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Introduction

The human tongue consists of taste buds, which contain approximately 50-100
cells, distributed in well-defined regions. These cells include not only taste receptor cells
but also precursor and support céllsWhen a taste cell receives a specific chemical
signal, a change in membrane potential and/or intracellular free calcium concentration
occurs. This results in a neurotransmitter release onto the gustatory afferent nerve fibers.
These afferent fibers, which are innervated at the receptor cells, transmit intensity and
quality of taste to the gustatory cortex in the bfaifihe tongue can distinguish between
hundreds of different taste compounds but five categories, sweet, bitter, salty, sour, and
glutamate (savoriness), are used to classify tdsBsgt what exactly is the role of taste in
the body? Its original responsibility was distinguishing between substances that can be
toxic and those that provide enefgyet, most humans do not use taste to identify an
energy source but rather correlate it with like and dislike of food sources, the comfort of
food consumption, and resulting memories associated with that food consumption.

Of the five categories of taste, sweet taste plays a pivotal role in humans as
increasing medical diseases such as diabetes and hyperlipemia are linked to sugar intake.
Sweet taste is not solely associated with natural sugars such as glucose and sucrose but
also a variety of synthetic and natural molecules (as seen in Figure 1). Molecules that
exhibit sweetness are divided into subclasses based on size, where small molecules can
be either rigid or flexible. Yet, it is not unusual for stereoisomeric compounds to have
one active isomer and another completely inactiFer example, it is common for many

amino acids, which are only sweet when in the D-configuration.
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Figure 1. Structures of various natural and synthetic sweeteners.

History
The Early Years: 1960-2001

Initial attempts to understand how sweeteners exhibit sweet taste were based on
structure-activity relationships. These studies centered on specific glucophores, particular
atoms or groups of atoms that could impart sweetness to molecules. The shape and
electronic properties of known, low-weight ligands was used to determine the potential
arrangement of glucophores of a sweetener in the active site of a sweet taste teceptor.
This data was used to piece together a possible mechanism of activity, although it could
not accurately account for the variety of known sweeteners. This early hypothesis was
expanded by Georg Colinwho thought that stimulating a taste involved specific
structural groups. His research showed that sweet molecules often contained several
hydroxyl groups or chlorine atoms. However, these preliminary findings, unfortunately,
did not account for other types of compounds. Therefore, the concentration of this field

started to shift from structure-activity models to receptor-active site models, where the



first linear model was proposed by Shallenberger and Acree in 196lhis model
stressed the importance of a hydrogen bond donor (AH) and a hydrogen bond acceptor
(B) spaced approximately 3-4 A from each other. It was hypothesized that these groups
would interact with the complementary sites of the taste receptor and, therefore, acts as
the point of contact for the interaction between the sweet molecule and the receptor.
Although this model was later expanded by Kier 1972 to include a third group (the
‘dispersion point’) at a specific distance from the AH—B pair, these early models were
oversimplified as they failed to account for stereochemistry. Without this critical
characteristic integrated into the model, it was impossible to resolve between sweet and
tasteless isomers.

Thus, it was necessary to devise a model that incorporated both the structural and
chemical components of sweet molecules. Temussi and cowSrkemsggested a model
based on the structural properties of rigid sweet compounds, which only have a few
degrees of rotational freedom. These compounds were chosen as it was thought that they
would reflect the overall shape of the receptor cavity. This model was improved by
Goodman and coworket$,to include sterical aspects which were not present on
Temussi's model. This model featured the Shallenb®/ydr—B entity in the +y axis
and a hydrophobic group, which corresponds to Kier's dispersion point.

Although, these preliminary models were an attempt to understand the binding of
sweet molecules, they failed to explain the sweet taste of larger molecules, particularly
sweet proteins, or take into account the large range of structural features of sweet

molecules. Therefore, the field needed to find sweet receptors instead of modeling



hypothesized structures, which could not accurately account for the large structural
differences in sweeteners.
The Discovery of the Sweet Receptor: 2001- Present

Researchers were struggling to find sweet taste receptors and to account for both
the vast number of known sweeteners and the more recent discovered sweet proteins. In
the 1990’s, research had become focused on the positive identification of the molecular
components of taste transductiSrand the isolation b -gustducin, a taste-specific G
protein’* that paved the way for the discovery of the first sweet receptor. In 2001, T1R3
of the T1R receptor family in humans was successfully identified as the first sweet
receptor>® It was classified as a metabotropic (class C) G protein-coupled receptor
(GPCR). This type of receptor not only includes the sweet receptor T1R3 but also
several glutamate receptors, savoriness (monosodium glutamate) taste receptofs, the Ca
VHQVLQJ UH FamBobRytic avicktibe B receptor and pheromone receptors.
Metabotropic receptors are generally characterized by a seven helical transmembrane
domain and a large extracellular domain (Venus flytrap) that contains the active site for
ligands and a cysteine-rich domainT1R3 possesses all of these characteristics but is
also a heterodimer, which is a distinctive characteristic from other known GPCRs. T1R3
was found by scanning genes of the human genome for GPCRs, which correspond to the
mouseSac (saccharin) preference locus. It was previously discoveredStdmakocus
controlled sweet sensitivity for mice, which gave researchers a potential target for sweet
taste receptors in humaffs.

Several groups concurrently determined that T1Rs were the best candidates for

sweet receptors>*® GPCRs are thought to form homodimers in the active form, yet it



was determined that only the heterodimer T1R2_T1R3 can function as a sweet receptor
for all structural types of sweetenéts.Additionally, it was found that T1R3 alone can
function as a sweet recepfdr.This provoked researchers to investigate the interactions
between the sweet receptor and the sweet molecule.

Only one metabotropic receptor's (mGIluR1) 3D crystal structure has been
determined, thus researchers used it as a model for TIR3. mGIuR1 is a glutamate
receptor that in the active form can host two glutamate molecules, one in eacf’cavity.
Thus, it was initially thought that the sweet receptor also possessed this mode of binding,
where sweeteners could be hosted in the two active sites. This reasoning has a fault, as
the ligands of mGIuR1 are either glutamate or similarly shaped molecules, while the
sweetener ligands vary widely in chemical composition. However, this finding did hint
to the possibility that the ligands may not only interact with the two cavities but also with
other parts of the sweet receptor. Xu and colle&§eesfirmed this possibility by using
cyclamate, an artificial sweetener, to determine that the C-terminal transmembrane
domain of T1R3 was required to recognize this compound. This information sparked
interest into homology models to truly understand the mechanism of interaction between
the sweet receptor and the sweet molecule.

Modeling was used to understand the possible interactions of compounds of
greatly differing structures (such as small sweeteners and sweet proteins) with the sweet
receptor. The results suggested a possible coexistence of mechanisms for these classes of
compound$>?®which lead to rethinking of previous assumptions, specifically that class

C GPCR receptors were homodimers of two T1R3 chains. Therefore research again



shifted from the homodimer model to the heterodimer TLIR2_T1R3 as a sweet receptor

(Figure 2)#

—

_I—'_\'\.\_\_\_\--
a?:::l:
(}C:—f
F‘J
L o
':_ e
. Yr, NGO

T1R3 TIR2
Sweet receptor

Figure 2. Sweet taste receptor TLR2_T1R3 as expressed in a taste cell

This subject became more complex as it was determined that the extracellular N-
terminal domain (NTD) of mGIuR1 could exist in two different conformatfGrem
active form calledopen-closed which corresponds to both ligand complexed and
uncomplexed forms of the NTD, and the inactive form catlpdn-open Thus, when
combining T1R2 and T1R3, which have two conformations, there are now four possible
heterodimer structures that can possibly bind sweet substances. These four
conformations were examined to determine which forms may allow for interaction with
sweet molecules. Two models of the inactopen-openform and two models for the
complexed active fornopen-closedvere documented by Morini et &l.In his models,
the inactive dimers are label&sting open-opefRoo) and the active dimers are labeled
Active open-closefAoc). Thus the inactive dimers are Roo_AB (where A is TIR2 and B
is TIR3) and Roo_BA (where B is T1R2 and A is T1R3) and the active dimers are

Aoc_AB and Aoc_BA.



Now that the investigators had determined active forms of the T1IR2_T1R3, the
focus shifted to the specific interactions between small sweeteners and the TIR2_T1R3
receptor. Researchers concentrated on the interactions of the mGIuR1 receptor and
glutamate as a template for interactions in the active cavities of the sweet receptor. The
sweet receptor was thought to be activated by hydrophobic amino acids and synthetic
dipeptides such as aspartame. These substances possess an amino group adjacent to a
FDUER[\O JURXS ZKLFK LV D -MiSoLdéiBsbltM&sU@ﬂofﬁeﬂRdiHW\ R
that the residues lining the cavities of TLIR2_T1R3 should be similar to, if not the same
as, the residues in mGIluR1. The residues were not only conversed from mGIuR1 to
T1R2_T1R3 and other mGluRs, but also in the other families of the metabotropic
GPCRsY Although this finding helped to shed light on the interactions between
sweeteners and T1R2_T1RS, it still did not account for the vast structural and chemical
differences of sweeteners, as it is unknown if both ligand-binding sites are available for
sweet ligands in the active forms Aoc_AB and Aoc_BA.

Morini et al® examined a number of sweeteners and their binding to the cavities
of the two active forms. Initial inspection of these forms revealed that closed protomers
(single protein subunits) such as T1R2 (A) and T1R3 (A) were too small to host the large
synthetic sweeteners. By comparing this finding to mGIluR1, it was concluded that both
the closed (MOL1) and the open (MOL2) protomers could host glutamate in the active
sites, in which the sites where lined by the interfaces of subdomains LB1 arfd £B2.
Figure 3 depicts the differences in binding between mGIuR1 and T1R2_T1R3, where

T1R2_T1R3 uses both subdomains to bind the sweeteners no matter the size.
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Figure 3. Binding of ligands to the active sites of the protomers of both mGIluR1 and
T1R2_T1R3 receptors. a) Binding of two glutamate molecules in the protomers of
mMGIuR1, where MOL1 uses residues from both LB1 and LB2 to bind the glutamate and
MOLZ2 uses only residues from LB1. b) Binding of two sweeteners, one large and one
small, to the active form, where the smaller sweetener binds to the closed T1R2(A) site
and the large binds to the open T1R3(B) Site.

Therefore, a question arising from this model is how is it possible to have sweet
proteins? It was hypothesized that the similarity between the sequences of the
T1R2_T1R3 chains and the chain of the homodimer of mGIuR1 would allow for the
same general features between the two receptors. X-ray diffraction was used to
determine the crystal structure of the extracelldlerminal domain of mGIluR? Thus
if TLR2_T1R3 receptor truly behaves similarly to mGIluR1, it should exist as a mixture of
three forms: 1) complexed with a low molecular weight sweetener (active), 2) free form |
(inactive), and 3) free form Il (similar to active form). Figure 4a describes the usual way

in which the sweet receptor is activated, while Figure 4b illustrates how binding of the

sweet protein can be stabilized by a secondary binding site on the surface of the receptor.
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Figure 4. Binding of small molecular weight sweeteners and sweet proteins. a) Receptor
is transformed from the inactive free form | (Roo) into the active free form Il (Aoc) by
binding of small sweetener. b) Stabilization of free form Il occurs by sweet protein
complexatiorT.
This mechanism was proposed due to docking calculations of several sweet proteins i.e.
brazzein, monellin, and thaumatin to model a receptor built from mouse sequences of
T1R2_T1R3® This notion was later reinforced by modeling with human sequéhces.
Therefore, it was shown that all of the above said sweet proteins would fit into the cavity
of the receptor.
Future

The identification of sweet receptors has unlocked a mystery that has plagued this
field for years, but the journey to determine mechanisms and pathways of signaling has
just  begun. Further research is necessary to elucidate major aspects of
sweetenerereceptor interactions. As the country is turning to a healthier lifestyle due to
the increase in childhood obesity and diabetes, consumers will turn to alternative and no-

calorie sweeteners. Thus it is increasingly important to understand how all types of

sweeteners interact in the body.
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