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The good taste of peptides
Piero A. Temussi*
The taste of peptides is seldom one of the most relevant issues when one considers the many important biological functions of
this class of molecules. However, peptides generally do have a taste, covering essentially the entire range of established taste
modalities: sweet, bitter, umami, sour and salty. The last two modalities cannot be attributed to peptides as such because they
are due to the presence of charged terminals and/or charged side chains, thus reflecting only the zwitterionic nature of these
compounds and/or the nature of some side chains but not the electronic and/or conformational features of a specific peptide.
The other three tastes, that is, sweet, umami and bitter, are represented by different families of peptides. This review
describes the main peptides with a sweet, umami or bitter taste and their relationship with food acceptance or rejection.
Particular emphasis will be given to the sweet taste modality, owing to the practical and scientific relevance of aspartame,
the well-known sweetener, and to the theoretical importance of sweet proteins, the most potent peptide sweet molecules.
Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.

Keywords: bitter receptors; peptides; sweet taste receptor; umami receptor
* Correspondence to: Piero A. Temussi, Department of Chemistry, University of
Naples “Federico II”, Via Cinthia, 80126 Naples, Italy. E-mail temussi@unina.it

MRC National Institute for Medical Research, The Ridgeway, London, UK

7
3

Introduction

Peptides have a huge variety of biological functions, mainly as
hormones or signalling molecules. To quote just a few of the
most important classes of bioactive peptides, it is sufficient to
mention opioids, antibiotics, immunostimulants, calcitonins,
tachykinins, vasoactive intestinal peptides etc. . .. Do peptides
also have a taste? Considering their name (from the Greek
peptίdia, ‘small digestibles’), it is somewhat ironical that their
taste is generally not an issue.

It turns out that peptides generally do have a taste, covering
essentially the entire range of established taste modalities: sweet,
bitter, umami, sour and salty. The last two modalities are mainly
due to the presence of charged terminals and/or charged side
chains and thus do not reflect the electronic and/or conforma-
tional features of a specific peptide. The other three tastes (sweet,
umami and bitter), linked to the rejection or acceptance of food,
are represented by different families of peptides.

The crucial year for the description of the taste of peptides is
1969. Two papers summarized the knowledge on the taste of
peptides in those times [1,2], whereas a third paper announced
the discovery of aspartame [3]. Kirimura et al. [2] tested 60 differ-
ent peptides and found that their taste intensities were weak
when compared with those of the constituent simple amino
acids. The taste characteristics of the studied peptides could be
classified into three groups: not surprisingly, compounds in
Group 1, rich in acidic residues, had a sour taste; those in Group
2, rich in hydrophobic residues, had a bitter taste; and those in
Group 3, with a more balanced composition, had little or no
taste. This view was essentially shared by Solms [1], who ob-
served that not much was known about the taste of peptides
but for the fact that there are no simple relations to the taste
of amino acids. As pointed out above, salty and sour tastes do
not reflect the electronic and/or conformational features of
peptides.

At about the same time, Mazur et al. [3] reported that, during the
synthesis of a slightly longer peptide, the C-terminal tetrapeptide of
gastrin, they had serendipitously found that aspartyl-phenylalanine
J. Pept. Sci. 2012; 18: 73–82
methyl ester was sweet, with a potency of 100–200 times that of
sucrose.

Aspartame is not unique: there are many more peptides with
distinct sweet, umami or bitter taste, both synthetic and naturally
occurring. The recognition of naturally occurring peptides is also
linked to food acceptance. This review will describe the main
families of ‘tasty’ peptides, together with what we know about
the interaction with their receptors.

Food Acceptance

Traditionally, it has been assumed that substances with a distinct
taste fall into four taste categories: sweet, bitter, sour and salty.
Among these four categories, sweet taste has been widely asso-
ciated with food acceptance and bitter taste with food rejection.
There is a fifth taste, termed umami, corresponding roughly to
the taste of monosodium glutamate (MSG) and associated with
the acceptance of meaty food. It was originally identified as the
main taste of a typical Japanese soup prepared from sea algae
and was dubbed ‘delicious flavour’ (umami, in Japanese) [4].

Sweet, bitter and umami tastes are themost important among the
five recognized taste sensations for food acceptance or rejection. It is
generally hypothesized that recognition of sweet-tasting molecules
evolved to accept sugars, the body’s main source of energy; umami
taste evolved to recognize proteins because it is believed that the
umami receptors can sense peptides or even simple amino acids
derived from the hydrolysis of proteins, and the detection of bitter
molecules protects humans from the ingestion of toxic compounds.
It is also worth recalling that umami molecules act also as taste
enhancers. Although humans, like most animals, have an innate
aversion against bitter-tasting molecules, it has been observed that
the rejection of bitter taste in food is not absolute. Either by cultural
reasons or because of a more complex relationship among different
Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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tastes, humans like bitterness in certain foods, notably in beer, cof-
fee, tea or cheese and other foods containing fermented proteins.
Peptides offer some examples of chiral isomers that would be
difficult to explain with a simple ‘labelled line’model of taste coding
[5] but open interesting possibilities when examined from the point
of view of a possible cross-talk among taste cells [6].
Typical umami ligands belong to closely related chemical

compounds: simple amino acids, other bifunctional acids or short
peptides. On the other hand, sweet and bitter molecules belong
to a very large number of diverse chemical families [7,8]. In many
cases, seemingly minor constitutional modifications can change a
sweet molecule into a bitter one. The most common pairs of
bitter–sweet isomers are the structural isomers found in molecules
containing aromatic rings [9], but in the case of peptides and amino
acids, the most relevant pairs come from chiral isomerism [1].
Therefore, for almost two centuries it was believed that bitter and
sweet molecules were recognized by similar mechanisms [7,9].
Most researchers interpreted the great variety of chemical

classes and molecular dimensions of natural and synthetic sweet
compounds in terms of the likely existence of several sweet taste
receptors, and it was generally believed that one or more of these
receptors had a bitter counterpart [10,11]. This view was
completely abandoned when it was discovered that there is only
one sweet taste receptor, the T1R2-T1R3 heterodimer [12], but
several bitter taste receptors, structurally unrelated to the sweet
receptor [5].

Sweet Peptides

Strictly speaking, there are no known natural peptides with a
sweet taste. The only naturally occurring sweet molecules
with a chemical nature of peptides are a few sweet proteins, i.e.
high molecular weight polypeptides. Their biological properties
do not stem from the peptide backbone, nor from the properties
of one or a few side chains, but depend mainly on the shape
and electronic properties of a large surface area. Thus, although
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
proteins are indeed polypeptides, their structure–function
relationship is generally treated separately from that of small
molecular weight peptides.

The peptide most well known for its taste is L-aspartyl-L-
phenylalanine methyl ester, i.e. aspartame, which is also the
most-used-non-caloric sweetener. The accidental discovery of
this sweetener [3] came as a big surprise because at the time
there was no indication that peptides had a very pronounced
taste, but it was soon followed by the synthesis of a very large
number of dipeptide analogues, designed to improve its
features as an artificial sweetener. The simple chemical constitu-
tion of aspartame and its great sweetening power stimulated an
exhaustive search for analogues endowed with even higher
sweetening power and, possibly, greater chemical stability.

Early on, the discoverers of aspartame exploredmany alternatives,
trying to substitute the two amino acid residues of aspartame
systematically with most naturally occurring residues. They soon
found that Asp cannot be substituted by any other proteic residue,
whereas Phe can be substituted by some but not any hydrophobic
residue. H-Asp-Met-OMe is nearly as sweet, and H-Asp-Tyr-OMe is
slightly less sweet than aspartame, but surprisingly, H-Asp-Trp-OMe
is not sweet, suggesting very precise steric requirements for proper
recognition [3]. Even more surprising were their findings concerning
the effect, on taste, of changes at the chiral centres of either residue.
All possible chiral isomers, i.e. D-L, L-D and D-D H-Asp-Phe-OMe, are
bitter [3]. This finding was strongly suggestive of the existence of a
‘bitter active site’ structurally similar to the sweet one but withmirror
image properties in part of its surface. This issue will be specifically
addressed in a distinct section of this review.

In addition to the initial efforts to design analogues on the
basis of mutations of Asp and/or Phe with other proteic residues
[3], the discovery of aspartame stimulated extensive efforts to
design small sweeteners related to aspartame only from a steric
point of view but departing from the simple peptide model.

For instance, Goodman and coworkers tried tomodify the nature
of the amide bond [13]. Later attempts diverged even more from
proteic residues, following the rationale of conventional drug
design [14–16]. Suffice it to mention two original attempts to
conformationally restrict the extremely flexible dipeptide, thus
enhancing the natural tendencies of this peptide. The hypersweet
super-aspartame analogue pCN-C6H4-NHCO-L-Asp-L-(aMe)Phe-
OMe proved even sweeter than super-aspartame [15]. The impor-
tance of the correct topology of aspartamewas further emphasized
by the fact that the two diastereomeric dipeptides Ac-L-(aMe)Phe-
L-Lys-OH and Ac-D-(aMe)Phe-L-Lys-OH, conformationally restricted
analogues of the so-called anti-aspartame type sweeteners, proved
tasteless [16].

Many of the early attempts to understand structure–taste
relationships of molecules had the goal of building indirect models
of the active site of the sweet receptor, which were often inspired,
at least in part, by the structure of aspartame and its analogues. For
instance, Temussi and coworkers [17,18] suggested a detailed
model based on the superposition of rigid sweet compounds,
which reflected the overall shape of the putative receptor cavity,
combined also with the shape of flexible compounds, notably
aspartame, whose solution structure had been previously deter-
mined [19]. Aspartame was also the starting point for the model
proposed by Iwamura [20] on the basis of quantitative structure–
activity relationship analyses of dipeptide analogues. Another
popular topological model, mainly based on the conformation of
aspartame and other dipeptides, was developed by Goodman
and coworkers [21].
eptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 73–82



Figure 1. Indirect models of sweet active sites based on two different con-
formations of aspartame. (A) Temussimodelwith a space-filling representation
of an extended conformation of [(L-a-Me)Phe2] aspartame. (B) Goodman
‘L model’ superposed to a space-filling representation of a bent conformation
of aspartame.

PEPTIDES TASTE
Figure 1 shows the relationship of the models by Temussi and
coworkers [18] and by Goodman and coworkers [21] with two
different conformations of aspartame.

All these models have been superseded by the discovery of the
sweet receptor and by the modelling of its active sites [22].
Table 1. Umami peptides

Peptide Taste Threshold/(mM) Reference

KGDEESLA Umami/sour 1.41 [24]

AEA Umami 0.8 [26]

AEA Tasteless [25]

GDG Umami 1.5 [26]

GDG Tasteless [25]

VEV Umami 1.5 [26]

VEV Tasteless [25]

EEE Umami 300mg% [27]

EEE Tasteless [25]

KG Salty/umami 1.22 [24]

Slightly bitter [25]

DE Salty/umami 1.25 [24]

DE Umami 1.5 [26]

DE Tasteless [25]

DL Umami 2.5 [26]

DL Tasteless [25]

EE Salty/umami 2.73 [24]

Slightly bitter [25]

EL Umami 3.0 [26]

EL Tasteless [25]

EK Umami/sour 3.12 [24]

EK Tasteless [25]

ED Salty/umami 3.14 [24]

ED Tasteless [25]

DD Salty/umami 4.79 [24]

DD Tasteless [25] 7
5

Umami Peptides

Umami taste was accepted as one of the five ‘official’ taste
modalities later than the other four (sweet, bitter, sour and salty).
Although the paradigmatic umami tastant is glutamate, many
peptides have been claimed to be ‘umami peptides’. Some
researchers even stated that an octapeptide termed ‘delicious
peptide’ had an umami potency higher than glutamate itself
[23]. The story of umami peptides is intertwined with this octa-
peptide peptide, isolated by Yamasaki and Maekawa [23] from
beef soup. The peptide, whose sequence is H-Lys-Gly-Asp-Glu-
Glu-Ser-Leu-Ala-OH, was termed ‘delicious peptide’ because it pro-
duced a taste just like that of beef soup. This peptide and several
segments were thoroughly examined by Tamura et al. [24]. Only
few of the fragments examined retained some umami taste. The
taste properties of the fragments that retain umami taste are
reported in Table 1.

The difficulty of finding short peptides with measurable umami
taste has been emphasized by the work of van den Oord and van
Wassenaar [25]. They re-examined the most representative
dipeptides and tripeptides reported by Tamura et al. [24] as well
as by Ohyama et al. [26] and by Noguchi et al. [27] and found that
none of the peptides had a recognizable umami taste (see
Table 1). The work of van den Oord and van Wassenaar [25] is
particularly careful and accurate: they tasted 19 peptides at two
pH values (4.0 and 6.0) with or without 0.6% NaCl, even at con-
centrations much higher than those corresponding to reported
thresholds. In order to test whether these peptides, like MSG
itself, might have synergy with ribonucleotides, H-Glu-Glu-OH
was also tasted at a concentration of 5.4mM and pH6.0 mixed
J. Pept. Sci. 2012; 18: 73–82 Copyright © 2011 European Peptide Society an
with 0.6mM inosine monophosphate (IMP). The taste of the
mixture perceived by the panel was the same of IMP under the
same conditions, i.e. a barely noticeable umami quality [25].

These observations were confirmed by Maehashi et al. [28],
who found that the ability of several simple peptides to elicit
umami taste was much less compelling than as described by
Tamura et al. [24]. Because many hydrolysates of foodstuff
containing proteins are known to possess umami taste, these
authors isolated the main peptide components of the most
favourable hydrolysate, i.e. the chicken protein hydrolysate
obtained using bromelain. The isolated peptides, ranging from
dipeptides (such as H-Asp-Glu-OH) to H-Glu-Pro-Ala-Asp-OH,
had mainly a sour taste.

It seems fair to conclude that there is no convincing evidence
that the small peptides suggested as umami compounds represent
an independent class. Rather, it is possible that their taste is a con-
sequence of partial hydrolysis leading to sizeable concentrations of
Asp or Glu.
Bitter Peptides

Many peptides hosting residues with hydrophobic side chains
have a distinct bitter taste. They have been identified in a variety
of foods and, in many cases, held responsible for some of food
taste qualities. In general, these peptides elicit a rather weak taste
sensation, but a few have fairly high bitter potency, with thresh-
olds only one order of magnitude lower than paradigmatic bitter
compounds. Mixtures of peptides have been invoked as respon-
sible for complex taste sensations.
d John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Table 2. Bitter peptides related to BPIa and BPIc*

Peptide Taste Threshold/(mM)

RGPPFIV (PBIa) Bitter 0.05

VYPFPPGINH (BPIc) Bitter 0.05

RRPPPFFF Bitter 0.002

RPPPFFF Bitter 0.02

RRPPFF Bitter 0.007

RRPFF Bitter 0.02

RPFF Bitter 0.04

RPG Bitter 0.8

GRP Bitter 0.8

RP Bitter 0.8

Caffeine Bitter 1.0

Phenylthiourea Bitter 0.025

Strychnine Bitter 0.003

Brucine Bitter 0.0008

* Otagiri et al. [49]
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Bitter peptides are more likely to be found in a wide variety of
aged or fermented foodstuff because enzymatic hydrolysis
frequently generates bitterness [29]. This finding explains also
why many bitter peptides are produced during food processing
as a result of the action of proteases on proteins. An exhaustive
list of bitter peptides identified in early work can be found in [30].
Like in the case of umami peptides, many of the investigations

looking for bitter peptides in foodstuff were performed in Japan.
This circumstance explains why, beside cheese [31,32] or meaty
foods, e.g. ham [33], most of the foodstuff studied belong to more
or less typical Japanese food [34], such as miso [35], natto [36],
katsuobushi [37], sake [38] and fish sauce [39].
In many cases, the peptides isolated from hydrolysates were

not fully characterized, both for their constitution and taste qual-
ities, and assessment of the intensity of bitter taste has been only
qualitative. For instance, Fernandez et al. [31], who investigated
the content of the water-soluble fraction of cheddar cheese,
reported a series of likely peptides, characterized by N-terminal
amino acid sequencing and mass spectrometry, but did not
attempt to study purified peptides for their taste. Sforza et al. [33]
isolated several peptides from extracts of Parma ham, but
their identification by high-performance liquid chromatography-
mass spectrometry was only tentative. Park et al. [39] on the
other hand, after identification of 17 peptides in a Vietnamese fish
sauce, did evaluate the taste of the pure, synthesized peptides but
only at a single fixed concentration.
The development of bitter taste in cheese during maturation

has been studied more than in other foods, possibly because of
the industrial relevance of cheese. Among the proteins present
in cheese, casein yields, upon hydrolysis by proteolytic enzymes,
the largest number of bitter products [40]. In fact, the most
important synthetic studies originated from three very bitter
peptides isolated by Minamiura et al. [40] in cow milk casein
digests: BPIa (H-Arg-Gly-Pro-Pro-Phe-Ile-Val-OH; threshold bitter-
ness value = 0.05mM), BPIc (H-Val-Tyr-Pro-Phe-Pro-Pro-Gly-Ile-
Asn-His-OH; threshold bitterness value = 0.05mM) and BPII. To
this last peptide, the formula of a cyclic tetrapeptide was origi-
nally attributed, but it was later on found to be the simple cyclic
dipeptide c(Trp-Leu), a 2,5-diketopiperazine [41]. Further charac-
terization by Shiba et al. [42] showed that all four stereoisomers
of this diketopiperazine, i.e. L-L, D-D, L-D and D-L, have compara-
ble bitterness, with threshold values in the 0.03–0.06mM range. It
is noteworthy that these figures are only one order of magnitude
higher than that of strychnine sulphate, one of the strongest
known bitter molecules [42].
A possible explanation of this surprising lack of selectivity

was provided by Goodman and Temussi [43], on the basis of
an old model of the bitter active site that implied a strong re-
semblance between sweet and bitter receptors. This view has
been apparently superseded by the discovery of a single sweet
receptor and many bitter receptors that are structurally unre-
lated to the sweet one [5], but it has been somehow recently
revisited in light of a hypothesis on pairs of bitter–sweet
isomers [44].
Attempts to understand the structure–function activity of BPIa

and BPIc stimulated extensive synthetic work on fragments and
analogues and yielded very active bitter peptides. Otagiri and
collaborators characterized both BPIa and BPIc and many frag-
ments [45–50]. Their conclusions, based also on several model
peptides, were that, in all cases, a strong bitter taste is observed
when arginine is contiguous to proline such as in H-Arg-Pro-OH,
H-Gly-Arg-Pro-OH and H-Arg-Pro-Gly-OH. An analogue of the
wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
parent peptide, the octapeptide (H-Arg-Arg-Pro-Pro-Pro-Phe-
Phe-Phe-OH), possessed an extremely bitter taste with a thresh-
old of 0.002mM, comparable with that of strychnine. Table 2
compares the most important bitter peptides found by Otagiri
and collaborators and some paradigmatic bitter compounds of
different chemical constitution.

Starting from the structure of BPIa, BPIc and BPII, several other
Japanese researchers, mainly Ishibashi and collaborators [51] and
Kanehisa et al. [52], synthesized more than 200 synthetic pep-
tides to study the structure–bitterness relationship of peptides.
The resulting model [51,53], inspired by the earliest inductive
model for sweet molecules [54], is inadequate to cope with
conformational aspects of small peptides and is not consistent
with findings on bitter taste receptors [5].
Receptors and Interactions

For many years, taste has been the least studied among the hu-
man senses. Thus, it is not surprising that taste receptors were
characterized only recently. It was generally believed that they
had to be G Protein coupled receptors (GPCRs) [55] but it was
not until the year 2000 that the first receptor was identified. In
this year, Chaudhari et al. [56] cloned and characterized a trun-
cated version of one of the metabotrophic glutamate class C
GPCRs that was proposed as a receptor for the umami taste. Soon
after, Chandrashekar et al. [57] characterized a large family of
mammalian class A GPCRs that function as bitter taste receptors
(T2Rs), and Matsunami et al. [58] identified a family of candidate
taste receptors (called TRBs).

Altogether, the best characterized taste receptors are the
sweet, umami and bitter ones [5]. Among them, the sweet recep-
tor has been more studied from the viewpoint of its interactions
with many different ligands [8]. By analogy with other GPCRs, it
was initially assumed that the sweet receptor had to be a homo-
dimer of T1R3, a class C GPCR originally identified as a sweet
receptor [59–65], but Li et al. [12] demonstrated that only hetero-
dimer T1R2-T1R3 can properly function as a sweet receptor.

Class C GPCRs, in addition to sweet (T1R2-T1R3) and umami
(T1R1-T1R3) taste receptors, include several glutamate receptors,
the Ca2+-sensing receptor, the a-aminobutyric acid type B
eptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 73–82



PEPTIDES TASTE
receptor and pheromone receptors [66]. Like all GPCRs, these
receptors are characterized by a seven-helix transmembrane do-
main (7TM) but in addition have a large extracellular domain,
called Venus flytrap domain (VFTD), containing the active site
for typical ligands, and a cysteine-rich domain (CRD) that con-
nects the VFTD to the 7TM domain, preventing a direct contact
of the VFTD with the surface of the membrane.

Figure 2A shows a molecular representation of a dimer of a
class C GPCR. The large extracellular N-terminal domain has been
named VFTD after the well-known carnivorous plant.

The T1R2-T1R3 receptor can bind all sweet molecules: sugars,
some D-amino acids, sweet proteins and several synthetic sweet-
eners [12]. The three-dimensional structure of the sweet receptor
has not yet been determined. However, the high homology
between the sequences of the Venus flytrap domains (VFTDs) of
the two chains of the sweet receptor and that of the mGluR1 gluta-
mate receptor, whose structure is known [67], allowed the building
of homology models [22]. The X-ray structures of several forms of
mGluR1 [67] hint at the existence of an equilibriumbetween resting
and active forms of the receptor even in the absence of a ligand. It
was assumed that a similar equilibrium exists also for the sweet
receptor [22].
Figure 2. Molecular models of two classes of GPCRs. (A) Heterodimer of
a class C GPCR, like sweet (T1R2-T1R3) or umami (T1R1-T1R3) receptors. In
addition to the VFT and 7TM domains, these receptors contain a third
domain (not shown), called CRD, connecting the VFTD and the 7TMD.
(B) Homodimer of a generic GPCR, like the frizzled T2R bitter receptors.
The 7TM domain that characterizes these receptors is similar, at low
resolution, to those of class C GPCRs. Molecular models were generated
by MOLMOL [83].

J. Pept. Sci. 2012; 18: 73–82 Copyright © 2011 European Peptide Society an
Cartoons illustrating these equilibria for the two receptors are
shown in Figure 3. The metabotropic glutamate receptor is
shown as two VFTDs of the same colour because it is a homodi-
mer; the equilibrium between the resting open open form (Roo)
and the active open closed form (Aoc) is shifted in favour of
Aoc upon addition of glutamate. In the case of the sweet recep-
tor, the T1R2 protomer is shown as a pale green VFTD, whereas
the T1R3 protomer is depicted as a dark green VFTD. The active
Aoc_AB form is the most likely of the active conformations de-
scribed in [22]: the closed protomer is T1R2. Small molecular
weight sweet molecules activate the T1R2-T1R3 receptor by shift-
ing the equilibrium in favour of Aoc_AB.

As shown in Figure 4A, the model of [(L-a-Me)Phe2] aspartame
fits well in one of the sites of the VFTDs of the active Aoc_AB con-
formation of the receptor. For comparison, Figure 4B shows the
fit of the same aspartame analogue in the putative site previously
proposed on the basis of indirect studies [17,18].

It is not conceivable that sweet macromolecules can interact
with the same active site hosting small sweeteners because the
sheer size of sweet proteins is orders of magnitude larger than
those of small sweeteners. For instance, it is possible to estimate
the molecular volume of aspartame as 270Å3, whereas the mo-
lecular volume of thaumatin, the largest of known sweet proteins,
is ca 27 000Å3.

A mechanism that can explain the sweetness of intensely
sweet proteins, termed the ‘wedge model’, was proposed on
Figure 3. Schematic representation of the equilibrium between resting
and active forms of the mGluR1 glutamate receptor and the corresponding
equilibrium for the sweet receptor. (A) Equilibrium between Roo and Aoc of
mGluR1 in the absence of a ligand. (B) Shift of the equilibrium between Roo
and Aoc of mGluR1 in the presence of glutamate. (C) Shift of the equilib-
rium between Roo_AB and Aoc_AB of T1R2-T1R3 in the presence of
aspartame. The homodimeric glutamate receptor is shown as two identical
VFTs. In the case of the heterodimeric sweet receptor, the T1R2 protomer is
shown as a pale grey VFT, whereas the T1R3 protomer is depicted as a dark
grey VFT.

d John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 4. Comparison of the fit of [(L-a-Me)Phe2] aspartame in the homology-modelled sweet receptor site and in the putative site based on indirect
studies. (A) Fit of [(L-a-Me)Phe2] aspartame in the open site of the T1R3 VFT domain of the receptor [22]. (B) Fit of the molecular model of [(L-a-Me)Phe2]
aspartame in the putative site previously proposed on the basis of indirect studies [17,18]. The flat site is represented by the blue contour line. Molecular
models were generated by MOLMOL [83].

TEMUSSI

7
8

the basis of docking calculations by using molecular structures of
the three best characterized sweet proteins, i.e. brazzein,
monellin and thaumatin [68].
The equilibrium between Roo_AB and Aoc_AB can be shifted

in favour of Aoc_AB also by external binding of a macromolecule
(Figure 5A). The large cavity on the T1R3 protomer is character-
ized by a negative electrostatic potential. The electrostatic poten-
tials of the T1R3 protomer cavity and the wedge-shaped surface
of MNEI (a single-chain monellin) have largely complementary
charges. The complex of brazzein with the sweet receptor, as
proposed by in silico docking, is shown in Figure 5B.
This mechanism was proposed on the basis of docking calcula-

tions by using molecular structures of the three best characterized
sweet proteins, i.e. brazzein, monellin and thaumatin [68]. The
model has been recently validated by a topological approach
[69]. The only drawback of the wedge model, as derived from
low-resolution in silico docking, was the fuzzy nature of low-energy
complexes, which meant an intrinsic difficulty of building accurate
complexes of sweet proteins with the receptor. In the quoted to-
pological approach [69], it was shown that it is possible to obtain
Figure 5. The wedge model for sweet proteins. (A) Schematic representatio
active open closed forms of T1R2-T1R3 induced by external binding of a swe
Aoc_AB form of the receptor. The heterodimeric sweet receptor, the T1R2
depicted as a dark green VFT.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
accurate one-to-one correspondence of receptor to sweet protein
residues by yoking key mutations on the sweet proteins by means
of a tethered docking procedure.

Three different receptors have been indicated as ‘umami recep-
tors’: a truncated form of mGluR4 [56], the T1R1–T1R3 heterodimer
[12] and a truncated form of mGluR1 [70]. Yasuo et al. [71] have em-
phasized the role of mGluRs, implying that the transduction path-
way involving T1R1-T1R3 might be different from that involving
mGluRs. However, the T1R1-T1R3 heterodimer is generally regarded
as the prototypic umami receptor and, more in general, a receptor
for all L-amino acids [5,12]. As suggested by the T1R1-T1R3 homol-
ogy model [72], the active sites located in the extracellular, globular
parts of T1R1 and T1R3 (called VFTD), which correspond to the Glu
sites in mGluR1, should be very similar to the corresponding sites of
the sweet receptor. The only existing modelling study on the
umami receptor [72] does not say much on this aspect because
the study is centred on the synergy betweenMSG and IMP. It is also
not unlikely that the T1R1-T1R3 receptor might have many active
sites like the T1R2-T1R3 sweet receptor [22], but the paucity of
known umami ligands prevents any further speculation.
n of the shift of the equilibrium between the inactive open open and the
et protein. (B) Binding of brazzein, represented as a wedge, and the active
protomer, is shown as a pale green VFT, whereas the T1R3 protomer is
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Compounds that elicit bitter taste are recognized by a family of
class A GPCRs, collectively known as T2Rs [5]. These receptors are
classified as ‘frizzled’ and contain a single 7TM transmembrane
domain (Figure 2B). Each T2R can detect several bitter molecules,
consistent with the need for most mammals to recognize a huge
number of potentially dangerous bitter compounds using a rela-
tively small number of receptors. The T2Rs, although expressed in
dedicated taste receptor cells, share common signal transduction
components with cells detecting sweet, umami and bitter taste
qualities. These GPCRs lack the extensive N-terminal domain
present in T1Rs, but it is likely that they also function as dimers.

T2Rs are ‘simple’ 7TM GPCRS, but a closer inspection of their
sequences reveals that it is not possible to classify them in any
of the most well-known groups, e.g. as class A GPCRs. Some have
classified them as a separate family [73], whereas others have
assigned them to the subfamily of the frizzled receptors [74]. In
principle, it might be easier to classify them on the basis of
detailed structure–activity studies, but studies of this kind have
been scanty. Luckily, a few revealing studies have recently been
published on the ligand-binding mechanisms of T2Rs [75–77].

The take-home message has been nicely summarized by Singh
et al. [78] on the basis of accurate mutation studies, complemented
by molecular modelling, on T2R1. This specific T2R is particularly
relevant in the framework of the present review because it binds
bitter dipeptides and tripeptides [79].

If one tries to extrapolate the results from the study on T2R1, T2Rs
appear to be highly divergent from class A GPCRs, not only in their
amino acid sequence but also in the mechanism of activation by
natural bitter ligands. Much needed further structure–function
analyses on this and other T2Rs will hopefully give detailed insights
into other key residues that contribute to ligand binding.
Figure 6. Molecular models of four aspartame chiral isomers, oriented as
[(L-a-Me)Phe2] aspartame in the sweet receptor [22].
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Bitter–Sweet Pairs: Taste and Chirality

As mentioned in the Food Acceptance section, pairs of chemi-
cally related sweet and bitter compounds play a key role in the
understanding of the relationship among taste qualities related
to food acceptance. The most common pairs of bitter–sweet
compounds come from structural isomers, congeners or even
conformational analogues [7,9,44]. Some of these odd pairs and
many more quoted by Moncrieff [7] and by Verkade [9] might
be serendipitous, meaning that the bitter partners of bitter–
sweet pairs might be recognized by one of the T2Rs, even if these
receptors lack the sterical features that characterize the VFTDs of
T1R2-T1R3. However, it is impossible to attribute to a purely for-
tuitous coincidence the taste relationship between chiral isomers.
Chirality is fundamental in biology because it plays a central role
in controlling molecular recognition and interactions. For
instance, a clear illustration of the key role played by chirality in
biologically active peptides was furnished by a study on opioid
peptides [80]. It is known that the chirality of the a carbon of
the tyramine moiety in morphine alkaloids is opposite with
respect to that of the corresponding carbon atom in L-Tyr, the
amino terminal residue in nearly all opioid peptides, a fact even
more surprising because the whole molecule of morphine is
essentially derived from two molecules of L-tyrosine. We hypoth-
esized that the presence of Gly2 or D-Ala2 in the two most com-
mon message domains of opioid peptides mimics this change by
allowing the attainment of unusual conformations. Indeed, a
thorough conformational search of the tripeptide H-Tyr-D-Ala-
Phe-NH-CH3 and of its isomer H-Tyr-L-Ala-Phe-NH-CH3 showed
J. Pept. Sci. 2012; 18: 73–82 Copyright © 2011 European Peptide Society an
that energy-accessible conformers are consistent with the topo-
logical requirements imposed by the chirality of the a carbon of
tyramine and with the very rigid constraints imposed on the tyra-
mine moiety by cyclization [80].

The changes involving inversion of chiral centres in bitter–sweet
pairs hint at very strict stereochemical requirements, implying the
existence of two active sites very similar in shape but with a subtle
control of chirality. Peptides and simple amino acids offer good
examples of bitter–sweet pairs governed by chirality. Glycine and
L-alanine are sweet, whereas most polar L-amino acids, with the
exception of glutamic acid, are tasteless, and apolar amino acids
are bitter [1]. An inversion of the configuration of the a carbon of
apolar amino acids changes their taste from bitter to sweet: L-Trp,
L-Phe and L-Tyr taste bitter (in order of decreasing bitterness),
whereas D-Trp, D-Phe and D-Tyr taste sweet [1]. Even more surpris-
ing is the relationship between aspartame and its chiral isomers:
H-L-Asp-L-Phe-OMe is very sweet, whereas Η-D-Asp-D-Phe-OMe is
bitter [3,81], as well as the two diastereomers H-D-Asp-L-Phe-OMe
and H-L-Asp-D-Phe-OMe.

The molecular models of these four aspartame isomers,
oriented as [(L-a-Me)Phe2] aspartame in the sweet taste receptor
[22], are shown in Figure 6. These examples indicate that it is rea-
sonable to anticipate that the bitter receptor is structurally
related to the sweet receptor and hence different from those of
the T2R family.

This hypothetical receptor should be structurally similar to the
T1R2-T1R3 receptor and have the ability to accept molecules with
opposite chirality with respect to well-known (chiral) sweet mole-
cules. These features are typical of T1R receptors; so we do not
have to look for new members of the T1R family because such
a receptor has already been described: it is T1R1-T1R3, the main
umami receptor, which besides L-Glu can bind several L-amino
acids [12].
d John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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The models of the sweet (T1R2-T1R3) and umami (T1R1-T1R3)
receptors are compared in Figure 7. The structural similarity of
T1R1-T1R3 with the T1R2-T1R3 sweet receptor is assured by their
sequence similarity: the identity between the sequences of the
different protomers of the two receptors (T1R1 and T1R2) is
37%. The ability of T1R1-T1R3 to recognize L-amino acids is well
documented, whereas very sweet D-amino acids, like D-Trp, are
not recognized [12].
How can a bitter peptide (related to sweet aspartame) induce

bitter stimulation? The simplest explanation is that the umami re-
ceptor is hosted by a cell specialized in bitter taste: the outcome
is a bitter taste coming from the stimulation of the T1R1-T1R3
receptor by the bitter component of the bitter–sweet pairs. This
possibility goes against the ‘dogma’ of specialized taste cells [5]
adopted by most molecular biologists but not by all physiologists
[6]. However, Tomchik et al. [82] have observed that, although the
majority of receptor cells are specialized to respond to sweet, bit-
ter or umami tastes, occasionally some receptor cells can respond
to two or even three taste qualities. Signalling in taste bud cells is
mediated by two classes of cells, i.e. ‘receptor’ cells that detect
and transduce sweet, bitter and umami compounds and ‘presyn-
aptic’ cells. If receptor cells communicate with presynaptic cells,
there is in principle a potential convergence of taste information
in the taste bud, resulting in taste cells that respond to multiple
taste stimuli. According to Tomchik et al. [82], although approxi-
mately 80% of receptor cells in taste buds do respond to only
one taste stimulus, 80% of presynaptic cells (accepting signals
Figure 7. Bitter taste of sweet chiral isomers. (A) Heterodimeric T1R2-T1R3
protomer, common to the umami receptor, is coloured in dark green. (B) H
in cyan; the T1R3 protomer, common to the sweet receptor, is coloured in da
explains a possible cross-talk between umami and bitter receptor cells. Sign
(purple) converge onto presynaptic (type III) cells (light grey). Molecular mod

wileyonlinelibrary.com/journal/jpepsci Copyright © 2011 European P
from taste cells) respond to two or more different taste qualities,
thus resolving the paradox of broad taste cell tuning despite the
fact that taste cells are labelled, i.e. contain only one type of re-
ceptor each. Thus, there are three possible explanations of
responses to multiple taste qualities in individual taste cells:
(i) some receptor cells may host multiple taste receptors, (ii) there
may be cross-talk between receptor cells or (iii) there might be a
margin of uncertainty in cell classification. Possibility (ii) seems to
be the most plausible explanation of the problem described here:
the signals coming from two umami and bitter taste cells may
converge on the same presynaptic cell. If such an umami cell is
stimulated by the ‘bitter partner’ of one of the bitter–sweet pairs
previously described, e.g. L-Trp, the signal will be interpreted as
bitter. Conversely, if the tastant is L-Glu, it will stimulate a much
larger number of umami taste cells, and thus the prevailing
umami taste will mask any bitter aftertaste coming from the less
populated umami cells connected to presynaptic cells together
with a bitter cell.
Conclusion

Peptides are not very often quoted in relation with their taste, but
there is little doubt that they contribute considerably to the complex
taste of much of the food we eat every day, particularly in cheese
and meaty food where singular mixtures of bitter and umami pep-
tides are largely responsible for the peculiar taste of each product.
sweet receptor. The T1R2 protomer is coloured in pale green; the T1R3
eterodimeric T1R1-T1R3 umami receptor. The T1R2 protomer is coloured
rk green. (C) Cartoon illustrating the relationship among taste cells, which
als from two (type II) receptor cells labelled for umami (cyan) and bitter
els were generated by MOLMOL [83].

eptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2012; 18: 73–82
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The emphasis of this review is mainly on the sweet taste
modality, both for the practical relevance of aspartame and
the theoretical importance of sweet proteins. According to
the proposed ‘wedge model’, sweet proteins, the sweetest
known polypeptides, bind to an external site of the active
form of the receptor. The validation of the wedge model in
turn gives confidence in the reliability of the homology model
of the T1R2-T1R3 receptor itself and allows its use to explain
some aspects of aspartame interactions. Aspartame is at pres-
ent the most widely used artificial sweetener, a critically
important issue for people affected by illnesses typical of af-
fluent society, like diabetes, caries or cardiac syndromes. It
was shown that aspartame can bind to one of the VFT active
sites of the sweet receptor in a manner reminiscent of the pu-
tative site derived from indirect approaches before the recep-
tor was actually discovered. The puzzling relationship among
the tastes of the four chiral isomers of aspartame was also
tentatively explained on the basis of a key role of the umami
receptor.

It is hoped that all above examples establish the role of pep-
tides in the field of human taste on a firm basis. Although it is dif-
ficult to consider peptides as a class apart in the field of taste, it is
clear that their chemical nature, particularly their incredible
conformational versatility, plays a relevant role in determining
many structure–activity relationships, including those connected
to the main tastes related to food acceptance.
8
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