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Abstract

Hen egg-white lysozyme, ovalbumin, egg-yolk phosvitin, acid-precipitated soy protein and a« milk casein were
covalently linked with galactomannan through a controlled dry-heating at 60°C under 79% relative humidity
without any chemical reagent. Neoglycosylation by the covalent binding of polysaccharide chains brought
a significant improvement into the surface functionalities of food proteins. Excellent emulsifying properties and
foaming properties were observed in all protein-galactomannan conjugates. Bacterial mutagenesis tests and
animal dose test were done to evaluate the food safety of the protein-galactomannan conjugates. The neo-
glycoproteins were negative for Ames test using Salmonella typhimurium TA100 (hisG46) and TA98 (hisD3052)
strains, and rec-assay using Bacillus subtilis H17 (rec’) and M45 (rec’) strains. All substances were also nontoxic
for oral administration to rats. LDsy’s of these substances were all more than 7.5 g/kg body-weight of rat. No
effect was also observed in the weight increases and the concentrations of total cholesterol, triglyceride and
phospholipids in blood serum of the administrated rats with 7.5 g/kg conjugates. Thus, Maillard-type protein-
polysaccharide conjugates prepared by covalent attachment of galactomannan to food proteins were proposed

to be useful as a safe functional biopolymer in this study.
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INTRODUCTION

In most proteins, all hydrophobic residues are not com-
pletely buried in the interior because of steric constraints
imposed by the polypeptides chain, while almost all the hy-
drophilic and charged residues are located on the surface
(1). Therefore, most food proteins have potent surface func-
tional properties arising from their amphiphilic properties.
However, applications of food proteins are limited, since
they are generally unstable against physical and chemical
stress such as heating, organic solvents and proteolytic at-
tack in their natural form due to their large molecular size.
Hence, newly emerging techniques have been developed
to overcome these disadvantages and to expand the utiliz-
ation of food proteins as human health applications. Gly-
cosylation is the most promising technique for this purpose.
Protein molecules will be converted to a stable form just
as many natural glycoproteins in which carbohydrate groups
confer important physical properties such as conformatio-
nal stability, protease resistance and water-binding capac-
ity (2). Thus, we have succeeded in preparing novel func-
tional neoglycoproteins from food compounds by the
attachment of biopolymer templates, polysaccharides, to
food proteins (3).
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By the increasing consumer’s awareness on food safety,
changes to foods and food processing have always pro-
duced public concerns. This was the case for margarine,
pasteurization milk, microwave cooking, and is the case
of functional foods as well as biotechnology-derived foods.
Traditional foods are viewed by the government offices
as safe based on a long history of use. Consumers also
regard traditional foods as safe. However, many of them
contain naturally occurring toxins that can present hazards
to consumers under some circumstances of exposure.
The newly developed foods may contain some unique
components that are not individually or collectively as-
sessed for safety. Recently, a particular concern has been
directed towards the food safety of functional foods for
consumers.

Although lysozyme, ovalbumin and phosvitin from hen
egg, acid-precipitated protein from soy bean, « si-casein
from bovine milk, and galactomannan from guar bean
are all natural food compounds, the food safety of the
Maillard-type conjugates between the food proteins and
the polysaccharide has not been still confirmed for tox-
icological evaluation. Thus, in addition to bacterial muta-
genesis tests, acute and semi-acute tests using rats were
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carried out to determine the food safety of food protein-
galactomannan conjugates in this study. Bacterial muta-
genicity was investigated by Ames test using Salmonella
typhimurium and rec-assay using Bacillus subtilis.

MATERIALS AND METHODS

Materials

Lysozyme and ovalbumin were prepared from fresh
egg-white by the crystallization as described by Alderton
and Fevolt (4), and Kekwick and Cannan (5), respective-
ly. Phosvitin was prepared from fresh egg-yolk according
to Mecham and Olcott (6). Acid-precipitated soy protein
was prepared from defatted soy flakes as isoelectric soy
isolate at pH 4.5 (7). a1-Casein was prepared from fresh
milk by the method of Zittle and Custer (8). Galactomannan
was prepared from mannase hydrolysate of guar gum (Taiyo
Chemicals Co., Japan) by dialyzing against deionized water
for 2 days at 4°C (9). Sunsoft SE11 (sucrose-fatty acid ester,
HLBI1) and Sunsoft Q-18S (decaglyceryl monoesterate,
HLB12) were supplied from Taiyo Kagaku Co., Japan. The
S9 fraction from rat liver was purchased from Oriental
Yeast Co., Ltd. (Tokyo, Japan). 2-(2-Furyl)-3-(5-nitro-
furyl) acrylamide, 2-aminoanthracene and mitomycin C
were from Sigma-Aldrich Japan. All chemicals used here
were special grades commercially available.

Preparation of food protein conjugates with galac-
tomannan

Food proteins were conjugated with a soluble polysac-
charide, galactomannan through naturally occurring Maillard
reaction as previously reported (10). Galactomannan was
mixed with lysozyme, ovalbumin, phosvitin, acid-precip-
itated soy protein or ¢ s;-casein, in distilled water at the
weight ratio of 1:1, respectively, and then completely lyo-
philized. The resulting lyophilized powder was incubated
at 60°C under the relative humidity of 79%. After a given
time, the dry-heated powder was removed to a sealed bottle
and stored at 4°C until further experiments. The degree
of the conjugation of food proteins with galactomannan was
determined by SDS-slab polyacrylamide gel electrophoresis
(11) after purification by gel filtration with a Sephacryl S-
300 HR column (2 X 60 ¢m) and ion-exchange chroma-
tography with CM-Toyopearl column (1.8 X 5 cm) or DEAE-
Toyopearl column (1.8 X5 cm).

Measurement of emulsifying properties

Emulsifying properties of food protein-galactomannan
conjugates were determined according to the method of
Pearce and Kinsella (12). Samples were dissolved in 20
mM phosphate buffer, pH 7.0, to be 0.1%, and 3 mL
of the sample solution was homogenized with 1.0 mL of
corn oil using a homogenizer (Polytron PT3100, KINE-

MATICA, Switzerland) at 12,000 rpm for 1 min at 20°C
to prepare an O/W type emulsion. One hundred microliters
of emulsion was taken from the bottom of the test tube
after standing for 0, 1, 2, 3, 5 and 10 min, and diluted
with 5.0 mL of 0.1% SDS solution. The absorbance of
the diluted emulsion was then determined at 500 nm. The
relative emulsifying activity was represented as the absorb-
ance at 500 nm measured immediately after emulsion for-
mation. The emulsion stability was estimated by measur-
ing the half-life time for emulsion decay during standing
for 10 min.

Measurement of foaming properties

Foaming properties were determined by measuring the
volume of foams produced by an inactive gas. One mL
of a 0.1% sample solution in 20 mM phosphate buffer
(pH 7.0) was put into a glass column (1.1 X 20 cm) with
a G4 glass filter (VIDREX, Japan), and nitrogen gas was
then introduced for 10 seconds at a constant flow rate
of 0.5 L/min. The resulting foams were scaled after stand-
ing for 0, 5, 10, 15, 20, 30 and 60 sec. The foaming activity
was represented the volume (height) of foams immedi-
ately after foaming formation. The foam stability was
estimated by measuring the half-life time (sec) of the initial
height of the foam. This experiment was performed under
room temperature (20°C).

Bacterial mutagenesis test

Ames test: The mutagenicity of food protein-galactom-
annan conjugates was assessed in two Salmonella typhi-
murium strains, a base-pair substitution strain TA 100
(hisG46) and a frame shift strain TA98 (hisD3052) ob-
tained from Dr. Y. Noguchi (Ube scientific analysis Lab.,
Inc., Japan), by preincubation method as described (13).
The test strains were incubated with 10 mg/mL sample
at 37°C for 20 min with or without the S9 mix from rat
liver, and then poured onto a minimum agar plate with top
agar (1 mg of L-histidine, 1.2 mg of D-biotin 1.2 mg, 0.5
g of NaCl, 0.6 g of agar, and water to 100 mL). The
number of colonies formed after incubation at 37°C for
48h was measured to calculate the revertant ratio. 2-(2-
furyl)-3~(5-nitro-furyl) acrylamide (AF-2) and aminoan-
thracene (2-AA) were used as a positive control in this
study.

Rec-assay: The repair test with Bacillus subtilis was
carried out to determine the genotoxicity of food protein-
galactomannan conjugates. The wild-type strain B. subtilis
H17 (rec’) and a recombinationless strain B. subtilis M45
(rec’) were used as a set in this study. The Bacillus strains
were the courtesy of Dr. S. Matsui, Kyoto University.
Over-night cultivated Bacillus strains were streaked to
be crossed at the center of standard agar plates (Nissui
Co., Ltd., Japan), and a paper disk with 10.0 mm diameter
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containing the sample solution is placed on the center of
the streaks. The diameters of the growth inhibition were
measured after incubation at 37°C for 24h to evaluate
the repair ratio (14). Mitomycin C was used as a positive
control in this study.

Experiments using animal

Male closed colony of SPF/VAF rats (Crj:CD (SD) IGS)
of 4 weeks old, weighing 120 ~ 130 g was obtained from
Charles River Japan Inc. (Yokohama). The rats were fed
with a standard pelleted food (Charles River CRF-1) for
1 week prior to oral administration experiments. Food pro-
tein-galactomannan conjugates were orally given to the
animals using a sonde at a maximum dosage of 7.5 g kg’
body-weight. The executed animals were subsequently fed
with the commercial pellet for 2 more weeks in order to
observe semi-acute toxicity of the conjugates.

The 7 weeks old rats were submitted to dissection, and
the weight of each internal organ was measured after di-
rectly drawing blood from heart. Total cholesterol, triglyc-
eride and phospholipids in serum were determined by using
TC kit-K, TG kit-GN and PL kit-K (AZWELL Inc., Japan),
respectively.

Six rats per treatment were used in each experiment.
Handling and feeding conditions of the rats were as fol-
lowed: Each of animals was individually brought up in an
isolated cage under free with food and water. The temper-
ature of animal room was kept at 20°C with filtrated fresh
air under the condition of 60% relative humidity. Lighting
was turned on for 12 h by the illumination from 6 am to
6 pm.

Statistical analysis

All experiments were conducted in multiple. Data were
analyzed using Student ¢ test (15) for comparing differences
between treatment means (SAS Institute Inc., 1988).

RESULTS AND DISCUSSION

Improved functional properties of food proteins by
the conjugation with galactomannan

Freeze-dried food protein-galactomannan mixtures were
incubated at 60°C under 79% relative humidity (RH) for
3 days except for hen-egg white lysozyme-galactomannan
mixture. Conjugation of lysozyme and galactomannan was
required for 2 weeks. The resulting protein-polysaccharide
conjugates were separated from the unreacted protein and
polysaccharide molecules by size-exclusion chromatography
and ion-exchange chromatography. Formation of covalent
linkage between food proteins and galactomannan was con-
firmed by SDS-slab polyacrylamide gel electrophoresis as
previously reported (2).

Emuisifying properties of protein-galactomannan con-
jugates were measured and compared with those of protein-
galactomannan mixtures (without incubation at 60°C). As
shown in Table 1, the introduction of the polysaccharide
moiety drastically improved emulsifying properties of all
proteins. Emulsifying activities of food proteins were im-
proved 1.6 ~10.2 times by the conjugation with galacto-
mannan. In addition, emulsifying properties of all protein-
galactomannan conjugates were superior to those of com-
mercial emulsifiers, sucrose-fatty acid ester HLB11 and
decaglyceryl monoesterate HLB12. Emulsifying activities
of HLB11 and HLB12 were 0.950 and 1.195, respectively.
Especially, emulsion stabilities of HLB11 and HLB12 were
poor of 4.1 and 2.5, respectively, while all food protein-
galactomannan conjugates showed high scores. The obser-
vation suggests that the affinity of macromolecule protein
to oil was remarkably improved by covalent linking with
polysaccharide chains.

Foaming properties of the food protein-galactomannan
conjugates were also investigated. Table 2 summarizes the
foaming properties of food protein-galactomannan con-
jugates. Foaming activities of galactomannan conjugates
with lysozyme, ovalbumin, phosvitin, soy protein and « si-
casein were 12.3, 8.4, 4.7, 4.4 and 3.8 times better than
those of the control galactomannan mixtures with food
proteins (0 h-incubation). Furthermore, foam stabilities
of all food proteins were drastically improved. In particular,
phosvitin-galactomannan conjugate and « si-casein-galac-
tomannan conjugate showed excellent foam stabilities.
Thus, we have succeeded in developing macromolecular
emulsifiers having excellent foaming properties that can
be used in practical food processing.

Table 1. Changes of emulsifying properties of food proteins
by the conjugation with galactomannan

Mixture

Conjugate

Relative emulsifying activity"’
Lysozyme-galactomannan
Ovalbumin-galactomannan
Phosvitin-galactomannan
Soy protein-galactomannan
a s1-casein-galactomannan

0.1900.05 1.880%x0.05
0.280+0.03 1.310x£0.07
1.190£0.04 1.920%£0.06
0.350+0.03 1.360*+0.04
1.170+0.05 1.890+0.06

Emulsion stability*’

Lysozyme-galactomannan 0.50t0.1 >10
Ovalbumin-galactomannan 040x0.1 7.50%03
Phosvitin-galactomannan 6.20X0.2 >10
Soy protein-galactomannan 5.50+0.3 >10

2.80*£0.3 >10

"The relative emulsifying activity was represented as the absorb-
ance at 500 nm that was measured immediately after emulsion
formation.

“The emulsion stability was estimated by measuring the half-
life time (min) of the decay of emulsion. Each value is the
mean T standard deviation of three replications.

a s1-casein-galactomannan
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Table 2. Changes of foaming properties of food proteins by
the conjugation with galactomannan

Mixture Conjugate

Relative foaming activity"

Lysozyme-galactomannan 1.10£0.2 13.50*0.5

Ovalbumin-galactomannan 1.70+0.2 14.20%£0.6

Phosvitin-galactomannan 2.100.3 9.80%0.5

Soy protein-galactomannan 1.60+0.3 7.10+0.5

a si-casein-galactomannan 260+02 9.80X0.6
Foam stability”

Lysozyme-galactomannan ND” 10.51£0.2

Ovalbumin-galactomannan ND 20.32%£0.5

Phosvitin-galactomannan ND >60

Soy protein-galactomannan ND 17.12%£0.2

3.50+0.5 >60

"The foaming activity was represented the volume (height, cm)
2)of foams immediately after foaming formation.

The foam stability was estimated by measuring the half-life
time (sec) of the initial height of the foam. Each value is
the mean = standard deviation of three replications.

*Not detected.

a si-casein-galactomannan

Bacterial mutagenicities of food protein-galacto-
mannan conjugates

Food safety of the food protein-polysaccharide con-
jugates was evaluated by the general bacterial mutagenesis
test (Ames test) and another bacterial mutagenesis test

based on DNA-recombination (rec-assay).

Ames test: Spontaneous revertants of Salmonella ty-
phimurium TA 100 were 145 and 131 CFU/plate with and
without S9 mix, respectively. 0.5 ng/plate of aminoanth-
racene (2-AA) with S9 mix and 0.01 pg/plate of AF-2
(2-(2-furyl)-3-(5-nitro-furyl) acrylamide) without S9 mix
caused 362 and 663 CFU/plate revertants, respectively. On
the other hand, the spontaneous colonies of S. fyphimurium
TA 98 were 28 and 18 CFU/plate with and without S9
mix, respectively, while 0.5 mg/plate of 2-AA with S9
mix and 0.01 pg/plate of AF-2 without S9 mix produced
135 and 210 CFU/plate revertants, respectively. As shown
in Table 3, Salmonella revertants were detected 135~181
and 130~ 183 CFU/plate revertants with and without S9
mix, respectively, in the coexisting systems of food pro-
tein-galactomannan conjugates. All conjugates were eval-
uated as negative, because samples expressing mutagenicity
twice higher than spontaneous revertants with a dose-
dependent relationship were considered as positive (16).

Rec-assay: Table 4 shows genotoxic effects of food
protein-galactomannan conjugates. No growth inhibitory
of the recombinationless strain B. subtilis M45 (rec’) was
observed in the rec-assay system for galactomannan con-
jugates with ovalbumin, acid-precipitated soy protein and

Table 3. Mutagenicity of food protein-galactomannan conjugates based on Ames test

CFU numbers of revertants/plate

Amount (mg/plate) TA 100 TA 98
with S9 mix without with S9 mix without
Protein-galactomannan conjugates

Lysozyme conjugate 0.5 143+15Y 148 +26 31+0.2 18£2
1.0 148 29 138125 29+0.2 18+3

Ovalbumin conjugate 0.5 175+18 157£19 30102 20£3
1.0 181+24 16318 33+£0.2 25+3

Phosvitin conjugate 0.5 146120 13026 28+0.2 18+2
1.0 13521 139+19 2710.2 17£3

Soy protein conjugate 0.5 15319 16611 31+0.2 22+4
1.0 169+ 9 178 £19 35+0.2 24+2

a si-casein conjugate 0.5 145112 16311 34102 23%3
1.0 167124 18325 37+0.2 25%3

Positive controls

AF-2? 0 (negative control) ND? 131+ 8 ND 18+ 3
0.01 ND 66312 ND 210+28
0.1 ND 1985+22 ND 645+ 31

2-AA” 0 (negative control) 145+ 7 ND 28+ 2 ND

0.5 362+ 11 ND 135+ 5 ND

1.0 963125 ND 513+12 ND

UEach data is the mean~standard deviation of three replications.
DAF-2: 2-(2-furyl)-3-(5-nitro-furyl) acrylamide.

2-AA: 2-aminoanthracene.

“ND: Not determined.
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Table 4. Genotoxic effects of food protein-galactomannan conjugates

Diameter of growth inhibitory (mm)

M45 - H17 (mm)

Amount (mg/disc) HI7 (rec) M45 (rec’)
Protein-galactomannan conjugates
Lysozyme conjugate 0.5 11.3+0.5" 12.5+0.6 1.2
1.0 152104 159104 0.7
Ovalbumin conjugate 0.5 <10.0% <10.0 0
1.0 <10.0 <10.0 0
Phosvitin conjugate 0.5 11.5£0.5 11.9+0.4 0.4
1.0 122£0.3 12.61+0.5 0.4
Soy protein conjugate 0.5 <10.0 <10.0 0
1.0 <10.0 <10.0 0
@ s1-casein conjugate 0.5 <10.0 <10.0 0
1.0 <10.0 <10.0 0
Positive controls
Mitomycin C 0 (negative control) <10.0 <10.0 0
0.0001 <10.0 19.3£0.5 9.3

UEach data is the mean standard deviation of three replications.

7<10.0 represents that no growth inhibitory was observed.

a si-casein, whereas lysozyme and phosvitin conjugates
showed some bacteriostatic effects against the test strain.
However, the same inhibition of growth was observed
in the assay system using wild-type strain B. subtilis H17
(rec’) for the both conjugates, as shown in Table 4. In
this study, the DNA-damaging activity was determined
as positive if the difference exhibits more than 3.0 mm
between the diameters of growth inhibition zones that were
produced in B. subtilis H17 and M45 strains. The dif-
ference was 9.3 mm against mitomycin C, a positive con-
trol. Thus, it was concluded that the genotoxicity was
negative for a range of all tested protein-galactomannan
conjugates.

Acute and semi-acute toxicities of food protein-
galactomannan conjugates

Further food safety of the food protein-polysaccharide
conjugates was investigated according to animal dose
test. Lethality of each conjugate was determined by oral
administration to rats and the value represents an amount
of compound that cause 50% death of tested rats (L.Dso,
g/kg). All conjugates were negative for the acute toxicity
test in which LDsy’s of all conjugates showed more than
7.5 g/kg body-weight of rats. Then, the animals orally
administrated with the maximum dosage of 7.5 g/kg were
subsequently fed with standard pelleted food for 2 weeks,
and monitored by changes of body weight. As the result,
it was demonstrated that growth rates of the prescribed
animals were not significantly (p<0.05) different from that
of the control animal (Fig. 1). The body weights of 7 weeks
old rats given the galactomannan conjugates with lysozyme,
ovalbumin, phosvitin, soy protein and « sj-casein were
311117 g (n=6), 31719 g (n=6), 311 =20 g (n=6), 315

*15 g (n=6) and 31821 g (n=6), respectively, where
that of control group was 313X 15 (n=6).

The weight of intestines and blood characteristics were
investigated in the 7 weeks old animals in addition to the
measurement of the weight of intestines. The weights of
liver, spleen and kidney were respectively 9.1 70.8 g (n=
6), 0.71£0.1 g (n=6) and 2.5+0.2 g (n=6) in the control
rats. The weight ranges of liver, spleen and kidney were
9.0~9.8 g, 0.6~0.7 g and 2.3~2.7 g, respectively, in
the orally administrated rats with food protein conjugates
(n=60). Any significant difference was not observed in
the intestine weights between the administrated groups
and the control group (p<0.05). On the other hand, the
ranges of the concentration of total cholesterol, trigl-
yceride and phospholipids were 38.6 ~42.9 mg/100 mL
(n=60), 43.9~47.1 mg/100 mL (n=60) and 31.1~35.6
mg/100 mL (n=60), respectively, in serum from the orally
administrated rats with food protein conjugates. Since the
contents of total cholesterol, triglyceride and phospholipids
were 41.5+2.5 mg/100 mL (n=6), 48.6 =5.8 mg/100 mL
(n=6) and 32.3+4.3 mg/100 mL (n=6), respectively, in
serum from the control rats, no significant difference (p<
0.05) was observed between the administrated animals
and the control group.

If galactomannan conjugates were constantly adminis-
trated to the tested rats for 2 weeks, some reducing effects
might be observed, because Yamamoto et al. (17) report-
ed that oral administration of galactomannan decreased total
content of lipids in the liver of rats. Recently, the admin-
istration of some polysaccharides was reported to enhance
protection of animals against bacterial infection as immuno-
stimulants (18,19). In mammals, polysaccharides potentiate
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Fig. 1. Growth curves of rats. Four weeks old (28 days) rats were
preliminarily fed with a standard pelleted food for 1 week, and
then 7.5 g/kg body-weight of food protein-galactomannan conju-
gates was orally administrated to the 5 weeks old (35 days) ani-
mals, and the animals were subsequently fed with the commer-
cial pellet until 7 weeks old (49 days). LZ, OVA, Phos, APP, ¢
and GM represent hen egg-white lysozyme, ovalbumin, egg-yolk
phosvitin, acid-precipitated soy proteir, @ s milk casein and gal-
actomannan, respectively. T-shaped line indicates standard devi-
ation (n=6).

the nonspecific immune responses, such as activation of
macrophages, NK cells, T-lymphocytes and interferon
products (20-22). These healthy effects of polysacchar-
ides have been also anticipated to be important in using
galactomannan conjugates as food ingredient. In this study,
five galactomannan conjugates were prepared by covalent
liking with hen egg-white lysozyme and ovalbumin, egg-
yolk phosvitin, acid-precipitated soy protein, and @51 milk
casein in the dry-heating at 60°C with 79% relative himidity.
It was confirmed that all conjugates showed excellent
emulsifying properties and foaming properties. Food safe-
ty of the conjugates was evaluated by bacterial mutagen-
esis tests and animal dose tests, and confirmed that all
conjugates were found to be negative for Ames-test and
rec-assay and were nontoxic in oral administration tests.
Thus, we succeeded to develop natural macromolecular

reagents with safety having good surface functional properties.
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