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Hen egg lysozyme elicits a sweet taste sensation for human beings. Effects of reduction of disulfide
bonds, heat treatment, and chemical modification of hen egg lysozyme on both sweetness and
hydrolytic activity were investigated. Both the sweetness and enzymatic activities were lost when
the intradisulfide linkage in a lysozyme molecule was reduced and S-3-(trimethylated amino)
propylated. The sweetness and enzymatic activity of lysozyme were lost on heating at 95 °C for 18
h. These facts suggest that tertiary structures of lysozyme are indispensable for eliciting a sweet
taste as well as enzymatic activity. Although the modification of carboxyl residues in a lysozyme by
glycine methylester or aminomethansulfonic acid resulted in the loss of enzymatic activity by blocking
the catalytic residues, the sweetness was fully retained. These results indicate that the sweetness
of lysozyme was independent of its enzymatic activity. The lysozyme purified from goose egg white
similarly elicited a sweet taste, although goose (g-type) lysozyme is quite different from hen egg
lysozyme (c-type) on the basis of structural, immunological, and enzymatic properties. These findings
indicate that a specific protein property of lysozyme is required for sweetness elicitation and that
the enzymatic activity and carbohydrates produced by enzymatic reaction are not related to the
sweet taste.
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INTRODUCTION

Some peptides and amino acids, as well as saccha-
rides, polyols, and others, are known to elicit the
sensation of sweetness (1). The ease of access to a
putative receptor site on a taste cell is relevant to the
elicitation of sweetness, and several models have been
proposed to explain the perception of sweetness (2). In
most cases, proteins are tasteless and flavorless, which
seems to be because protein is too large a molecule to
interact with specific putative receptor molecules on the
taste cell. However, some proteins are known to elicit a
sweet taste response on the human palate.

Six proteins, thaumatin (3), monellin (4, 5), pentadin
(6), mabinlin (7), curculin (8), and brazzein (9), were
identified as eliciting a sweet taste. Among these,
thaumatin and monellin, the most potently sweet, are
derived from a plant in tropical West Africa and elicit
sweet taste at a low concentration approximately
100 000-fold less than that of sucrose on a molar basis.
Neither carbohydrates nor modified amino acids are
contained in these proteins. Several investigations of
structural and immunological properties of these two
proteins have been performed; the three-dimensional
structures of monellin and thaumatin were elucidated
at high-resolution X-ray crystallography (10, 11). In
addition, antibodies cross-reacted with thaumatin and
monellin were prepared to elucidate the consensus
property in sweet proteins (12). However, no common
features have been observed between these two proteins
in amino acid sequences or in tertiary structures.
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Recently, it has been reported that the positive charges
on the thaumatin molecule are essential to elicitation
of a sweet taste (13). Researchers in the food and
pharmaceutical industry have pointed out that hen egg
white lysozyme also elicits a sweet taste, and the
sweetness of c-type lysozymes has been reported (14).

Lysozyme is one of the most thoroughly characterized
enzymes (15, 16), and its structure and function have
been extensively studied by X-ray crystallographic
analysis (17, 18), NMR investigation (19), and other
methods. According to its amino acids sequence align-
ment and the specificity for the substrate, lysozyme is
divided into three types: chicken-type (c-type), goose-
type (g-type), and viral-type (v-type). Embden goose egg
white lysozyme representative of the g-type lysozyme
was reported by Dianoux and Jollés (20) and Canfield
and McMurry (21). C-type and g-type lysozymes differ
not only in molecular weight (22), but also in im-
munological properties (23), inhibition specificity, and
enzymatic properties (24—26). Hen egg lysozyme, rep-
resentative of the c-type lysozyme as designated by
Prager et al. (27), consists of a single amino acid chain
of 129 residues and has a molecular weight of 14 500.
Many of the c-type lysozymes catalyze the hydrolysis
of the $-1,4 glycosidic bonds between the C1 of N-acetyl
muramic acids (MurNAc) and the C4 of N-acetyl glu-
cosamines (GIcNAc) of the peptidoglycan in the bacterial
cell walls and catalyze the hydrolysis of chitin, the
homopolymer of GIcNAc. Three amino acid residues
(Glu35, Asp52, and Asp101) are in the substrate binding
site, and the side chains of Glu35 and Asp52 have been
inferred as the essential groups for general acid—base
catalysis of lysozyme (18).

A detailed explanation of the sweetness of the lysozyme
is as yet unknown. It has not been clarified whether
the sweetness of hen egg lysozyme is derived only from
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the protein molecule that is from its tertiary structure
or from the carbohydrates produced by the lysozyme
treatment. In addition, there is no information about
g-type lysozymes, which also exhibit sweetness.

In the present work, we focused on whether the
sweetness elicited by hen egg lysozyme was related to
its enzymatic activity. First, we examined whether the
four disulfide bonds that stabilize protein conformation
are related to the sweetness of lysozyme and investi-
gated the relationship between thermal denaturation
and loss of sweetness. Chemical modification of carboxyl
groups of lysozyme was employed to determine whether
these residues influenced the sweetness. Finally, we
investigated g-type, goose, and ostrich lysozymes.

MATERIALS AND METHODS

Materials. Hen egg lysozyme was purchased from Nacalai
Tesque Inc. (Kyoto, Japan) and further purification was
performed by crystallization. Goose eggs were kindly donated
by the Kyoto Municipal Zoo. Ostrich eggs were obtained from
a country store (Nagano, Japan). Reduced and S-3-(trimethy-
lated amino) propylated lysozyme was obtained from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Micrococcus
luteus was purchased from Sigma Chemical Co. (St. Louis,
MO). 1-Ethyl-3-dimethylaminopropylcarbodiimide (EDC) and
glycine methylester hydrochloride were obtained from Nacalai
Tesque. Aminomethansulfonic acid was from Tokyo Kasei
Kogyo Co. Ltd. (Tokyo, Japan). CM Toyopearl 650M was
purchased from Tosoh Co. (Tokyo, Japan). All other chemicals
were of guaranteed reagent grade.

Purification of Lysozymes. Hen egg lysozyme was puri-
fied by crystallization five times at pH 9.5 in the presence of
sodium chloride (28). The purification of goose and ostrich
lysozymes was performed according to the method of Canfield
and McMurry (21) and that of Jolles et al. (29), with slight
modification. In brief, egg white (total 250 mL) was separated
from egg yolk and diluted twice in distilled water, then stirred
for 1 h at room temperature. Three times the volume (1500
mL) of saturated ammonium sulfate solution was added. The
precipitate was collected by centrifugation, dissolved in dis-
tilled water, and dialyzed against 50 mM Tris-HCI, pH 7.4, at
4 °C for 2 days. After the removal of the precipitate by
centrifugation (5000g), the supernatant was applied on the
CM-Toyopearl 650M column (2.2 x 20 cm) equilibrated with
50 mM Tris-HCI buffer (pH 7.4) and eluted with a linear
gradient of 50 mM Tris-HCI containing 150 mM NaCl, and 50
mM Tris-HCI containing 500 mM NacCl at pH 7.4, using a low-
pressure gradientor LPG-1000 (Tokyorikakikai, Co., Tokyo,
Japan). The fractions containing lysozyme activity were
combined and dialyzed against distilled water, then concen-
trated by using a Centriplus apparatus at 4 °C (Millipore Co.,
Bedford, MA).

Measurement of Enzymatic Activity of Lysozyme.
Enzymatic activity of lysozyme was determined by measuring
the clearing of turbidity of M. luteus suspension (substrate
solution) at 450 nm. M. luteus suspension was prepared by
mixing M. luteus (15 mg) with a 50 mM potassium phosphate
buffer at pH 7.0 (100 mL) that had been sterilized by filtration.
The mixture was suspended by gentle swirling and incubated
at 25.0 °C for 2 h. Prior to reaction of the sample, the
absorbance of this mixture was adjusted to 0.750 + 0.050 at
450 nm (measured against air; cuvette path length = 1.0 cm)
by dilution with the same buffer. Fifty microliters of lysozyme
solution (0.47 uM) was added to 2.95 mL of the suspension in
a cuvette at 25.0 °C and mixed. The decrease in absorbance
was monitored by a Shimadzu UV—Vis spectrophotometer
(UVmIini-1240, Shimadzu Co., Kyoto, Japan). Concentration
of lysozyme was determined spectrophotometrically from the
absorbance at 280 nm (Ei = 26.4, 30). The residual activity
of lysozyme is represented as the percentage of that of native
lysozyme.

Sensory Analysis of the Sweetness of Lysozymes. The
sweetness of each lysozyme derivative was evaluated as
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follows. Three subjects participated in a taste test. First, 3 mL
of the lysozyme solution in a 2-fold dilution series (from 200
nM to 200 uM) was prepared. The lysozyme dilutions were
tested in the order of increasing concentration. Ten-times and
fifty-times higher concentrations of lysozyme solution (140 and
700 uM, respectively) were used for the sweetness assay.

SDS—Polyacrylamide Gel Electrophoresis. SDS—poly-
acrylamide gel electrophoresis (SDS—PAGE) was performed
on a 13.5% gel according to the method of Laemmli (31).

Preparation of Lysozymes Heated at Various Tem-
peratures. Recrystallized hen egg lysozyme was dissolved in
water and dialyzed against 100 mM sodium acetate buffer,
pH 4.0. Lysozyme in 100 mM sodium acetate buffer (protein
concentration, 700 or 70 «M) was incubated in a dry thermo
unit (model: TAH-1G, TAITEC, Co., Tokyo, Japan) at various
temperatures (from 40 to 95 °C) for 25 h. Samples were
periodically withdrawn and dialyzed extensively against dis-
tilled water. The concentration of the dialysate was adjusted
to 700 or 140 uM for the sweetness assay.

Preparation of the Inactive Lysozyme. Chemical modi-
fication of the carboxyl groups in hen egg white lysozyme was
carried out as follows, based on the methods reported by Hoare
and Koshland (32), and Lin and Koshland (33). Lysozyme (700
uM) and aminomethansulfonic acid (250 mM) or glycine
methyl ester (1.0 M) were mixed and dissolved in water at
pH 4.75 and added to 100 mM 1-ethyl-3-3-dimethylaminopro-
pyl carbodiimide hydrochloride (EDC) at 25 °C. The pH of the
reaction mixture was maintained at 4.75 with 1 M HCI. The
EDC addition was repeated every 1 h. Reaction mixtures were
periodically withdrawn, and the reaction was quenched by the
addition of 10x the volume of 1.0 M sodium acetate buffer,
pH 4.75. These aliquots were dialyzed against distilled water
and against 50 mM Tris-HCI buffer, pH 7.4. Dialysates were
purified by CM Toyopearl columns as described above.

RESULTS AND DISCUSSION

Lysozyme is one of the most thoroughly characterized
enzymes, and the sweetness of lysozyme seems to be
widely known among food and pharmaceutical investi-
gators. However, it is unclear why the hen egg lysozyme
elicits sweetness, and whether its sweetness is derived
from its protein structure or only from its primary
structure or from the carbohydrate produced by hy-
drolysis of the cell walls through lysozyme treatment.
For purposes of investigating this sweetness, we pre-
pared various lysozyme samples.

Sweetness of Hen Egg Lysozyme for Human and
Effects of Disulfide Reduction and S-3-(Trimethy-
lated Amino) Propylation on Sweetness. Taste
stimulation by hen egg lysozyme was detected at 10 uM,
and sweetness was perceived at 20 uM (Figure 1). Above
30 uM, strong sweetness stimulation was maintained.
The sweetness of S-3-(trimethylated amino) propylated
lysozyme was not detected up to 50 uM (Figure 1).
Enzymatic activity of S-3-(trimethylated amino) propy-
lated lysozyme was not detected below 50 «M. These
findings indicate that a specific conformation of lysozyme,
which is maintained by intramolecular disulfide linkage,
is required for the hen egg lysozyme to taste sweet. The
taste of S-3-(trimethylated amino) propylated lysozyme
had a potent astringency and aftertaste.

Heat Treatment of Lysozyme. Sweetness of lyso-
zyme was not remarkably changed by heating at 70 °C
for 25 h or 80 °C for 8 h (Table 1), whereas no sweetness
was perceived from the lysozyme heated at 95 °C for 18
h. Lysozyme incubated for 25 h at 95 °C had a potent
astringency and aftertaste. Enzymatic activity was not
altered by heating below 60 °C, increased on heating
at 80 °C for the first 2 h, and decreased at prolonged
heating at 80 °C. The residual activity after 25 h heating
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Figure 1. Sweetness intensity of reduced and S-3-(trimethy-
lated amino) propylated lysozyme and native lysozyme. The
sweetness intensity of native (closed circle) and reduced and
S-3-(trimethylated amino) propylated lysozyme (closed tri-
angle) are plotted according to increases of concentration.
Intensity values: 0 = no taste; 1 = taste stimulation; 2 = sweet
taste; and 3 = potently sweet taste.

Table 1. Sweetness and Enzymatic Activity of
Heat-Treated Lysozymes

sweetness? enzymatic activity®
70 uM 700 uM (103 units/mg)
40°C,25h + + 57
50°C,25h + + 57
60 °C,25h + + 63
70°C,25h + + 35
80°C,8h + + 31
95°C,6h + + 19
95°C,18h - - 0

a Sweetness of the sample solution (70 and 700 uM) was
elucidated by the sensory method shown in the text; +, sweet taste;
—, no sweet taste. P Enzymatic activity indicates units per 1 mg
of protein. One unit is defined as the decrease in absorbance at
450 nm of 0.001/min at 25 °C, pH 7.0. The activity of native
lysozyme is 50 000 units/mg.

at 80 °C was approximately 8% of that of native
lysozyme. Heating at 95 °C also showed that enzymatic
activity rapidly decreased (Figure 2). The loss of enzy-
matic activity of lysozyme seems to be induced by
chemical reactions including deamidation of Asn and/
or hydrolysis of the Asp—X peptide bonds (34, 35),
suggesting the necessity of a specific protein conforma-
tion for sweetness elicitation as well as for enzymatic
activity. In addition, reduced and S-3-(trimethylated
amino) propylated lysozyme and 25 h-heated lysozyme
exhibited a potent astringency.

Chemical Modification of Lysozyme. To clarify
whether the regions of protein molecule eliciting of
sweet taste is the same as that of enzymatic activity,
carboxyl groups of lysozymes, which appeared to include
Glu35, Asp52, and Aspl101, were modified with glycine
methyl ester and aminomethan sulfonic acid (32, 33).
Sweetness and enzymatic activity were plotted against
reaction time (Figure 3). No difference was observed in
sweetness between native and chemically modified
lysozyme. However, the enzymatic activity of the
lysozyme modified with glycine methyl ester was less
than 5% of that of native lysozyme after 5 h reaction.
The modification with aminomethansulfonic acid gave
almost the same results as those of glycine methyl ester.
These results clearly indicate that sweetness is not
related to enzymatic activity and that these two func-
tions are entirely independent. The sweetness of hen
egg lysozyme seems to require a specific conformation
that differs from that required for enzymatic activity.
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Figure 2. Residual activity of hen egg lysozyme at various
temperatures. Lysozyme (700 or 70 M) in 100 mM acetate
buffer at pH 4.0 was heated at various temperatures: 40 °C
(0), 50 °C (), 60 °C (O), 70 °C (@), 80 °C (a), and 95 °C (m).
Enzymatic activity of lysozyme was measured by the clearing
of turbidity of M. luteus at 450 nm. The residual activity of
lysozyme is represented as a percentage of that of native
lysozyme.
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Figure 3. Sweetness and residual activity of chemically
modified lysozymes. Lysozyme (700 M) is chemically modified
with (A) glycine methyl ester (1.0 M) and (B) aminomethansul-
fonic acid (0.25 M) in the presence of EDC, at pH 4.75. Closed
circles indicate residual activity, and triangles indicate sweet-
ness.

Sweetness of g-Type Lysozyme. The lysozyme
from hen egg white belongs to the c-type lysozymes, and
those from goose and ostrich egg white belong to the
g-type lysozymes. Goose egg lysozyme consists of a
single amino acid chain of 185 residues and has a
molecular weight of 20 500. Ostrich lysozyme has a
slight sequence homology to hen lysozyme (29), although
the N-terminal portion of g-type lysozyme contains four
half-cystine residues that are not observed in hen
lysozyme (36). Lysozymes from hen, goose, and ostrich
were purified from respective eggs, and their purity was
confirmed by SDS—PAGE (Figure 4). The molecular
weight of hen, goose, and ostrich lysozymes was ap-
proximately 14 500, 20 000, and 20 000, respectively.
Although both types of lysozymes are basic proteins and
exhibit muramidase activity, there are significant dif-
ferences between these types of lysozymes not only in
size, amino acid sequence, and tertiary structure, but
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1 2 3 4
Figure 4. SDS—PAGE analysis of hen and goose egg
lysozymes. SDS—PAGE was performed on a 13.5% gel and
stained with Coomassie Brilliant Blue. Lane 1, MW marker;
lane 2, hen egg lysozyme; lane 3, goose egg lysozyme; lane 4,
ostrich egg lysozyme.
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Figure 5. Sweetness intensity of goose egg lysozyme and hen
egg lysozyme. The sweetness intensity of goose lysozyme
(closed circle) and hen lysozyme (closed triangle) are plotted
according to increases in concentration. Intensity values are
the same as those used in Figure 1.

also in enzymatic specificity and inhibition properties.
The lowest concentration for the perception of sweetness
of g-type lysozyme, that is, the threshold, was around
6 uM, which was slightly lower than that of hen egg
lysozyme (10 uM) (Figure 5). The sweetness of the g-type
lysozyme is clearer and has less aftertaste than that of
hen lysozyme.

As for sweet protein, several proteins including thau-
matin were known. Although the basicity of the protein
molecule seemed to be important for sweetness, some
acidic sweet proteins have been found (9). Recently, the
importance of lysine residues for elicitation of sweetness
by thaumatin was emphasized by modification of lysine
residues on one side of the thaumatin molecule (13). On
the basis of the above consideration, we suggest that
the elicitation of sweetness by both types of lysozymes
derive from the tertiary structure, which is required for
maintenance of the localization of the surface positive
charge of the protein molecule. Further investigation
is needed to clarify the details of the sweetness of
lysozymes, that is, to elucidate and distinguish among
similarly sweet proteins. Such studies, including a
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recombinant lysozyme and mutagenesis approach, are
in progress.

Egg white lysozyme is an acceptable food protein, and
its application as a food preservative and as a thera-
peutic agent has been expanding. Given that lysozyme
is stable at an acid pH, it has potential application as a
sweetener in the food industry. However, some funda-
mental studies on the use of lysozyme in foods are also
needed.
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