(2,5-
dichlorophenyl)thiazol-2-yl)amino)-4-oxobutanoic acid
(Cmpl), antagonist ((S)-3-(2-(3-chlorophenyl)acetamido)-4-(4-
(trifluoromethyl)phenyl) butanoic acid (CATPB), antagonist
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4-[[1-(benzo[b]thiophene-3-carbonyl)-2-methylazetidine-2-
carbonyl]-(3-chlorobenzyl)amino]butyric acid (GLPG0974),
allosteric  agonist  ((S)-2-(4-chlorophenyl)-3,3-dimethyl-N-(5-
phenylthiazol-2-yl)butanamide (Cmp58), allosteric agonist
4-fluoro-N-[3-[2-[(aminoiminomethyl)amino]-4-methyl-5-
thiazolyl]phenyl]benzamide (AZ1729) were kindly provided
by the Phagocyte Research group at the Department of Rheuma-
tology and Inflammation Research, University of Gothenburg,
Sweden. All listed ligands were dissolved in DMSO to stock con-
centrations of 10 uM. Subsequent dilutions of the ligands were
made in DMSO, to 1000x the concentrations used for induction
evaluation.

Bacterial strains and growth media

Escherichia coli DH5« was used for propagation and assembly of
plasmids. Cells were cultivated in LB medium (10 g1-'peptone
from casein, 10 g17' NaCl, 5 g1~ yeast extract) with addition
of the appropriate antibiotic selection (50 mg1~' kanamycin,
200 mg-17' ampicillin, or 25 mg1~! chloramphenicol) after auto-
clavation. For growth on agar plates, 16 g1-! agar was added to
the media. For cultivation in liquid medium, cells were incubated
at 37°C at 180 rpm.

Yeast growth conditions

For transformation, yeast strains were cultivated in YPD medium
[20 g17! D(+)-glucose (Merck), 10 g-1-! yeast extract (Merck), 20
g17! peptone from meat (Merck)], to which 20 g-1-* agar (Merck)
was added to make plates. For selective growth on plates, G418
(200 g171) was added to the media.

All media for analysis of strain induction were made 2x con-
centrated and diluted with sterile MilliQ water upon preparation
of the cultures. For precultures before induction, synthetic de-
fined medium (CSM) pH 5.8 [1x CSM: 20 g1~ glucose, 6.9 g-17*
yeast nitrogen base without amino acids (Formedium), and 0.77
g17! CSM (MP Biomedicals)] was used. For evaluation of induc-
tion, citrate-phosphate buffered CSM medium with ammonium
sulfate and urea pH 6.8 was used (1x CSM-AS/urea: 20 g-17! glu-
cose, 3.45 gl17! yeast nitrogen base without amino acids and
ammonium sulfate (Formedium), 0.85 g-1~! yeast nitrogen base
without amino acids and with ammonium sulfate (Formedium),
2.5 g7t urea, and 0.77 g17! CSM (MP Biomedicals), 2.35 gl1~!
Na,HPOy, 0.34 g1-? citric acid) (Prins and Billerbeck 2021). In the
case of the ligands acetate and propionate, these were added dur-
ing media preparation to enable adjustment of pH when needed
(1x CSM-AS/Urea-propionate/acetate: 1x CSM-AS/Urea, 10 mM
propionate or 10 mM acetate). Other ligands, including AZ1729,
Cmp1, Cmp58, CATPB, and GLPG0974, were added to media from
1000x stocks at the time of induction. The media were filter ster-
ilized, also resulting in removal of precipitate due to the high pH.
Unless otherwise stated, cells were incubated at 30°C at 225 rpm
for growth in liquid culture.

Yeast strain and plasmid construction

The FFA2R amino acid sequence was retrieved from UniProt
(UniProt ID: 015552) and the corresponding DNA sequence was
codon optimized for S. cerevisiae. To enable pYTK (Lee et al.
2015) and Easy-Clone MarkerFree (Brown et al. 2015) toolkit-
based cloning, restriction sites Esp3l, Eco31l, and Notl were ex-
cluded from the sequence, and FFA2R was ordered with toolkit-
compatible overhangs from IDT. Chimeric GPA1 variants were
constructed through truncation of the 5 C-terminal amino acids
of Gpal and introduction of the 5 C-terminal amino acids of hu-
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man Gaiys/, replacing the corresponding nucleotides via PCR
(Brown et al. 2000) through annealing of oligos containing these
and cloning into the pYTK backbone. Plasmids were assembled
for integration of the pCCW12-FFA2R-SSA1t cassette at site XII-
2, pPGK-GPA1-Ga-tENO2 at XI-5, and LexO6xXLEU2p-HIS3-tENO1-
TEF2p-miRFP670-tADH1 at the XI-2 integration site. Another inte-
gration plasmid, containing TEF1p-miRFP670-tCYC1 targeting the
XII-1 locus, was received from a colleague (Scott et al. 2022). All
plasmids and parts included in assembly are listed in Table S1,
oligonucleotides (containing the gRNAs) in Table S2, and expres-
sion cassettes and gBlocks in Table S3.

Saccharomyces cerevisiae strains in this study were derived from
strain Design 4 with a streamlined and optimized mating pathway
(Shaw et al. 2019), applying the LIAC/PEG method for transforma-
tions (Gletz and Woods 2006). A list of all strains and specifications
can be found in Table S4. Seamless CRISPR/Cas9 integrations and
deletions were applied to remove the yeast GPA1, STE2, and URA3
genes and to integrate chimeric GPA1-Gaj1/3, and FFA2R into the
genome. Cas9 and gRNA were expressed from the same plasmid,
using the Cas9-KanMX plasmid backbone with a gRNA expression
cassette (Hedin et al. 2023). The gRNA expression cassette was
amplified in two parts from the Cas9-KanMX plasmid with the
gRNA, separating the upstream and downstream regions of the
gRNA spacer in different fragments. By using primers that con-
tained the new gRNA spacer sequence in the tail, the new gRNA
spacer could be introduced. The upstream and downstream frag-
ments, containing the new gRNA spacer, were then assembled into
a Pf123II pre-digested Cas9-KanMX backbone by Gibson assembly.

Evaluation of growth

The developed biosensor strains bearing the FFAR2 and differ-
ent chimeric versions of the GPAT-Gai1/3/0//11 g€NeES in the ASC4
strain background were cultured in citrate-phosphate buffered
CSM-AS/urea to assess their growth performance. Tiwvo control
strains, including the minimized pathway strain (Design 4) and
a strain developed from ASC4, both with the wild-type yeast GPA1
and mating GPCR STE2 genes. Briefly, three independent colonies
of strains ASC4G0-1, ASC4G1-3, ASC4G2-3, ASC4G3-3, ASC4G9-3,
ASC4G10-3, ASC4G1h1-3, ASC4G1h2-3, ASC4G1h3-3, and Design 4
(Table S4) were spiked into 2 ml of CSM in 12 ml tubes and incu-
bated overnight with constant shaking at 30°C. Each fresh precul-
ture was washed with sterile water and inoculated in technical
triplicates in 250 pl of citrate-phosphate buffered CSM-AS/urea
to an ODgg of 0.05 in a 96-half-deepwell microplate. The plate
was incubated in a Growth Profiler 960 (Enzyscreen) at 30°C with
250 rpm shaking over a course of 50 h. Green values were recorded
every 30 min and were converted to ODgoo through a standard
curve. ODgoo values were represented over time (Fig. S1A) and
maximum growth rate (umax) Was obtained by fitting the ODggo
dependency on time to a linear model in the initial exponential
growth phase. The maximum ODg Was extracted at the highest
point during the 50-h incubation.

Transient induction of strains in microplate
reader

Strains were induced and incubated in a microplate reader to
identify the Gpal-Ga chimera producing the strongest response.
Transient measurements of cell density and GFP fluorescence
enabled pinpointing of an appropriate incubation time for fur-
ther evaluation. Three replicate colonies of strains ASC4G1-3,
ASC4G2-3, and ASC4G3-3 were used to inoculate 5 ml CSM in a
50-ml falcon tube and were incubated overnight. Cells were har-

vested by centrifugation for 5 min at 3000 rcf and resuspended
in 1x CSM citrate-phosphate buffered CSM-AS/urea to an ODggo
of 0.1. Five hundred microliters of the cell suspension was added
to a 48-well FlowerPlate® (m2p-labs) and diluted with 500 pl
2x citrate-phosphate buffered CSM-AS/urea with/without 20 mM
propionate, and remaining ligands were added from 1000x con-
centrated stocks. Plates were sealed with a sealing foil for reduced
evaporation (m2p-labs) and incubated 30°C and 1200 rpm in a
Biolector® (m2p-labs) using the BioLection 2 software. Biomass
(scatteredlight as a proxy of biomass) and GFP (excitation: 488 nm,
emission: 520 nm with a gain of 50) values for each sample were
collected every 30 min. GFP fluorescence data were normalized by
the biomass of the respective replicate before analysis.

Flow cytometer analysis

The FFA2R-induced GFP signal in response to different concen-
trations of ligands was analyzed by flow cytometry (Guava easy-
Cyte, Luminex). Three replicate colonies of strain ASC4G1-3 were
used to inoculate 5 ml CSM-AS/urea pH 5.8 in 50-ml Falcon tubes
and incubated overnight. Cells were harvested by centrifugation
for 5 min at 3000 rcf and resuspended to an ODgg of 5 in sterile
MilliQ water. For induction, cells were diluted tenfold to an ODggo
of 0.5 in 250 pl CSM-AS/urea pH 6.8 with ligands of interest in
a 96-well round-bottom plate (Axygen, P-96-450R-C-S). The plate
was sealed with a 96-well plate sandwich cover and incubated
at 250 rpm at 30°C for 3 h before evaluation. Cells were typically
evaluated at 8 different ligand concentrations for regression anal-
ysis or four different concentrations for simple evaluation of the
response intensity, with 3 biological replicates per condition. For
evaluation of the effect of increasing concentrations of a ligand,
all conditions and replicates were analyzed on the same 96-well
plate. For analysis by flow cytometry, cells were diluted to an ODggo
of 0.02 in 200 pl sterile MilliQ water in a 96-well round well plate
(163320, Thermo Scientific™). Fluorescent proteins were excited
with a 488 nm laser (for GFP) or 648 nm laser (for miRFP670), with
recorded fluorescence intensity being expressed in arbitrary units.
Data were collected for 5000 events per replicate.

Data analysis

All data analysis was performed in R (version 4.3.1) with the tidy-
verse, hexbin, ggridges, ggtext, ggpubr, scales, minpack.lm, viridis,
ggridges, growthrate, reshape?2, and readr packages. All scripts and
data are available on GitHub.

For analysis of flow cytometry data, the population of each bio-
logical replicate analyzed in parallel during the same experimen-
tal run was filtered by forward scatter (FSC), side scatter (SSC), and
red fluorescent protein (RFP) intensity (log(FSC)>2.8,1log(SSC)<4.8,
log(RFP)>0.5). This enabled filtering out non-viable cells, lacking
RFP, as well as cells of unusual size or granularity by FSC and SSC,
respectively. The mean GFP fluorescence was calculated, followed
by normalization to the uninduced control of the same replicate.
This enabled calculation of fold change over baseline. Data shown
represent the mean and standard deviation of these three repli-
cates. A one-sided t-test was applied for pairwise comparison be-
tween conditions, and a two-way ANOVA was applied when com-
paring across multiple factors.

The parameters of a three-parameter sigmoidal curve, follow-
ing equation (1), were fit to the data using the function nlsLM.

Emax - Emin (1)

E:Emm‘i'W

G20 JoquianoN G0 Uo 1sanb Aq GE8ES6./L00KE0LIASWaYEBOL 0 L/10p/a[oIHE/IASWaY/ W00 dNo"dlWwapede/:sdny Wolj papeojumoq


https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf001#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf001#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf001#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf001#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf001#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf001#supplementary-data

E represents the effect, E,;, the effect at baseline, and Enqx the
maximal effect size; pEC50 is the log-transformed concentration
at 50% of the maximal effect, the variable x is the concentration
at which E was measured, and n is the slope of the curve. By fixing
n to 1, a three-parameter regression was performed.

Results

Reporter strain construction and initial
assessment

In order to investigate Ga-dependent signaling through the yeast
mating pathway, a parental strain void of mating pathway
crosstalk, Design 4, with a streamlined mating pathway and GFP
as a transcriptional output under the LexO6xLeu2p promoter out-
put was selected (Shaw et al. 2019). Expression cassettes of yeast
G protein « (Gpal) and mating GPCR (Ste2) were deleted from
the genome of this strain to enable reintegration in different ge-
nomic loci with select promoters (Otto et al. 2021). By replacing
these with FFA2R expressed from integration site XII-2 and either
of chimeric Gpal-Ga;;, Gpal-Gais, Gpal-Ga,, Gpal-Gag, or Gpal-
Gaq1 (Brown et al. 2000) expressed from integration site XI-5 (Lee
et al. 2015) FFA2R was coupled to the yeast mating pathway. A
control strain with the yeast GPA1 and STE2 genes integrated in
the same sites was constructed as well. To enable similar expres-
sion levels of the reintegrated genes, the same set of promoters
and terminators was used as in the parental strain for the respec-
tive genes. While not utilized in this study, constitutive expression
of miRFP670 was implemented in the strain to enable normaliza-
tion of the flow cytometry data using RFP as an indicator of cells
size and viability. In addition, an inducible histidine expression
cassette with HIS3 expressed from the LexO6xLeu2p promoter was
integrated together with RFP, to enable the possibility of growth-
based selection in future studies, and the URA3 gene was deleted
to enable selection based on prototrophy.

To assess possible effects on growth performance caused by the
further modifications of the parental strain, a growth assay with
the newly developed strains (Table S4) was conducted, and growth
parameters were obtained. Comparing the growth rate (umax) of
these strains to that of the parental background strain (Design 4),
the newly constructed strains performed in line with the parental
control (Fig. S1A and B). Conversely, the newly generated strains
reached a higher maximum ODggo compared to the parental strain
(Fig. S1A and C), with this effect being apparent after the exponen-
tial growth phase. As the induction response is evaluated within
the exponential phase, the difference in maximum ODgoo should
not affect the evaluation of induction in the developed strains.

Next, an appropriate incubation time of cultures after induc-
tion was investigated by the transient monitoring of cell-density-
corrected fluorescence intensity of induced cultures in a mi-
croplate reader (Fig. 2A and B). Three of the constructed strains,
with chimeric G proteins belonging to the Gpal-Gay, subgroup
were evaluated with three separate sets of inducers. These include
natural orthosteric agonist propionate and synthetic orthosteric
agonist Cmp1, occupying the primary binding pocket to activate
the receptor, and synthetic allosteric agonist Cmp58, binding out-
side the primary binding pocket to produce additional activa-
tion to that produced by orthosteric agonists. The synthetic com-
pounds were originally developed for potential therapeutic appli-
cations, with Cmp1 targeting FF2AR with improved potency and
selectivity compared to the natural agonists (Hudson et al. 2013)
and Cmp58 positively modulating the receptor activation (Wang
et al. 2010).
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Strains were evaluated over the course of 10 h after addition
of inducers, reaching the peak activation relative to the biomass
between 3 and 5 h (Fig. 2A). To achieve the shortest possible assay
time, 3 h of incubation was selected for further evaluation. At this
incubation time, there was a significant increase in cell density-
normalized fluorescence intensity in response to propionate in
strains with Gpal-Gay; and Gpal-Gejs compared to when no lig-
and was added (P = 0.003 and P = 0.011, one-sided t-test; Fig. 2B).
In these strains, cells incubated with both propionate and Cmp58
further produced a significant increase in fluorescence compared
cells incubated with propionate alone (P = 0.030 and P = 0.001,
one-sided t-test; Fig. 2B). The strain with Gpal-Gay; further pro-
duced a significant response to 1 uM Cmpl compared to when
no ligand was added (P = 0.030, one-sided t-test; Fig. 2B), while
the other strains did not. Interestingly, in the strain with Gpal-
Guais, the overall intensity of the GFP fluorescence response was
weaker, likely contributing to the absence of response to Cmpl1.
The strain expressing Gpal-Ga, showed no signs of activation, in
accordance with published data (Fig. 2A and B; Brown et al. 2003).
With this, 3 h was confirmed to be an appropriate incubation time
to be applied in all subsequent analysis.

Having identified an appropriate incubation time, we then
sought to evaluate all the constructed strains, including strains
with chimeric G proteins from both the Gpal-Ge;/, and the Gpal-
Gagyr1 subgroups, using flow cytometry. This method allows for
determination of the fluorescence intensity produced by a yeast
cell population in high resolution, while enabling comparison of
the cultures by the mean fluorescence intensity produced (Fig. S2).
For induction, 10 mM of the natural agonist acetate was used. Fur-
thermore, the baseline expression of the respective strains in the
absence of inducer was evaluated by including a negative control
strain, lacking a Gpal-Ga expression cassette, to enable subtrac-
tion of the mean background fluorescence at each induction con-
centration. Out of the five evaluated strains, the only strains with a
significant response compared to the uninduced state were those
with Gpal-Geir, Gpal-Geis, and Gpal-Ge, (P < 0.001,P < 0.001, and
P < 0.05, one-sided t-test; Fig. 2C). However, the induction in the
strain with Gpal-Ga, was barely noticeable. Several strains had
a significant baseline expression of GFP at 0 nM induction when
compared to the Ga-negative control, including strains with Gpal-
Gaiy, Gpal-Gajs, Gpal-Gag, and Gpal-Gey1 (P < 0.01, P < 0.001,
P < 0.05, and P < 0.05, one-sided t-test; Fig. 2C). Interestingly,
strains with Gpal-Geq and Gpal-Gaa; exhibited a slight baseline
expression, although these strains did not get activated by the lig-
and. Out of the evaluated strains, the strain with Gpal-Gej; pro-
duced the strongest response but also had the strongest baseline
expression. As such, this strain was chosen for further tuning of
the yeast mating pathway by varying the level of Gpal-Gej; ex-
pression, to evaluate if the response intensity could be increased
and the baseline expression adjusted.

Three different constitutive promoters were evaluated for ex-
pression of Gpal-Ge, in addition to the previously applied pro-
moter pPGK1. These include the weaker promoter pRPL18B and the
two stronger promoters pTEF2 and pTDH3, with promoter strength
increasing in the given order (Lee et al. 2015). Upon evaluation
of the baseline expression of each strain and the response inten-
sity, all strains produced a significant increase in GFP fluorescence
upon induction independent of the promoter (Fig. 3A). However,
only the three strains with promoters pPGK1, pRPL18B, and pTEF2
produced a significant expression over the baseline control in the
absence of inducer (P < 0.01, P < 0.001, and P < 0.05, one-sided t-
test; Fig. 3A). The baseline fluorescence decreased with increasing
promoter strength, and while it was significant for the strain with
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Figure 2. Transient GFP expression induction for different Gpal-Ga;j/, chimeras and evaluation of Gpal-Ge activity by flow cytometry. Plots (A and B)
display the transient GFP fluorescence normalized to cell density measured in a microbioreactor during 10 h following addition of the ligands, and (C)
the flow-cytometer-based evaluation of fluorescence over a baseline control. (A) Three strains, expressing Gpal-Ga;;, Gpal-Gais, and Gpal-Ga,, were
investigated after incubation with ligands of interest (see legend). The response is expressed as the mean (line) GFP fluorescence/biomass, and the
shaded area represents the s.d. (n = 3). (B) The GFP fluorescence per biomass after 3 h of induction. Bars represent the mean (n = 3) and vertical lines
the s.d., with dots representing the measurement of the biological strain replicates. (C) The baseline expression over a Ga-negative (Agpal) control
strain was evaluated for acetate induction after 3 h of incubation. Bars represent the mean (n = 3) GFP fluorescence over the negative control at the
respective induction concentrations and vertical lines represent the s.d. Dots represent the mean fluorescence of 5000 individual cells analyzed by flow
cytometry for each biological replicate. Additional strains, Gpal-Gaq and Gpal-Gaii, were included. *P < 0.05, **P < 0.01, **P < 0.001, one-sided t-test.

promoter pTEF2 compared to the Ga-negative control strain, the
baseline GFP fluorescence was barely noticeable. To better under-
stand the effect of the different promoters used for Gpal-Gaj; ex-
pression, the activation of strains with increasing concentrations
of propionate was evaluated (Fig. 3B and C). The activation curves
are presented both as raw GFP fluorescence intensity measure-
ments (Fig. 3B) and as baseline-corrected curves (Fig. 3C), where
the GFP fluorescence intensity in the uninduced state for each
strain and replicate is subtracted at each induction level. As the
data are log transformed, the latter corresponds to fold-change
over baseline.

Investigating the activation curves of the different strains, the
difference in baseline GFP fluorescence intensity is clear through-
out the range of evaluated concentrations (Fig. 3B). Interestingly,
the strains with the strongest and weakest promoters, pTDH3
and pRPL18B, had a decreased dynamic range, while the dynamic
range of strains with promoters pPGK1 and pTEF2 were similar
(Fig. 3B and C). Strains with promoters pRPL18B, pPGK1, and pTEF2
were confirmed to have a limit of detection (LOD) of 0.05 mM pro-
pionate (P < 0.01, P < 0.05, and P < 0.05, one-sided t-test), while
the strain with promoter pTDH3 had a LOD of 0.1 mM (P < 0.05,
one-sided t-test; Fig. 3C). Due to one of the replicates of the strain
with pPGK1 being an outlier, the LOD of this strain was evaluated
in a separate experimental run (Fig. 4A). Overall, we found that
in terms of both dynamic range and sensitivity, strains with the

pTEF2 and pPGK1 promoters performed similarly, with the former
having close to no baseline GFP fluorescence activity and the latter
having a high baseline activity. For the purpose of screening both
agonists, producing pathway activation upon binding, and inverse
agonists, resulting in suppression of the pathway signaling upon
binding, a baseline expression centered between the background
(no GFP fluorescence) and GFP fluorescence saturation is benefi-
cial, allowing equal opportunity for activation and suppression.
For this purpose, the strain with promoter pPGK1 was selected for
all further evaluation of ligands acting through Gaj; -mediated sig-
naling, after confirming that incubation with an orthosteric an-
tagonist resulted in suppression of the signal (Fig. S2). Although
this strain appears to have a higher dynamic range for activation
compared to suppression, it had the closest to the ideal ratio out
of the evaluated strains, while maintaining a high sensitivity.

Activation of FFA2R by orthosteric agonists

To characterize the strain for evaluation of Ga;;-mediated FFA2R
activation, the dose-dependent response to the natural SCFAs ag-
onists propionate and acetate was investigated. For both acetate
and propionate, the average GFP fluorescence in cells increased
in a concentration-dependent manner, with similar estimates for
PEC50 (PEC504ac = 2.96 + 0.02 and pEC50p, = 3.18 & 0.03, curve
upper asymptote was not accurately defined; Fig. 4A and B). How-
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Figure 3. Tuning of Gpal-Ge;; expression levels. Strains were constructed with Gpal-Gey; expressed from promoters stronger or weaker than pPGK1,
the promoter used in the initial strain evaluation. (A) The bar plot represents baseline expression over the Ge-negative (A gpal) control strain,
evaluated in strains with varied Gpal-Ge;; expression levels after 3 h of incubation. Bars represent the mean GFP fluorescence over the negative
control for biological replicates and vertical lines represent the s.d. (n = 3). Dots represent the mean GFP fluorescence of flow cytometry data for each
biological replicate. The presented activation curves represent the log10-transformed GFP fluorescence response (B) and log10-fold change of GFP
fluorescence over the baseline, (C) respectively (dots), after 3 h of incubation. Fold-change over baseline was calculated by subtracting the uninduced
GFP fluorescence intensity of the respective strain and replicate. Vertical lines represent s.d. (n = 3) for all but strain pPGK1 (n = 2), as an outlier

replicate was removed. *P < 0.05, **P < 0.01, **P < 0.001, one-sided t-test.

ever, comparing the dynamic range and relative response inten-
sity at higher induction concentrations, acetate appears to be the
more potent inducer. The LOD was identified as 0.05 mM (P < 0.05,
one-sided t-test) and 0.05 mM (P < 0.05, one-sided t-test) for ac-
etate and propionate, respectively. As such, the sensor displayed
similar sensitivity for acetate and propionate, while acetate pro-
duced a higher intensity response through the mating pathway
via Gpal-Gei;-specific coupling to FFA2R compared to propionate.

Next, the dose-dependent response to the synthetic orthosteric
agonist Cmp1 was evaluated, a ligand with a 3-fold higher potency
compared to propionate based on pEC50 values in human cell
lines (Schmidt et al. 2011, Hudson et al. 2013). In our platform, the
estimated value for Cmp1 (PEC50¢mp1 = 5.14 £ 0.17, upper asymp-
tote not defined; Fig. 4C) was 2.18-fold higher than for acetate and
1.96-fold higher than for propionate. The LOD of Cmp1 was iden-
tified as 0.1 pM (P < 0.05, one-sided t-test), at which a significant
increase in response was produced compared to in the absence of
inducer. With this, it was confirmed that the two tested SCFAs and

Cmp1 produced a dose-dependent response in the yeast platform.
In addition, the Ga;; -dependent activation of Cmp1 was confirmed
in a yeast platform for the first time.

Effect of antagonists on the yeast FFA2R platform

Next, the suppressive effect of synthetic antagonists GLPG0974
and CATPB, originally developed for potential therapeutic appli-
cations (Park et al. 2016, Milligan et al. 2017), was investigated in
the presence of increasing propionate concentrations. Both an-
tagonists are known to be orthosteric, repressing activation in
concentration-dependent manner in stable human cell lines with
overexpression of FFA2R (Sergeev et al. 2016, 2017). Upon evalu-
ation of the dose-dependent suppression of pathway activation
in yeast, GLPG0974 and CATPB were both found to decrease the
GFP fluorescence intensity in a concentration-dependent manner.
Both compounds produced significant suppression at 0.1 uM in
both the absence and presence of propionate compared to in the
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Figure 4. Propionate, acetate, and the synthetic orthosteric agonist Cmp1 strongly induce Gea;;-dependent signaling. The effect of varying
concentrations of (A) acetate, (B) propionate, and (C) Cmp1 on GFP expression induction in yeast with Gpal-Gaj; -dependent signaling after 3 h of
incubation. The response is expressed as mean log10-fold change of GFP fluorescence over the baseline (dots), calculated from the mean of flow

cytometry data; vertical lines represent s.d. (n = 3).

absence of the antagonists (P < 0.01 and P < 0.01, one-sided t-test),
resulting in a decreased GFP fluorescence intensity below baseline
in the absence of propionate (Fig. SA and B). Comparing the two
antagonists in terms of potency, the relative signal suppression re-
sulting from GLPG0974 (Fig. 5A) was stronger than that of CATPB
(Fig. 5B). With this, concentration-dependent signal suppression
by both compounds in the presence and absence of an orthosteric
agonist was demonstrated on this platform, as well as an inverse
agonist behavior of both GLPG0974 and CATPB.

Evaluation of allosteric modulators

Lastly, the effect of the allosteric agonists/modulators Cmp58 and
AZ1729 was evaluated, both known to positively modulate the re-
sponse of the receptor in the presence of agonists (Wang et al.
2010, Bolognini et al. 2016). Relative to propionate, Cmp58 report-
edly has a 2.7-fold higher pEC50 and AZ1729 a 2.9-fold higher
PEC50 in human cell lines with constitutive FFA2R expression,
while these vary depending on which pathway output is measured
(Fig. 1A; Wanget al. 2010, Schmidt et al. 2011, Bolognini et al. 2016).
In the yeast sensor platform, both compounds acted as allosteric
agonists through the Gej; subunit, producing a concentration-
dependent upshift in GFP fluorescence intensity in both the pres-
ence and absence of propionate (Fig. 6A and B). With increas-
ing propionate concentration, the activating effect of Cmp58 de-
creased as a result of signal saturation (Fig. 6A). In addition,
AZ1729 was found to slightly sensitize FFA2R towards propionate
in the lower propionate concentration range (0-0.1 uM, P < 0.05,
ANOVA), producing an amplification in signal compared to the
individual responses of AZ1729 and propionate taken together
(Fig. 6C). However, this effect was weak and absent at higher con-
centrations of propionate (Fig. 6C). Of the two allosteric agonists,
Cmp58 produced a stronger signal, comparable with that of the

orthosteric agonist Cmpl in absence of propionate (Fig. 6A and
D), while the activation intensity of AZ1729 at evaluated concen-
tration was weaker albeit significant (Fig. 6B). Both compounds
were found to have an LOD of 0.01 pM in absence of propionate
(P < 0.05, one-sided t-test), while 1 pM AZ1729 and Cmp58 re-
spectively produced a significant increase in GFP fluorescence
throughout increasing propionate concentrations compared to in
the absence of the allosteric modulators (P < 0.01, one-sided t-test;
Fig. 6A and B). These results confirm the allosteric agonist activ-
ity of AZ1729 and Cmp58 via Gey, while neither compound acted
as an allosteric modulator to produce cooperative effects together
with propionate.

As a final evaluation, simultaneous stimulation by AZ1729 and
Cmp58 was investigated, as these have been shown to bind sep-
arate sites in the receptor and produce cooperative activation in
human neutrophils (Lind et al. 2020). Again, both compounds did
produce a concentration-dependent increase in GFP fluorescence,
indicating separate binding sites in FFA2R (Fig. 6D). However, no
cooperative effects were found (Fig. 6D).

Discussion

Here, we present a yeast platform for the evaluation of G-
mediated signaling by human FFA2R, constructed in a yeast strain
background with a streamlined mating pathway void of nonessen-
tial components. By altering the Ga expression levels, baseline
output levels were tuned. Utilizing GFP as a fluorescent output, the
response time of this sensor is shorter than that reported for pre-
viously developed FFA2R sensors, with an assay time of 3 h after
incubation as compared to 24 h (Brown et al. 2003, 2015), making
induction assays increasingly efficient. While other Ge variants
known to interact with FFA2R in human cells were expressed un-
der the same promoter, the only Gpal-Ge producing a significant
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Figure 5. Antagonists GLPG0974 and CATPB repress GFP expression in absence and presence of propionate. The effect of varying concentrations of (A)
propionate with GLPG0974 and (B) propionate with CATPB on GFP expression induction in yeast with FFA2R-Gpal(Gey;) after 3 h of incubation. Bars
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to the baseline (n = 3). **P < 0.01, **P < 0.001, one-sided t-test.

response besides Gaj; was Gais. Out of the two, both had similar
dynamic ranges, with the baseline of Gej; being higher. This is in
accordance with previously reported results for FFA2R yeast sen-
sors (Brown et al. 2003). We did, however, find that both Gaq and
Gaq1 produced a slight but significant baseline activation, which
indicates there may be some interaction between the GPCR and
chimeric Ga. Due to the signal being weak, however, this was not
further pursued. Out of the functional chimeric Ge, Gej; Was cho-
sen for further tuning to enable comparison to previously pub-
lished yeast FFA2R sensors in the literature.

In our case, the modularity of the streamlined mating path-
way enabled evaluation of varied expression levels of Gpal-Ge;,
allowing for tuning of the activation response curve in terms of
sensitivity, dynamic range, and baseline expression (Fig. 3A and
B). While two of the evaluated promoters, pTEF2 and pPGK1, pro-
duced equally high sensitivity and dynamic range for sensing of
propionate, the difference in baseline expression makes these ap-
plicable in different screening scenarios. With the higher Go ex-
pression level under promoter pTEF2, the baseline expression was
reduced to a barely detectable level. This would be suitable for ap-
plications where a clear distinction between an active and inac-
tive sensor is beneficial, such as in diagnostics or in screening of
mutant GPCR libraries. However, for applications such as ligand
screening, baseline activity is key for detection of the full range
of ligands, as it allows for detection of inverse agonists. As such,
promoter pPGK1 was selected for Gua expression in further strain
evaluations, due to the baseline expression of this strain allowing
for bidirectional detection of ligands. In contrast, strains express-
ing G from the pTDH3 and PRPL18B promoters suffered either a
decrease in sensitivity due to an abundance of the Ge causing in-
hibition of the GBy complex, or a decreased dynamic range due to
a lack of Ga resulting in signal saturation at lower inducer concen-
trations. Interestingly, the developed strains did not present an in-
creased sensitivity to the SCFAs compared to the previously devel-
oped yeast sensors (Brown et al. 2015), as was expected based on
the increased expression levels of the GPCR and the output gene in
the background strain (Shaw et al. 2019). Based on this, it is possi-

ble that a limited interaction between the GPCR and the chimeric
Ga in the yeast strain is preventing an enhanced response.

As acetate is part of the central yeast metabolism, there is a
possibility that the observed baseline activity could be caused by
the small amounts of acetate produced by S. cerevisiae (Leupold
et al. 2019). While this possibility cannot be excluded, yeast sen-
sors based on the mating pathway can produce baseline activity
in the absence of a ligand if the relative expression levels of key
pathway genes are not optimized (Shaw et al. 2019). However, to
guard against this being the case, one could opt for optimization of
cultivation conditions or engineering of the strain background for
decreased acetate production. Considering the results presented
in this work, however, it is unlikely that this would have major
effects on the application towards identification of novel ligands,
while it should be taken into account during the interpretation of
the ligands” mode of action.

With several modifications having been introduced into the al-
ready heavily engineered parental strain, Design 4, the growth of
strains was evaluated to determine the effects of these. This re-
vealed a major difference in growth between the parental strain
and the newly constructed ones, largely residing in the low max-
imum ODggo reached by the parental strain. Interestingly, this
strain showed no aerobic growth phase, instead displaying a drop
in cell density after the exponential phase. As such, it appears that
while the newly constructed strains have additional expression
cassettes integrated, the relocation of expression cassettes for the
GPCR and Ge from the URA3 to new integration loci resulted in a
positive effect on growth. The observed behavior could be related
to an excessive metabolic burden being relieved, as gene expres-
sion efficiencies can vary greatly depending on their integration
loci (Bai Flagfeldt et al. 2009). Even so, the strains performed sim-
ilarly in the exponential phase and produced no significant dif-
ference in growth rate. As such, the observed differences in the
anaerobic phase are unlikely to affect ligand detection within the
assay time of 3 h.

To validate the sensor strain, activation by both orthosteric and
allosteric agonists, as well as suppression by orthosteric inverse
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Figure 6. Allosteric agonists Cmp58 and AZ1729 exhibit an agonistic response in the yeast platform. Bar plots display the effect of varying
concentrations of (A) propionate and Cmp58 and (B) propionate and AZ1729 after 3 h of incubation. Bars represent the mean log10-fold change of GFP
fluorescence over the baseline of three replicates, shown as dots, and significance is calculated compared to the baseline (n = 3). The effect of varying
concentrations of (C) propionate with AZ1729 and (D) Cmp58 with AZ1729 on GFP expression induction in yeast with FFA2R-Gpal(Gej,) after 3 h of
incubation. The response is expressed as mean log10-fold change of GFP fluorescence over the baseline (dots), calculated from the mean of flow
cytometry data, and vertical lines represent s.d. (n = 3). *P < 0.05, **P < 0.01, **P < 0.001, one-sided t-test.

agonists, was characterized. Upon evaluation of activation by SC-
FAs acetate and propionate (Fig. SA and B), the dose-dependent
activation was found to be in accordance with the literature
(Schmidt et al. 2011, Hudson et al. 2013). Both SCFAs reportedly
have a similar potency in human cell lines, with the stronger ag-
onist varying depending on the measured output (Schmidt et al.
2011). In stable human cell lines with both Gay/, and Gag/1; sub-
unit families, acetate showed a higher potency in G protein ac-
tivation assays (pEC50ac = 4.43 and pEC50p; = 3.99), while pro-
pionate resulted in increased accumulation of the downstream
metabolite IP3 (pEC504c = 3.94 and pEC50p, = 4.66; Fig. 1; Schmidt
et al. 2011). In comparison, the estimated pEC50s for acetate and
propionate in the presented yeast platform are somewhat lower
(PEC504c = 2.96 + 0.02 and pEC50p, = 3.18 £ 0.03) with propionate

having a slightly lower pEC50 compared to acetate. Instead look-
ing into the apparent LOD in the same stable human cell line, ini-
tial activation seems to be detectable around 0.01 mM for both
acetate and propionate (Schmidt et al. 2011, Hudson et al. 2013),
which is slightly lower than the LOD of 0.05 mM for both acetate
and propionate identified in our strain. Conversely, the maximum
activation of the developed sensor strain was not yet reached at
10 mM acetate, while the saturation was reached at lower con-
centrations in the stable human cell lines (Schmidt et al. 2011).
These differences likely stem partially from variations in the in-
terface between FFA2R and the Ga compared to when these are
expressed in human cells, and partially from the alternative sig-
naling pathway. Interestingly, based on the maximum activation
of the sensor strain being reached at higher concentrations in re-
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lation to the LOD compared to human cell lines, the operational
range of the developed strain appears increased. Based on this, itis
possible that the lower pEC50 found in the developed yeast strain,
to some part, can be attributed to it having a wider operational
range, as the pEC50 is defined in relation to the maximum activa-
tion without taking the slope of the activation curve into account.
Moreover, it is relevant to note that results found in human cell
lines engineered to have a stable expression of FFA2R are differ-
ent from those found in primary cells. An example of this can be
found in FFA2R activity studies of human neutrophils, where ad-
dition of acetate or propionate, respectively, only results in weak
activation at concentrations up to 5 mM (Martensson et al. 2018,
Lind et al. 2020). Even so, these SCFAs become potent activators
in the presence of allosteric modulators AZ1729 or Cmp58, stim-
ulating a response at concentrations of 1 mM acetate or 0.025 mM
propionate in these cells (Martensson et al. 2018, Lind et al. 2020).
As a last validation of the performance of our yeast platform, we
also compared the pEC50 of propionate activation in our sensor
to that of a previously developed growth-based FFA2R sensor in
yeast (Brown et al. 2015), and found a slightly lower pEC50 in our
platform (ApECS50p, = 0.22).

Other than propionate and acetate, none of the compounds
explored in this study had been previously evaluated in a yeast
FFA2R platform. The synthetic orthosteric agonist Cmp1 is known
to be a more potent agonist of FFA2R compared to the SCFAs in
human cell lines, with a 3-fold higher pEC50, and like the SCFAs
does not have a bias towards the Ga;/, or Gag;1 subunit families
(Hudson et al. 2013, Bjorkman et al. 2016). In accordance with this,
Cmp1l was demonstrated to be a more potent agonist also in our
yeast platform, albeit with a slightly lower relative potency com-
pared to acetate and propionate than in human cell lines (Hudson
et al. 2013). Comparing the apparent LOD for Cmp1 in stable hu-
man cell lines with the LOD for Cmp1 in our platform, we find
that these are largely similar for several of the activation assays
applied in human cells (Hudson et al. 2013). With this, Cmp1 was
verified as a strong activator of Ge;-mediated FFA2R signaling and
confirmed that the yeast platform could be applied to determine
the relative activation strengths of agonists of FFA2R.

Investigating the relative potency of the antagonists/inverse ag-
onists GLPG0974 and CATPB, the yeast sensor, we found that both
compounds mediated significant suppression of GFP fluorescence
intensity at a concentration of 0.1 pM in the absence and pres-
ence of increasing concentrations of propionate (Fig. SA and B).
The one exception was 0.1 pM CATPB at 10 mM propionate, for
which suppression was likely undetectable due to sensor satura-
tion by propionate at this concentration. Only a higher concentra-
tion of 1 pM CATPB produced significant suppression of activation
at this propionate concentration. These results indicate this com-
pound as a weaker antagonist in the yeast platform compared to
GLPG0974, which produced a signal suppression at a lower con-
centration. These results align with the apparent LOD presented
for the compounds in stable human cell lines, where a clear sig-
nalis produced at corresponding concentrations of GLPG0974 and
CATPB (Sergeev et al. 2017). Both compounds have been reported
to bind the orthosteric site of FFA2R, but whether they act as an-
tagonists, simply blocking the agonist from binding, or inverse
agonists, altering the receptor structure to repress activation, is
unclear in the literature (Namour et al. 2016, Sergeev et al. 2016,
Miyasato et al. 2023). In the yeast platform developed in this study,
it was demonstrated that both GLPG0974 and CATPB suppress GFP
fluorescence in the absence of an agonist, indicating a structural
change as a result of binding and thereby inverse agonist activity.
These results are supported by a recent study in a stable human

Clausen Lindetal. | 11

cell line with constitutively active FFA2R, where both GLPG0974
and CATPB suppressed the receptor activity in the absence of an
agonist (Miyasato et al. 2023). They are further in line with sev-
eral reports from human neutrophils, where both GLPG0974 and
CATPB were shown to inhibit transactivation of FFA2R by other re-
ceptors and inhibit the allosteric activity by CmpS8 and AZ1729,
respectively, indicating structural change upon binding (Lind et
al. 2023). GLPG0974 was also indicated as a positive modulator for
co-activation by allosteric modulators AZ1729 and Cmp58 in neu-
trophils (Lind et al. 2022).

Lastly, the allosteric modulators Cmp58 and AZ1729 were eval-
uated in the yeast platform. While both compounds did act as
allosteric agonists, activating the yeast mating pathway at a con-
centration of 1 uM through Ge;; in absence and presence of pro-
pionate, the induction by AZ1729 was weak and only clear at
higher concentrations (Fig. 6A and B). Of the two allosteric ago-
nists, Cmp58 was thereby found to induce a higher intensity of
fluorescence. While the intensity of response to AZ1729 induction
in absence of an agonistis in line with those found for certain out-
puts in stable human cell lines, this weak response indicates that
some ligands may be difficult to detect at lower concentrations in
this yeast platform (Bolognini et al. 2016). To further investigate
the activity of the compounds in the yeast platform, the effect of
simultaneous induction by both was evaluated. With both com-
pounds producing individual activation in the absence and pres-
ence of the other, the recent suggestion that Cmp58 and AZ1729
bind different sites in the receptor was further supported (Fig. 6D;
Lind et al. 2020). Conversely, no cooperative effects, i.e. additional
increase in signal intensity above that produced by the individ-
ual compounds, were found. While this is in contrast with the
reported cooperative activation in neutrophils, the mechanisms
behind this effect are still unclear and have been hypothesized
to occur either via the activated G protein subunits or indepen-
dently of the major signaling routes downstream of FFA2R (Lind
et al. 2020, 2022). As such, the absence of a cooperative activa-
tion in the yeast platform further suggests that this effect occurs
separately from the Ge;-based signaling.

Altogether, the results presented in this work demonstrate the
applicability of the developed yeast-based FFA2R sensor for eval-
uation of ligands acting through Ga;y, with potential for applica-
tions in ligand screenings. Applying a streamlined mating path-
way for sensing with GFP as an output enabled both tuning of the
pathway response and a shortened incubation time. This allows
for an increased efficiency of screening compared to previously
developed yeast sensors for FFA2R, potentially applicable investi-
gation of large compound libraries in search of novel FFA2R lig-
ands acting through the Ge; subunit family. The strain captures
the activation by agonists and allosteric agonists, and suppres-
sion by inverse agonists, and can contribute with insights into
the cooperative activation by the allosteric agonists. Moreover, we
demonstrate the first FFA2R yeast sensor with near to no baseline
activity. While it was not further evaluated in this study, this strain
would be applicable for screening of FFAR2 mutant libraries to-
wards identification of key amino acid positions and binding sites
of agonists of interest. With this, we present an improved strain
for screening of FFA2R ligands, with potential for broader future
applications.
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