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Abstract. Bitter peptides are a structurally diverse
group of oligopeptides often generated in fermented,
aged, and hydrolyzed food products that make them
unfavorable for consumption. Humans perceive bit-
terness by a repertoire of 25 human bitter receptors,
termed T2Rs. Knowledge of the structural features of

bitter receptors and of the factors that stimulate bitter
receptors will aid in understanding the mechanism
responsible for bitter taste perception. This article
reviews the current knowledge regarding structural
features of bitter peptides and bitter taste receptors.
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Introduction

All animals, including humans, need to ingest organic
compounds as nutrients, but ingestion of toxic sub-
stances can be life-threatening. Most animals are
instinctively averse to bitter-tasting substances, which
serves to protect against ingesting bitter-tasting toxic
substances. For humans, bitter taste aversion is also
innate. However, humans prefer bitterness to some
extent in certain foodstuffs, for example, beer, coffee,
and tea, perhaps because tolerance to bitter tasting
foodstuffs with positive pharmacological effects may
change with age. It is widely known that bitterness is
frequently generated during the aging process in
fermented products and during the enzymatic proc-
esses that produce protein hydrolysates.
In these cases, the acceptability of bitterness depends
on its intensity � on the nature and amount of the
short-chain peptides formed from the breakdown of
proteins. But not all peptides are bitter; for example,

aspartame (l-aspartyl-l-phenylalanine methyl ester)
[1] is intensely sweet, and several acidic oligopeptides
isolated from fish protein hydrolysate have a flavor-
enhancing quality resembling that of monosodium
glutamate [2]. Octapeptide, which is a constituent of
papain-treated beef, has an appealing taste [3 – 7] but
is not strong enough to be the principal taste
constituent of foodstuffs, in which many peptides
contribute to palatability [8, 9].
Although savory and palatable tastes develop when
protein is hydrolyzed into small peptides and amino
acids, partial degradation of protein due to abnormal
proteolysis causes excessive bitterness and decreases
the sensory quality of products. Therefore, bitter
peptides have been extensively studied with the aim of
improving the sensory properties of foodstuffs and
beverages. Many bitter peptides have been isolated
and identified from protein-rich foods and protein
hydrolysates, and the structural aspects related to
bitter taste have been partially established from
studies on the structure-activity relationships of
peptides.
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On the other hand, studies on bitter taste perception
have been conducted independent of research on
bitter peptides. When the “bitter unit” was first
proposed two decades ago as the activating site on
bitter peptides [10], the bitter taste receptors that are
stimulated by these bitter peptides� currently known
as T2Rs � had not yet been identified. Recent
molecular studies have revealed that the T2Rs ex-
pressed in taste receptor cells function as bitter taste
receptors. The peripheral molecular mechanisms
transducing bitter taste are described in many reviews
[11 – 17]. This review focuses on our current knowl-
edge of the structural relationships between bitter
peptides and human bitter receptors.

Bitter peptides in protein hydrolysates

Many substances are recognized as being principally
responsible for taste, including some peptides. A wide
variety of peptides derived from proteins have been
found in various foodstuffs and fermentation prod-
ucts, such as miso (salted and fermented soybean
paste) [18], soy sauce [19, 20], fish sauce [21], natto
(fermented soybeans) [22], katsuobushi (dried fish
flakes) [23], cheese [24 – 27], and sake [28, 29].
Hydrolysis of proteins by proteolytic enzymes is also
usually accompanied by the formation of a bitter taste
[30 – 33]. Bitter peptides are produced during food
processing: They occur in protease-treated proteins as
well as in fermented and aged foods.
One of the earliest reports addressing bitterness in
food processing is by Murray and Baker [34]. In their
1952 study, they found that hydrolysates made from
gelatin and casein develop a bitter and unpleasant
taste, and that the bitter taste of a casein hydrolysate
can be decreased by treatment with activated carbon
� a strongly bitter polypeptide-rich fraction can be
eluted from the spent carbon. These preliminary
observations indicated that bitter taste is due to
peptides, rather than free amino acids, and that
peptides can be adsorbed to a hydrophobic adsorbent.
Shortly afterward, Raadsvelt [35] announced that the
bitter taste of cheese is primarily due to a peptide.
Because of its industrial importance, the development
of bitter taste in cheese during ripening has received
particular attention. Apparently, casein produces the
most bitter hydrolysates, and digestion of proteins by
proteolytic enzymes is always accompanied by the
formation of bitter substances [32]. The taste proper-
ties of protein hydrolysates vary depending on the
type of protein and enzyme used [9].
Fermented milk products are avoided by many people
because of their considerable bitterness, which is due
to peptides. Interestingly, whereas adults and older

children avoid the bitterness of peptides, infants four
months old and younger accept them without diffi-
culty [36]. It is hypothesized that there is an early
period of sensitivity during which the hedonic value of
bitterness of milk protein hydrolysates, and likely the
flavors of other foods and beverages, is established
[37 – 39].
Rejection of casein hydrolysates is also observed in
animals. Hydrolyzed casein was recently shown to
significantly reduce browsing by deer, even when
alternative food choices were minimized [40]. Hydro-
lyzed gelatin is also a prospective herbivore repellent.
The effectiveness of hydrolyzed casein and gelatin is
species dependent; these substances have been shown
to be effective at repelling captive rabbits, pocket
gophers, voles, and mountain beavers. Formulations of
8 – 12% hydrolyzed casein have been shown to be as
effective as commercially available products at repel-
ling deer from damaging western red cedar seedlings
[40 – 42]. Casein hydrolysate is also avoided by mice,
which may be a useful model for understanding the
mechanisms of hydrolyzed casein rejection. The
avoidance of protein hydrolysates by these animals
is not nutritionally driven, but is actually the result of a
factor within the protein that these animals find
unpalatable [43]. In fact, animals should choose
hydrolyzed casein-containing foods over casein-con-
taining foods when nutritionally compromised, due to
its shorter gastrointestinal transit time and increased
rate of amino acid adsorption compared to intact
casein [44].
Bitterness also develops from soy protein products,
which is of great concern because of the worldwide
demand for edible plant protein sources and because
soybean protein and soybean-derived peptides can
play an important role in physiology, particularly the
prevention of chronic diseases (reviewed in [45]). Kim
et al. [46] observed a reduction in molecular size and
the formation of bitterness during the tryptic hydrol-
ysis of soybean 11S glycinin; based on gel permeation
HPLC analysis, peptic fractions primarily of 0.36– 2.10
kDa were responsible for the bitterness. Arai et al. [47]
found that each of the several bitter peptides isolated
from peptic hydrolysates of soy protein had a leucine
residue at the C-terminus; applying carboxypeptidase,
which degrades the C-terminal structures, markedly
decreased their bitter flavor. Natto, a traditional
Japanese food made from soybeans fermented with
bacterial proteinases, often has a bitter taste due to
inadequate fermentation. A partial amino acid se-
quence of the peptide responsible for its bitterness
showed that the N- and C-termini of the peptide were
both leucine [47].
Recent research has shown that some food-borne
peptides have various health-related physiological
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activities, including antihypertensive (angiotensin I-
converting enzyme [ACE] inhibition), opioid, immu-
nomodulating, antioxidative, antimicrobial, antith-
rombotic, antiamnestic, and hypocholesterolemic ac-
tivities (for reviews, see [48 – 53]). Many proteins from
animal and plant sources contain potential bioactive
sequences, especially milk proteins, which are the
primary source of a range of biologically active
peptides (reviewed in [54]).
Peptides that inhibit ACE, which regulates peripheral
blood pressure, have been investigated extensively.
Many ACE inhibitory peptides have been isolated and
identified from various fermented foods [55]. Many
bitter dipeptides have ACE-inhibitory activity [56].
The structures of biologically active sequences can be
ascertained via in vitro enzymatic and/or in vivo
gastrointestinal digestion of the appropriate precursor
proteins.

Structure-bitterness relationships in peptides

After reviewing the amino acid composition of bitter
peptides, Ney [57] postulated that a correlation exists
between the hydrophobicity of peptides and their
bitter taste. He calculated the Q value � the average
amount of free energy needed for the transfer of
amino acid chains from ethanol to water � and found
that all bitter peptides have a Q value greater than
1400 kcal/mole, whereas all nonbitter peptides have a
Q value less than 1300 kcal/mole. The empirical
correlation between the presence or absence of bitter-
ness and average hydrophobicity is called the Q rule.
This rule is empirically based and reflects the assump-
tion that a hydrophobic interaction is essential for the
sensation of bitter taste, but that the sequences of the
amino acids in the peptides have no influence on bitter
taste. Guigoz and Solms [58] compared the Q value
data from Tanford [59] for 61 bitter-tasting peptides
from many protein-rich foods and for 145 synthetic
bitter peptides. Their data supported the notion that
the average hydrophobicity of peptides should be
useful in assessments of the relationships between
amino acid composition and the bitter taste of
peptides and protein hydrolysates. However, the
bitterness of a peptide cannot be predicted simply
on the basis of its Q value, and inconsistency has been
reported between some peptides� bitter activities and
their Q values [60].
Structure-activity relationships for sweet taste mole-
cules have been extensively studied. Shallenberger
[61 – 63] proposed a theory in which sweet-tasting
compounds have structural units in common: An AH
unit (hydrogen donor) and a B unit (hydrogen accept-
or), where H+ is an acidic proton and B is an

electronegative atom or center. The distance between
the proton and the B unit is about 3 �, and a variety of
functional groups satisfy these requirements.
Attempts have also been made to elucidate structure-
activity relationships for bitter-taste molecules. Many
investigators have identified bitter peptides from
natural sources [24, 31, 32, 64], and the structural
requirements of peptides for bitterness have been
proposed using synthetic peptides [10, 65– 82]. Natu-
ral and synthetic bitter peptides related to casein
peptide are listed in a review by Roudot-Algaron [83].
Matoba et al. [31] purified three kinds of peptides
from the tryptic hydrolysate of casein that were
strongly bitter in a 0.1 % solution. The primary
structures of these peptides were proposed to be
Gly-Pro-Phe-Pro-Val-Ile, Phe-Phe-Val-Ala-Pro-Phe-
Pro-Glu-Val-Phe-Gly-Val-Lys, and Phe-Ala-Leu-Pro-
Glu-Tyr-Leu-Lys. Because phenylalanine was com-
mon to these bitter peptides, it was predicted to be a
functional residue in the development of a bitter taste.
l-Phenylalanine has a slightly bitter taste, but its
bitterness is strongly enhanced when its amino and
carboxyl groups are blocked by acetyl and ethoxy
groups, respectively. This suggests that amino and
carboxy groups may contribute to the weakening of
the bitterness of phenylalanine; that is, its bitterness is
intensified when those groups are blocked by the
formation of peptide bonds.
Matoba and Hata [84] synthesized various peptides
and derivatives of peptides and amino acids to
systematically investigate their structure-bitterness
relationships. Glycyl peptides containing amino acids
with hydrophobic side chains, such as Gly-Leu, Val-
Gly, and Gly-Phe-Gly, were all bitter. However, other
glycyl peptides, such as Gly-Gly, Gly-Ala, and Gly-
Glu, were not bitter. The bitterness of hydrophobic
amino acids intensified when they were introduced
into peptide chains, and was stronger when both
amino and carboxy groups were blocked than when
only one side was blocked. Furthermore, the role of
amino and carboxyl groups in the bitterness of
peptides was investigated using acetylated and esteri-
fied amino acids as a simple peptide model [84].
Hydrophobic amino acids were bitterer when amino
and/or carboxyl groups were blocked by acetylation
and esterification, and acetyl amino acid methyl esters
such as Ac-Leu-OMe were bitterer than acetyl amino
acids and methyl esters with only one group blocked.
Peptides were also bitterer than the mixture of amino
acids constituting the respective peptide. For example,
free forms of leucine and phenylalanine were bitter,
with thresholds of 15 – 20 mM, but Leu-Leu and Leu-
Phe were 10 times more bitter. The peptides whose
amino and carboxyl groups are blocked by acetylation
and esterification are also 10 times more bitter than
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their corresponding peptides, which also indicates that
bitterness is intensified when both amino and carboxyl
groups of the peptides are blocked by acetylation and
esterification.
Bitter peptides of various chain lengths have no
specific primary structures, but they have a high
content of amino acids and a hydrophobic side chain in
common. In aqueous solution, proteins have hydro-
philic or polar groups on their outer surface, with the
hydrophobic groups packed inside. Enzymatic diges-
tion of proteins exposes the peptide moieties, which
contain large amounts of hydrophobic amino acids �
these give a sensation of bitterness when they come in
contact with taste receptors.
It is widely accepted that a hydrophobic amino acid
residue is essential for the manifestation of bitter-
ness. However, the overall hydrophobicity of a
peptide does not directly correlate with its bitterness.
The structure-bitterness relationship has been sys-
tematically studied using more than 200 synthetic
peptides [10, 65 – 82] based on the structure of Arg-
Gly-Pro-Pro-Phe-Ile-Val (threshold bitterness value
[TV] = 0.05 mM), which was isolated from casein
hydrolysates by Minamiura et al. [32]. Ishibashi et al.
[10] compared the bitterness of valine- or leucine-
containing peptides with that of norvaline- or nor-
leucine-containing peptides, respectively, and found
that the linear side chain of norvaline and norleucine
effected a more intense bitterness than did the
branched chain of their analogues. The intensity of
bitterness was most significantly affected by the
number of carbons or the hydrophobicity of the side
chain of the amino acid. For the bitter taste to be
generated, the side-chain skeleton needed to consist
of at least three carbons.
Ishibashi et al. [82] reported that the bitter taste of
Arg-Gly-Pro-Pro-Phe-Ile-Val is attributed to the
spatial structure of the l-proline residue. From
sensory testing with Arg-Pro (TV = 0.8 mM) and its
analogues, such as Arg-Arg (TV = 8 mM), Arg-Gly
(TV = 10 mM), Gly-Arg (TV = 100 mM), Pro-Arg
(TV = 3 mM), Arg-Gly-Pro (TV = 13 mM), Arg-Pro-
Gly (TV = 0.8 mM), Gly-Arg-Pro (TV = 0.8 mM), and
so on, they concluded that the most significant role of
the proline residue in peptide bitterness depends on
the conformational alteration of the peptide molecule
(i. e., the folding of the peptide skeleton due to the
imino ring of the molecule). Furthermore, they
proposed that the hydrophobic imino ring functioned
as a binding unit (BU) for the bitter taste receptor, and
that the adjacent guanidino group in the arginine
residue played a role as the stimulating unit (SU).
Bitter taste was apparent only when BU and SU
coexisted. The hydrophobic group of the peptide
offers a binding site for the bitter taste receptor.

The distance between the two bitter-taste-determi-
nant sites was measured by devising molecular models
of three cyclic dipeptides, cyclo(-Arg-Phe), cyclo(-
Arg-Pro-), and cyclo(-His-Phe-) [10], since guanidino
groups in arginine, phenyl groups in phenylalanine,
imidazole groups in histidine, and diketopiperazine
and imino rings in proline had already been recog-
nized as bitter taste determinant sites in bitter
peptides. The average distance between the two sites
BU and SU was estimated to be 4.1 �. The BU that
determines the bitterness of the peptide is the bulky
hydrophobic group, which is composed of a skeleton
with at least three carbons. The imino ring or the
diketopiperazine ring in proline also plays the role of
this hydrophobic group. A bulky basic group, includ-
ing an a-amino group, serves as the SU site. A
hydrophobic group also serves as the SU site for bitter
taste.
From this view, a mode for binding of bitter peptides
with bitter receptors was proposed (Fig. 1). To further
explain the mechanism responsible for the intensity of
bitterness, Tamura et al. [84] proposed that the
receptor recognizes the hydrophobicity of the peptide,
and that the intensity of the bitterness is determined at
a hydrophobicity recognition zone located on the wall
of a pocket of the receptor when the BU and SU are
located at the bottom of the receptor. Bitter peptides
are composed of fewer than eight amino acids, and the
bitterness of the peptides increases as the number of
amino acids increases. Peptides composed of eight or
more amino acids do not differ in bitter potency and
form spherical shapes instead of a helix conformation.
From the sensory analyses of thousands of bitter
peptides, the size of the “pocket” of the bitter receptor
is estimated to be approximately 15 �.

Bitter taste perception

Mammals can perceive five basic tastes (sweet, sour,
bitter, salty, and umami) via taste receptor cells
(TRCs), which are assembled into taste buds. Taste
buds are distributed across different papillae of the
tongue. For some time, it has generally been accepted,
despite a lack of experimental evidence, that a
“tongue map” exists in which bitterness is perceived
at the very back of the tongue and sweetness is
perceived at the front of the tongue. However, recent
molecular and functional data have revealed that
responsiveness to five basic tastes is distributed in all
areas of the tongue.
Sweet, bitter, sour, salty, and umami tastants are
recognized by different TRCs expressing specialized
receptors [16]. Competing models explain how these
TRCs signal taste sensation to the brain. In one model,
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called the labeled-line model, coding at the periphery
is independent for each taste modality. In an alter-
native model, TRCs are broadly tuned across taste
modalities, and tastant recognition results from the
combined responsiveness of various TRCs that ex-
press different types of taste receptors. Recent mo-
lecular and functional studies in mice have shown that
different TRCs define the different taste modalities
and that activation of a single type of TRC is sufficient
to encode taste quality, which strongly supports the
labeled-line model.

Bitter taste receptors

Recent molecular studies have revealed that specific
receptors expressed on TRCs mediate the five basic
tastes. The first taste receptor candidates were the
receptors T1R1 and T1R2 (formerly known as TR1
and TR2, respectively), which were cloned and
identified as members of class C G-protein–coupled
receptor (GPCR) subfamily. These taste receptors

were found to be specifically localized to the taste pore
[86]. Another member of the T1R receptor family, the
candidate taste receptor gene T1r3, was identified at
or near the mouse Sac locus � a genetic locus that
controls the detection of certain sweet tastants. The
observation that T1R3 expression is detected in the
same TRCs as is T1R2 by in situ hybridization raised
the possibility that two receptors function as hetero-
dimers [87]. In a heterologous expression system,
T1R2 or T1R3 alone did not respond to sweet stimuli,
suggesting that the putative T1R2/T1R3 heterodimer
forms a functional sweet receptor. However, another
experiment indicated that although T1R3 alone
cannot respond to artificial sweeteners or low con-
centrations of natural sugars, it can respond to high
concentrations of natural sugars (> 300 mM) [88]. The
T1R2/T1R3 heterodimer has been shown to recognize
sweet-tasting molecules as diverse as sucrose, saccha-
rin, dulcin, and acesulfame-K [89].
TRCs detect bitter stimuli via the T2R GPCRs,
triggering a G-protein–mediated signaling cascade.
Several G-protein a-subunits have been identified in
TRCs, including Gai2, Gai3, Ga14, Ga15, Gaq, Gas,
a-transducin, and the a-transducin-like subunit a-
gustducin [90 – 92]. Nearly all T2Rs are localized in a-
gustducin–expressing TRCs, but not all a-gustduci-
n–expressing TRCs possess bitter receptors� other a-
gustducin-expressing cells possess sweet or umami
receptors [86]. In addition to the a-subunit, Gb- and
Gg-subunits of a functional heterotrimeric G-proteins
have also been identified, including Gb1, Gb3, and
Gg13 [93]. Other downstream components of the
signaling cascade include the effector enzyme phos-
pholipase Cb2 (PLCb2), the inositol 1,4,5-triphos-
phate (IP3) receptor IP3R3, and the transient recep-
tor potential ion channel TRPM5 [94 – 97]. Null
mutations of the genes for some of these signaling
components abolish the animals� sensitivity to bitter
substances.
Whereas sweetness and umami are attractive tastes
indicative of high-calorie and nutritious foods, bitter-
ness warns against toxic substances, causing aversion
in humans and animals. In contrast to receptors for
sweet and umami tastes, which have evolved to
recognize a limited subset of nutrients, bitter taste
receptors have the onerous task of preventing the
ingestion of a large number of structurally distinct
toxic compounds. Therefore, it is reasonable that
bitter receptors would be encoded by a large family of
genes and that the bitter sensation evolved to recog-
nize a wide range of chemicals. A multigene family of
TRC-expressed GPCRs consisting of 25 T2R mem-
bers has been identified in the human genome data-
base [98]. In situ hybridization has demonstrated that
these receptors are expressed in a subset of TRCs. A

Figure 1. Model for binding of bitter peptides to bitter receptors
proposed by Ishibashi et al. [10] and Tamura et al. [85]. Bitter
peptides possess two determinant sites, the binding unit (BU) and
the stimulating unit (SU). The bulky hydrophobic group functions
as the BU, the primary site that determines the bitterness of the
peptide. The bulky basic group, including an a-amino group or
hydrophobic group, functions as the SU, a secondary site that also
contributes to bitter taste. The intensity of bitterness is hypothe-
sized to depend on the features of both the BU and the SU and on
the distance between them. The optimal distance is estimated to be
4.1 �. The size of the pocket of the proposed bitter receptor is
around 15 �, which could allow contact with a peptide of fewer
than eight amino acids. Once in contact, the bitter receptor detects
the hydrophobicity of the peptide by the hydrophobicity recog-
nition zone (H), which is probably located on the wall of the pocket
and stimulates the various bitter potencies.
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TRC has many of these T2Rs, and each of these
receptors could be specifically activated by only a few
bitter compounds with high sensitivity to more bitter
and usually toxic compounds than those being de-
tected by a single T2R.Therefore, while a single T2R
may be able to recognize only a few bitter substances
with high specificity and sensitivity, a TRC with
multiple T2Rs is tuned to respond to more bitter and
usually toxic compounds than those being detected by
a single T2R without compromising sensitivity.
The human T2R gene repertoire comprises 25 func-
tional T2R genes and 8 – 11 nonfunctional sequences
that contain premature stop codons, referred to as
pseudogenes [99 – 101]. T2Rs are members of the
seven-transmembrane domain GPCR superfamily. In
contrast with the T1Rs, which have a long extracel-
lular N-terminal domain, the bitter taste receptors
have a short extracellular N-terminus [86]. The amino
acid sequences of 25 functional human T2Rs (hT2Rs)
are aligned in Figure 2. Individual members of the
hT2R family exhibit 25 – 89 % amino acid identity
[102], and the transmembrane segments and intra-
cellular loops share highly conserved sequence motifs.
The divergence among hT2Rs in the extracellular
segments reflects the high degree of variability among
T2Rs needed to recognize many structurally diverse
ligands [98].
Heterologous expression and ligand screening using
human embryonic kidney cells have identified bitter
compounds for several receptors. Mouse T2R5
(mT2R5) and rat T2R9 respond to cycloheximide
[103 – 105]. hT2R4 and mT2R8 both respond to
denatonium and 6-n-propyl-2-thiouracil [103].
hT2R7 is broadly tuned for response to strychnine,
quinacrine, chloroquine, and papaverine [104].
hT2R10 responds selectively to strychnine [105].
hT2R16 is a candidate receptor for b-glucopyrano-
sides (salicin and related compounds) [104]. hT2R14
is a candidate receptor for (–)-a-thujone picrotoxinin
[106]. Some hT2R38 variants respond to PTC and
PROP [107, 108]. hT2R43 and hT2R47 are receptors
for 6-nitrosaccharin, aristolochic acid, and denatoni-
um [102, 104]. hT2R43 and hT2R44 respond to
bitterness of saccharin [109]. hT2R46 is a broadly
tuned bitter receptor for sesquiterpene lactones,
strychnine, and so on [110]. And hT2R1 is tentatively
a receptor for bitter peptides [111].
Because of the large family of bitter receptor genes
that evolved to recognize bitter sensation from of a
wide range of chemicals, identification of ligands for
each bitter receptor is necessary to establish the entire
bitter tasting profile for humans. However, more than
half of the putative hT2Rs still remain orphan despite
the fact that some of them have been characterized,
i. e., correlated with their ligands. The amino acid

sequence identities of hT2R43 to hT2R47 and
hT2R44 are 82 % and 89 %, respectively. However,
hT2R44 is not activated by either 6-nitrosaccharin or
denatonium, whereas hT2R47 and hT2R43 are. The
sequence comparison among the receptors and
GTPgS binding assay using their mutants demon-
strated that the first extracellular loop of the receptor
is critical for the receptor activation by ligands,
whereas the third extracellular loop probably is not
involved in signaling by the ligands [102].
Substantial variation in human taste abilities has also
been found among different individuals [112, 113].
Single nucleotide polymorphisms (SNPs) have been
found in many T2R genes in many individuals. The
human population exhibits unusually high levels of
allelic variations in hT2R genes compared to other
genes. Polymorphisms in hT2R38 influence individual
differences in the ability to sense phenylthiocarba-
mide (PTC) and propylthiouracil, compounds that
contain the N–C=S moiety [107]. Although some
subjects could not identify the taste of PTC as being
strongly bitter, most of them did. The inability of
humans to taste PTC is due to a failure of G-protein
activation rather than decreased binding affinity of
the receptor for PTC, based on the computational
prediction that PTC binds at a site distant from the
variant amino acids. PTC-binding energy was equiv-
alent for both the taster and nontaster forms of the
protein [114]. In the case of hT2R16, a coding SNP
(cSNP), K172N, was significantly associated with
alcohol dependence [115]. The K172N substitution is
located in extracellular loop 2 between transmem-
brane domains 4 and 5. Experimental evidence has
shown that extracellular loop 2 is involved in the
activation of hT2R43 by its agonist 6-nitrosaccharin
[102], which suggests that the K172N substitution in
extracellular loop 2 may alter receptor signaling or
taste perception.
T2Rs have divergent regions in the extracellular loops,
whereas the highly conserved sequence motifs are
located in the transmembrane domains and intra-
cellular loops [97]. When the amino acid sequences of
all 25 hT2Rs are aligned, a consensus site for Asn-
linked glycosylation (Asn-Xaa-Ser/Thr) is evident
within the second extracellular loop, which is believed
to be of functional importance [116]. Many cell
surface proteins, including receptors, are Asn-linked
glycosylated. For some of these proteins, glycosylation
is essential for efficient plasma membrane targeting
[117], whereas for other proteins, cell surface export is
independent of glycosylation [118]. Experiments
using receptor constructs that were point-mutated to
remove various consensus sequences for Asn-linked
glycosylation and using the glycosylation inhibitor
tunicamycin have shown a strong functional impair-
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Figure 2. Sequence alignment of
hT2Rs. Predicted amino acid se-
quences of 25 hT2Rs are aligned
with CluctalW. Residues high-
lighted in black and gray are
identical in at least 75 % and
50%, respectively, of the 25 se-
quences. Predicted topology is
indicated based on the hT2R16
sequence [115]: TM, transmem-
brane domain; EL, extracellular
loop domain; IL, intercellular
loop domain. TMs and ILs are
highly conserved, whereas ELs
are divergent among the 25 func-
tional T2Rs. There are potential
N-glycosylation motifs in EL1,
and the most conserved in EL2.
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ment of hypoglycosylated hT2Rs. Although hT2R16
and hT2R46 have only a single glycan structure, two
glycosylation sites appear to influence the function of
hT2R14. Because nonglycosylated receptors have a
substantially lower cell surface localization and re-
duced association with the cellular chaperone calnex-
in, it is believed that Asn-linked glycosylation is
important for receptor maturation but not for its
ability to recognize bitter substances [116].
Some structural requirements of pyranoside com-
pounds that activate hT2R16 have also been inves-
tigated [105]. Both the b-configuration of the glyco-
sidic bond and the steric position of the hydroxyl
group at C4 of pyranose are equally crucial for
activation of hT2R16. The chemical groups present
at C1 are also important but not essential. The
aromatic phenyl ring has better agonist properties
than does a small methyl group. Hydrophilic substi-
tutions on the aromatic rings correlate inversely with
agonist potency. Substitutions at C6 have only a small
effect on receptor activation. The bitter unit compris-
es a hydrogen acceptor and donor site formed by two
of the hydroxyl groups of the glucose moiety. The
bitter unit (BU) is thought to work like a “hook” in
attaching itself to the receptor, thereby bringing the
hydrophobic portion of the molecule into the acceptor
site. Phenyl-a-d-glucopyranoside and phenyl-b-d-gal-
actopyranoside do not activate hT2R16, whereas b-
glucopyranosides such as salicin do. These structurally
related compounds activate separate receptors, dem-
onstrating the complexity of deciphering the recep-
tor–ligand relationships that comprise bitter taste.

Perspectives

Although animals encounter many structurally di-
verse bitter compounds, to date only 25 functional
bitter receptors have been identified in the human
genome. Recent molecular and functional data have
shown that some receptors recognize a wide variety of
bitter compounds, while other receptors are more
specific. These 25 hT2Rs may, in a complementary
manner, recognize a specific chemical structure for
each receptor to perceive numerous bitter substances.
For example, casein hydrolysate, which contains
numerous bitter peptides with different structures,
can activate several T2Rs [111]. Moreover, two bitter
peptides, Gly-Phe and Gly-Leu, also activate all
hT2R-expressing cells tested, whereas a nonbitter
peptide, Gly-Gly, does not.
Ishibashi et al. [81] proposed that the side-chain
skeleton of the amino acid component of Gly-Phe and
Gly-Leu had to consist of at least three carbons for
bitter taste to be experienced, and that the intensity of

bitterness is primarily affected by the number of
carbons responsible for the hydrophobicity of the side
chain. However, the structural features required for a
compound to be classified as bitter still have not been
fully elucidated, and many receptors have yet to be
deorphanized.
Bitter peptides are an important tool in the systematic
analysis of the structure-function relationship be-
tween bitter peptides and bitter receptors, because of
their structurally diverse nature. Knowledge of the
structural features of bitter receptors and of the
factors that stimulate them will aid in understanding
the mechanisms responsible for bitter taste percep-
tion.
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