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ABSTRACT

This study was performed to evaluate the application of food irradiation technology as a method for reducing shrimp
allergy without adverse effects. Shrimp heat-stable protein (HSP) was isolated and gamma irradiated at 0, 1, 3, 5, 7, or 10
kGy in the condition of solution (1 mg/ml), and fresh shrimp was also irradiated. Conformational change of irradiated HSP
was monitored by means of spectrometric measures, enzyme-linked immunosorbent assay with mouse monoclonal antibody,
or human patients’ sera and sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The ability of the immunoglobulin E
of patients allergic to shrimp to bind to irradiated HSP was dose dependently reduced. The amount of intact HSP in an
irradiated solution was reduced by gamma irradiation, depending on the dose. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis showed that the main band disappeared and the traces induced from coagulation appeared at a higher molecular
weight zone. The binding ability of immunoglobulin E to allergens in the extracts from irradiated shrimp decreased, depending
on the dose. The results provide a new method so that food irradiation technology can be applied to reduce allergenicity of
shrimp.

The hydrolysis of allergens by enzymes and develop-
ment of recombinant foods with modified DNA have been
studied to eliminate protein allergens from allergenic foods
(2, 3, 26). These approaches can be used only in extremely
limited foodstuffs. There have been several investigations
into the changes in proteins caused by irradiation treatments
(1, 10, 12, 29). The irradiation technique was used in sev-
eral studies to reduce egg or milk allergy (15, 16, 19). Re-
search and development of food irradiation during about
four decades have shown that foods irradiated with an av-
erage dose of 10 kGy are safe for human consumption with-
out any toxicological hazard and any special nutritional or
microbiological problems (11, 27, 30).

Shrimp is one of the most common allergenic foods
(5, 9, 31). Since muscle tropomyosin was reported as the
major allergen among shrimp allergens, many researchers
have indicated that the protein is a heat-stable protein
(HSP) with molecular weight of 36 kDa (Pen a 1 from
Penaeus aztecus (6–8, 22)) or of 34 kDa (Pen i I from
Penaeus indicus (24) and Met e I from Metapenaues ensis
(20)). In the previous study (18), surface epitopes on mus-
cle myosin could be changed by gamma irradiation doses
of less than 5 kGy.

In this study, we investigate whether the structure of
HSP is modified by ionizing radiation and whether irradi-
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ation technology can be used to reduce shrimp-induced
food allergy.

MATERIALS AND METHODS

Human sera and animal anti-HSP antibodies. Human sera
were obtained from 20 patients with immediate hypersensitivity
reactions after ingestion of cooked shrimp. All patients had a pos-
itive skin prick test reaction to shrimp Ag extract and had serum
immunoglobulin E (IgE) antibodies specific for the major shrimp
allergen Pen a 1. Sera collected from five healthy subjects with
no history of atopy served as negative controls. Mouse monoclo-
nal antibody (mAb) 4.9.5 produced previously (14) was also used
for competitive indirect enzyme-linked immunosorbent assay
(ELISA).

Shrimp and preparation of major HSP (36 kDa). One por-
tion of fresh brown shrimp (P. aztecus) was used to prepare HSP
and another was vacuum-packaged for irradiating. Major HSP of
shrimp was prepared by a modification of the method described
previously (7, 14). Briefly, fresh shrimp were boiled for 15 min
in ion-depleted water, peeled, and deveined. The boiled meat was
homogenized in phosphate-buffered saline (PBS, 0.01 M phos-
phate buffer, 0.15 M NaCl, pH 7.2). The mixture was stirred over-
night at 48C and centrifuged at 10,000 rpm for 30 min. The su-
pernatant was filtered through Whatman no. 3 filter paper. Solid
(NH4)2SO4 was added into the filtrate as 30% saturation, and the
solution was centrifuged at 6,000 rpm for 20 min. Solid
(NH4)2SO4 was added into the supernatant as 60% saturation, and
the solution was centrifuged. Precipitate was dissolved into PBS
and dialyzed overnight into the same buffer with several changes.
The dialyzed solution was filtered through 0.45-mm filter paper.
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The filtrate was isoelectric precipitated at pH 4.5 with 0.1 N HCl
and centrifuged at 8,000 rpm for 20 min, and precipitate was
redissolved with PBS. Isoelectric precipitation was repeated three
times. Redissolved solution was dialyzed into PBS. Protein con-
centration was determined by using a bicicinchonic acid (BCA)
protein assay kit (Sigma Chemical Co., St. Louis, Mo.) with bo-
vine serum albumin solution as a standard and adjusted to 1.0 mg/
ml (25). A total of 10 ml of HSP solution was put into a glass
tube (f 1 cm) with cap and irradiated at the designated doses.
The remaining solution was mixed with an equal volume of glyc-
erol and stored at 2208C until used.

Gamma irradiation. Gamma irradiation was carried out in
a cobalt-60 irradiator equipped with 100 kCi activity at 10 6
0.58C and operated at a dose rate of 10 kGy h21. The applied dose
levels were 0 (control), 1, 3, 5, 7, and 10 kGy. The absorbed dose
was monitored with both free radical and ceric or cerous dosim-
eters. After irradiation, HSP solutions and irradiated shrimps were
stored at 48C in a low-temperature incubator (MIR 552; Sanyo
Co., Osaka, Japan) until used.

Turbidity, surface hydrophobicity, and colorimetric re-
action of irradiated HSP solution. Turbidity and protein con-
centration of an irradiated HSP solution were determined by tests
of absorbance at 280 nm and by BCA assay at 562 nm with a
spectrophotometer (UV-1600PC; Shimadzu Corp., Kyoto, Japan).
The surface hydrophobicity value of irradiated HSP solution was
measured to monitor the structural changes. HPS-1-anilinona-
phthalene-8-sulfonate (ANS) hydrophobicity was determined by
the method described previously (28). A total of 20 ml of ANS
solution (8 mM in 0.01 M PBS, pH 7.4) was added to HSP so-
lutions (1.0 mg/ml) of 4 ml. The relative fluorescence intensity of
ANS-HSP complex was measured at excitation and emission
wavelengths of 385 and 470 nm, respectively, with a spectrofluo-
rophotometer (RF-5301PC; Shimadzu, Kyoto, Japan).

Preparation of muscle protein solutions from irradiated
shrimp. Shrimp muscle extracts were prepared from irradiated
and peeled muscle. Two grams of sample was homogenized within
20 ml of cold PBS. The homogenate was centrifuged at 10,000
rpm for 20 m at 48C, and supernatant was filtered through What-
man no. 3 filter paper to remove insoluble particles. Filtrates were
used as a sarcoplasmic protein solution. The remaining precipitate
was washed three times with a cold PBS and recentrifuged. The
precipitate was redissolved in 20 ml of a cold high-salt buffer (0.6
M NaCl, 0.01 M phosphate buffer, pH 7.0) by homogenizing. The
homogenate was centrifuged at 10,000 rpm for 20 min at 48C,
and the supernatant was filtered through Whatman no. 3 filter
paper to remove insoluble particles. The filtrates were used as a
myofibrillar protein solution. Protein concentration of the solu-
tions was determined by the BCA protein assay kit. The filtrate
was used to test the binding ability of patients’ IgE to allergens
and of mAb 4.9.5 to antigen, respectively. Nonirradiated shrimp
was used as the control.

Competitive indirect ELISA with patients’ IgE or mAb
4.9.5. The binding ability of IgE in the patients’ sera pool to the
irradiated HSP or to the shrimp protein fractions was tested by
competitive indirect ELISA (18). Briefly, polystyrene flat-bottom
microtiter plates (Maxisorp, Nunc, Kamstrup, Denmark) were
coated with 1 mg/ml of HSP in a 0.2 M bicarbonate buffer, pH
9.6, overnight at 48C. All subsequent steps were performed at
378C. Plates were washed three times with PBS containing 0.05%
(vol/vol) Tween 20 (PBST). To reduce nonspecific binding, the
plates were blocked by incubation for 1.5 h with 120 ml of PBS
containing 1% (wt/vol) bovine serum albumin and washed three

times with PBST. A total of 50 ml of sample solution 50-fold
diluted with PBS and 50 ml of IgE solution were added to five
coated and blocked wells, respectively. Plates were incubated for
1.5 h and then washed three times with PBST. After the addition
of 100 ml of 1:1,000 diluted horseradish peroxidase–conjugated
rabbit anti-human IgE-IgG solution (Sigma) to the wells, the
plates were incubated for 1.5 h. After washing three times, 100
ml of 0.04% o-phenylenediamine (Sigma) in 0.1 M phosphate cit-
rate buffer, pH 5.0, with 0.04% hydrogen peroxide (vol/vol, 35%
H2O2) was added for running the color reaction for 20 min before
stopping it with 2.0 M H2SO4 (50 ml/well). Absorbance was mea-
sured at 492 nm by an ELISA reader (CERES UV-900C; BIO-
TEK Instruments Inc., New York, N.Y.).

Following the above procedure, the binding ability of mAb
4.9.5 to the irradiated HSP or to the shrimp protein fractions was
also tested with horseradish peroxidase–conjugated rabbit anti-
mouse IgG as secondary antibody.

Standard curves for patients’ IgE and for mAb 4.9.5 were
obtained in the range of 0.01 to 10 mg/ml of HSP. The concen-
tration of HSP in the sample was determined on a standard curve.

Sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). SDS-PAGE (5 to 15% gradient gel) for irradi-
ated HSP solutions (1 mg/ml) was performed by Laemmli’s meth-
od (17) using a Hoefer vertical electrophoresis apparatus SE-260
(Hoefer Scientific Instruments, San Francisco, Calif.), and staining
and destaining were done as described previously (4). A molecular
weight marker was purchased from Pharmacia Biotech (Uppsala,
Sweden) to determine the molecular weights. The marker contains
phosphorylase b (94 kDa), albumin (67 kDa), ovalbumin (43
kDa), carbonic anhydrase (30 kDa), trypsin inhibitor (20.1 kDa),
and a-lactalbumin (14.4 kDa).

Statistical analysis. All samples were done in triplicate, and
the experiments were repeated five times. Means and standard
deviations were used to evaluate binding abilities of antibodies to
HSP and spectrometric results. Data were analyzed by the general
linear procedures, least-squares means, and the Duncan multiple
range test. SAS statistical software (23) was used to perform the
above mentioned studies.

RESULTS AND DISCUSSION

Turbidity, surface hydrophobicity, and colormetric
reaction of irradiated HSP solution. Muscle tropomyosin
is a 41-nm-long, rod-shaped molecule similar to the myosin
tail and a dimer of identical a-helical chains (284 amino
acids each), which wind around each other in a coil (21,
24). Table 1 indicates the results of the turbidity, surface
hydrophobicity, and colormetric reaction of the irradiated
HSP solution. The turbidity of the irradiated HSP solution
increased, depending on the increase of the dose, when ob-
served by a spectrophotometer (280 nm). Relative fluores-
cence intensity of irradiated HSP also increased, depending
on the dose, and showed a maximum value between 5 and
7 kGy. However, there were no significant differences in
the protein concentration in irradiated HSP solution when
determined by the BCA method. These results indicate that
the coiled structure is released and hydrophobic amino ac-
ids are exposed to the outside by gamma irradiation, as a
process in other proteins with a-helical chains (12, 18, 31).

Binding abilities of mAb 4.9.5 and patients’ IgE.
The amount of HSP in the irradiated solutions was deter-
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TABLE 1. Turbidity, surface hydrophobicity, and colorimetric reaction by bicicinchonic acid assay of irradiated shrimp heat-stable
protein solutions (1-mg/ml)a

Irradiation dose (kGy)

0 1 3 5 7 10

OD value at 280 nm
Surface hydrophobicity (RFI)
OD value at 562 nm

1.912 Ab

1.376 A

0.289 A

2.043 B

2.589 B

0.284 A

2.164 C

3.368 C

0.291 A

2.305 D

3.582 D

0.296 A

2.352 E

3.591 D

0.295 A

2.397 F

3.326 CE

0.301 B

a A total of 10 ml of heat-stable protein solution was irradiated at the designated dose and individually measured at the experiment
items.

b Means in the same row with unlike letters differ significantly (P # 0.05).

FIGURE 1. Binding abilities of mouse immunoglobulin G (IgG)
(monoclonal antibody 4.9.5) and patients’ IgE to gamma-irradi-
ated heat-stable protein (HSP). The binding ability was measured
by competitive indirect enzyme-linked immunosorbent assay. BT

and B0 indicate binding ability of irradiated HSP and that of
nonirradiated HSP, respectively.

FIGURE 2. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (5 to 15% gradient acrylamide gel) of the irradiated
shrimp heat-stable protein (1 mg/ml). M and numerals indicate
molecular weight standard and the irradiation doses (kGy), re-
spectively. Arrow indicates main band (36 kDa).

mined by competitive indirect ELISA. The detected con-
centration decreased dependent on the increase of the dose
(Fig. 1). The results of competitive indirect ELISA with
mAb indicate that antigenic properties of irradiated HSP
were changed by gamma irradiation.

Patients’ shrimp-specific IgE did not recognize the ir-
radiated HSP as well at higher doses (Fig. 1). Figure 1
shows 50% less binding to IgE at 3 kGy; this is not nec-
essarily the same as 50% of intact HSP. In the solution
irradiated with 10 kGy, 18.5% of HSP was only detected.
The correlation coefficient between the results from mAb
4.9.5 and human IgE was 0.9650 at P # 0.05. These results
indicate that IgE-mediated hypersensitivity from shrimp
was reduced by gamma irradiation, when approached with
the proper dose.

There are several factors on denaturation of protein in
aqueous solutions by radiation, and the factors are the local
conformation of an amino acid in the peptide chain, its
accessibility to the water radiolysis products, and the amino
acid sequence itself, where some particular amino acid res-
idues may be more susceptible to radiolysis (10).

SDS-PAGE. From SDS-PAGE (5 to 15% gradient gel)
of the irradiated HSP, it appeared that the main band (36
kDa) disappeared more and more, depending on the dose,
and was not detected at the doses of 5 kGy and above (Fig.
2). The molecular weight of the detected band of HSP ir-
radiated with 1 kGy was slightly higher than that of the
control. It was observed that traces spread from the starting
line of separating gel at the doses of 3 kGy or more. By
gamma irradiation, a protein molecule can be broken down
to smaller molecules or coagulated to larger molecules by
interaction among the molecules (12). The HSP of shrimp
was coagulated by gamma irradiation. This result was sim-
ilar to the changes of irradiated muscle myosin (18). These
changes in irradiated protein cause the reactions of antibody
to be changed.

Binding ability of patients’ IgE to irradiated shrimp
muscle solutions. Patients’ IgE recognized allergens in
both sarcoplasmic protein fraction and myofibrillar protein
fraction extracted from brown shrimp (Fig. 3). Binding
ability of patients’ IgE to both protein fractions decreased,
depending on the dose. At 10 kGy, the binding ability of
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FIGURE 3. Binding ability of patient’s immunoglobulin E to al-
lergens in gamma-irradiated shrimp extracts. The binding ability
was measured by competitive indirect enzyme-linked immunosor-
bent assay. BT and B0 indicate binding ability of irradiated heat-
stable protein and that of nonirradiated heat-stable protein, re-
spectively.

patients’ IgE was below 30% in both protein fractions. It
is clinically important to compare the differences of the
reactivities of patients’ IgE to isolated and then irradiated
HSP with those of IgE to irradiated shrimp. At the evalu-
ation on the effects of gamma irradiation to the whole
shrimp muscle, binding ability of patients’ IgE to allergens
in two protein fractions decreased, depending on the dose.
Of note, IgE-specific allergens existed in both fractions. Pa-
tients’ IgE used in this study might recognize not only other
allergens but also tropomyosin (3). The conformational
modification of allergens was caused by gamma irradiation
at the shrimp muscle. At doses above 7 kGy, the binding
ability of patients’ IgE was below 50% at both fractions.
Thayer (27) reported that macronutrients (proteins and fats)
of irradiated foods were not significantly altered in terms
of nutrient value and digestibility by irradiation treatment
doses of 10 kGy and less. This result indicates that the
reduction of antigenicities of shrimp allergens is generated
by gamma irradiation with adequate dose, which is per-
mitted in food irradiation (13).
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