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The use of molecular techniques such as amino acid sequencing, 
DNA sequencing, molecular cloning, use of synthetic peptides, and 
monoclonal antibodies in the study of allergenic proteins has resulted 
in a large amount of information about a wide variety of allergens." 
The striking increase in knowledge of allergen structure since the early 
1980s can be attributed directly to recombinant DNA technologies. Be- 
fore the advent of recombinant technologies, progress on the molecular/ 
biochemical characterization of allergens was slow due to several factors, 
including the large numbers of allergenic molecules, the quantities of 
allergens present in .source material, and the availability of suitable 
methods for allergen identification.'l Through the use of recombinant 
techniques, it is possible to create a reliable, reproducible, immortal 
allergen source available in stable, large q~ant i t ies . '~~ Molecular cloning 
has had a major bearing on the study of gene structure and also on the 
characterization of the polypeptides expressed by those genes. DNA 
sequencing techniques are so efficient and rapid that one can obtain the 
whole primary sequence of an allergen in a few days' time.4O The use of 
recombinant DNA techniques for the study of allergenicity of proteins 
is in many ways a preferred method to the traditional procedures 
of protein purification, digestion, and analysis of peptides for both 
allergenicity and amino acid sequence.4o Recombinant allergens can be 
produced at very high purity (an advantage over extracts from natural 
sources that may contain a number of other allergens and nonallergenic 
material), and provide recombinant allergens to use in place of natural 
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allergens that are present in limited quantities in a given source. In 
addition, recombinant allergens may improve significantly diagnosis 
with some allergens that are labile and degrade rapidly ( eg ,  apple). 
Recombinant allergens provide better tools for allergen standardization, 
structural investigation, and T- and B-cell epitope identification. A fur- 
ther advantage of recombinant allergens is that they can be added to 
natural allergenic extracts to improve the quality of current diagnostic 
extracts, or a few (two to four) recombinant allergens cloned from a 
given source can be pooled for diagnostic purposes.18 

A major objective for producing a recombinant allergen is that it be 
comparable to its natural counterpart, including IgE-binding. Recombi- 
nant allergens used in vivo should be pure (as defined in the World 
Health Organization (WHO) document on recombinant proteins).86 Re- 
combinant allergen samples must be demonstrated to lack toxicity using 
animal model systems and should be stable to the conditions under 
which routine allergen standardization is accomplished. Because a num- 
ber of allergens possess inherent biologic activity, such as enzymes or 
lectins, their recombinant counterpart may possess these activities as 
well. If there exist undesired traits, such as toxicity, these traits may 
have to be removed. The safety and efficacy of recombinant allergens 
are major concerns and are issues that must be considered prior to the 
use of such recombinant allergens in human beings. 

The advantage of molecular cloning could be realized fully in the 
possibilities of manipulation of allergenic sequences synthesized ac- 
cording to amino acid sequences of cloned a1le~gens.l~~ The molecular 
structure could be modified to reduce IgE-binding capacity, but retain 
T-cell receptor activity. The modification of some epitopes may, there- 
fore, lead to suppression of the entire immune response to an allergen. 
Opportunities such as this may assist greatly in advancing the embryonic 
science of immunotherapy for food allergies. In addition, recombinant 
food allergens will help define the immunologic and pathophysiologic 
mechanisms regarding sensi t ivi t~.~~ 

Molecular biologic advances in allergy, in their truest definition, 
refer to production of recombinant allergens. In the area of food allergy, 
molecular biologic advances are modest compared with those in the 
area of inhalant allergies. In a limited number of cases, recombinant 
allergens have been produced, but most of the molecular-level knowl- 
edge of food allergens has been gained using conventional molecular 
techniques such as amino acid sequencing and use of synthetic peptides. 
This article, therefore, reviews the molecular biology of allergenic food 
proteins under a larger umbrella than solely recombinant techniques. 

ALLERGEN NOMENCLATURE 

In response to the heightened progress in recombinant technology 
with regard to allergens, a nomenclature system has been adopted. This 
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system has been described recently in Allergens are designated 
according to the accepted taxonomic name of their source. The first three 
letters of the genus are used, followed by the first letter of the species 
and then an Arabic number. The numbers are assigned to these allergens 
according to the order of their identification, and generally the same 
number is used to designate homologous allergens of related species. 
For example, the first allergen described in brown shrimp, Penueus 
aztecus, is designated Pen u 1 and the homologous molecule from Indian 
shrimp Penaeus indicus is named Pen i 1. 

Members of an allergen group that have more than 67% amino acid 
sequence homology are designated as i~oaZZergens.*~ Each isoallergen may 
have multiple forms of very similar sequences that are designated as 
variants. Furthermore, the nomenclature system provides rules for de- 
scribing allergen genes, mRNAs, cDNAs, and recombinant and synthetic 
peptides of allergenic 

Researchers customarily describe allergens as "major" or "minor." 
Major allergens generally are defined as proteins for which 50% or more 
of the allergic patients studied have specific IgE.87, 88 Examples of major 
allergens are Aru h 1 from peanuts30; ovalbumin, ovomucoid and ovo- 
transferrin from eggs93; and Pen u 1 from shrimp.37 The significance of 
minor allergens, which are those that fall below the 50% definition, has 
been debated. Minor allergens may be the result of experimental artifact 
or may contain similarities in structure to major allergens that allow for 
IgE-binding, but which do not have the conformation necessary to 
elicit histamine release. For example, research has shown that although 
peanut-allergic patients possess IgE that can bind to proteins from many 
other legumes, resulting in positive skin-test and RAST results, the 
clinical manifestations qf such cross-reactivity are apparently rare, as the 
patients are only documented to be allergic to peanut and perhaps one 
other leguminous food.I6 On the other hand, given that the most popular 
technique used for identifying allergens is a process that causes proteins 
to be broken down into subunits (sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis: SDS-PAGE), minor allergens actually could 
be parts of larger major allergens, and, therefore, may have the potential 
to cause significant reactions in some individuals. The major allergens 
often are found in abundance in a food. Aru h 1 apparently is part of a 
storage protein of the peanut.27 This is not always the case, however; for 
example, the major codfish allergen, Gad c 1, comprises a small fraction 
of the total protein of the codfish, yet is the major alle~gen.4~ On the 
other hand, shrimp tropomyosin is the major shrimp whereas 
beef and pork tropomyosins are apparently not allergenic. 

MOLECULAR BIOLOGY OF SPECIFIC FOOD 
ALLERGENS 

A summary of identified food allergens to date is given in 
Table 1. 
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Cow’s Milk 

A number of milk proteins have been identified as allergenic or 
immunogenic in humans. Caseins and P-lactoglobulin appear to be the 
major allergens in cow’s 131 and to a lesser degree, a-lactalbumin 
and bovine serum albumin have been impli~ated.~~ 

Caseins 

The frequency of IgE-reactivity to individual casein proteins has not 
been evaluated systematically. The caseins are a family of proteins that 
share certain similarities, such as the clustering of nonpolar and polar 
residues to form domains and presence of phosphoseryl groups. The 
structural homologies of the a- and p-caseins suggest that they may 
have evolved from a common ancestral gene.’@ The flexible, highly 
solvated polar domain of a- and p-caseins should be the most suscepti- 
ble portion for proteolysis. K-casein does not contain the cluster of 
phosphoseryl residues, and hence, does not bind as much calcium as 
the a- and @-caseins do.’@ 

a-,,-casein has at least five genetic variants. The amino acid se- 
quence of the protein (B variant has 199 residues and a molecular weight 
of approximately 23,614 D) has been Residues 41-80 en- 
compass eight sites of post-translational phosphorylation, whereas the 
remaining C-terminal section is fairly hydrophobic. Based on the pre- 
dicted structure, hydrophobic and hydrophilic domains connected by a 
segment of a-helix have been identified.156 The amino acid sequences of 
the a,,-caseins have been established.22 These caseins have varying de- 
grees of post-translational phosphorylation, and are the most hydro- 
philic of the casein family. The amino acid sequence has been obtained 
(207 amino acid residues, molecular weight of approximately 25,230 
D).22 Four genetic variants have been identified.156 

p-caseins are a group of proteins that have one major component 
with seven genetic variants, and eight minor components, which are 
proteolytic fragments of the major component. The molecular weight of 
the major component has been established (A2 variant has 209 amino 
acid residues, molecular weight of 23,983 D).lZ8 @-caseins are the most 
hydrophobic of the caseins, and modeling studies indicate that the 
protein has hydrophobic side chains dispersed over the C-terminal end 
and center surface of the structure, with a hydrophilic N-terminu~.’~~ 

The K-casein molecule has a molecular weight of 19,007 D and is 
composed of 168 amino acid residues1w (B variant). K-caseins have two 
genetic variants. This protein is cleaved between residues 105 and 106 
by rennin (chymosin) into two domains. The hydrophobic domain (para- 
K-casein) is not soluble, whereas the polar domain (macropeptide) is 
extremely 
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Whey Proteins 

Whey proteins comprise approximately 20% of milk proteins. The 
most abundant whey protein is P-lactoglobulin, a protein of molecular 
weight 18,277 D (162 amino acid residues)20 and with at least six genetic 
variants. The complete DNA sequence encoding P-lactoglobulin has 
been determined, and shows 91% sequence homology with ovine P- 
lact~globulin.~ 

a-Lactalbumin, molecular weight of 14,174 D (123 amino acid resi- 
has two genetic variants. The two genetic variants differ in only 

one amino acid sequence. The cDNA sequence of a-lactalbumin has 
been reported (703 nucleotide~).~~ The cDNA library was made from 
size-selected (>400 bp) double-stranded cDNA in Escherichiu coli NM522, 
and screened using a rat a-lactalbumin cDNA probe. A sequence similar- 
ity of 43% has been reported for lysozyme and a-lactalb~rnin.~~ 

Bovine serum albumin (BSA) is identical in characteristics to bovine 
blood serum albumin. BSA is a heterogeneous protein with a molecular 
weight of 66,430 D (583 amino acid and comprises approxi- 
mately 1% of the total milk protein. The molecule is visualized as having 
three major domains, each consisting of two large double loops and a 
small double loop, and appears to be in the shape of an ellipsoid.23 

Cows’ Milk Epitopes 

Although caseins are significant allergens, no data are available 
regarding their human T-cell or 8-cell epitopes. Because a,,-casein is the 
casein that most often interacts with IgE from infants and children 
with milk-allergic symptoms,‘31 it would be useful to have information 
regarding the human epitopes of this protein. For au,,-casein, some mouse 
T- and 8-cell epitopes have been elucidated and identified as sequential 
ep i t~pes . ’~~ 

Bernard et al,’5 using p-casein peptides created by proteolytic pro- 
cesses, found that of 13 serum samples from subjects highly allergic to 
p-casein, one third of the sera reacted mainly with the region 1-52 
(region 1-28 being the most reactive). Another one third reacted to 
region 53-105, and one third to 106-209, mainly to the 106-139 portion. 
Therefore, it appears that human B-cell epitopes for p-casein are spread 
over the entire molecule. 

Baldo’O found that the glycomacropeptide from K-casein (amino acid 
residues 106-167) and the polypeptide fragment encompassing amino 
acid residues 99-167 bound with IgE in most of the milk-allergic serum 
in an immunoblotting study. The 99-167 peptide proved more reactive, 
and might indicate the presence of an IgE epitope in amino acid se- 
quence 99-1 05 (P-H-P-H-L-S-F) . 

Although some preliminary work has been done on rat B-cell epi- 
topes of P-lactoglobulin,7° Ball et a1,12 using serum from milk-allergic 
children, reported that the synthetic peptide T-D-Y-K-K-Y-L-L-F-C-M-E 
of P-lactoglobulin (”A” variant) represented a major sequential human 
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allergenic epitope. P-lactoglobulin peptide 124-134 (R-T-P-E-V-D-D-E- 
A-L-E-A) and a-lactalbumin peptide 5-18 (K-C-E-V-F-R-E-L-K-D-L-K-G- 
Y-A) bound IgE. Synthetic P-lactoglobulin peptides 41-52, 91-100, and 
130-130, however, did not bind I ~ J E . ~  

Egg 

Eggwhite appears to be more allergenic than egg yolk. Eggwhite 
proteins have been studied extensively; most have been purified and 
their amino acid sequences have been determined. The major eggwhite 
proteins are ovalbumin, ovotransferrin, ovomucoid, ovomucin, and lyso- 
zyme. Although the eggwhite proteins have been studied extensively 
and some molecular biology studies have been done, most researchers 
have used biochemical methods to elucidate epitope information. 

Egg yolk can be separated into two fractions using ultracentrifuga- 
tion: a granule (sedimented) fraction containing 60% protein and 35% 
lipid, and a plasma (supernatant) solution, containing 18% protein and 
80% lipid.125 The granule fraction contains a- and P-lipovitellins (high- 
density lipoprotein), phosvitin, and low-density l ip~protein.~~ 

Ovomucoid 
Ovomucoid has been documented in several studies as a major 

allergen of egg and has been named Gal d 1. It is a glycoprotein with a 
molecular weight of 28 kD and an isoelectric print (PI) of 4.1, is a trypsin 
inhibitor, and makes up 10% of the protein in eggwhite. Ovomucoid has 
been cloned,142 and. the mRNA sequence has been determined from 
cDNA.~~ The amino acid sequence of ovomucoid, which was obtained 
by conventional methods in 1987, contains 186 residues.83 There are 
three tandem domains, each homologous to pancreatic secretory trypsin 
inhibitor; however, in the domestic chicken, only one domain has inhibi- 
tor ~apabi1ities.l~~ 

Ovalbumin 
Ovalbumin (Gal d 2), the most abundant protein in eggwhite, is a 

monomeric phosphoglycoprotein with a molecular weight of 42,699 D 
and a PI of 4.5. The 385-residue amino acid sequence was established 
by deduction from cyanogen-bromide cleavage fragments and other 
proteolytic fragments.l16 Purified ovalbumin has three variants, Al, A2, 
and A3, which contain two, one, and no phosphate groups per molecule, 
re~pectively.'~~ The mRNA nucleotide sequence of ovalbumin was ob- 
tained from a duplex DNA copy of the mRNA and its subsequent 
cloning in pMB9.Io4 

Ovotransferrin (Conalbumin) 
Ovotransferrin (Gal d 3) has a molecular weight of 80 kD (686 amino 

acid residues) and a PI of 6.0. Jeltsch and C h a m b ~ n ~ ~  determined the 
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nucleotide sequence of an almost full-length, double-stranded cDNA 
clone.158 Through the use of the sequence of the 5' end of the ovotransfer- 
rin gene,"6 a complete sequence of chicken ovotransferrin mRNA was 
acquired.15* In addition, the amino acid sequence was obtained using 
conventional methods.73 Ovotransferrin has antimicrobial activity and 
iron-binding properties by way of its two homologous iron-binding 
domains. There is approximately 40% homology in the sequences of the 
two domains, which are believed to have arisen from gene duplication 
500 million years 

Lysozyme 

Lysozyme (Gal d 4) is a 14.3-kD protein with a PI of 10.7. Of all the 
proteins of eggwhite, lysozyme has been investigated most thoroughly 
at the molecular level. Its 129 amino acids have been sequenced by 
use of proteolytic fragments and Edman degrada t i~n .~~ It is a single 
polypeptide chain cross-linked by four disulfide bridges. The chain is 
folded upon itself so that the first 40 residues from the N-terminal end 
form a compact globular domain.I7 There is a second hydrophilic domain 
(residues 40-85), which forms one site of the active site cleft. Its mRNA 
with exons and flanking introns also have been identified?O Recombinant 
portions of lysozyme used in the study of mouse T-cell epitopes have 
been A consensus on the role of lysozyme in egg allergy, 
however, has not been established. 

Egg Epitopes 

Some progress has been made in determining the T- and B-cell 
epitopes of ovalbumin. A synthetic peptide prepared from ovalbumin 
demonstrates that sequences that are recognized by human IgE antibod- 
ies also may stimulate rabbit T cells.76 This peptide comprises amino 
acid sequences 323-339. Renz et allz7 found this same sequence to be 
important in the generation of immediate hypersensitivity responses in 
BALB/c mice exposed via the respiratory route. Shimojo et also 
found that an ovalbumin-specific T-cell line from an egg-allergic patient 
recognized peptide 323-339. The 323-339 sequence is K-G-A-E-N-I-E-A- 

B-cell epitopes for ovalbumin have been established more clearly. 
Johnsen and E l ~ a y e d ~ ~  demonstrated that IgE-binding occurs with amino 
acid sequence 323-339, the same sequence noted previously in two 
studies to stimulate T cells in humans and mice. Four linear and two 
conformational epitopes on ovalbumin using rabbit polyclonal and hu- 
man IgE with synthesized peptides of ovalbumin found region 1-10 to 
be a haptenic epitope. In addition, region 11-70 encompassed a linear 
determinant and was thought to be a fragment of a conformational 
determinant located in residues 20-70. Residues 71-285 gave two linear 
epitopes (105-122 and 323-339) and parts of them (85-92, 132-148, 
214-232, and 368-385) were felt to be likely involved in a conformational 

H-A-A-H-V-A-Q-S-I.76 
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e p i t ~ p e . ~ ~  In another study, this group found that region 11-70 does not 
encompass continuous epitopes, but probably conformational one(s), 
and whereas peptides 34-46 and 47-55 were not reactive, the allergen- 
icity was distributed over the whole 11-70 region, with 33-70 the strong- 
est. The activity of region 11-19 was weak, but was capable of specific 
IgE inhibition. Kahlert et al,S1 using cyanogen bromide cleavage of a 
commercial ovalbumin preparation, demonstrated IgE-binding to pep- 
tide sequences 41-172 and 301-385. 

Ovomucoid has prominent carbohydrate-containing domains.97 
Ovomucoid residues 1-64 encompass domain I, residues 65-130 are 
domain 11, and residues 131-186, domain 111. It appears that human IgE 
binds to the glycosylated domains but not to the nonglycosylated do- 
mains, although it is questioned if the carbohydrate moiety acts as an 
IgE-binding e p i t ~ p e . ~ ~  Konishi et al9I found in a mouse model that 
domain I1 contained 40% of the allergenicity of ovomucoid, but full 
allergenic potential could only be realized in combination of domain I1 
with either domain I or domain 111. In humans, T-cell proliferative 
responses for three egg-allergic subjects were studied with highly puri- 
fied ovomucoid domains.@ T cells from two of the subjects proliferated 
to domain 11, although T cells from the third patient did not proliferate 
to any of the purified domains. 

Codfish 

Gad c I 

The most comprehensive analysis of a food allergen has been the 
elegant work by Aas and Elsayed and colleagues, which resulted in the 
purification and characterization of the major codfish allergen, Gad c 1 
(originally designated Allergen M). Gad c 1 belongs to a group of 
muscle tissue proteins known as par~alburnins,4~ which control the flow 
of calcium in and out of cells and are only found in the muscles of 
amphibians and fish. Gad c 1 is an acidic protein (PI 4.75) with a 
molecular weight of 12,328 D. It is composed of 113 amino acids, which 
encompass three domains named AB, CD, and EF.46 The CD and EF 
domains coordinate one Ca + *-binding site each, whereas the AB domain 
does not have this property. 

Epitopes 

Gad c 1 contains at least five IgE-binding Two tryptically 
derived allergenic fragments, TM1 and TM2, were equally active in 
allergenicity TM1 is composed of amino acid residues 1-75 
and envelops the AB and CD domains, whereas TM2 is composed of 
amino acid residues 76-113 and envelopes the EF domain. 

Whereas tryptic hydrolysis studies of TM1 showed that region 
33-44 was important for a1lergenicity:O studies using synthetic peptides 
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established that region 49-64 encircles two repetitive sequences (Asp- 
Glu-Asp-Lys and Asp-Glu-Leu-Lys) that appear to be mutually im- 
portant for IgE-bh~ding.~~ It was shown that region 41-64 contained 
three homologous tetrapeptides, repeated in three sites, interspaced by 
six amino acids in a segment of 24 residues. IgE-binding capability is 
apparently independent of both the constitution and sequence of the 
spacer amino 

The AB domain shares more than 30% amino acid sequence homol- 
ogy with the CD and EF domains and is composed of residues 13-32. 
Synthetic peptides of this region demonstrated that it can bind IgE 
d i~a len t ly .~~ 

Tryptic hydrolysis studies of TM2 initially showed that region 88-96 
is partially responsible for the allergeni~ity.4~ In addition, however, re- 
gion 88-103 in the EF domain was shown to have 37.5% amino acid 
sequence homology with the CD domain peptide and is proposed to 
have a monovalent binding function.52 

Shrimp 

Pen a 1 and Pen i 1 

Daul et a137 isolated the major shrimp allergen, named Pen a 1, from 
boiled brown shrimp (P. aztecus) using conventional methods. Pen a 1 
has a molecular weight of 36 kD, and is readily isolated from the boiling 
water95 and meat of cooked shrimp. Pen a 1 is composed of 312 amino 
acid residues and 2.9% carbohydrate and has a PI of 5.2. It is referred to 
as Pen i 1 if isolated from a different species of shrimp, P. i n d i c u ~ . ' ~ ~  
Endoproteinase studies of Pen a 1 resulted in amino acid sequencing of 
a 21-residue peptide that demonstrated significant homology (609'0-85%) 
with tropomyosin from various species, consistent with the conclusion 
that Pen a 1 was shrimp t ropomy~sin.~~ The greatest homology occurred 
with fruit fly (Drosophila) tropomyosin (72'/0-87%); lesser (6O%-62%) 
homologies were observed with tropomyosin from various mammalian 
species. The higher homology seen with Drosophila tropomyosin can be 
construed as being indicative of the phylogenic connection between 
shrimp and insects.37 

Mete 1 

Leung et a196 produced a recombinant shrimp allergen from a cDNA 
library of the greaseyback shrimp, Metapenaeus enis. Shrimp mRNA and 
phage A gtl l  were used to construct the library, with which E. coli Y1090 
was then infected. Sera from shrimp-allergic patients was used to screen 
the library. A 2-kb cDNA fragment was cloned into the plasmid expres- 
sion vector pGEX, and screening was done with sera from shrimp- 
allergic patients. Five positive IgE-binding clones cross-hybridized with 
each other and bound IgE in sera from all eight shrimp-allergic patients 
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in the study. A 60-kD fusion protein was produced, which bound IgE 
from all eight serum samples. After consideration for the glutathione s- 
transferase, the deduced molecular weight of the recombinant protein 
was 34 kD. The allergen has 281 amino acid residues, and is similar in 
amino acid composition to Pen a 1 and Pen i 1. In addition, Met e 1 
showed 76% similarity and 65% identity with Drosophila tropomyosin. 

tRNA 

A minor allergenic tRNA moiety from boiled shrimp (P. indicus) 
has been de~cribed."~ The tRNA allergen possessed 11% of its dry 
weight as amino acids. After enzyme treatment, 84% of the amino acids 
were lost, but allergenicity was retained. The tRNA was not sequenced. 
It is possible that the allergenicity was caused by RNA-associated pro- 
teins/peptides, as the RNA was not totally barren of amino acid resi- 
dues. This remains the only documented example of a nucleic acid from 
food implicated in inducing an IgE response. 

Epitopes 

reported that two tryptically derived peptide se- 
quences from Pen i 1 bound shrimp-specific IgE. These were region 
50-66 and region 153-161: 50-66 is M-Q-Q-L-E-N-D-L-D-Q-V-Q-E-S-L- 
L-K and 153-161 is F-L-A-E-E-A-D-R-K. Both peptides inhibited binding 
of specific IgE to shrimp tropomyosin. Corresponding regions of tropo- 
myosins from different vertebrates showed little cross-reactivity in re- 
gion 50-66, but demonstrated significant allergenic cross-reactivity with 
tropomyosins from rhammalian species in region 153-160: seven of nine 
amino acids for chicken, rabbit, and human, and six of nine for rat 
tropomyosin. Many tropomyosins have homology in the 155-161 region; 
Shanti et a1 suggested that lack of homology in residues 153 (Leu) and 
154 (Ala) between other tropomyosins and shrimp tropomyosin implies 
that they may be crucial for IgE-binding. 

Leung et aP6 found that the recombinant shrimp allergen Met e 1 
also possessed an IgE-binding sequence identical to the 50-66 region of 
Shanti et al,136 and another small IgE-binding sequence of F-L-A-E-E-A- 
D-R-K, similar to the 153-161 region. 

Shanti et 

Peanut (Arachis hypogeae) 

Peanut proteins have been classified as albumins, arachin, and con- 
arachin, or nonarachin6> 38 Most of the storage proteins of the peanut are 
globulins, which make up 87"/0 of the total protein.75 The globulins are 
made up of two major proteins, arachin and conarachin, which corre- 
spond to legumin and vicilin, respectively. Under different conditions 
of ionic strength and pH, they associate and dissociate, making exact 
classification of individual components difficult.77* 78, 114 Arachin and con- 
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arachin have similar amino acid compositions and comparable electro- 
phoretic mobilities, suggesting structural similarities. In its native state, 
arachin exists as a molecule of at least 600 kD and it readily dissociates 
into a 340- to 360-kD dimer and 170- to 180-kD monomer.159 Johnson 
and N a i ~ m i t h ~ ~  showed by ultracentrifugation that conarachin could be 
further divided into two fractions, one 2s and one 8.4s. Later, these 
were designated conarachin I and conarachin I1 (or a-conarachin), re- 
spectively. Conarachin I (molecular weight, 142 kD) constitutes nearly 
30% of total peanut protein.126 Conarachin I1 has a molecular weight of 
290 k P 9  and represents 15% to 25% of the total peanut protein.lZ6 
Conarachin I1 contains no carbohydrate and has a PI of 3.9.137 

The allergenicity of the peanut was found to be spread throughout 
the arachin and conarachin fractions,14, 145 and no single protein has been 
found to be solely responsible for all of the allergenicity of the peanut.29 

Ara h 1 

Burks et aPO identified a 63.5-kD (PI of 4.55) molecular weight glyco- 
protein peanut allergen using immunoblotting and ELISA methods with 
sera from peanut-sensitive atopic dermatitis patients. This allergen was 
found to be a major allergen and was named Ara h 1. This group went 
on to clone this important peanut allergen.27 A peanut cDNA library 
was made from peanut (Florunner strain) mRNA, and was screened 
with IgE from peanut-allergic subjects. Of the resulting IgE-positive 
clones, a clone encoding Aru h 1 was selected using Aru h l-specific 
oligonucleotides and polymerase chain reaction (PCR) technology. Using 
the oligonucleotide GA (TC) AA (AG) GA (TC) AA (TC) GTNAT (TCA) 
GA (TC) CA derived from the amino acid sequence of an Am h 1 peptide 
(I-F-L-A-G-D-K-D-N-V-I-D-Q-I-E-K) as one primer and an oligo-dT 27- 
nucleotide-long stretch as the second primer, a portion of the mRNA 
that encodes this protein was amplified from peanut cDNA. A 32P- 
labeled insert from this clone was used as a hybridization probe in a 
Northern blot containing peanut poly (A) + RNA. This insert hybridized 
to a single-sized mRNA of approximately 2.3 kb. The insert contained 
1360 bases, not including the poly(A) tail. The sequence beginning at 
position 985 and extending through to position 1032 encoded an amino 
acid sequence identical to that determined from Aru h 1 peptide I. DNA 
sequencing130 of the cloned insert revealed that Aru h 1 has significant 
homology to the vicilin seed storage protein family found in most higher 
plants. There was 64% homology over more than 1000 bases when the 
clone sequence was compared with broad bean and pea vicilins. Studies 
of IgE-binding from sera from 11 peanut-allergic subjects showed that 
eight bound to recombinant Aru h 1 (produced in E. coli JM109 using 
vector pBluescript [Strategene, La Jolla, CAI). 

To begin the process of determining the IgE epitopes on recombi- 
nant Am h 1, its sequence was digested with Exo I11 for varying lengths 
of time to produce a sub-library of clones with progressively shorter 
inserts.141 Clones produced in this manner were sequenced around dele- 
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tion point 1 to ensure that the shortened, re-ligated clones were in frame 
and would produce the appropriate peanut peptide. These clones then 
were expressed, and their products were tested in IgE-binding studies. 
All peptides produced by the shortened clones retained some IgE-bind- 
ing, indicating that there are multiple Ara h 1 epitopes involved in 
peanut allergy.l4I Computer-modeling predicted several antigenic sites 
along the molecule, but a predominance of sites near the amino termi- 
nus. There are at least three IgE-binding epitopes on recombinant Ara 
h 1.25 

Ara h 2 

Burks et aP9 have identified and purified another peanut allergen, 
named Ara h 2. The allergen consists of two proteins whose molecular 
weights are 16.5 and 17.5 kD in SDS-PAGE (PI of 5.2). N-terminal 
sequence analysis was used to determine the first 35 amino acids; the 
proteins differed slightly in amino acid sequence. A set of oligonucleo- 
tide probes representing all of the possible coding sequences from the 
first (common) seven amino acids then was constructed. This set of 
probes and a poly-dT sequence were used as primers in the PCR to 
amplify Ara h 2 from first-strand cDNA synthesized from peanut mRNA, 
which resulted in two bands of 475 and 525 bp in length, respectively. 
Northern blot analysis using total peanut mRNA and a-32P dCTP- 
labeled PCR products as a probe revealed that the amplified DNAs 
represented nearly full-length mlu~Hs.'" lhere are at least two IgE- 
binding epitopes on recombinant Ara h 2.26 

Soybean (Glycine max) 

Soybeans contain multiple allergens. Globulins are the major pro- 
teins of soybean, and when subjected to ultracentrifugation, separate 
into 2S, 7S, 11S, and 15s fractions. The 2S, 7S, and 11s fractions demon- 
strate specific IgE-reactivity and considerable cro~s-reactivity.~~~ lZo, 138 

Variable IgE-binding patterns on immunoblots suggest that no one frac- 
tion binds more IgE. Only in one study has the 11s fraction found to be 
less allergenic than the other fractions, even though it comprises much 
of the total storage protein in the soybean.12" Because of the wide range 
of different analytical methods used in the study of these proteins, 
Catsimpoolas et a134 have proposed the following nomenclature: the 2s 
component that is different from soybean trypsin inhibitor is referred to 
as a-conglycinin and the 7s component isolated by the method of Robert 
and B r i g g ~ ' ~ ~  is referred to as P-conglycinin (vicilin). The 7s component 
isolated by the method of Koshiyama and is referred to as y- 
conglycinin, and the 11s component is referred to as glycinin. The 15s 
fraction consists mainly of polymers of g1y~inin.l~~ Because of the eco- 
nomic importance of soybeans, these proteins have been the focus of 
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much research effort, and many of them have been cloned and 
sequenced.58, 115 

Glym I 

Gly m 1 is described by Ogawa et allzo as a 30-kD molecular weight 
protein, a part of the 7s globulin fraction. Sixty-five percent of the 
subjects in this study had specific IgE for GEy m 1. In a later paper, this 
same research groupla found that the native allergen had a molecular 
weight of more than 300 kD. The monomeric form had a molecular 
weight of 32 kD and a PI of 4.5. Gly m 1 has an N-terminal 15 amino 
acid sequence and amino acid composition identical to that of the 
soybean seed 34-kD oil-body-associated protein (also called the soybean 
vacuolar protein P34). It is interesting to note that the 34-kD protein 
possesses 30% sequence homology to Der p 1, the major dust mite 
allergen, which is also a thiol pr0tea~e.I~~ The N-terminal sequence for 
Gly m 1 is K-K-M-K-K-E-Q-Y-S-C-D-H-P-P-A. In addition, the 34-kD oil- 
body-associated protein bound strongly to IgE from soybean-allergic 
sera and monoclonal antibodies against Gly m 1 in immunoblotting 
studies and demonstrated close homology to papain-like thiol protein- 
ases.82 The 34-kD oil-body-associated protein has been assumed to com- 
prise approximately 5% of the total seed cotyledon protein in the Miya- 
gisiro variety of soybean, although amounts may vary depending on the 
content of lipid in soybean 

68-kD Allergen 

Ogawa et found that 25% of IgE from sera of soybean-allergic 
individuals with atopic dermatitis recognized a 68-kD protein of the 75 
globulin fraction in immunoblotting studies. The protein was shown to 
be the a subunit of P-conglycinin, with a PI of 5.0 to 5.2. The sera 
recognized the a subunit but did not recognize the at or P subunits, 
even though they have a high degree of homology with the a subunit 
(the a and at subunits share more than 90% homology).134 The IgE- 
binding site in the 68-kD minor allergen of soybeans was judged to be 
located in the residue sequence 232-383. The predicted IgE-binding 
region on the a subunit, residues 232-383, corresponds to residues 
258-417 on the at 

Kunitz Soybean Trypsin Inhibitor (KSTI) 

KSTI has been described as an allergen in one soy-allergic subject 
working with KSTI in an occupational setting.'12 KSTI has been 
~ e q u e n c e d . ~ ~ , ~ ~  It is composed of 181 amino acid residues and has a 
molecular weight 20 kD. Brandon et all9 found that KSTI has as least 
two distinct antigenic sites, one of which is retained under denaturing 
conditions, and may be linear. KSTI was shown to elicit specific IgE 
antibodies in BALB/c mice.lZ2 
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Brazil Nut (Berthollefia excelsa H.B.K.) 

The major allergen from Brazil nuts, Ber e 1, is a 2s high-methionine 
protein119 that apparently is composed of two subunits. The 9-kD subunit 
of the protein was found to contain 77 amino acids. A 3-kD subunit also 
has been reported. The cDNA sequence for Bey e 1 has been established.s 
Poly(A) RNA was produced from Brazil nut embryos and cloned in 
dimer-vector pARC7. Resulting clones were screened by colony hybrid- 
ization using a 5’-labeled probe consisting of a mixture of six synthetic 
oligodeoxynucleotides complementary to the six possible RNA se- 
quences that could encode a methionine-rich region found in the partial 
amino acid sequence of the 9-kD subunit. Sequencing generally was 
done by Sanger’s method,’30 although some regions required sequencing 
by Maxam and Gilbert’s method.’” Characterization of the cDNA clones 
was done by hybrid-selected tran~lation.9~ Ber e 1 has 44% homology 
with the castor bean high-methionine protein and 21% homology with 
the rapeseed high-methionine protein. 

This 2s high-methionine protein was used in studies to attempt to 
correct the inherent deficient methionine levels of soybeans. Although 
successful, the genetic transfer of Ber e 1 to soybeans imparted Brazil 
nut allergenicity to the soybean,11s and hence, commercial development 
of this transgenic crop was abandoned. 

Mustard 

Yellow mustard (Sinupis a h )  and oriental mustard (Brassica juncea) 
are members of the Brassicacea family. Sin a 1 is a 2s albumin from 
yellow mustard seed, has a molecular weight of 15 kD,‘08 and is the 
major yellow mustard allergen.’07 It is a seed storage protein consisting 
of two disulfide-linked polypeptide chains, with 39 and 88 amino acid 
residues, respe~tive1y.l~~ The amino acid sequences of both chains have 
been established. In addition, this protein has been isolated from rape- 
seed, castor bean, and Brazil nut.lo7 Gonzalez de la Pena et aP5 described 
the cloning and expression of Sin a 1, the major allergen from yellow 
mustard seed. Cloning was carried out by means of PCR using nonde- 
generate oligo primers and coding for the N- and C-terminal regions of 
the mature protein. Sequence analysis showed the presence of two 
nucleotide sequences, indicating polymorphism and suggesting exis- 
tence of multiple isoforms of the allergen. This 2s protein is a member 
of the Napins family, which is encoded by genes without introns, is 
synthesized as polypeptide precursors, and which in turn must be pro- 
cessed by specific maturation proteases to render the two chains of the 
mature pr0tein.6~ 

Further studies have suggested that IgE-binding to Sin a 1 is confor- 
mational, as reduction and carboxyamidomethylation of both polypep- 
tide chains produced a substantial decrease in IgE-binding. Specific IgE- 
binding also was decreased when the only tyrosine residue of the protein 
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underwent nitration. A murine monoclonal antibody, which also binds 
to this tyrosine site, decreased IgE-binding by 50%.106 

The major allergen of oriental mustard seed, Bra j 1, has been 
isolated,64 and its amino acid sequence has been determined."' The Bra 
j 1 allergen showed microheterogeneity, was classified as an albumin, 
and was immunologically cross-reactive with the major yellow mustard 
allergen, Sin a 1. In addition, it showed 89% sequence identity with Sin 
a l.ll1 Its molecular weight ranges from 16 to 16.4 kD. Monslave et aP1 
found that Bra j 1 and Sin a 1 share a common murine monoclonal 
epitope: a histidine residue seems to be essential for recognition by 
the antibody. The synthetic peptide Q-P-H-V-I-S-R-I-Y-Q-T-A-T, which 
corresponds to Sin a 1 residues 55-68, was recognized by the monoclonal 
antibody, and sera from 7 of 11 mustard-allergic patients showed IgE- 
binding to it. Both of these proteins appear to have an a-helical structure 
and are storage proteins with a high glutamine content.Io8 

Rice (Oryza satha) 

The major rice allergens have been found to consist of microhetero- 
geneous albumin proteins with molecular weights ranging from 14 to 
16 kD and with PIS of 6 to 8.1°1 They are encoded in a multigene family 
and belong to the mamylase/ trypsin inhibitor family in cereal seeds2, '02 

The nucleotide sequence of cDNA coding for the major rice allergen has 
been determined.72 The nucleotide sequence of 486 bp has an open 
reading frame that encodes for a 162 amino acid residue and has a 
deduced molecular weight of 14,764 D. A cDNA library was constructed 
from mRNA from maturing rice seeds and phage X gtll .  The clones were 
screened using a nucleotide sequence that contained the complementary 
sequence to the N-terminal amino acid sequence of a 16-kD major 
rice allergen. cDNA inserts were subcloned into pUC118 or 119, and 
sequencing was done by the method of Sanger et aI.l3O In another study, 
four rice seed proteins encoded by cDNAs belonging to the a-amylase/ 
trypsin inhibitor gene family were overexpressed as TrpE-fusion pro- 
teins by vector pATH3 in E. coli HB101. The molecular weight of the 
fusion protein was approximately 52 kD, and taking into consideration 
that TrpE is 37 kD, the remainder of the clones had deduced molecular 
weights of 14 to 15 kD. Although rabbit polyclonal and murine mono- 
clonal antibodies specific for this recombinant rice allergen have been 
studied, no human IgE-binding studies have been done.7 

The deduced amino acid sequence of the major rice allergen has 
been shown to have homology to barley trypsin inhibitor (20%) and 
wheat a-amylase inhibitor (40Y0).~' Because a single protein seems to 
account for much of the allergenic reactivity, attempts have been made 
to reduce rice allergenicity by selecting strains induced by chemical 
mutation to produce hypoallergenic cu l t i~ars . '~~  A second approach has 
been to introduce chimeric genes that encode antisense RNAs of rice 
allergic protein into rice with a hydromycin phosphotransferase gene by 
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electroporation to reduce the amount of allergenic protein formed in the 
grain.loo This approach has had minor success. 

Wheat and Barley 

Although the vast majority of complaints of hypersensitivity to 
wheat and barley manifest themselves in the form of baker's asthma, an 
occupationally acquired syndrome, a certain number of individuals are 
allergic to ingested wheat. Proteins of wheat, rye, and barley flour are 
the most commonly implicated sources of allergens for baker's asthma. 
The major allergens in bakers' asthma have been identified as a group 
of &-amylase inhibitor (AI) proteins.56 It is interesting to note that the 
deduced amino acid sequence of the major rice allergen has been shown 
to have homology to barley trypsin inhibitor (20%) and wheat A1 (~OYO).~'  
One could theorize that some of the relevant allergenic proteins involved 
in wheat ingestion allergy could be A1 proteins. This has not been shown 
to date, however. In one study, approximately 25% of wheat-allergic 
children were found to react to another cereal grain (barley, oat, or 
rye).79 This phenomenon may be caused by cross-reaction with AIs or 
other allergenic proteins common to these cereals. 

&-Amylase inhibitors from barley and wheat share an amino acid 
sequence homology of 37y0.~' A monoclonal antibody directed against a 
14 kD-wheat A1 also recognizes a similar component in rye 
suggesting shared epitopes. A number of proteins from these cereal 
grain flours have been purified: and allergens from wheat60, 61, 94 and 
barley'05 have been cloned. Consequently, several trypsin/ A1 proteins 
from wheat species (Triticurn durarn Desf cv Agathe,@ T.  aestivurn L. 
genomes AABBDD cv Chinese T. turgidurn L. genomes AABB 
cv Senatoree-Caplelli,61 T. aestivum cv Timgalen98) have been cloned 
molecularly and their DNA sequences reported. Five continuous IgE- 
binding epitopes have been identified on the wheat AI.154 

Mena et allo5 have cloned the major barley allergen, which is a 14.5- 
kD barley endosperm protein. This is a glycosylated monomeric member 
of a multigene family of inhibitors of a-amylase/tryptase from cereal 
grains. Its deduced amino acid sequence contains 132 residues. A cDNA 
library constructed from mRNA from immature barley endosperms 
(Hordeurn vulgare L. cv. Abissynian 2231) and vector X NM1149 was 
created and screened with a 23-nucleotide degenerate synthetic probe 
derived from the N-terminal sequence of the purified allergen (corre- 
sponding to residues 4-11 from the N-terminal ~equence).'~ The com- 
plete sequence was obtained using the method of Sanger et The 
resulting cDNA encoded for the known 20 N-terminal amino acid resi- 
d u e ~ . ' ~  Sequence analysis showed that the recombinant barley mono- 
meric A1 had 57% homology to the barley homodimeric AI, and 59% 
with the wheat monomeric AI. Computer modeling has predicted three 
antigenic sites for the barley monomeric AI, whereas wheat monomeric 
A1 and barley homodimeric A1 have two each. 
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Buckwheat (Fagopyrurn esculenfurn Moensch) 

A major allergen of buckwheat seed, a protein with a molecular 
weight of 24-kD, was described by Urisu et al.146 All of the buckwheat- 
allergic patient sera in the study showed IgE-binding to this protein. 
The N-terminal amino acid sequence showed 37.9% to 48.3% identity 
with the light chain of an 11s globulin from dicot species (pea, soybean, 
cotton, mouse-ear cress, rape, pumpkin, cucurbit, sunflower); 51.7% 
identity with a similar protein in monocots (rice, oat); and 31.0% identity 
with a protein from the gymnosperm of the Douglas fir pine.146 These 
proteins correspond to B subunit oligomers of globulin storage proteins. 
No further analysis has been done on this allergen. 

Pollen Allergies and Foods 

It is well-documented that individuals with tree pollen allergies 
often suffer intolerance to nuts, fruits, and  vegetable^.^^, 55 Apples8, 32 and 
hazelnuts8, 32 are the most common offenders, although reactions to 
botanically unrelated fruits also occur.59, 153 Individuals who suffer from 
grass or weed pollen allergies often show sensitivity to carrot, celery, 
potato, and some 

Bet v I 

Bet z, 1 is the major allergen of birch pollen and the most important 
allergen for birch pollen-food cross-reactions. It is a 17-kD cytosolic 
protein whose cDNA sequence is highly conserved in dicotyledonous 
plants.74 It has homology to a family of mRNAs that are induced in 
somatic tissues of some higher plants by infection with  pathogen^.'^^ No 
biologic properties of Bet z, 1 are yet known. Birch pollen cDNA was 
made using mRNA of birch pollen and hgtll. The library was screened 
for IgE-binding proteins with serum from birch pollen-allergic individu- 
als. The cDNA was subcloned into pKK223-3, then transformed into E. 
coli JM105. Serum from birch pollen-allergic individuals was used to 
probe the expressed ~r0 te ins . I~~ 

Ebner et a142 found immunologic cross-reactivity and nucleotide 
sequence similarity between Bet z, 1 from birch pollen and an apple 
allergen with a molecular weight of 17 to 18 kD. Bet z, 1 cDNA was 
ligated into the plasmid SK' Bluescript, and a complete Bet z, 1 coding 
region was excised. This region hybridized to apple RNA in Northern 
blots, showing the presence of highly homologous transcripts in birch 
pollen and apple. Vieths et have conducted amino acid sequencing 
of the 26 N-terminal residues of the 18-kD apple allergen and found 
significant sequence homology (62%) between this protein and that of 
the major birch pollen allergen Bet z, 1. Hsieh et aP9 found that the 
amino-terminal amino acid sequences of the apple IgE-binding 18-kD 
and 31-kD proteins share about 50% sequence identity with Bet z, 1 and 
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other disease resistance proteins of various plants.69 In addition, binding 
of IgE from patients with hazelnut allergy to an 18-kD hazelnut allergen 
could be blocked by preincubation of sera with recombinant Bet v l.67 
Bet D 1 is considered to be a B-cell epitope in toto, as only cDNAs 
encoding the entire open reading frame could be isolated by screening 
expression libraries with serum from birch pollen-allergic patients.I3* 

Profilin is involved in birch pollen-fruit sensitivity, but also plays a 
wider role in cross-reactivity with other foods.149 In contrast to other 
major allergens that occur in botanically related species, profilins are 
thought by some to represent important cross-sensitizing allergens re- 
sponsible for allergic as approximately 20% of pollen-aller- 
gic patients show IgE-binding to pr0fi1in.l~~ Bet v 2, a birch pollen protein 
identified as a profilin with a molecular weight of 14 kD, also has been 
determined to be a cross-reactive allergen in a variety of fruits and 
~egetab1es.l~~ Recombinant Bet D 2 was produced in the same manner 
discussed previously for Bet v 1, but screening was done with serum 
from birch pollen profilin-allergic individuals. 

Ebner et ala found in immunoblotting studies that preincubation of 
serum from birch pollen-allergic patients with recombinant Bet D 2 
reduced cross-reactive IgE-binding to pear, celery, carrot, and potato 
proteins. In addition, IgE from three Bet D 2-allergic subjects bound to 
the purified 15-kD celery allergen, and this binding could be prevented 
by preincubation with recombinant Bet D 2.149 

SUMMARY 

Recombinant food allergens will significantly improve diagnosis by 
allowing standardization of food allergen extracts. In addition, the qual- 
ity of extracts could be improved through the use of recombinant ana- 
logs of scarce or labile allergens. Treatment in the form of immunother- 
apy would see the most potential in use of molecular biology techniques 
in the manipulation of food allergen genetic sequences. Genetic modifi- 
cation of some allergenic epitopes and subsequent use in immunother- 
apy may lead to repression of the entire immune response to an allergen. 
Advances such as this may assist the growth and success of the embry- 
onic science of immunotherapy for food allergies. In addition, recombi- 
nant food allergens will help delineate the immunologic and pathophysi- 
ologic mechanisms regarding sensitivity. 

At present, the inventory of recombinant food allergens is small. 
The list of cloned food allergens certainly will increase with time and 
will provide invaluable information and the keys to facilitating new 
therapies for the treatment of food allergy. 
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