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Abstract

Polyphenols are widespread in plant-based foodstuffs contributing directly to their taste properties
(astringency and bitter taste). Bitterness is perceived by activation of bitter taste receptors (TAS2RS).
Some polyphenols have been already identified as agonists for TAS2R5, TAS2R7 and TAS2R39. The aim
of this study was to express and isolate TAS2R5, TAS2R7 and TAS2R39 on S. cerevisiae for further
structure-activation studies. For this purpose, these TAS2Rs were expressed using a GFP-fusion yeast
system. The transformants and the induction culture conditions (time, temperature, and addition of a
chemical chaperone) were screened by whole-cell GFP fluorescence, immunoblotting and fluorescence
microscopy. Anincrease of expression of TAS2Rs was observed when were induced with 2% of galactose
at 20°C (TAS2R5), 26°C (TAS2R7), and with 2.5% of DMSO at 26°C (TAS2R39) for 22 hours. Isolation of
TASZ2R has been proven difficult due to cell lysis inefficiency and protein degradation. This study allowed
to getinsights on the best protein expression conditions for these TAS2Rs. The future work is focused on
improving the isolation of these membrane proteins and finding alternative approaches. Ongoing work is
developing two approaches based on a baculovirus expression vector system and on expression on an

engineered GPCR-based signalling strain S. cerevisiae.

Keywords: Polyphenols; bitterness; bitter taste receptors; protein expression; activation

screening.



Resumo

Os polifendis existem em alimentos de origem vegetal, e contribuem diretamente para as propriedades
organoléticas dos alimentos (adstringéncia ou sabor amargo). A percecao do gosto amargo ocorre pela
ativacao de recetores do sabor amargo (TAS2Rs). Alguns polifendis ja foramidentificados como agonistas
dos TAS2R5, TAS2R7 e TAS2R39. O objetivo desta dissertacao foi expressar e isolar estes TAS2Rs para
aprofundar arelacao estrutura-atividade. Estes TAS2Rs foram expressos em S. cerevisiae através de um
sistema de fusao com GFP. Os transformantes e as condicdes de cultura de inducao (tempo, temperatura
e adicao de chaperonas quimicas) dtimas foram estudadas através de “whole-cell fluorescence”,
“immunoblotting’ e microscopia de fluorescéncia. Foi observado um aumento da expressao destes
TAS2Rs quando estes foram induzidos com 2% galactose a 20°C (TAS2R5), 26°C (TAS2R7) e com 2.5%
DMSO a 26°C (TAS2R39) durante 22 horas. O isolamento dos TAS2Rs demonstrou-se dificil, devido a
falta de eficiéncia da lise celular e da inibicao da degradacao proteica. Este estudo permitiu averiguar
algumas condi¢des de expressao dos trés TAS2Rs. Este trabalho tem como perspetivas futuras melhorar
a expressao e isolamento destes TAS2Rs e procurar abordagens alternativas. Estao em curso métodos
alternativos baseados noutro sistema de expressao (em Baculovirus) e baseados na expressao numa

estirpe S. cerevisiae geneticamente modificada com sistema de sinalizacao de GPCR.

Palavras-chave: Polifendis; sabor amargo; Recetores do sabor amargo; Expressao proteica; Screening

da ativacao.
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1. Introduction

1.1. Bitter taste inrelation to food polyphenols

Bitter taste usually receives consumers disapproval. However, it can also be appreciated, if only it
is moderate, in products like coffee, beer, red wine, and dark chocolate ! 2. Bitter compounds are
typically derived from plants (e.g., caffeine in coffee, hop bitter acids in beer, naringin and naringenin in
Citrusfruits, sinigrinin broccoli and brussels sprouts®>). Nevertheless, they can also appear in products
from animal origin (e.g., bitter peptides in cheese ®)), food processing (e.g., the Maillard reaction products
- among which intensely bitter tastants such as quinizolate and homoquinizolate, among others ) and
upon storage (e.g. lipids oxidation ). In plants, the biological function of bitter compounds is to protect
them from predators and pathogens, particularly toxins (e.g., strychnine) which are often bitter ",
Thus, it has been presumed that the ability to perceive bitter compounds and its aversion has long been
crucial to survival. Several natural bitter compounds have been also associated with putative health
effects. In fact, polyphenols, which are a family of compounds widespread in plant-based foodstuffs
with well-known healthy properties, contribute directly to their taste properties (e.g. astringent
sensation and hitter taste). Therefore, an unbiased recognition and knowledge on how and which
polyphenols are hitter and/or astringent is necessary for a focused modulation of these sensory
properties .

Bitter taste is mediated by a group of bitter taste receptor proteins that reside on the surface of
taste cells within the taste buds of the tongue. These proteins are seven transmembrane domain, G
protein coupled receptors, encoded by members of the TASTE 2 Receptors (TAS2R) gene family. The
human genome contains 25 apparently functional TAS2R genes . The major goals of chemosensory
science are to functionally characterize these receptors and identify their ligands. However, this task
has proven difficult, and the ligand that binds to each receptor and initiates bitter taste perception is
known in only a few cases. Polyphenols such as epicatechin, procyanidins, pentagalloylglucose,
punicalagin, malvidin-3-glucoside, have been already identified as agonists for some TAS2Rs, namely,
TAS2R5, TAS2R7 and TAS2R39 12131,

In this thesis, the main goal is to better understand the activation of TAS2Rs and by polyphenols.
To achieve this goal, TAS2Rs will be expressed in different heterologous systems, such as yeast
Saccharomyces cerevisiae and Baculovirus Expression Vector System (BEVS). Experimentally, the
expression of bitter taste receptors (TAS2R5, TAS2R7 and TAS2R39) was screened only by

recombinantly expressing TAS2Rs in S. cerevisiae.



1.1.1. Polyphenols

Phenolic compounds (PC), or commonly referred as polyphenols, comprise a heterologous group
of metabolites synthesized by the secondary metabolism of plants ™', These natural compounds are
widely presentin vegetables, fruits, and derived products (e.g. red wine, green tea, beer, and coffee) 1'%,
In planta, their functions range from pigmentation to growth, as defence against predators and
infestation by microorganisms . In foodstuffs, these compounds are responsible for several
organoleptic features, such as colour and taste properties. Regarding to the latter, astringency and
bitterness are perceived in a diversity of foods and beverages such as unripe fruits, wines, teas, and
beers ¥, Actually, PC turn out to be associated with several health benefits, having particular biological
properties as antioxidants, anticarcinogens or antimutagens, to prevent some cancer, allergies,
cardiovascular, Parkinson and Alzheimer's diseases, among others 16,

A classic example of the health effects of polyphenols is the "French Paradox”, described by
Renaud and Lorgeril in 1992 . This paradox has evoked interest to investigate whether antioxidant
polyphenols may offer protective effects beyond the cardiovascular system, and whether PC from
other plant sources may similarly offer beneficial effects to human health. Despite the high
consumption of saturated fat and tabaco, this study revealed a low incidence of cardiovascular
diseases, due to aregular and moderate consumption of red wine in the French population ™. Currently,
these positive health effects turn out to be associated not only to the strong antioxidant ability of
polyphenols but also to complex effects associated to cell signalling ™.

These PC reveal a wide range of structures, from very simple structures (e.g., phenolic acids)
through polyphenols such as flavonoids, which contain several groups, to polymeric compounds,
according to their complexity " (Figure 1). Therefore, polyphenols can be simply classified in two main
groups, non-flavonoids, and flavonoids, precisely (Table 1). They can also be subdivided in many sub-
classes depending on the number of phenol units in their molecular structure, substituent groups,
and/or the bond type between the phenol units (summarized on Table 1) 1*4,

The most simple structures are polyphenols with a single benzene ring (e.g., phenolic acids),
compounds with a Ce-C>-Cs skeleton with two benzene rings (e.g,, stilbenes), and compounds with Ce-
C5-Ce skeleton, in which the two benzenic rings (rings A and B) are usually linked by a heterocyclic pyran
ring (ring C), characteristic of flavonoids (Figure 1). The more complex polyphenols are basically

polymers of the structures referred above that contain many different substituents ',

Figure 1. Flavonoids representative structure (flavanic core).



Table 1. Main classes and subclasses of polyphenol compounds.

CLASS SUBCLASS EXAMPLES TYPICAL FOOD SOURCE

O o Enterolactone
LIGNANS Linen seeds, broccoli
I,

O Resveratrol
.

n
o HO .
5 STILBENES O Red grapes and wine
4
o
> OH
<
— R . . .
5T 1 Hydroxibenzoic acid
4
= R é )—coon R1, R2= OH; R3= H: ic aci
, R2= OH; R3= H: protocatechuic acid .
=z R1,R2, R3= OH: gallic acid Coffee, chocolate, spinach

PHENOLIC ACIDS

By Hydroxicinnamic acid

“a‘©x R1, R2= OH: caffeic acid
COOH

R1= OMe; R2= OH: ferulic acid

ANTHOCYANINS O o Red fruits, berries

Ho. o R1= OH; R2= H: cyanidin
2
O » R1, R2= OH: delphinidin

Glu R1, R2= OMe: malvidin

H3C

Xanthohumol

CHALCONES Ho Beer

FLAVAN-3-0LS Red grapes and wine
R1= OH; R2, R3= H: (+)-catechin

R1,R3=H, R2= OH: (-)-epicatechin

R1,R2, R3= OH: (+)-gallocatechin

FLAVONOIDS

FLAVONOLS Black and green tea; onions

R1,R2= OH; R3= H: quercetin
R1,R2, R3= OH: myricetin

FLAVONES Carrot, olive oil and peppers

R1, R2= OH: luteolin
R1=H; R2= OH: apigenin

ISOFLAVONES Soy sauce and milk

R1= H: daidzein
R1= OH: genistein

Non-flavonoids are characterized by having a single aromatic ring, including phenolic acids,
stilbenes, and lignans. The predominant class in this group is represented by small molecules such as
phenolic acids (e.g., hydroxybenzoic and hydroxycinnamic acids). These polyphenols are presented in

foods such as chocolate, coffee, and spinach ™. In fact, non-flavonoids commonly exist in their



conjugated form with glucose, quinic acid, structural components of the original plant or even with other
polyphenols .

Flavonoids are the most important group of polyphenols in food. They are characterized to
originate from a central core, the flavanic core (Figure 1) . Flavonoids are classified in various groups
according to the oxidation state and substitution pattern of the central pyran ring (ring C) ™. This
structural diversity of flavonoid molecules results in a wide range of compounds that includes
flavanones, flavones, flavonols, dihydroflavonols, isoflavonoids, anthocyanins, flavan-3,4-diols,
flavan-4-ols and flavan-3-ols "'l Additionally, there are flavonoids with Cs-C3-Cs Skeleton without
the pyran C-ring in their molecular structure (e.g., chalcones and aurones), which are identified as minor
flavonoids. In food, flavonoids appear as glycosides (e.g., fruits, seeds, and vegetables), as aglycones
(e.g, tea), or oligomers (as proanthocyanidins, e.g., grapes and peanuts) ',

Flavonoids can produce several organoleptic responses, from sweet taste (dihydrochalcones) to
astringent sensation (proanthocyanidins, flavan-3-ols), and bitter taste (majority of subclasses). Sweet
and bitter taste results from the activation of taste receptors on the tongue, whereas astringency is a
rough or dry sensation in the mouth. The mechanisms that lead to astringency onset have been a matter
of controversy. One of the most important is the interaction between PC and proline rich salivary
proteins (PRPs), leading to the precipitation of salivary proteins and loss of lubrication in the mouth 4],

Anthocyanins are responsible for the colors, red, purple, and blue, of various fruits and
vegetables (e.g, berries, grapes, black carrots, and red cabbage) and derived products, particularly, red
wine. Anthocyanin is considered as one of the flavonoids subclasses, even with the positive charge at
the oxygen atom of the C-ring . In fruits, these pigments are always in their glycosylated form, but in
other foodstuffs they may appear as aglycon (without the sugar moiety) ™.

The colour and stability of anthocyanins depends on the pH, light, temperature, and structure.
In acidic condition, these pigments appear as red and as the pH increases, they turn out to be blue 12°!,
Apart from the natural dye utility of anthocyanins, these colored pigments provide beneficial health
effects as antioxidant, antidiabetic, anticancer, anti-inflammatory, and antimicrobial activities, and in
the prevention of cardiovascular diseases. Among anthocyanin group, cyanidin glucoside, delphinidin
glucoside, malvidin glucoside, pelargonidin glucoside, peonidin glucoside, and petunidin glucoside are
the most common colored pigments distributed in plants [%-2°,

Flavan-3-ols are the most structurally complex group of flavonoids, present in fruits,
vegetables, beverages, food grains, herbal remedies, dietary supplements, and dairy products -2,
They vary structurally according to the stereochemistry of carbon 3 of C ring and to the hydroxylation
degree of ring B . These compounds range from the simple monomers (+)-catechin and (-)-
epicatechin, which can be hydroxylated to originate gallocatechins (e.g., gallocatechin and

epigallocatechin) and also be esterified with gallic acid (e.g. epicatechin-3-0-gallate (ECG) and



epigallocatechin-3-0-gallate (EGCG)), by complex structures including the proanthocyanidins that are

also referred as condensed tannins -2,

Table 2. Main classes and subclasses of tannins.

TANNINS

OH

0 OH

OH

HYDROLYSABLE TANNINS
3
3
o
2
o
/
g
3 ]
C
e o
(=]
o
o o‘bi

OH HO OH

Galic acid Pentagalloylglucose

OH

CONDENSED TANNINS
(PROANTHOCYANIDINS)

Procyanidins Prodelphinidins Procyanidin dimer B2 gallate

"Tannins" is a term attributed to some polyphenols that have the ability to bind to proteins .
According to their chemical structure, they are classically divided in condensed tannins (also referred as
proanthocyanidins) and hydrolysable tannins (Table 2). Nevertheless, there are also others minor
tannins, essentially, phlorotannins, found in red-brown algae, and complex tannins, result from
reactions between gallic or ellagic acids with catechins and glucosides ['16.23-24,

Proanthocyanidins consists of polymers of flavan-3-ol monomers ranging from dimeric to
oligomeric forms and to polymers. According to the hydroxylation pattern of ring B, proanthocyanidins
can be divided as propelargonidins (mono-hydroxylated), procyanidins (di-hydroxylated), and
prodelphinidins (tri-hydroxylated) 6231,

Procyanidins are the most common proanthocyanidins and they are built from flavan-3-ols
monomers such as (+)-catechin and (-)-epicatechin. Depending on the stereo configuration and linkage
between flavan-3-ol monomers, these compounds can be categorized into A-type and B-type. B-type
procyanidins are the most abundant and they are identified by a single interflavan bond between C-4 of

B ring and either C-8 or C-6 of Cring. The most frequent B-type procyanidins are B1,B2, B3, and B4 that



are C4-C8 type. Regarding to A-type procyanidins, besides their interflavan bond they also have a
second ether linkage between the hydroxyl group of A-ring and C-2 of A ring 6.22.25],

Hydrolysable tannins consist of esters of monosaccharides with gallic acid (e.g., gallotannins)
or oligomers of gallic/ellagic acids (e.g., ellagitannins) [ ® 28, In food, proanthocyanidins are more

common tannins than hydrolysable tannins .

1.1.2. Bitter taste

The sensory systems, including the vision, auditory, olfactory, somatosensory (touch, pain,
temperature, and proprioception), vestibular (balance, spatial orientation) and gustatory systems have
essential roles of presenting the living beings a faithful representation of the external world. As regards
tothelater, taste perception provides useful sensory information for food appraisal and gives a valuable
discriminatory power prior to ingestion 27,
The human being can taste several compounds, but they only recognize five distinct taste sensations,
which are (i) sweet, for the detection of sugars and sweeteners, (ii) bitter, for the detection of a variety
of alkaloid substances, many of which are toxic, (iii) sour, which detects acids in unripe fruit and spoiled
foods, (iv) salty, which perceives sodium and (v) umami, for detection of all L-amino acids in rodents but
only L-glutamate in humans -3, Nevertheless, taste receptors for canonical taste stimuli have been
described, among them are receptors for fatty acid transporters (receptor for fat), for detection of
different fatty acids and receptors for kokumi, a stimulus that enhances the basic taste sensations 2°.

Taste sense acts as a protector and a guide for our eating habits. The sensations of sweet,
umami and salty lead us to prefer foods containing carbohydrates, amino acids, and sodium, while bitter
and/ or sour sensations acts as discouragement ingesting poisonous substances and strong acids 1!,
These sensations are initially mediated by multiple signaling pathways in the Taste Receptor Cells
(TRCs) localized in the oral cavity in the taste buds on the surface of the tongue and palate epithelium
B In fact, it is known that different regions of the tongue exhibit different gustatory preferences, and
TRCs may selectively respond to different tastants. TRCs, in mammals, are distributed into different
papillae, including circumvallate, foliate and fungiform papillae. Circumvallate papillae localized at the
very back of the tongue and are singularly sensitive to bitter substances. Foliate papillae are found at
the posterior lateral edge of the tongue and are sensitive to sour and bitter compounds. Fungiform
papillae are localized at the front of the tongue and mediate the sweet and salty taste quality 7.

The structure of taste buds is similar to that of a garlic bulb and each taste bud contains
approximately 50-100 TRCs that have epithelia origin. Based on the morphology of TRCs the cells
within a taste bud can be classified into four distinct groups, introduced as type |, Il lll that are elongated
and spindle shaped, whereas type IV cells are round and all taste buds contain of all four subtypes

regardless of their anatomical location 1234,



Bitter, sweet and umami taste are generally mediated by type Il cells, often referred to as
receptor cells and, in contrast, sour taste transduction is detected by type Il cells. Sweet and umami
tastants are perceived by heterodimeric G protein-coupled receptors (GPCRs), namely Taste 1 Receptor
(TAS1R), comprising afamily of three receptors: taste receptor type 1member 1(TAS1R1), taste receptor
type 1member 2 (TAS1R2) and taste receptor type 1member 3 (TAS1R3). The heterodimeric receptors
of TASTR1 and TAS1R3 subunits are activated by umami tastants and the heterodimeric receptors of
TAS1IR2 and TAS1R3 subunits are activated by sweet tastants. Bitter tastants are perceived by
activation of bitter taste receptors (TAS2Rs, T2R), which are also GPCRs that are expressed on the
TRCs. Although, type Il taste buds express either TAS1Rs or TAS2Rs, they respond exclusively to either
sweet and umami, or bitter tastants 233,

Bitter taste perception in humans is mediated by 25 GPCRs of the TASZ2R gene family. The
TASZRs genes are located on chromosomes 5, 7 and 12. Besides TASZ2R1gene, which is localized on
chromosome 5, all the other genes are ordered on chromosomes 7 and 12. Comparing the TAS2Rs gene
sequences revealed that genes located on the same chromosome tend to be more closely related to
each other than to TAS2Rs genes located on different chromosomes 34,

The TASZ2Rs are proteins with 290-330 amino acid residues and they can form oligomers.
Since humans have 25 TAS2Rs capable to detected thousands of bitter compounds, including peptides,
amino acids, lactones, and phenols, among others, it turns to be essential that one receptor responds to
more than one compound ™28, TAS2Rs are seven-transmembrane receptors, as they contain seven o-
helices passing through the cellmembrane. Apart from the seven transmembrane regions, they include
three extracellular loops and three intracellular loops. Amongst the 25 TAS2Rs, the extracellular N-
termini, and intracellular C-termini, and the lengths of the loops are relatively variable 128!,

The number of TAS2Rs subtypes varies in different species, from 3 in chicken to 50 in frog.
Even between mouse and human there are different number of TAS2R subtypes. To date it is known
that for cat (Felis catus), chicken (Gallus gallus), and mouse (Mus musculus) there are 12, 3, and 35 bitter
taste receptors, respectively. The orthology (the homologous sequences evolved from a common
ancestor by speciation) between this species is difficult to assign %, The chemosensory science
explores questions concerning the connection of the habitat and the number of the bitter taste
receptors between species. Besides these questions, it also studies the potential existence of different
types of bitter taste, the level of overlap between the compounds recognized as bitter by different
species, the quest endogenous ligands for extra-orally expressed bitter taste receptors and the
chemical features related with extreme bitterness 1%,

“Taste receptors” (TAS) were firstly characterized as sensory receptors localized on the
tongue, where they are expressed in small clusters of specialized epithelial cells. Nevertheless, many

studies reported in recent years an expression of these receptors not only in the oral cavity but



throughout the body and thus to a physiological role beyond the tongue . The main non-gustatory
tissues expressing TAS2Rs identified are the gastrointestinal and respiratory tract, playing a role in
digestion and metabolism, and act as a warning system for inhalation of harmful substances,
respectively 3% 3%, Furthermore, expression of these receptors also has been reported in many other
tissues including brain, liver, pancreas, urinary bladder, and testis. The function of TAS2Rs in these
tissues has been studied, but in most cases has not been clarified yet %, In addition, bitter taste
receptors are also involved in the innate immunity aiding on the rapid response of epithelial barrier in
avoiding infection at the early stage (e.g. increasing ciliary beat frequency in order to accelerate
mucociliary clearance) *%. This “apparently” chemosensory role in many tissues allows the access to
new therapeutic strategies based on the employment of TAS2Rs as potential therapeutic mediators of
drug effects 1%,

Human bitter taste perception varies significantly showing an individualized perception of
different bitter compounds. This feature has been related to single-nucleotide polymorphisms (SNPs)
of the 25 TAS2Rs that generate, mainly, modified amino acid sequences, namely haplotypes. In world
population, these polymorphisms exist with high frequencies and show to influence receptor activation
by bitter compounds. This might affect dietary habits and lead to consequences for an individual's

health 29,35,

1.2. Interaction betweenfood polyphenols and hitter taste receptors

Thereis an enormous need of new approaches to uncover and understand the bitterness of the
different families of compounds, epitopes of binding, the effect of mixtures of compounds, and ways to
modulate the TAS2Rs activation. One of the reasons to study the astringency as bitterness molecular
mechanisms is toward the development of (natural) strategies to modulate these properties.
Nowadays the oldest method to test astringency and bitterness is tasting. Sensory impressions of
these two properties are easily confused and require specific and significant training to be reliably
distinguished.

Bitterness is one of the five most important sensations since its recognition and aversion
allows the protection of animals against poisonous substances, which are often bitter. This is literal for
bitter taste, as many toxic plant metabolites taste bitter and, therefore, the analogous receptor
molecules perform a required role as warning sensors 43¢, Thus, the sense of taste is crucial to the
survival and well-being of an individual 12834,

Some healthy foods such as vegetables, fruits, and derived products (e.g., red wine and green
tea) are also perceived as hitter. Furthermore, polyphenols are a family of compounds widespread in
plant-based foodstuffs with a well-known healthy property . Although the existence on an

inconsistency on the relation between the bitter taste and polyphenols structure, there are some



studies about the bitter taste of PC, that was showed that bigger molecules tend to be less bitter and
more astringent. According to Peleg et al.(1999) 7 (-)-epicatechin is more bitter than his stereoisomer
(+)-catechin, and these two polyphenols are more bitter than procyanidins trimers. Nevertheless,
Hufnagel and Hoffman, reported that procyanidins dimers and trimers are more bitter than (-)-
epicatechin, suggesting that polyphenols with higher molecular weight are more bitter . Therefore, the
major goal is to reduce bitterness from foodstuffs rich in polyphenols, while preserving the health-
promoting properties of polyphenols. To accomplish this, itis essential to determine which of the PCare

truly bitter and which of the TAS2Rs are responsible for their detection "2,

In fact, some polyphenols have been already identified as agonists for some TAS2Rs, namely,
TAS2R5, TAS2R7 and TAS2R39 (Table 3). In 2013, Soares et al. discovered that (-)-epicatechin
activates TAS2R4, TAS2R5, and TAS2R39 receptors, and pentagalloylglucose (PGG) also shown to
activate TAS2R5 and TAS2R39 receptors 2. On the other hand, procyanidin trimer and malvidin-3-
glucoside stimulated only one receptor, TAS2R5 and TAS2R7, respectively . In particular, tannins
were the first natural agonists found for TAS2R5 that display high potency only toward this receptor 2.
The catechol and/or galloyl groups appear to be important structural determinants that mediate the
interaction of this receptor '?!. Overall, the ECs, values obtained for the different compounds vary 100-
fold, with the lowest values for PGG and malvidin-3-glucoside compounds, suggesting that they could
be significant polyphenols responsible for the bitterness of fruits, vegetables, and derived products

even if they are presentin very low concentrations "2,

Table 3. Overview of bitter taste receptors and their respective agonists.

Bitter Taste Encoded Chromosome Base Amino Molecular Known agonists
Receptor gene localization pairs(bp) acids weight (kDa) 9
TAS2R5 TAS2R5 7934 897 299 34 (-) -epicatechin and PGG
TAS2R7 TAS2R7 12p13.2 957 318 365 Malvidin-3-glucoside
TAS2R39 TASZ2R39 7934 1014 338 386 (-) -epicatechin and PGG

A recent study, from Soares et al. ™ reported an interesting activation pattern from the
agonist-receptor interaction. First, distinct compounds activate the same receptor, where TAS2R5 was
activated by six polyphenols (procyanidins B1, B4, B7, B2g, EGCG, and punicalagin), and TAS2R7 was
activated by four polyphenols (vescalagin, castalagin, punicalagin, and granidin) '3, Second, different
receptors are activated by the same compound. This was shown for EGCG, that activates TAS2R4,
TAS2R5, TAS2R39, TAS2R30, and TAS2R43 3, The authors antecipated that TAS2R5 and TAS2R7
are preferably activated by condensed tannins and hydrolysable (ellagi)tannins, respectively . These
activation studies were carried out by expressing 25 TAS2Rs, individually, in Human Embryonic Kidney
293T (HEK293T) cells stably expressing the chimeric G protein Go16gust44. This cell-based assay is

aheterologous expression method based onintracellular calcium release assessed by fluorescent dyes



1213 Cells transfected with TAS2Rs DNA expressing the respective proteins, are incubated with a
calcium sensitive fluorescent dye (eg., Fluo-4 acetoximetilester), and then bitter compounds are added.
Upon activation of the bitter taste receptors (with phenol compounds), the heterodimeric G-protein
couples with the receptor. Subsequently, the heterodimeric G-protein dissociates into Goss and the
GRy-subunit, which initiates the signalling cascade that results in intracellular calcium release.
Receptor activation can be registered by a Fluorescence Imaging Plate Reader (FLIRP). To determine
dose-response curves of a bitter receptor agonist, the activation of the respective TAS2R is measured
at different concentrations, and the half maximal activation concentration (ECso) and maximal receptor

activation by the respective agonist can be obtained 38,

To better understand the interaction between polyphenols and these bitter taste receptors,
large amounts of protein are required. Notably, one of the major problems in obtaining functional GPCRs
is their low expression in natural tissues, which makes it difficult to obtain sufficient amounts of
proteins for the activation screening. To overcome this problem, it is essential to establish a
heterologous overexpression system for TAS2Rs 9. Recombinant protein production is typically
motivated by an intention to determine the protein structure, explore its activity or search for
interaction partners to unravel its form of action “°. It is important to refer that, when it concerns to
produce recombinant proteins, the simplest or most accessible system that satisfy minimum
requirement is usually chosen for initial expression studies and if successful these efforts are then
scaled up for downstream applications *'. There are a wide range of methods and expression hosts
available for heterologous recombinant proteins production. These include methods in bacteria, yeast,
insect, and mammalian cells %2, This last system is commonly used in interaction studies between
bitter taste receptors and polyphenols in HEK293T cells, as previous described. However, there are few
limitations of working with human cells as high costs for protein production, slow cell growth, expensive
media and reagents and culture conditions, such continuous CO: supply 1“3, Therefore, it is important to
attempt the other systems to determine which method is the most suitable to express TAS2Rs
maintaining their functional properties. A widely used approach to study the bitterness of compounds
invitroused s a heterologous expression system. The workflow is divided in: i) expression and isolation

of TAS2Rs, and ii) study interaction between proteoliposomes and test compounds.

1.2.1. Expression and isolation of TAS2Rs

1.2.1.1 Bacteria expression system
Bacteria are commonly the first type of system used to produce longer peptides or complete
proteins, as results in high yields in a short period of time and the cells can be propagated with nearly

little effort “. Escherichia coliis the most commonly used bacteria 4. There are several advantages
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offered by E. coli, e.g, fast growth (short generation time (20 min.), easy manipulation, cost-
effectiveness, high expression levels, functional product with high yield and purity “4*%., However, if
the structure and/or function of the recombinant eukaryotic proteins depend on chaperone systems,
proteolytic cleavage, or any other post-translational modification (e.g., glycosylation), E. coli is less
feasible to be the ideal host. Overproduction of such specimens then requires an eukaryotic expression

system 4142,

1.2.1.2 Yeast expression system

Yeast has been one of the most successful heterologous overexpression system in producing
eukaryotic membrane proteins. Yeasts, such as Saccharomyces cerevisiae and Pichia pastoris,
integrate the simple and inexpensive abilities of eukaryotic cells, by increasing the probability of proper
folding and having the machinery for many post-translational modifications % ' 46l This feature is
exploited when foreign proteins are expressed in yeast in order to study their function in vivo.
Especially, S. cerevisiaeis an attractive expression system as its ability for high level protein production,
including integral membrane proteins, its easy and generally low-cost manipulation. It is noteworthy
that the glycosylation machinery in yeast differs significantly from human cells, ending in hyper-
glycosylation which can mask the active sites of enzymes and weaken their activity *". Also, its genome
is well-characterized (approximately 12052 kb), as well as the availability of a large number of cloning
vectors for the expression of foreign genes, and the short generation time (approximately 90 min) in
complete YPD media. Notably, the generation time in synthetic media is approximately 140 minutes
during the exponential phase -], Yeast optimal culture conditions are in a neutral or slightly acidic pH,
under aerobic conditions, with an adequate nutrient supply, at the optimal temperatures of 26 to 30°C
43l Yeasts are chemoorganotrophs, so they use organic compounds as a source of energy. Yeasts
preferentially use a wide range of sugars (e.g., glucose, fructose) as source of carbon and energy.
Glucose is the main carbon and energy source . Curiously, sugars such as sucrose, maltose or
galactose are not metabolized in the presence of glucose ',

Yeast cells in culture follow a certain pattern of growth than can be divided into four phases as
lag, log, deceleration and stationary (Figure 2). In the course of lag phase, no cell growth occurs, but
since cell starts actively metabolizing nutrients, DNA replication begins and, subsequently, cell division
occurs *3. Therefore, cells enter into the logarithmic phase. As cell number increase and glucose
becomes limiting, cell growth begins to decelerate reaching the stationary phase, where cells stop
dividing 3. Cellular growth is mostly a result of protein production, occurring continuously during the

cycle 54,
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David Drew and co-workers (2008), developed a protocol for rapidly screening and purifying
eukaryotic membrane proteins in the yeast S. cerevisiae. They mentioned that using this protocol,
within 1 week many genes can be rapidly cloned by homologous recombination into a GFP-fusion
vector and their overexpression efficiency was determined using whole-cell and in-gel fluorescence
391 As is evident from the studies of four GPCRs the use of a yeast expression system has been
successfully used to determine their structure (i.e., rhodopsin, turkey p1-adrenergic, human 32-

adrenergic and human adenosine A2a receptors) 491,
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Figure 2. Classical yeast growth curve. S. cerevisiae grown in YPD media at 30°C for 12 hours with ODeoo measurements every 2 minutes.
(Adapted from Held, 2010)
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S. cerevisiae also has the added advantage of having a highly regulated and extensively
characterized quality-control system in the endoplasmic reticulum (ER), hence assessing localization
of fusions under overexpression conditions can be used as a good indication of functional expression
33.468] In 2009, Sugawara and colleagues screened the expression of 25 TAS2Rs in S. cerevisiae using
a GFP-fusion expression system. This study revealed that after optimization only five TAS2Rs, in which
one of them was TAS2R7, were expressed at levels greater than 1 mg protein/L culture, which is a
preferable level for protein purification 4. The same study conclude that the fusion of the N-terminal
sequence of the STEZ2 receptor into the TAS2R constructs, increased only TAS2R5 expression, with an
increase of 2.2-fold, suggesting that the use of an additional protein expression-enhancing signal
sequence might be unnecessary for all TAS2Rs 6,

Drew and colleagues also reported that, due to a lack of certain lipids (e.g., cholesterol),
membrane proteins that express well in yeasts may in some cases need to be produced in insect or
mammalian cells for functional or structural works. Nevertheless, because of its speed and

comparatively low cost, S. cerevisiae remains a valuable pre-screening host even in such situation 2.
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1.2.1.3 Insect expression systems

Insect expression systems perform an adequate compromise between the bacterial and
mammalian systems. Ininsect cells, signal peptides are cleaved as in mammalian cells, disulfide bonds
are formed in the endoplasmic reticulum and proprotein-converting enzymes are available for
proteolytic processing. Comparing with the wide range of expression hosts available for heterologous
recombinant protein production, insect cells are ideal for producing complex proteins that require vast
post-translational modification. The established insect cell lines used to produce recombinant proteins
grow to higher densities than mammalian cells, hence smaller culture volumes are enough. Although
insect cell cultures are less demanding than mammalian cells (e.g., no need for CO, atmosphere),
keeping of sterility is equally important “!. Normally, insect cells infection is carried out with a
baculovirus vectors !,

In this thesis, besides the yeast expression system, the chosen insect cell system was a
Baculovirus Expression Vector System (BEVS). This system is widely used to produce recombinant
proteins in insect cells and has been broadly reviewed 18!, It is usually suitable for co-expression of
heterologous genes for producing multi-protein complexes or to provide specialized proteins for
enhanced processing (e.g, chaperones). Baculovirus are a large, diverse group of viruses that
specifically infect arthropods (e.g., moths and butterflies) “". As insect cells are higher eukaryotes, they
can properly do post-translational modifications. Besides that, the huge and flexible viral genome (~130
kb) used allow a high capacity for multiple genes or a large insert insertion. Also important, the virus
used does not replicate in human cells and a very high yield is normally obtained driven by the strong

promoters (e.g., polyhedrin or p10) [4%.59-69]

1.2.1.3.1 Baculovirus life-cycle
Autographa californica multiple nuclear polyhedrosis virus (ACMNPV) is the most well studied
baculovirus. AcMNPV life cycle comprises two phases leading to different phenotypes, including
budded virus and occlusion-derived virus (Figure 3.). Budded virus is enveloped with parts of the host
cell membrane, and after its release from the host cell between the early and late phases of the
infection, they can spread and infect adjacent cells. Occlusion-derived virus are produced in the very
late infection phase when the viral protein polyhedrin accumulates in the host cell and forms so-called

occlusion bodies ',
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The promoters used for heterologous gene expression with BEVS are commonly viral
promoters, and these can be categorized as early (0-6 hours post-infection, hpi), late (6-24 hpi) and
very late promoters according to the timing of their activity post-infection. Early phase takes O to 6
hours post-infection (hpi), late phase stand for 6 to 24 hpi, and very late phase proceed the next 18-24
to 72 hpi. The protein expression is controlled by the strongest viral promoter, the polh promoter. The
polh promoter is the most widely used in BEVS because of its very high activity and since occlusion

body formation (and thus polyhedrin itself) is not necessary for baculovirus propagation in cell culture
[41,61]

Occlusion body

Occlusion
Derived Virus

Occlusion
Derlved Virus |
|

Life cycle of Baculovirus
Based on the ACMNPV

Nucleocapsids

Figure 3. The lifecycle of baculovirus. Baculoviruses have a biphasic life cycle where two different forms of the virus. Infection between
hosts is mediated by virions occluded in occlusion bodies late in infection. (Adapted from Chambers et al,2018)

1.2.1.3.2 Generation of recombinant viruses

Before cell infection, the first step is to insert the gene of interest into a transfer vector
downstream of the polyhedrin promoter next to gentamycin resistance gene. The virus genome
present in E. coli cells (e.g, DH10MultiBacTurbo or DH10EMBacY cells) must recombine with the
transfer vector, generating the bacmid (recombinant baculovirus). The gene of interest is introduced
into the transfer vector with a viral promoter (e.g., the polyhedrin promoter) flanked by viral DNA
sequences matching the target locus “". The viral DNA sequences that flanks the polyhedrin promoter
are the right and left arm of the Tn7 transposon (Tn7R and Tn7L, respectively), which forms a mini-Tn7
element. The bacmid carries amini-attTn7 target site into which the mini-Tn7 from the acceptor vector
is inserted by site-directed transposition (Figure 4). The bacterial cells containing the bacmid also
provide a helper plasmid encoding the Tn7 transposase, that carry out transposition following
transformation of the cells with the acceptor plasmid. Colonies containing bacmid carrying the insert
(transgene) are identified by blue/white screening °2.. This selection procedure is made by replacing the
polyhedrin gene of the parental virus with the bacterial /acZ gene, and consequently cells containing

parental virus form blue colonies in the presence of a chromogenic substrate such as X-Gal, while
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successful recombinants form white/colorless colonies where Tn7 transposition disrupts expression
of the lacZ peptide, plus gentamycin resistance, and optionally through selective resistance markers

(e.g. kanamycin and tetracycline) 62,

1.2.1.3.3 Bacmid and baculovirus expression
Firstintroduced in 2004, the MultiBac system has been significantly reengineered to increase
protein production and reduce protein degradation. Thus, in 2011, Craig and Berger, updated the
ACEMBL Expression System Series Multibacturbo for multi-protein expression in insect cells. The
MultiBac™™ and EmBacY baculoviral genomes have, approximately, 130 kb and are derivatives from

Autographa californicanucleopolyhedrovirus (AcMNPV) (Figure 2).

YFP
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7

Figure 4. Schematic representation of EmBacY baculoviral DNA. The Tn7 attachment site is located inside the LacZ gene, where occur
insertion of Tn7 elements from recombinant pACEBAc1. (Adapted from Berger et al, 2011)

To improve the cell compartments maintenance throughout infection and protein production,
two baculoviral genes, v-cathand chiA, were disrupted. The v-cathgene encodes for a viral cathepsin-
type cysteine protease, V-CATH, activated after cell death through a process that depends on
juxtaposed gene on the viral DNA, and chiA, encodes for a chitinase. These two genes are involved in
the liquefaction of the host insect cells. The disruption of these two genes served to- eliminate V-CATH
activity and to enable chitin-affinity chromatography for purification without interference from chiA
gene product. The deleted viral DNA sequence was replaced with a LoxP sequence, which allows cre-
lox site-specific recombination. However, in MultiBac™™, the target construct itis notintroduced on the
LoxP site. Alternatively, the gene of interest is transferred into the bacmid via transposition into the mini
Tn7 attachment site %3, The LoxP site was then reengineered and a Yellow Fluorescent Protein (YFP)
gene was integrated to generate EmBacY bacmid. This baculoviral genome does no longer allow the
accession on the LoxP site in the virus backbone through co-expression of Cre. The YFP insertion as a
marker was particularly useful for monitoring the fluorescence signal or just by looking at the color of
the culture turning greenish, indicating when cultures need to be harvested to obtain best results 162-5¢],

After purification of recombinant bacmid DNA from the selected clones, insect cells can be

transfected to produce recombinant viruses ",
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1.2.1.3.4 Celllines for Bacterial Infection

BEVS is commonly used with cell lines Sf-9 and Sf-21, originated from cell line IPLB-SF-21
isolated from Spodoptera frugiperda pupal ovarian tissue, as well as BTI-TN-5B1-4, settled down from
ovarian cells of the cabbage looper Trichoplusia ni, better known as High Five™. Sf-9 were identified
as a denser as faster-growing subclone of Sf-21. Regarding to BEVS, High Five™ cell line achieves the

highest yield, while Sf-9 and Sf-21 productivity was less sensitive to cell density [#'.6]

1.2.1.3.5 Determination of baculoviral expression

Since protein expression in the baculovirus system is induced by the late to very late polyhedrin
promoter, the protein expression onset will exhibit some lag and should be expected to initiate yielding
significant amounts at 15 to 24 hours post-infection (hpi). The expression peak may vary, but it is
presumably to be around 40 hpi. To determine the expression peak, it is required rapid and reliable
methods. Expression of target genes from recombinant yeast plasmid and EmBacY bacmid can be
analyzed by SDS-PAGE with or without subsequent Western-blot. The addition of tags allows

purification of proteins ",

1.2.1.4 Protein detection

Ideally, the production of recombinant proteins would be done without modification or
expansion of the original polypeptide sequence and this is achievable if the native protein can be
detected and isolated using current tools (e.g., antibodies for purification or mass spectrometry for
identification). Even without these tools, the purification of an unmodified protein could be carried out if
the yield were sufficient for identification by SDS-PAGE followed by non-specific staining. However,
adding an affinity tag or even a fusion protein turns the process of protein detection and isolation more
straightforward by using standard procedures such as affinity chromatography, and this way allowing
for a more efficient purification. In some cases, the additional polypeptide sequence may increase the
yield for stability, or by reducing toxicity .
Fusion tags- amino acid sequences that are genetically coded to be expressed as attached moieties to
a protein. Commonly used fusion tags include the polyhistidine tag (His-tag), FLAG-tag, Strep-tag,
GFP-tag, among others 4'.%2], Six to ten consecutive histidine residues (Hiss to Hiso) are used frequently
as an affinity tag, which allows the purification of His-tagged recombinant fusion proteins with an anti-
polyhistidine antibody or more often by Immobilized Metal-lon Affinity Chromatography (IMAC) 4" 461,
To improve the success in obtaining pure membrane proteins GFP-based fusion method is commonly
applied as a reporter protein. As the C-termini GFP folds and becomes fluorescent only if the upstream
membrane protein integrates into the membrane, it turns out to be a fast and accurate measure of
membrane-integrated expression. The advantages for using this approach is that fluorescence is easy

to measure directly from a liquid culture, standard SDS-gels, and detergent-solubilized membranes.
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The GFP-tag remarkably speeds up detergent screening and purification. Detergent-solubilized
membranes can also be subjected to fluorescence size-exclusion chromatography (FSEC) to measure
the "monodispersity” of the sample. Although there is no guarantee of maintaining the functionality of
the membrane-integrated expression, the GFP-tag helps to obtain stable and homogeneous material
for functional and structural works & 5. Another fusion tag that provides rapid one step affinity
purification is the Strep-Tag II, which is a short peptide comprising eight amino acids (sequence:
WSHPQFEK). This sequence can be fused to recombinant proteins at the N- or C-terminus and
demonstrate intrinsic affinity into Strep-Tactin. Affinity purification of Strep-tag Il depend on highly
specific interaction between Strep-tag Il and Strep-Tactin resin, with reducing non-specific interaction
by other host proteins and allowing to obtain highly pure recombinant proteins 67,

The presence of the GFP-His tag allows expression levels to be estimated by GFP-fluorescence
of the whole cell. Afterward, the integrity of the GFP fusion protein can be confirmed by Western-blot
using standard SDS-PAGE 9. This system also allows rapid assessment of stability and
monodispersity of the fusion proteins in detergents. This is performed using fluorescence size-
exclusion chromatography (FSEC) without the need for extensive purification 8-, |t was also reported
that the FSEC profiles of the fusion proteins and SEC profiles of the purified proteins are similar 8]
indicating that FSEC conditions (i.e., detergent concentration, buffer content, etc.) may be suitable for
the final protein purification. Sugawara and colleagues, in 2012, evaluated the detergent (DDM)
solubilization efficiency and FSEC of the TAS2R-GFP fusion proteins. These experiments were
performed with and without CHS to test its effects on stabilizing the receptors. They verified that DDM
solubilization efficiency yield increased when combined with CHS. Drew et al. 2009 recommended to

add detergent and CHS at a final concentration of 1% and 0.2%, respectively 12461,

1.2.1.5 Bitter Taste Biosensor (BITS)

The current knowledge of hitter taste will be the basis for the Bitterness Biosensor (BITS), a
method that will make use of the actual taste cells components, to allow for the assessment of bitter
taste properties by the TAS2Rs assembled into proteoliposomes. Biosensor systems, e.g.
proteoliposomes, are capable of detecting analytes upon interaction between protein and ligands and
are gaining attention as useful tools for biotechnological applications. Proteoliposomes have a key
advantage since they can be obtained with a small number of lipidic (and protein) components,
facilitating the design and interpretation of experiments "%, The existent taste sensors use
physicochemical methods performing well in simple test systems (e.g., one compound) and for known
bitter molecules ", But for detection of new bitter or bitter masking compounds, these sensors are
only of limited value since they are based on very different physicochemical mechanisms compared to

taste cells ™/,
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Incorporation of TAS2Rs into liposomes seems a promising approach toward bitter taste
biosensors (BITS). However, it is crucial to control if the proteins retain their previously observed
interaction patterns with food bitter molecules. Moreover, the validation should include complex
mixtures of compounds to determine the use of this biosensor in complex mixtures. The study of
biosensors interactions with bitter molecules requires physicochemical techniques, such as, e.g., STD-
NMR, fluorescence quenching, microcalorimetry, to characterize the interactions at molecular level >
71, This will allow determining binding constants, epitopes of binding, type of bonds involved, and
thermodynamic parameters. Understanding the molecular features of the interactions will allow a

planned and directed strategy of modulation with specific approaches.

1.2.2. Screening of TAS2Rs activation by polyphenols by an engineering GPCR-
based signaling in S. cerevisiae
The primary method that eukaryotes use to respond to specific signals in their environment is
by GPCR signaling. Prediction of the association between stimulus and response for each GPCR
revealed to be difficult due to variety in natural signal transduction architecture and expression.
Therefore, April last year, Shaw and colleagues introduced a GPCR-based signaling in yeast that
enables the prediction of tuned response to stimuli using synthetic tools. They built a model strain
keeping only the core signaling elements, which was an extensively studied mitogen-activated protein
cascade kinase (MAPK) signaling cascade. This signaling pathway in S. cerevisiae allows to build
systems for developing GPCRs to desired targets or to couple heterologous GPCRs to yeast gene
expression. Although mammalian systems still are the go-to choice for studying GPCR activity, yeasts
are easy to use and have low costs turning this system an ideal organism for many sensor applications
'S Besides the few limitations of using yeasts as an organism host, the main advantages of this new
signaling system, with an engineered S. cerevisiae strain, is that it does not require TAS2Rs isolation
and allows the induction of these receptors expressed in yeast cells with a variety of ligands !, For
these reasons, this method was also selected to screen the activation of the TAS2Rs with a list of
polyphenoals.
In summary, there are few studies that have investigated the structure-activation association
of TAS2Rs to polyphenols. So, the main goal of this thesis was to develop systems of heterologous
expression to obtain TAS2Rs, TAS2R5, TAS2R7, and TAS2R39, and then study their interaction with a

library of polyphenols, some of which already have been described as bitter compounds.
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2. Materials and methods
2.1. Yeast expression system for bitter taste receptors

2.1.1. Strains and growth condition

S. cerevisiaeFGY217 (MATo, ura3-52,lys2A201, and pep44) and yWS677(S. cerevisiae BY 4741
derivative - sst2 AO far1 AO bar1 AO ste2 AO ste12 AO gpal AO ste3 AO mf{(alpha)1 AOmf(alpha)2 AO
mfal AO mfa2 AO gpr1 AO gpa2 AQ) strains were kindly provided by Dr. David Drew (Stockholm
University, Sweden) and by Dr. Tom Ellis (Imperial College, London), respectively. FGY217 strain lacks
the pep4 gene, which encodes for vacuolar endopeptidase Pep4p. This deletion not only inhibits Pep4p
protease but also reduces the levels of vacuolar hydrolases. Cells were grown in YPD media at 26°C,

220 rpm, and transformation was carried out using the lithium acetate method (Drew et al. 2008) (9]

2.1.2. Preparation of TAS2R_pRS426_Smal vectors

Vector pRS426_GAL1_GFP was kindly provided by Dr. David Drew (Stockholm University,
Sweden). The cDNA for TAS2R5, TAS2R7 and TAS2R39 were obtained from Twist Bioscience. The
individual TAS2R genes were then amplified from the respective cDNA by Polymerase Chain Reaction
(PCR). The genes encoding TAS2R7, and TAS2R39 were cloned into the vector pRS426_GAL1_GFP,
and TAS2R5 was cloned into the vector pRS426_GALT_STE2_GFP (Figure 5), resulting in plasmid
TAS2R7-GFP, TAS2R39-GFP, and TAS2R35-GFP, respectively. The vector pRS426 carries the
inducible GALT promoter, harbouring the gene sequence for yeast-enhanced GFP (yEGFP), an octa-

histidine tag (Hiss-tag), and a URA selection marker.

™S TAS2R7 o TAS2R39 gene N> TAS2RS gene
— —
/?ﬁ‘s-\ i
— e, —tor,

Smal-linearized Smal-linearized pRS426

pRS426 GAL1_GFP GAL1_STE2_GFP

URy URg

Figure 5. Schematic representation of vectors used to express TAS2R-GFP fusion proteins in S.cerevisiae FGY217. TAS2R7 and TAS2R39
were cloned via homologous recombination into Smal-linearized pRS426 GAL1-GFP vector (A) and TAS2R5 was cloned into Smal-linearized
pRS426 GAL1-STE2-GFP vector (B). Expression of these three TAS2Rs was screened by yeast-enhanced green fluorescent protein (yEGFP),
galactose promoter (GALTpromoter), and uracil selection marker (URA). Adapted from Sugawara et al. (2009).
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Table 4. List of oligonucleotides used to generate TAS2Rs-GFP fragments for cloning pRS426 vector.

Full-lenght primer Sequence (5-3)

TAS2R5_STE2-fwd1 CCT GAG CAA CTT TTA TGA TCC GAC CTA TAT GCT GAG CGC TGG CC

TAS2R5_STE2-fwd2 ACC CCG GAT TCT AGA ACT AGT GGA TCC CCC ATG AGC GAT GCG GCG CCG AGC CTG AGC AAC TTT TAT GAT CCG ACC TAT
TAS2R5_STE2-rvs AAATTG ACC TTG AAA ATA TAA ATT TTC CCC TGG GCC CCA GCA TCT CC

TAS2R7-fwd TCG ACG GAT TCT AGA ACT AGT GGA TCC CCC ATG GCA GAT AAA GTG CAG ACT ACT TTATTG

TAS2R7-rvs GATTTG TTT ATG TTG TTG GAA TTT TCT TCC AAA TTG ACC TTG AAA ATA TAAATT TTC CCC

TAS2R39-fwd TCG ACG GAT TCT AGA ACT AGT GGA TCC CCC ATG CTA GGG AGATGT TTTCCTCCAG

TAS2R39-rvs CAG AGT CCACTCTTT TGG GTA AAG ATG AAA TTG ACC TTG AAAATATAAATT TTC CCC

2.1.3. Polymerase chainreaction, PCR

The reverse transcription products, cDNAs, were amplified by polymerase chain reaction (PCR)
using Phusion DNA Polymerase (Biochemical and Biophysical Technologies- b2Tech). The PCR was
carried out using the following conditions; an initial denaturation step at 98°C for 2 min, followed by 30
cycles of denaturing at 98°C for 30 sec, annealing at 55°C for 30 sec, and extension at 72°C for 1 min
and 30 sec (1min/1Kb DNA size), followed by a single final extension of 10 min at 72°C. The PCR product
was kept at 12°C, prior to analysis on an agarose gel. A range of different sets of primers, forward and

reverse, were used for PCR. All primers were from Eurofins Genomics (Table 4).

2.1.4. Electrophoresis

All PCR products were analysed using 0.8% agarose gels in 1x Tris-base, Acetic acid and EDTA
(TAE) buffer, stained with GreenSafe Premium (NZY Tech). 100 pb was the ladder (Solis BioDyne) used
in this experiment. The gel was then run at 180 Voltage (V) with constant ampere (A) for 35 min and
examined with UV prior to digital capture of the image. The PCR products were gel-purified using the
NZYGelpure kit (NZYTech) following the manufacturer’s protocol and kept on ice until further use.
After purification, DNA quantification was measured by nanodrop (Nanodrop nd-1000

Spectrophotometer).

2.1.5. Plasmid linearization by restriction digestion

pRS426 was digested by Smal enzyme, which gives rise to blunt ends that eliminate background
colonies caused by the re-annealing of linearized vector during transformation by heterologous
recombination. Digestion was carried out at 372C for 2-3h. Then linearization was analysed by an 1%

agarose gel, as described in section 2.1.4.
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2.1.6. Transformation of gene-vector construct into S. cerevisiae

2.1.6.1 Preparation of yeast competent cells

S. cerevisiae FGY217 cells were made competent using the standard lithium acetate protocol
(Drew et al. 2008). A single colony of S. cerevisiae FGY217, grown on a yeast peptone dextrose (YPD)
plate, was used to inoculate 2 mL YPD broth in a 50 mL aerated tube and incubated overnight at 26°C,
140 rpm. Next day, the overnight culture was diluted to ODesoo=0.12 into 10 mL fresh YPD broth in a 50
mL shaker flask. The cells were grown at 26°C, 140 rpm until the ODgoo reached 0.5-0.6. The cells were
then harvested by centrifugation at 3 000 g, 42C for 10 min. Supernatant was discarded, and the pellet
resuspended with 25 mL sterile water followed by a further centrifugation at 3 000 g, 4°C for 10 min.
The pellet was then resuspended with 1 mL of 100 mM lithium acetate (LiAc) and centrifuged briefly at
8 000 g for 15 s. Finally, the pellet was resuspended in 400 pL of 100 mM LiAc and kept on ice for

transformation.

2.1.6.2 Transformationinto S. cerevisiaeFGY217

Transformation was carried out by dispensing 50 pL of the competent cells into 1.5 mL
eppendorf tubes containing cold 240 pL sterile 50% (w/v) PEG 3350, 12.5 pL of 2 mg/mL single-
stranded carrier DNA, salmon sperm (Sigma) was then added and the mixture vortexed for 5 s. Next, 22
uL of DNA mix (5 uL of 14.4 ng/ uL Smal-digested vector and 17 uL of 46.6 ng/ uL PCR product and
for the negative control was 17 pL of sterile water instead PCR product) was added to the competent
cells and vortexed for a further 5s. The mixture was then incubated at 30°C for 30 minutes followed by
heat-shock at 42°C for 25 min. The cells were pelleted by brief centrifugation at 8000 g for 15s at room
temperature and resuspended in 100 uL sterile water. The cell suspension was plated onto a -URA
selective plate [2 g/L of yeast synthetic drop-out medium without uracil (Formedium™), 6.7 g/L yeast
nitrogen base without amino acids (Sigma), 2% (w/v) glucose, and 40 g/L of bacteriological agar

(Sigma)], and incubated at 26°C incubator for 2-3 days.

2.1.6.3 Colony PCR

To evaluate positive colonies, a colony PCR method was performed. All colonies obtained on step
2.1.6.2 were selected and resuspended in 10 uL of sterile water. Then the suspension was incubated at
99°C for 5 min, and then placed on ice until utilization. To each 0.2 mL PCR tube, 50 pL of sterile water
was added and transferred a small amount of each colony. The PCR was performed as mentioned
before (section 2.1.3). As positive and negative control, gel extracted PCR band (R5_STE2) and empty
plasmid (pcDNA3.1), were used, respectively. An electrophoresis 1% agarose gel was performed as

mention before (section 2.1.4).
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2.1.6.4 Plasmid isolation from S. cerevisiae FGY217

To each 50 mL flask, 20 mL of — URA selective broth was added and inoculated 70 uL of three
transformants (TAS2R5, 7 and 39). It was incubated at 26°C, overnight at 140 rpm.
Next day, the pre-culture was harvested by centrifugation at 4000 rpm for 10 min at room temperature.
Supernatant was rejected, and pellet was washed with 10 mL of sterile water and centrifuged again at
the same conditions. Cell pellet was resuspended on 1 mL of ultrapure water and transferred to 1.5 mL
tubes, then the cellular suspension was submitted to a centrifugation at 3000 rpm for 10 min.
Supernatant was discarded, and pellet was resuspended on 200 pL of Buffer A1 (NZYMiniprep Kit).
Glass beads were added, and cell suspension was vigorously vortexed ~20 min. Further steps were
performed following NZYMiniprep kit (NZYTech) according to the manufacturer protocol.

Quantification of plasmid DNA obtained was measured by nanodrop.

2.1.6.5 Transformation into Escherichia coliDH5a

To 50 pL of E. coliDH5a competent cells, was added 1 pL of plasmid DNA and rest 20 min on ice.
Then a heat shock was performed at 42°C for 45 s, and more 2 min onice. 600 L of Luria-Bertani (LB)
broth was added and incubated at 37°C for 45 min, with shaking at 220 rpm. Cell were harvested by
centrifugation at 5000 rpm for 2 min. 500 pL of supernatant was discarded, and pellet was
resuspended with ~100 pL of supernatant. The suspension was plated on LB media with 100 ng/ uL of

Ampicillin and incubated at 37°C overnight.

2.1.6.6 Plasmid isolation from E. coliDH5a transformants

The E. coliDH5a transformants obtained in step 2.1.6.5 were inoculated in 10 mL of LB broth with
100 ng/ uL of Ampicillin (50 mL flasks) and incubated at 37°C overnight with shaking at 220 rpm. Then,
the plasmid DNA was isolated with NZYMiniprep Kit (NZYTech) according to the manufacturer

instructions. Quantification of plasmid DNA was measured by nanodrop.

2.1.6.7 Sequencing
The three recombinant plasmid DNAs were submitted to DNA sequencing (GATC Biotech
Supremerun, Eurofins Genomics) according to supplier's instructions, to confirm de DNA sequence of

the insert, and insert orientation.

2.1.7. Preparation of TAS2R_pRS426_Smal vectors for trasnformation into S.
cerevisiaeyWS677

Vector p416_TEF was kindly provided by Dr. Vitor Ferreira (Yeast Signalling Networks, i3S). The

cDNA for TAS2R5, TAS2R7 and TAS2R39 was obtained from Twist Bioscience. The individual TAS2R

gene was then amplified from the respective cDNA by Polymerase Chain Reaction (PCR). The genes
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encoding TAS2R5, TAS2R7, and TAS2R39 were cloned into the vector p416_TEF. This vector allows
constitutive expression of proteins and carries the translation elongation factor 1o TEFT promoter,

harbouring the gene sequence for yeast-enhanced GFP (yEGFP), and a URA selection marker.

Table 5. List of oligonuclectides used to generate TAS2Rs-GFP fragments for cloning p416_TEF vector.

Full-lenght primer Sequence (53

TAS2R5_ fwd AAGTTTTCTAGAACTAGT GGATCCCCCATGCTGAG CGCTGGCC

TAS2R5_rvs CTTGATATCGAATTCCTG CAGCCCTGGGCCCCAG CATCTCC

TAS2R7-fwd AAGTTTTCTAGAACTAGT GGATCCCCCATGGCAGA TAAAGTGCAGACTACTTT
TAS2R7-r1vs CTTGATATCGAATTCCTG CAGCCCGATTTGTTTAT GTTGTTGGAATTTTCTTCCTTTTAG
TAS2R39-fwd AAGTTTTCTAGAACTAGT GGATCCCCCATGCTAGG GAGATGTTTTCCTCCA
TAS2R39-1vs CTTGATATCGAATTCCTG CAGCCCCAGAGTCCACT CTTTTGGGTAAAGATG

TAS2Rs cDNAs amplification was carried out as previous described in section 2.1.3, modifying to
25 cycles of denaturation, an annealing gradient at 57/60/62°C for 1 min. A range of different sets of
primers, forward and reverse, were used for PCR. All primers were from Eurofins Genomics (Table 5).
p416_TEF was digested by EcoRI enzyme, and it was carried out at 372C for 2-3h. Then linearization
was analysed by an 1% agarose gel, as described in section 2.1.4. Transformation of TAS2Rs in S.
cerevisiae yWS677 was performed as previously described in sections 2.1.3.1and 2.1.3.2. To verify the
proper sequences of TAS2Rs after homologous recombination, plasmid isolation from recombinant S.
cerevisiae yWS677, transformation into E. coli DH5«, plasmid isolation from recombinant E. coli DH5

and sequencing was performed as previous described in sections 2.1.6.4 t0 2.1.6.7.

2.1.8. Screening colonies by small-scale expression of TAS2Rs-GFP fusion

TAS2Rs-GFP fusions were expressed using the method described by Drew et al. (2008). Three
colonies of each TAS2R-yeast transformants from -URA selective plate were used to individually
inoculate 10 mL -URA broth [2 g/L of yeast synthetic drop-out medium without uracil (Formedium™),
6.7 g/L yeast nitrogen base without amino acids (Sigma), 2% (w/v) glucose] in a 50 mL aerated tube.
The cultures wereincubated at 26°C, 140 rpm overnight. Next day, ODsoo measurement of the overnight
cultures was taken and the culture was diluted to ODego 0.12 in a fresh 10 mL -URA broth containing
0.1% glucose instead of 2%. The cultures were then incubated at 26°C, 140 rpm until the ODgoo reached
0.6, and also collected 5 mL and centrifuge at 3000 rpm at 4°C for 5 min. for negative control (before
induction). Supernatant was discarded and the cell pellet were stored at -20°C. 2% galactose was then
added into individual tubes to induce protein expression for 22h at 26°C, 140 rpm. After 22h, the cells
were centrifuged at 4000 rpm at 4°C for 5 min. Supernatant was discarded and the cell pellet (induction
samples and control) were resuspended in 200 uL of Yeast Suspension Buffer (YSB) [SOmM tris-HCI
(pH7.6),10% glycerol and 5 mM EDTA]. This screening was performed by measuring GFP fluorescence

by Whole-cell fluorescence (WCF) and Immunoblotting.
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2.1.9. Whole-cell fluorescence

The 200 pL suspension was then diluted 2x and 10x with YSB buffer, for a final volume of 60 pL,
for assessment of protein expression by WCF. The fluorescence was measured using a
Spectrofluorometer Fluoromax-4 (Horiba) with emission at 512 nm and excitation at 488 nm
(excitation slit width of 5 nm). Whole cell protein expression levels in S. cerevisiae FGY217 cells were

determined by GFP fluorescence,

2.1.10. Electrophoresis SDS_PAGE

All samples were analysed using 15% SDS-PAGE gels in 1x Running buffer [25 mM Tris-base,
192 mM glycine, and 0.1% SDS], loaded with 2x Sample buffer (Bio-Rad). These samples were heat-
shocked at 65°C for 10 min., vortexed and loaded into the gel. The Precision Plus Protein ™ All Blue
Standards (Bio-Rad) was the ladder for this experiment. The gel was then run at 20 000 — 30 000
ampere (A) with constant Voltage (V) for 1Th — 1h 30min. Then Western-blotting analysis was

performed.

2.1.11. Western-Blotting

Whole cell proteins were separated by SDS-PAGE and transferred to a polyvinylidene difluoride
(PVDF) membrane using a transfer apparatus according to the manufacturer's protocols (Bio-rad).
Transfer was made using a cold transfer system [transfer buffer: 25 mM Tris-base, 190 mM glycine,
20% methanol, pH 8.3, at 4°C) at 100 V for 1h. Membrane was blocked with 5% non-fat milk powder in
1x TBS-T [20 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 0.1% Tween 20] for 1h, and incubated with 5 mL
of antibody (1:1000 dilution of anti-GFP antibody (affinity purified against GFP, produced in b2Tech) in
3% non-fat milk powder in 1x TBS-T, with constant agitation, overnight at 4°C. Membranes were
washed three times for 10 min and incubated with 10 mL of antibody (1:10000 dilution of anti-rabbit IgG
antibody (Biotinylated, Cell Signaling Technology, #14708)) in 3% non-fat milk powder in 1x TBS-T, for
1h at room temperature, with constant agitation. Membranes were washed three times for 10 min and
developed with the ECL system (Pierce ™ ECL Western Blotting Substrate, Thermo Scientific ™) (1:1). In
order to visualize protein bands, an Imaging system (ChemiDoc ™ XRS+, Bio-Rad) with an Image

Software (Image Lab™ Software version 4.1) was used.

2.1.12. Screening of optimal expression conditions by small-scale expression of
TAS2Rs-GFP fusion

TAS2Rs-GFP fusions were expressed using the method described by Drew et al. (Drew et al.

2008). The selected clone of each TAS2R-yeast transformant from -URA selective plate were grown

with the same conditions described in section 2.1.7. Time, addition of a chemical chaperone and

temperature were the expression conditions tested with and without 2% galactose induction for each
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TASZ2R. To induce protein expression, 2% galactose was added into individual 50 mL flaks. All S.
cerevisiae cells were induced for 22 h and 44h (time), at 20°C and 26°C (temperature), and with or
without 2.5% DMSO (chemical chaperone) at 140 rpm (Table 6). Controls for each expression condition
were made by adding 0.1% glucose instead of 2% galactose. After 22h and 44h, the cells were
centrifuged at 4000 rpm at 4°C for 5 min. Supernatants were discarded and the cell pellets were
resuspended in 200 pL of Yeast Suspension Buffer (YSB) [SOmM tris-HCI (pH7.6), 10% glycerol and 5
mM EDTA]. This screening was performed by measuring GFP fluorescence by WCF and
Immunoblotting, as described in sections 2.1.9 to 2.1.11. To determine TAS2Rs cell localization, GFP-
fusion proteins were monitored by fluorescence microscopy.

Table 6. Optimization of expression conditions for TAS2R5, TAS2R7 and TAS2R39 with and without induction.

Expression conditions with and without induction

Time (hrs) Chemical chaperone Temperature (°C)
22 and 44 2.5% DMSO0 20and 26

2.1.13. Fluorescence microscopy - Staining of yeast cells with concanavalin A

From the 200 uL cell suspension remained from WCF aliquots, that were not diluted, cells were
collected by centrifugation at 5000 rpm for 5 min. and cell pellet was washed two times with 150 pL
ultrapure water and harvested by centrifugation at the same conditions. Then resuspended with 60 pL
of ultrapure water and diluted to an ODeggo = 0.3, with a final volume of 80 pL. The diluted samples were
collected by centrifugation, and the cell pellet was resuspended in the same volume of concanavalin A
solution diluted 1:30 with 1.0 M NaCl, with final concentration of 25 pg/mL "8, After 30 min at room
temperature, cells were harvested by centrifugation and cell pellet was washed two times with 500 pL
of 1.0 M NaCl and once with 500 pL of ultrapure water, centrifuged and resuspended with the same
volume to an ODego = 0.3. The slides were prepared with 40 pL of sample and let dry at 37°C and fixed
with 10 pL of 100% acetone. A mounting solution consisting of 9 volumes of glycerol and 1 volume of
0.25 M sodium carbonate-hicarbonate buffer (pH 8.5-9.0, Ibidi Mounting Medium) was employed.
Membrane protein GFP-fusion localization in S. cerevisiae FGY217 was monitored by widefield

microscopy (Leica DMI 600 FFW, LAS X Software).

2.1.14. Isolation and solubilization of TAS2Rs

TASZ2Rs clones were grown under selected expression conditions. Cell lysis was performed by
disruption with glass beads. Cells were initially pelleted at 4000 x g, for 10 min. at 4°C and resuspended
in 1 mL of lysis buffer [S0 mM Tris-HCl (pH 7.5), 10% glycerol and protease inhibitor tablets (Roche)]. 1
mL of resuspended cells was then distributed to six 2 mL screw capped tubes and glass beads were
addedtoreach 500 pL. Furthermore, 500 pL of lysis buffer was added to each screw capped tube. Cells
were then disrupted using a cell-disruptor Bead-beater (FastPrep 2.4) for 7 cycles of 45 s at 6.5 M/S
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velocity, each with an interval on ice for 5 minutes, between cycles. The lysate was centrifuged at
10 000 x g, for 10 s at 4°C (Heraeus Biofuge Primo R Centrifuge, Thermo Electron Corporation) to pellet
unbroken cells and cell debris. Supernatant was transferred to an eppendorf. The pellet from the
previous centrifugation was resuspended in 500 pL of lysis buffer, and then subjected to another round
of homogenization of 3 cycles in FastPrep, followed by an additional centrifugation at 10 000 x g for 10
sec at 4°C. The supernatant was added to the previous supernatant. The total volume of the

supernatant obtained was submitted to a centrifugation at 6 000 x g for 10 min at 4°C.

2.1.15. Isolation and solubilization of transmembrane proteins — Method A

Following cell disruption, lysate was transferred to ultracentrifuge tubes. Lysis buffer was added
until reach 2/3 of ultracentrifuge tube. The suspension was centrifuged at 120 000 x g (Optima ™ XE-
100 ultracentrifuge, Beckman Coulter; 70ti rotor), for 1 h at 4°C to isolate cell membranes. The
membrane pellets were resuspended in 3 mL buffer B [SO mM Tris-HCI pH 7.5, 1% n-dodecyl-3-D-
maltopyranoside (DDM; PanReac AppliChem), and 0.2% cholesteryl hemisuccinate (CHS; TCI America)]
using a disposable 10 mL syringe with a 21-gauge needle. The membranes were solubilized at 4°C for 1
— 2 hrs with agitation using a nutator. Insoluble material was then centrifuged at 43 000 x g (Optima ™

MAX-XP ultracentrifuge, Beckman Coulter; TLA-120.2 rotor) for 40 min. at 4°C.

2.1.16. Isolation and solubilization of transmembrane proteins — Method B

After cell lysis, lysate was incubated with 1 mL buffer B [SO mM Tris-HCI pH 7.5, 1% n-dodecyl-
p-D-maltopyranoside (DDM; PanReac AppliChem), and 0.2% cholesteryl hemisuccinate (CHS; TCI
America)] at 4°C for 3 hrs with agitation using a nutator. Samples were harvested at 15 000x g for 15
min. at 4°C. Binding and elution buffers, samples and HisTrap affinity column (HisTrap HP, 1 mL,
Amersham Biosciences) were prepared according manufacturer's protocol. Purification was conducted
by applying the prepared sample using a pump (Model EP-1Econo Pump, Bio-Rad). Binding buffer with
10 mM imidazole was used to wash the column. Elution was carried out by applying elution buffer a
different concentrations of Imidazole (50, 150, 300, and 500 mM, respectively). Recombinant GFP-
fusion and His-tagged proteins were detected either by SDS-PAGE analysis followed by BlueSafe
staining (NZYTech) and Immunoblotting, as described in sections 2.1.10. and 2.1.11, respectively. In this
section,immunoblots based on detection of GFP-protein were used to track yields of protein at various

steps of cell disruption and solubilization.
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3. Results
3.1. Heterologous overexpression and isolation of TAS2R5, TAS2R7, and TAS2R39

3.1.1. Cloning and transformation of TAS2Rs into S. cerevisiae
Each TASZR gene was amplified by PCR and cloned into the vector pRS426_GAL1_GFP vector
(previously digested with Smal) by homologous recombination in S. cerevisiae strain FGY217

(Appendices — Figure 9 and 10).

3.1.2. Screening expression conditions by small-scale expression of TAS2Rs-GFP
fusion

Achieving optimal expression of TAS2Rs in yeasts requires maximizing both cell density and the

efficiency of induction of expression of the target gene. To determine optimal expression conditions for

TAS2Rs, GFP-fusion proteins were screened by measuring, first, WCF, and then analyzing western-

blots.

3.1.3. Whole-cell Fluorescencein S. cerevisiae FGY217

After measuring fluorescence of cell suspensions (section 2.1.9.), data, from cell suspension
dilution 10x with YSB buffer, were analyzed and plotted (Figure 6), representing the total of GFP
fluorescence emitted at 512 nm in each sample. To verify the relation between control and the
respective induced sample, each expression condition control (absence of induction) GFP signal was
considered to be 100%. Analyzing the results from Figure 6, itis possible to observe an increase of GFP
signal after 44 hours of induction for all samples in comparison with 22 hours of induction. TAS2R5 and
TAS2R39 revealed an increase of expression when these receptors were induced with 2% galactose
and 25% DMSO at 26°C. However, TAS2R7 show differences between 22 and 44 hours after
induction. At 22 hours of induction, this receptor shows an increase of GFP signal when induced with
2% galactose and 2.5% DMSO at 26°C, but at 44 hours of induction an increase of GFP signal when

induced at 26°C was observed.
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Figure 6. Screening of TAS2R5 (panel A), TAS2R7 (panel B) and TAS2R39 (panel C) expression conditions by WCF in S. cerevisiae FGY217.
Expression levels were estimated by measuring GFP fluorescence emission at 512 nm by excitation at 488 nm using a Fluoromax 4
spectrofluorometer. WCF was measured before (control O, represented by black column) and after 22 h and 44 h of induction with 2 %
galactose under expression conditions (galactose at 26°C, galactose + DMSO at 26°C, galactose at 20°C, represented by green, salmon, and
purple columns, respectively). Induction controls were made by adding 0.1% glucose instead of 2% galactose (control 1,2 and 3, represented

by blue, orange, and lilac columns, respectively).

3.1.4. Immunoblotting

The western blots obtained, for the screening of TAS2Rs expression conditions in S. cerevisiae
FGY217, are presented in Figure 7 (A1, B1, and C1). These results show the presence of two different
bands. One with approximately 47 kDa, the predicted molecular-weight for TAS2Rs-GFP fusion
protein (protein of interest), and the other band with approximately 26 kDa the molecular weight of
free-GFP protein. From these western blots, GFP- fusion signals were quantified using a densitometer
and data obtained was analyzed as shown in Figure 7 (A2, B2, and C2). Results from 44 hours of
expression are not shown because it was observed a decrease of expression levels in comparison with
results from 22 hours of induction (Appendices — Figure 11). To verify the relation between control and
the respective induced sample, each expression condition control GFP-fusion signal was considered to
be 100%. Analyzing the results from Figure 7, all TAS2Rs show different optimal expression condition,
but all have an increase of GFP-fusion when induced with 2% galactose. TAS2R5 has an optimal
temperature condition at 20°C, when TAS2R7 and TAS2R39 have an optimal temperature condition of
26°C Additionally, TAS2R39 show better results when 2.5% DMSO was added.
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Figure 7. Screening of TAS2R5 (A1), TAS2RY (B1) and TAS2R39 (C1) expression by Western blotting in S. cerevisiae FGY217. Asterisks (*)

indicate the bands for TAS2R-GFP fusion proteins, 47 KDa approximately. GFP-fusion signals quantified in a GS800 densitometer with the

Quantity one 1-D Analysis Software (A2, B2 and C2). 44 hours expression is not shown because expression levels observed were lower than

22h tested. Lane control O (Black column) indicates cell suspension before induction. Lanes Galactose 26°C, Galactose + DMSO 26°C, and

Galactose 20°C (Green, salmon, and purple columns, respectively) indicate cell suspension after 22h of induction with 2 % galactose under

expression conditions. Control 1, control 2 and control 3 (Blue, orange, and lilac columns, respectively) indicate cell suspensions without

induction (0.1% glucose) under expression conditions.
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3.1.5. Fluorescence microscopy

To determine TAS2Rs cell localization, GFP-fusion proteins were monitored by fluorescence
microscopy (Figure 8). This method was performed with concanavalin A to contrast cell wall to be
possible to visualize GFP-fusion proteins, in the cellmembrane of S. cerevisiae". However, apparently
all cell compartments, from all samples including the control (Figure 8 — A to D), were marked with GFP
being difficult to determine TAS2R localization. These results might be related with the presence of free
GFP in yeast cells, as it was observed in the Western blots results (Figure 7) that this protein leads to

great fluorescent signal background.

Figure 8. Membrane protein GFP-fusion localization in S. cerevisiae FGY217 monitored by widefield microscopy (Leica DMI 600 FFW, LAS
X Software). 22 hours inductionTAS2RS5 (A), TAS2R7 (B), TAS2R39 (C) and S. cerevisiae FGY217 (D, control). GFP protein marked by GFP
(green fluorescence protein), and membrane cell marked by concanavalin A (red fluorescence).

3.1.6. Isolation and solubilization of TAS2Rs

Both methods (A and B - sections 2.1.15 and 2.1.16, respectively) have given similar results.
Isolation of TAS2Rs was tested by yeast cell lysis, fractionation, and solubilization (method A-
membrane fraction), or by yeast cell lysis, solubilization and purification (method B- whole cell) of these
transmembrane proteins and it revealed to be difficult to obtain membrane fractions isolated from cell
debris as the majority of GFP-fusion proteins appeared in conjunction with the unbroken cells in the

pellet after performing the homogenization cycles (Appendices- Figure 12).
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4. Discussion

Bitterness of polyphenols compounds is an interest topic for consumer’s food acceptance and
choices, and also for health protection based on food phytochemicals. So, the present study intended to
determine if the three TAS2Rs selected were able to be functionally expressed by an yeast expression
system, then isolated and purified to incorporate them into liposomes to study their interaction with
polyphenols. Furthermore, it is also intended to screen TASZ2Rs activation by measuring GFP
fluorescence on an engineered S. cerevisiae strain that allows exploration of signaling properties and
creation of synthetic responses to a range of ligands.

As it is mentioned before, it has been proven difficult to obtain transmembrane proteinsin
quantity because their expression levels are very low in natural tissues and there are not sufficient
quantities of eukaryotic membrane proteins for structural or functional studies *°. So, to obtain
increased amounts of these type of proteins it was established a heterologous overexpression system,
that consists in producing the recombinat protein of interest into a host organism. For that purpose, the
three bitter taste receptors were initially expressed using a GFP-fusion yeast system, which was the
simplest and most accessible system that satisfied the minimum requirements for this study #'.461,

Tofacilitate the expression of TAS2Rs for functional studies, the pRS426 expression vector was
selected according the following properties: i) It allows rapid insertion of a given PCR amplified target
gene into the vector, following digestion of the vector with a single restriction enzyme; ii) It allows for
expression under control of the inducible GAL1 promoter; iii) It creates fusions of target gene to C-
terminal affinity tags consisting of GFP-Hisg sequences. The use of the GFP-Hisg tags allows the use
of an anti-GFP antibody that is particular specific and sensitive for probing yeast-expressed proteins
(8]

The approach of using the GAL1 promoter was to grow pre-cultures in synthetic medium lacking
uracil with 2% glucose, to use an inoculum of this preculture to inoculate synthetic medium lacking
uracil with 0.1% glucose, to allow the cells to deplete available glucose, then to add galactose for
induction. Although, occurs reduced cell growth following induction, the highest cell density allowed
efficient protein expression. Growth on selective “drop-out” media provides selection of cells that retain
protein-encoding plasmids 2.

As showninFigures 6,7, and 8, expression conditions of the three TAS2Rs under control of GAL1
promoter were screened WCF, Immunoblotting and Fluorescence Microscopy following small scale
expression from small volumes of cultures. After 22 and 44 hours of incubation of S. cerevisiae FGY 217
expressing the three TAS2Rs with and in absence of galactose induction, GFP fluorescence was
measured by WCF and Western-blot. While WCF measure all fluorescence signal from yeast cells, in

Western-blot it is possible to distinguish the GFP-fusion protein (protein of interest) from free-GFP.
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Although these differences, the results obtained from WCF and Immunoblotting comparison at 22
hours of induction show identical optimal culture condition for TAS2R39 (induced with 2.5% DMSO at
26°C). However, TAS2R5 and TAS2R7 show different optimal conditions between these two methods.
TAS2RS and TAS2R7 in WCF, both have an optimal culture condition when induced with 2.5% DMSO
at 26°C, while in western-bolt increase of expression occurs at 20°C and 26°C, respectively. It is
important to refer that, in these experiments, replicas were not performed, so the differences between
these two methods might not be significant in the presence of standard deviation. Additionally, cells
may emit fluorescence signals in absence of exogenous fluorescent dyes, such as GFP, and this might
explain the increase of fluorescence signal over the 44 hours of induction in WCF "], For this reason, in
this study the optimal culture conditions were selected from Immunoblotting experiments.

Results from Western-blot analysis (Figure 7) show clear bands for each TAS2R-GFP fusion of
approximately 41-47 kDa. Although, TAS2R39 exhibited degraded products at lower molecular
weights, TAS2R5 and TAS2R7 migrated as a single band in the gel, suggesting that these are stable
membrane-integrated receptors . The addition of DMSO (2.5% v/v) with galactose showed to
improve TAS2R39 expression. In fact, previous studies reported that the addition of chemical
chaperones such as DMSO (2.5% v/v) or histidine (0.04 mg/mL) to yeast cultures increased
membrane protein folding 4. It is known that DMSO is a chemical chaperone that binds and stabilizes
the misfolded proteins in the endoplasmic reticulum B° %8, Lowering the temperature revealed to
improve TAS2R5 expression, resulting from the decrease on the rate of protein synthesis, which might
promote the production of properly folded proteins and the integration of those proteins into the
membrane ¢! Increase of all three TAS2Rs expression was observed when these receptors are
induced with 2%galactose. The GALTpromoter induces recombinant heterologous protein expression
when galactose is added to the medium. Even though the obtained results are different from the results
obtained by Sugawara et al. (2009), it is important to refer that in this thesis it was added an additional
expression condition (chemical chaperone) which might change some optimal expression culture
conditions given by Sugawara and colleagues 9,

Regarding the fluorescence microscopy analysis, it was difficult to determine if TAS2Rs were
correctly localized on the cell membrane of S. cerevisiae. In the best case scenario, this result might be
correlated with the results obtained in WCF, which includes both GFP-fusion and GFP-free into the cell,
since it was evident that S. cerevisiae FGY 217 without any TAS2Rs appear to have free GFP within the
cell. This result might be also related to autofluorescence of yeast caused by metabolism products (e.g.,
glucose) [ However, in the worst-case scenario none of the TAS2Rs-GFP fusions are located at the
plasma membrane as expected.

Difficulty of lysis is often considered to be a drawback of yeast expression systems.

Unfortunately, the cell disruption approach selected, in this case a bead beater, showed an
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incompatibility with these TMPs isolation (Appendices — Figure 12 (A, C, and D)). While multiple passes
through the homogenizer are required for efficient cell disruption, mechanical and thermal damage to
proteins during repeated cycles of shearing can be minimized by conducting alow-speed centrifugation
after each pass to separate the disrupted cells in the supernatant from unbroken cells in the pellet so
that only the undisrupted cells can be cycled back through the homogenizer . IMAC isolation by
histidine tag (His-tag) was also performed (Appendices — Figure 12 (B)), but identical results were
obtained leading to two hypotheses: i) problems in the lysis cell method or ii) TAS2Rs are not properly
folded and located into the plasma membrane as desired. Consequently, purification of TAS2Rs was
not achieved as expression and/or isolation of these transmembrane proteins was difficult to obtain in
yeast 3378

Yeast cells contain substantial levels of endogenous protease activity. Deletion of the PEP4
gene encoding the Proteinase A of the yeast vacuole has been reported to decrease overall proteolysis
because of the role of Pep4p in processing multiple additional pro-forms of proteases in the vacuole.
To overcome this problem, it is used a variety of protease inhibitors and the use of a host strain with
additional deletion on PEP4 gene. In 2011, Clark et al, mentioned that the use of yeast strains with
deletions other than PEP4 protease-encoding genes also provides significant reductions in proteolytic
degradation of purified proteins. Thus, for further studies regarding expression in yeast the
implementation of a strain with more protease-encoding genes deletion might be considered 178,

Membrane proteins can be solubilized either from whole-cell lysates or fromisolated membrane
fractions. It is known that the use of membrane fractions provides higher yield of more readily purified
protein. The initial choice of detergents for membrane protein solubilization was based on a previous
large-scale analysis that compared the effectiveness of DDM with and without CHS for solubilization
of TAS2Rs in S. cerevisiae FGY217. In that study, they verified that DDM solubilization efficiency yield
increased when combined with CHS, as CHS stabilizes the TAS2Rs. Unfortunately, it was not possible
to determine if solubilization of the three TAS2Rs occurred as cell lysis has proven difficult to perform.
Consequently, it was not possible to study the interaction between these three bitter taste receptors
and polyphenols.

Since cell lysis was difficult to perform, ongoing work is focused on proceeding with BEVS
expression system and also evaluate the new signalling system with an engineered S. cerevisiae strain
to find out if it is possible to study the interaction of TAS2Rs with polyphenols with these systems and
overcome the limitations of working with mammalian cells, such high costs for protein production, slow

cell growth, expensive media and reagents and culture conditions, such continuous CO: supply 3.
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5. Conclusion

A set of procedures for expression and purification of transmembrane proteins from the yeast S.
cerevisiae was described by Drew et al. (2008), and these procedures allow cloning of membrane
proteins target genes into numerous vectors that provide expression under control of the yeast GAL1
promoter resulting in fusion of the targets with different combinations of tags at their C- or N-terminal.

This study allowed to get insights on the best protein expression conditions for these TAS2Rs.
Low temperatures and chemical chaperone showed an increase of expression levels. These results
suggest that for every receptor the optimal expression time is 22 hours of incubation, but for TAS2R5
the best expression temperature is 20°C, whereas for TAS2R7 it is 26°C and for TAS2R39 it is 26°C
combined with 2.5% DMSO. Isolation of TAS2R has been proven difficult due to cell lysis in efficiency
and protein degradation.

Nevertheless, functional analysis of purified proteins remains an important part of
characterization and definition of conditions suitable for their agonist determination. Although these
procedures allow the production of TAS2Rs on a small-scale, there are limitations regarding the
expression that may prove difficult to control, such as: 1) Cell density in cultures. It was observed that
equal cultures had different cell density when cultured with the same conditions. 2) Efficiency of cell
lysis. Although, in few studies, the established procedures on yeast cell lysis were efficient, the fraction
of expressed membrane proteins remained in low speed pellet fractions following cell disruption. This
might reflect proteinin unlysed cells, or is trapped in large organelles at lysis, or even protein that forms
large aggregates. 3) Membrane protein solubilization. Therefore, determining an optimum combination
of buffer conditions, additives, and detergent might lead to increase in yield. Nevertheless, there
remains a possibility that protein fractions which are difficult to solubilize could be denatured or non-
native, and for that reason the increased recovery would absolutely be undesirable 12781,

The ongoing work is focused on improving the approach to isolate these membrane proteins
through yeast overexpression system and, for the same purpose, testing and compare with the
baculovirus expression vector system (BEVS). In addition, it is expected to perform TAS2Rs activation
by the engineered GPCR-based signalling in yeast, S. cerevisiae yWS677, to evaluate polyphenols

interaction with these three receptors to understand their relation with bitter taste.
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Appendices

Figure 9. Amplification of TAS2R5_STE2 and linearization of pRS426_GAL1_GFP on agarose gel (0.8%). DNA electrophoresis analysis of the
full-length TAS2R5_STE2 amplified by two consecutive PCR'’s (using primers listed in Table 3). Lanes 1 and 2 are 250x and 100x dilutions
from the first TAS2R5_STE2 PCR. An unspecific product was detected at approximately 2200 bp. 1000 bp bands indicate TAS2R5_STE2

DNA sequence. Lane 3 is pRS426_GAL1_GFP digest with Smal restriction enzyme.

Figure 10. Colony PCR products from S. cerevisiae FGY217 on agarose gel (1%) electrophoresis. Amplification was carried out with primers
listed on Table 4. PCR results with approximately 900-1000 bp indicate plasmids containing the insert. Lane 1represents positive control (gel

extracted PCR band of TAS2R5_STE?2), lane 2 is negative control, lanes 3-5 are colony PCR samples (TAS2R5_STE2_pRS426), and lane 6 is
100 bp ladder (Solis BioDyne).
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Figure 11. Screening of TAS2R5 (A), TAS2R7 (B) and TAS2R39 (C) expression conditions at 44 hours after galactose induction by Western
blotting in S. cerevisiae FGY217. Asterisks (*) indicate the bands for TAS2R-GFP fusion proteins, 47 KDa approximately. For each receptor,
lane COindicates cell suspension before induction; lanes E1, E2, and E3, indicate cell suspension after 22h of induction with 2% galactose under
expression conditions; lanes C1, C2, and €3, indicate cell suspensions without induction (0.1% glucose) under expression conditions. C1and E1
incubated at 26°C; C2 and E2 incubated at 26°C with 2.5% DMSO:; C3 and E3 incubated at 20°C (Table 5). Ladder used was Precision Plus
Protein ™ All Blue Standards (Bio-Rad).
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Figure 12. Isolation and solubilization of TAS2R7 by cell membranes fractionation (A), His-trap (B) and new approach of cell membrane
fractionation (C and D) analysed by Western blotting in S. cerevisiae FGY217. Asterisks (*) indicate the bands for TAS2R-GFP fusion proteins,
47 KDa approximately. (A) Isolation and solubilization of TAS2R7 by plan A. Lanes 1and 2 represent the pellet and supernatant after cell lysis,
respectively. Lane 3 indicates the supernatant after ultracentrifugation at 120 000 g, for Th at 4°C. Lane 4 represents the pellet from the last
ultracentrifugation resuspended and incubated in buffer B with detergent (1% DDM with 0.2% CHS), for 1h at 4°C. Lanes 5 and 6 indicates
supernatant and pellet after ultracentrifugation at 43 000g, for 40 minutes at 4°C, respectively. (B} His-Trap approach. Lane 1 represents
pellet after 22h of induction under optimal expression condition. Lanes 2 and 3 indicate pellet and supernatant after cell lysis. Lane 4 indicates
sample following incubation with detergent (1% DDM with 0.2% CHS) for 4h at 4°C. Lane 5 represents sample after running on His-trap column
for1h45 at 4°C. Lanes 6 and 7 indicate fractions with binding buffer with 10 mM Imidazole. Lanes 8 and 9 indicate fractions with elution buffer
with 50 mM Imidazole. Lanes 10 and 11 indicate fractions with elution buffer with 150 mM Imidazole. Lanes 12 and 13 indicate fractions with
elution buffer with 300 mM Imidazole. Lane 14 indicate fraction with elution buffer with 500 mM Imidazole. (C and D) New approach of cell
membrane fractionation. Lane 1represents pellet after 22h of induction under optimal expression condition. Lane 2 indicates the pellet after
cell lysis with the respective fractionation at 2500 g and 4000 g. Lane 3, 4, and 5 represents the pellet and supernatant after centrifugation
at 6000 g, respectively, being lane 5 the supernatant 2c more concentrated. Lane 6 represents supernatant after ultracentrifugation at
50 000 rpm, for 1h30 at 4°C. Lane 7 represents the pellet from the last ultracentrifugation resuspended and incubated in buffer B without
detergent, for Th at 4°C.
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