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The recently completed genome sequence of the model plant species Arabidopsis has been estimated to encode over 25,000
proteins, which, on the basis of their function, can be classified into structural and metabolic (the vast majority of plant
proteins), protective proteins, which defend a plant against invasion by pathogens or feeding by pests, and storage proteins,
which proved a nutrient store to support germination in seeds. It is now clear that almost all plant food allergens are either
protective or storage proteins. It is also becoming evident that those proteins that trigger the development of an allergic
response through the gastrointestinal tract belong primarily to two large protein superfamilies: (1) The cereal prolamin
superfamily, comprising three major groups of plant food allergens, the 2S albumins, lipid transfer proteins, and cereal
a-amylase/trypsin inhibitors, which have related structures, and are stable to thermal processing and proteolysis. They
include major allergens from Brazil nut, peanuts, fruits, such as peaches, and cereals, such as rice and wheat; (2) The cupin
superfamily, comprising the major globulin storage proteins from a number of plant species. The globulins have been found
to be allergens in plant foods, such as peanuts, soya bean, and walnut; (3) The cyteine protease C1 family, comprising the
papain-like proteases from microbes, plants, and animals. This family contains two notable allergens that sensitize via the
GI tract, namely actinidin from kiwi fruit and the soybean allergen, Gly m Bd 30k/P34. This study describes the properties,
structures, and evolutionary relationships of these protein families, the allergens that belong to them, and discusses them in

relation to the role protein structure may play in determining protein allergenicity.
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INTRODUCTION

The term allergy was first coined by von Pirquet, in 1906
and referred to the ‘changed reactivity’ of an individual follow-
ing exposure to an ‘agent’ for a second or subsequent occasion.
Such allergic reactions (also known as hypersensitivity reac-
tions) are now known to occur following a variety of environ-
mental challenges, including foods. They are a consequence of
inappropriate immune responses that may result in inflammatory
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reactions and tissue damage and were classified many years ago
by Coombs and Gell on a symptomatic basis into Types I, 11, III,
and IV. Of these, only Type I hypersensitivity reactions involve
generation of an IgE antibody response toward an environmental
agent, the IgE then binding to the surface of histamine containing
mast cells. Following exposure to the same environmental agent
on a subsequent occasion, the agent becomes bound to several
IgE molecules, cross-linking them. This event triggers the re-
lease of mediators, such as histamine from the mast cells, which
go on to trigger an acute inflammatory reaction manifested as
respiratory (asthma, rhinitis), skin (eczema, urticaria), or gas-
trointestinal symptoms (vomiting, diarrhoea), either alone or in
combination. A rare, but very severe, reaction is anaphylactic
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shock characterized by respiratory symptoms, fainting, itching,
urticaria, swelling of the throat or other mucous membranes, and
a dramatic loss of blood pressure.

The macromolecules able to sensitize an individual and sub-
sequently elicit an allergic reaction are called allergens, and they
are almost always proteinaceous in nature. In Type I hypersensi-
tivity reactions, this usually means that an allergen is the protein
toward which an IgE response is generated. However, not all IgE
causes an allergic response, as has been found for peanut allergic
patients who have serum IgE that cross-reacts with soy proteins,
but have no demonstrable allergic reactions on consuming soy
(Eigenmann et al., 1996). Allergens can also be classified as
being either major, i.e., one recognized by IgE from 50% of
a group of at least ten allergic patients, or minor (Larsen and
Lowenstein, 1996). However, such a designation does not carry
any connotation of allergenic potency and is disputed by some
(Alberse, 2000).

The normal function of IgE is to provide some protection
against parasitic infestations, but the mechanism involved in trig-
gering its production in allergic disease has not been defined. It
is clear that factors such as the level of exposure to allergens and
genetic predisposition play an important role. Sensitization may
occur via the skin, inhalation, or the ingestion of substances.
Other factors, such as respiratory tract viral infections and en-
vironmental pollutants, may either reduce or enhance allergen-
specific IgE production, possibly by increasing mucosal perme-
ability in organs, such as the lungs (Hopkin 2002; Salvi, 2001).
Food allergy sensitization usually occurs via the gastrointesti-
nal tract and frequently results in systemic reactions. There are
other food allergy syndromes where sensitivity to a food is as-
sociated with prior sensitization to an inhalant allergen, such
as pollen or latex. In such instances, IgE developed to pollen
or latex allergen cross-reacts with homologous proteins found
in foods, such as fruits and vegetables (Breiteneder and Ebner,
2000). In general, symptoms from these cross-reacting allergies
tend to be less severe and are confined to the mouth, with itching
and swelling around the lips, leading to the term ‘Oral Allergy
Syndrome’ (OAS), although in some instances reactions may be
more severe, even life-threatening (Anderson, 1996).

PLANT FOOD ALLERGIES

Along with other types of allergic disease, the prevalence of
food allergy appears to be increasing. Thus, 1-2% of adults are
thought to suffer from some form of food allergy, the prevalence
being higher in children (up to 7%) (Anderson, 1996). While
for a large proportion of sufferers the allergic reactions are de-
bilitating, for some they can be life threatening. In particular,
the incidence of more severe reactions, such as anaphylaxis, to-
ward foods, such as peanuts seems to be rising, particularly in
childern. Indeed, peanuts are one of most allergenic foods, fre-
quently causing very severe reactions. For example, it has been
estimated that 28 % of food allergies in France arise from peanuts
(Moneret-Vautrin et al., 1998), with almost all the allergic sub-
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jects being under 7 years of age. Another cause for concern is
that unlike allergies to cow’s milk, where almost all children
lose their sensitivity by the age of 7, allergy to some foods, such
as peanuts, appears to be life long.

A wide range of plant foods have been cited as causing aller-
gic reactions, and of the seven main foods that are responsible
for causing the majority of food allergies, four are of plant ori-
gin, namely wheat, peanuts, soy, and tree nuts (Bush and Hefle,
1996). Currently, we do not understand what makes certain foods
more allergenic than others, but the level of exposure to sensi-
tizing agents undoubtedly plays a part. Thus, the distribution
of allergies differs between countries depending on food con-
sumption, with buckwheat allergy being much more common
in the Far East where it is widely consumed, than is the case in
Western countries (Park et al., 2000). Patterns of cross-reacting
allergies also differ geographically, as related to the presence
of both the environmental sensitizing agent and consumption
of fruits and vegetables. In areas where birch pollen allergy is
common, there is a higher incidence of associated apple allergy
(Pauli et al., 1996), while in central Europe, allergies to birch
and mugwort pollen result in reactions to vegetables, such as
celery (Bauer et al., 1996).

In addition to the levels of exposure to allergens, it is possible
that certain structural and biological properties of proteins pre-
dispose them to becoming allergens by increasing their uptake
and interactions with the immune system. In order to elicit an
IgE response, an allergen must be able to enter the body (i.e.,
cross a mucosal barrier) and then survive in vivo, while retaining
sufficient structural integrity for a sufficient length of time to in-
teract with the immune system. Thus, the structural features of
a protein that predispose it to become an allergen will be largely
determined by the route of sensitization. Hence, food allergens
sensitizing via the gastrointestinal tract must be stable to thermal
processing and resistant to the digestive process, while inhalant
allergens must be readily soluble in physiological buffers. Many
possess proteolytic activity, enabling the allergen to breach the
respiratory mucosa (Stewart and Thompson, 1996). A fuller un-
derstanding of the role that protein structure plays in allergenic-
ity is a necessity, as regulatory procedures require an assessment
of the allergenic properties of a novel food (including genetically
modified organisms [GMOs] destined for food use), before they
can be approved for human consumption (Kimber et al., 1999).
Indeed, a WHO-FAO consultation on the allergenicity of foods
derived from biotechnology suggested that the allergenic risk
assessment process should take into account whether a candi-
date transgene encodes a protein belonging to a known plant
allergen protein family (FAO-WHO, 2001). It is also important
if in vitro diagnostics of allergic disease are to be improved and
will pave the way for development of therapeutic strategies, to
use modified allergens to desensitize individuals.

This review discusses the comparative structures and prop-
erties of plant food allergens, primarily those found in seeds,
which are thought to sensitize individuals via the gastrointesti-
nal tract, including common structure and properties that may
relate to their allergenic potential. The properties of pollen and
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latex-fruit/vegetable allergens have been described elsewhere
(Breiteneder and Ebner, 2000; Hoffman-Sommergruber, 2000).

PLANT AND SEED PROTEINS

The study of plant proteins has a long history, extending to
1745, when the isolation of wheat gluten was first described
(Beccari, 1745). However, the first systematic study of plant
proteins was carried out by T.B. Osborne, while working at the
Connecticut Agricultural Experiment Station (USA) between
1886 and 1928. He published studies of proteins from seeds of
32 plant species leading to his monograph “The Vegetable Pro-
teins,” published in 1924 (Osborne, 1924). Previous workers had
used a range of solvents to extract and separate plant proteins,
and Osborne combined these into a sequential procedure, which
is now generally called “Osborne fractionation”.

This procedure is designed to be applied to milled seed ma-
terial which is extracted sequentially with water to extract al-
bumins, dilute saline (0.5-1.0 M NaCl) to extract globulins,
alcohol-water mixtures (traditionally 60-70% (v/v) ethanol) to
extract prolamins and dilute acid, or alkali to extract glutelins, a
small proportion of the total proteins remaining in the residue.
This procedure has been modified in a number of ways since
first introduced, particularly by the replacement of ethanol with
other alcohols (e.g., 50% (v/v) propan-1-ol) and the inclusion of a
reducing agent to extract prolamin subunits present in polymers
associated by interchain disulphide bonds, and by the extraction
of the glutelins with detergents (e.g., SDS) and/or chaotropic
agents (e.g., urea), instead of acids or alkalis, which can cause
partial degradation. Although these modifications have led to the
production of purer and better defined fractions, it still suffers
from the drawback that the same Osborne fraction may contain
different types of proteins in the same seed or in different seeds
or other plant tissues.

Thus, seed storage proteins may be present in the albumin and
globulin fractions, where they are mixed with smaller amounts
of non-storage proteins, while the prolamins form a well-defined
storage protein fraction in cereal grain, but contain only minor
non-storage components in other species. The glutelins usually
comprise insoluble structural and metabolic proteins, but also
contain residual globulin and prolamin storage proteins that have
not been extracted by the previous solvents. Furthermore, the
Osborne fractions have little meaning when applied to vegetative
tissues in which storage proteins are not present. Although many
seed biologists still use the Osborne classification, there is now
a consensus of opinion that it is more valid to initially divide
plant proteins into three broad groups: structural and metabolic,
protective, and storage.

CLASSIFICATION OF PLANT PROTEINS
Structural and Metabolic Proteins

These include a wide range of proteins, which play roles in
the structure and function of plant cells. Many may be regarded
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as “housekeeping” proteins, since they are essential for the struc-
ture and function of all cells, while others are synthesized only in
specific cell types or tissues at a specific developmental stage or
inresponse to specific signals. They include enzymes involved in
biosynthesis and catabolism, structural proteins present in mem-
branes and cell walls, transporters, and components of signalling
cascades. For example, analysis of the proteins encoded by the
Arabidopsis genome (a model plant species related to crucifers
such as cabbage and oilseed rape) predicts that about 22.5% of
the genes encode enzymes of primary and secondary metabolism
and 11% encode proteins involved in defence, while the remain-
der encode proteins involved in growth and division, energy
generation, signal transduction, transcription, protein synthesis,
and cellular trafficking and transport (The Arabadopsis Genome
Initiative, 2000).

Most structural and metabolic proteins are present in very
small amounts, sometimes too small to be identified by elec-
trophoresis of total protein fractions (for example, components
of signalling pathways). However, this is not the case for some
other components, such as photosynthetic enzymes and associ-
ated proteins in green tissues. The most abundant of these pro-
teins, ribulose-1, 5-bisphosphate carboxylase/oxygenase (usu-
ally abbreviated to rubisco), accounts for about 30-40% of total
leaf protein in most species.

Despite the widespread consumption of vegetative tissues by
humans, there is little evidence that either the major photosyn-
thetic enzymes or the less abundant structural and metabolic
proteins provoke allergic reactions.

Protective PR Proteins

Planttissues contain arange of proteins and peptides that have
been demonstrated to inhibit the growth of pathogenic micro-
organisms (fungi, bacteria, viruses) or the feeding or infection
by invertebrate pests (e.g., nematodes, molluscs, insects), either
in vivo (e.g., in transgenic plants) or in vitro (e.g., in feeding
tests). These proteins are widely considered to play a natural
role in plant resistance, although this is difficult to establish
conclusively. They are also considered to have potential for ex-
ploitation to confer resistance in transgenic crops and a number
of putative protective proteins have been demonstrated to have
such effects when tested in model crop plants or under controlled
growth conditions (Shewry and Lucas, 1997). However, despite
the fact that this effect was first described over a decade ago
(Hilder et al., 1987), commercial crops expressing plant-derived
protective proteins have yet to be produced. This contrasts with
the success achieved using the endotoxins derived from the bac-
terium Bacillus thuringiensis (Bt toxins) in crops such as maize
(corn) and cotton.

The most widely studied plant defense response is the
pathogenesis-related (PR) proteins, which were initially iden-
tified in tobacco leaves responding hypersensitively to infec-
tion by tobacco mosaic virus (TMW) (Gianinazi et al., 1969,
1970; van Loon and van Strien 1999). Subsequent studies have
identified PR proteins in a range of other species, including
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Table 1 The families of PR-proteins

Family Biological Properties
PR-1 Unknown
-2 B-1,3-glucanase
-3 Type L, 11, IV, V, VI, VII chitinases
-4 Type L, II chitinases
-5 Thaumatin-like
-6 Proteinase inhibitor
-7 Endoproteinase
-8 Type III chitinase
-9 Peroxidase
-10 “Ribonuclease-like”
-11 Type I chitinase
-12 Defensin
-13 Thionin
-14 Lipid transfer protein
-15 Oxalate oxidase
-16 “Oxalate oxidase-like”
-17 “Proteinase-like”

Based on van Loon and van Strien (1999) and Christensen
et al. (2002).

cereals and other major crops and have shown that their syn-
thesis is also induced by infection with other microbes (viroids,
bacteria, fungi) or treatment with chemical elicitors, notably
salicylic acid or acetyl salicylic acid (asprin). The latter is now
known to relate to the role of salicylate in endogenous pathogen
signalling pathways in the plant. The first PR proteins to be
identified tended to be acidic and selectively extracted at low
pH, highly resistant to proteolysis, and located in the intracel-
lular space. However, it has since been shown that many PR
proteins also exist in basic forms that are located in the vacuole.

Presently, 17 different classes of PR proteins have been de-
fined, as summarized in Table 1. These clearly vary widely in
their biological properties, but four types of activity are partic-
ularly noteworthy.

(1) Enzyme inhibition, inhibitors of proteinases and o-amylases
are widespread, but inhibitors of polygalacturonase (an en-
zyme secreted by plant pathogenic fungi) and other enzymes
also occur.

(2) Hydrolysis of polysaccharides or proteins, including
lysozyme, which hydrolyzes bacterial cell walls, «-1,3-
glucanases and endochitinases, which hydrolyze fungal hy-
phae and/or insect cuticles.

(3) Destabilization of membranes resulting in leakage, includ-
ing thionins, 2S albumins, thaumatin-related proteins lipid
transfer proteins, and some defensins.

(4) Binding to chitin (an «-1,4-linked polymer of N-acetyl-
glucosomine present in fungal cell walls and insect cuticles),
lectins, hevein, endochitinases, and some defensins.

However, the relationships between these activities and plant
protection are still not fully understood, and many putative de-
fensive proteins may have additional or different types of bio-
logical activity.

E.N.C.MILLS ET AL.

The most widespread type of protective protein is inhibitors
of proteinases with over 20,000 studies having been published by
1991 (Richardson). Proteinase inhibitors are divided into twelve
classes (see Shewry, 1999) defined on their amino acid sequences
and target enzymes. Ten of these classes are active against serine
proteinases (the most widespread class of proteinases), with the
two remaining classes being active against carboxypeptidases
and cysteine proteinases (the cystatins). There is little or no se-
quence homology between the different classes of proteinase in-
hibitors, which also vary considerably in their molecular masses
and distribution in different groups of plants.

Seed Storage Proteins

These are classified into three groups based on their solubil-
ity properties. The globulin storage proteins are usually soluble
in 0.5 to 1.0 M Nac(l, although some types may be only sparing
soluble under these conditions. Globulins are classified into two
groups on the basis of their sedimentation co-efficients (Szqy),
determined by sedimentation ultracentrifugation. The literature
on globulins is massive, and the reader is referred to review arti-
cles (Boulter and Croy, 1997; Derbyshire et al., 1976; Gatehouse
et al., 1984; Shewry and Casey, 1999; Wright, 1987, 1988) for
more detailed accounts and references to primary sources.

The 11S-12S globulins are the most widespread group and are
present in monocotyledonous and dicotyledonous seeds, with
homologues also present in gymnosperms (including conifers).
They are particularly characteristic of legume seeds and, hence,
are often called legumins. “Typical” legumins have M, of about
300,000-450,000 and consist of six subunits of M, about 60,000.
These subunits are the products of a multigene family and are
associated by noncovalent forces. Each subunit is post-
translationally processed to give rise to acidic (M, about 40,000)
and basic (M, about 20,000) chains, which are associated by a
single disulphide bond. Thus, 11S/12S globulins give charac-
teristic patterns of M, 60,000 subunits when separated by SDS-
PAGE without reduction and of M, 40,000 + M, 20,000 chains
when reduced. The 11/12S globulins are rarely, if ever, glyco-
sylated.

The 7/8S globulins also occur in a range of monocotyle-
donous and dicotyledonous species and are often called vicilins
because of their presence in the Viciae group of legumes. They
are typically trimeric proteins of M, about 150,000-190,000,
with subunit M, ranging from about 40,000-80,000, but typ-
ically, about 50,000. Furthermore, proteolytic processing and
glycosylation may occur, resulting in a diverse spectrum of com-
ponents when separated by SDS-PAGE. For example, vicilin
components ranging in M, from about 12,000 to 50,000 are
present in seeds of pea. Vicilins contain no disulphide bonds,
and consequently, the spectrum of components revealed by SDS-
PAGE is similar in the absence or presence of reducing agents.

Although the mature 11/12S globulins differ from the 7S
globulins in being hexameric rather than trimeric, they are ini-
tially assembled in the endoplasmic reticulum of the seed into
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trimers that are then transported to the vacuole, where proteoly-
sis to release the acidic and basic polypeptides occurs, together
with assembly into hexamers (Gatehouse et al., 1984; Miintz
etal., 1993). Similarly the trimeric mature 7S globulins may un-
dergo reversible aggregation into hexamers depending on ionic
strength (Thanh and Shibasaki, 1979).

2S albumin storage proteins were first characterized in the
early 1980s (Youle and Huang, 1981) and are now known to be
a major family of storage proteins (Shewry and Pandya, 1999).
They appear to be restricted to seeds of dicotyledonous plants,
where they may accompany 11/128S globulins and/or 7/8S glob-
ulins. Most 28 albumins are synthesized as single chains of M,
10,000-15,000 that are post-translationally processed to give
small and large subunits that usually remain joined by disul-
phide bonds. As a consequence of their being rich in the sulphur-
containing amino acid methionine, some 2S albumins have been
a target for genetic manipulation of food crops to improve their
amino acid balance. Thus, a 2S albumin from Brazil nut has been
transferred into soy, with the result that extracts of the transgenic
seed showed positive reactions for IgE binding and skin pricks
when tested against patients suffering from allergy to Brazil nuts
(Nordlee et al.,1996).

The prolamin storage proteins are characterized by their sol-
ubility in aqueous alcohols and insolubility in dilute salt solu-
tions, either in the native state or after reduction of interchain
disulphide bonds. Although all prolamins are rich in proline
and glutamine, the combined proportions of these amino acids
actually vary from about 30-70 mol% in different components.
Similarly, their M, range from about 10,000 to 100,000, and they
include monomeric components, which either lack cysteine or
have interchain disulphide bonds and high M, (above 1 x 10°)
polymeric complexes stabilized by interchain disulphide bonds.
Although it is not possible to define the structure and properties
of a “typical” prolamin, almost all contain regions (domains),
that either consist of repeated peptide motifs or are enriched in
specific amino acids. These domains are responsible for the high
proportions of glutamine, proline and other amino acids (e.g.,
methionine, histidine, glycine, phenylalanine) in specific groups
of prolamins. These repetitive domains are usually accompanied
by one or more nonrepetitive domains that contains most or all
of the cysteine residues. The reader is referred to Shewry and
Tatham (1990; 1999) and chapters in Shewry and Casey (1999)
for further details and references.

The comparison of available amino acid sequences shows that
all prolamins appear to be related, with exception of the major
a-zeins of maize and homologues in other “panicoid” cereals
(sorghum and millets). This suggests that they have evolved from
a common ancestral protein or proteins, as discussed below.

Plant Protein Superfamilies

Since Victorian times, manual workers in the oil-seed (castor
bean and cotton seed) milling and wheat milling and baking in-
dustries have become sensitized toward these seeds by inhalation
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of air borne particles. Subsequently, the allergens in these seeds
have been identified as either 2S albumins or «-amylase/trypsin
inhibitors, leading to the view that these protein families should
be considered to be potentially allergenic (Youle and Huang,
1981). The last two decades have seen a massive increase in
our knowledge of plant proteins, with the availability of amino
acid sequences from molecular cloning and of three-dimensional
structures from x-ray crystallography and NMR spectroscopy.
These allow proteins to be re-classified on the basis of their
structural and evolutionary relationships, allowing the concept
of allergenic plant protein families or pan-allergens to be studied
more systematically. Most seed storage proteins form part of two
larger protein superfamilies: the prolamin superfamily and the
cupins. These superfamilies contain a number of major allergens
that are thought to sensitize individuals via the gastrointestinal
tract and will, therefore, be discussed in detail.

THE PROLAMIN SUPERFAMILY

This protein superfamily was initially identified on the basis
of visual comparison of amino acid sequences, as described by
Kreis et al. (1985). At this time, three groups of proteins were in-
cluded, the prolamins of the Triticeae (barley, wheat, rye), cereal
grain inhibitors of trypsin and «¢-amylase, and the 2S albumin
storage proteins of dicotyledonous plants. Using computational
methods of analysis, a comparison of protein sequences shows
that the prolamin superfamily has six families: the prolamins
of wheat, barley, oats, and rice: the minor prolamins of maize
(B, y and §-zeins) and other panicoid cereals (sorghum, mil-
lets); the tryptophan-rich puroindolines of cereals; a-amylase
inhibitors; 2S albumins and the non-specific lipid transfer pro-
teins (ns LTPs) (Figure 1). It is of interest that all of these pro-
teins, except the ns LTPs, appear to be seed-specific, at least in
higher plants.

All members of the prolamin superfamily are characterized
by a conserved pattern of cysteine residues that are located within

a-amylase/trypsin

inhibitors
Prolamin
storage
proteins
Prolamin ;
2S albumins
Ancestor

Figure 1 The evolutionary relationships of the main members of the prolamin
superfamily.
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a sequence of about 100 amino acid residues (Figure 2). Either
six or eight such cysteine residues are present. These residues
form three or four intra-chain disulphide bonds. Most of the
proteins contain characteristic Cys Cys and Cys X Cys motifs,
where X represents any other residue and can be defined by the
formula:

Cys-(X = 7-13)-Cys-(X = 8-26)-Cys-Cys-(X = 8-30)

-Cys-X-Cys-(X = 20-48)-Cys-Cys €8

Most members of the prolamin superfamily also have low
M, (below about 15,000), with the conserved region accounting
for almost the whole protein. However, certain prolamin-type
proteins contain additional sequences that may be present as in-
serts or as separate protein domains. Particularly, most cereal
prolamin storage proteins contain additional domains that con-
sist of repeated amino acid sequences or are enriched in specific
amino acid residues (e.g., methionine). The degree of sequence
identity between the conserved regions of various prolamin-type
proteins is low, but a comparison of known 3-dimensional struc-
tures of prolamin superfamily members demonstrates striking
similarity at the structural level. Figure 3 illustrates this similar-
ity by comparing the 3D structures of the ns LTP from maize,
the a-amylase inhibitor from Indian finger millet (ragi), and the
2S albumin (napin) from oil seed rape. All the proteins have a
related fold consisting of bundles of four «-helices stabilized
by disulphide bonds using the structural classification of pro-
teins (SCOP) data base (Murzin et al., 1995) as the “four «-
helices folded leaf fold.” Structural alignment shows that the
positions of the w-helices are approximately conserved, but that
there are some significant shifts. All the proteins also have four
or five disulphide bridges with four distinguishable patterns of
disulphides seen in the three-dimensional structures, and only
two disulphides are conserved between superfamily members.
While the pattern Cys-X-Cys is present in helix three of all

Wheat 0.19 Amylase Inhibitor

Figure 3  Aligned structures of members of the prolamin superfamily. A: A
ribbon representation of maize non-specific lipid transfer protein (Shin et al.,
1995). The conserved disulphides on the second «-helix are at the top right. B:
A ribbon representation of wheat 0.19 o-amylase inhibitor (Oda et al., 1997).
C: A ribbon representation of oilseed rape napin (Rico et al., 1996).
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the superfamily members, these cysteines do not form the same
disulphide bonds. This is most obvious for the ns-LTPs, where
the order of disulphide bonds is different than that in the other
members of the superfamily, and helix three has moved in space.
The Cys-X-Cys pattern is also shifted by one turn of helix three
in napin, compared with the o-amylase inhibitor. It is possible
that this is a rare example of protein sequence being more highly
conserved than protein structure.

The prolamin, ns LTP, «-amylase/trypsin inhibitor, and 2S
albumin families all include proteins that are major food aller-
gens. The characteristics of these allergens are summarized in
Table 2 and discussed below, on a family-by-family basis.

Prolamins

Occurrence and Properties

Prolamins are restricted to the seeds, and particularly to the
starchy endosperm tissues, of members of the grass family,
where they form the major storage protein fraction in most
species (Shewry and Tatham, 1999). They account, on average,
for about 50% of the total grain proteins in most cultivated cere-
als (maize, wheat, barley, sorghum, millets), but only about 10%
in oats and rice, where the major storage proteins are the 11/12S
globulins. Prolamins are characterized by solubility in alcohol-
water mixtures, either in the native state or after the reduction
of inter-chain disulphide bonds (which stabilize polymeric com-
plexes).

Structure and Sequence

Prolamins show immense variability in their structures, se-
quences, and properties. Two major groups can be recognized
that do not appear to be related. The first is the a-type zeins
of maize and related proteins in other tropical cereals, such as
sorghums and millets. These proteins do not appear to belong to
the prolamin superfamily or to any other recognized family of
plant proteins. The second group comprises the minor zeins of
maize (8, v, §-zeins), related proteins in other tropical cereals
and all of the prolamins present in temperate cereals (wheat, bar-
ley, rye, oats), and rice. Since only wheat prolamins have been
reported as allergens, only these will be discussed in detail.

Wheat prolamins correspond broadly to the gluten proteins
and are classically divided into two groups: the monomeric
gliadins, and polymeric glutenins (Figure 4). However, com-
parisons of amino acid sequences indicate that it is more valid
to classify the proteins within these groups into three families.
Thus, the monomeric «-type gliadins, y-gliadins, and poly-
meric low molecular weight (LMW) subunits of glutenin are
all sulphur-rich (S-rich) prolamins, while the monomeric w-
gliadins and the polymeric high molecular weight (HMW) sub-
units of glutenin are S-poor and HMW prolamins, respectively
(Shewry et al., 1999).

The sequences of typical members of these groups are sum-
marized in Figure 4 where it is shown that all have distinct
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domain structures, including one domain consisting of repeated
sequences. In the S-rich prolamins, a short unique N-terminal se-
quence is followed by a domain comprising repeated sequences
based on one or two short motifs rich in proline (P) and glu-
tamine (Q). Cysteine residues are present in the nonrepetitive
C-terminal domain (and also close to the N-terminus in some
LMW subunits). Sequence alignment shows that the character-
istic Cys-Cys-(X = 9-19)-Cys-X-Cys motif of the prolamin su-
perfamily is present in this domain, as shown for an «¢-gliadin as
sequence in Figure 6A, and that it aligns more closely with the -
amylase/trypsin inhibitors than other members of the prolamin
superfamily. Repeated sequences based on similar repeat motifs
also comprise the bulk of the w-gliadin as shown in Figure 4,
with only short unique sequences at the protein N - and C-termini
and no cysteine residues. Finally, the HMW subunits contain ex-
tensive repeated sequences based on two or three short motifs
(in y-type and x-type subunits, respectively) that are not related
to those present in the S-rich and S-poor prolamins. This repet-
itive domain is flanked by nonrepetitive domains that contain
cysteine residues that are thought to form inter-and intrachain
disulphide bonds, leading to the assembly of the subunits into
high M, polymers.

Allergens

Despite the widespread perception that cereals, particularly
wheat are responsible for a large proportion of food allergies,
there is a paucity of data regarding the role of cereal prolamins
in allergic disease, although their role in the aetiology of coeliac
disease is well defined. Studies on cereal allergies have been
complicated by the low solubility of cereal prolamins in dilute
salt solutions, routinely used in clinical studies, and the fact
that cooked wheat flour provokes different symptoms compared
with raw wheat flour (Guenard-Bilbault et al., 1999). Wheat has
been shown to be involved in wheat-induced atopic dermatitis
(Varjonen et al., 1995, 2000) and exercise-induced anaphylaxis
(EIA) (Varjonen et al., 1997). EIA is a reaction that certain
patients experience only when exercising after the consumption
of a problem food. Two allergens have been described: a y-
gliadin and an «-gliadin (Palosuo et al., 1999). Others (Takizawa
et al., 2001; Tanabeet al., 1996) have also found the prolamins
to be major cereal allergens and in one instance LMW subunits
of glutenin containing the pentapeptide motif Gln-Gln-Gln-Pro-
Pro have been identified as the major protein binding to IgE from
patients with atopic dermatitis to wheat (Tanabe et al., 1996).
Maruyama et al. (1998) have also found that a y- and an «-
gliadin were also IgE-reactive prolamins.

Non-Specific Lipid Transfer Proteins

Occurrence and Properties

The ns LTP family differs from other members of the pro-
lamin superfamily, in that they are not restricted to seed tissues.
They were initially defined on the basis of their ability to transfer
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Figure 4 Summary of the domain structures of “typical” wheat prolamins. The consensus amino acid sequences of the repeat motifs are shown using standard
single letter abbreviations: G, glycine; F, phenylalanine; L, leucine; P, proline; Q, glutamine; S, serine; T, threonine; V, valine; Y, tyrosine. The figure is based on
reported amino acid sequences (Anderson et al., 1989; Bartels et al., 1986; Colot et al., 1987; Hsia and Anderson, 2001; Kasarda et al., 1984).

phospholipids from liposomes to mitochondria in vitro, but this
activity lacks specificity in terms of the type of phospholipid
and membrane. Their in vivo function remains unknown, but the
observations that ns LTPs frequently occur in epidermal tissues
and that components from radish and onion seeds inhibit fun-
gal growth in vitro indicate that they may be protective. It has
also been suggested that they may be involved in the transport of
cutin and suberin monomers to the site of waxy cuticle synthesis.
There is also a relationship between ns LTP expression and cuti-
cle wax thickness(Douliez et al., 2000). Such a role is compati-
ble with the involvement of ns LTPs in plant defence responses,
and some ns LTPs have been designated as belonging to PR
(pathogen response) group 14 (van Loon and van Strien, 1999).

Structure and Sequence

More than 100 plant ns LTPs have been sequenced, and the
aligned sequences of a number from various plant seeds and tis-
sues are shown in Figure 5. Comparisons of sequences show that
ns LTPs are closely homologous, comprising 67—139 residues

(M, ~ 7,000 to at least 15,000) with eight conserved cysteines
that form four intrachain disulphide bonds. However, some pro-
teins with ns LTP activity have sequences that are much more
distantly related, such as the ns LTP of castor bean (Tsuboi et al.,
1991).

The ns LTPs are the best characterized members of the pro-
lamin superfamily at the structural level, with 3D-structures
available of ns LTPs from maize (Gomar et al., 1988; Gomar
et al., 1996; Shin et al., 1995), rice (Lee et al., 1988; Poznanski
et al., 1999), barley (Heinemann et al., 1996), and wheat, the
latter determined both by X-ray and NMR methods (Charvolin
et al., 1999; Gincel et al., 1994; Tassin-Moindrot et al., 2000).
There is clear homology between these ns LTPs, with 52 out
of 90 structurally aligned residues being identical (57.8%) be-
tween maize and wheat, 46 out of 85 (54.1%) between maize
and barley, and 70 out of 89 (78.7%) between maize and rice.
The structures of some ns LTPs (including those from barley
and wheat) have been determined for the free protein and when
complexed with one or two lipids. The free and lipid-bound
forms of ns LTPs show structural differences, most notably in the
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sp|P19656 |MAIZE ----MARTQQLAVVATAVVALVLLAAATSEAAI SCGQVASATAPCISYARGQGSGPSAGE 56
sp|P23096 |RICE ----MARAQ- - - LVLVALVAALLLAAPHAAVAITCGQVNSAVGPCLTYARG-GAGPSAAC 52
sp|P07597 | BARLEY LTP1 ~---MARAQ--VLLMAAALVLMLTAAPRAAVALNCGOVDSKMKPCLTYVQG-GPGPSGEC 53
sp|P24296 |WHEAT 9k = ——----- AQ--VMLMAVALVLMLAAVPRAAVATIDCGHVDSLVRPCLSYVQG-GPGPSGQC 50
Sp|P81402|PEACH  mmmmmmmmmmmm e ITCGOVSSALAPCIPYVRGGGAVPP-AC 27
tr|Q9M5X7 APPLE ----MASSA--VTKLAL-VVALCMAVS-VAHAITCGQVTSSLAPCIGYVRSGGAVPP-AC 51
sp|Q39950 | SUNFLOWER - - --MAKMA - ~-MMVLCAGVTCMVVGAP-YTEALSCGQVSSSLAPCISYLTKGGAVPP-AC 52
sp|004403|P. JUDAICA MRTVSMAALVVIAAALAWTSSAELASAPAPGEGPCGKVVHHIMPCLKFVKGEEKEPSKSC 60
tr|Q40454 TOBACCO ----MARFLVFLALALVIISKKGALGAPP- - - - SCPTVTTQLAPCLSYIQGGG-DPSVEC 51
tr|004004 RAGWEED --MDCIRILWSVAVGLLLVSWRPTMFAASP---TCDTVQNILAPCAGFLTGQE--PSKAC 53
Sp|P10975|CASTOR BEAN —------ MKNVVFSVLLLLSFLFCLANTNEAAVPCSTVDMKAAACVGFATGKDSKPSQAC 53
sp|Q41258 |AMP1_ALLCE ----MVRVVSLLAASTFILLIMIISSPYANSQNICPRVNRIVTPCVAYGLG--RAPIAPC 54
* * * - * *
Sp|P19656 | MAIZE CSGVRSLNNAARTTADRRAACNCLKNAAAGVSGLNAGN-AASIPSKCG-VSIPY-TISTS 113
sp|P23096 |RICE CSGVRSLFAAASTTADRRTACNCLKNAARGIKGLNAGN-AASIPSKCG-VSVPY-TISAS 109
sp|P07597 | BARLEY LTP1 CNGVRDLHNQAQSSGDRQTVCNCLKGIARGIHNLNLNN-AASIPSKCN-VNVPY-TISPD 110
Sp|P24296 |WHEAT 9k CDGVKNLHNQARSQSDRQSACNCLKGIARGIHNLNEDN-ARSIPPKCG-VNLPY-TISLN 107
Sp|P81402| PEACH CNGIRNVNNLARTTPDRQAACNCLKQLSASVPGVNPNN-AAALPGKCG-VHIPY-KISAS 84
tr|QIM5X7 APPLE CNGIRTINGLARTTADRQTACNCLKNLAGSISGVNPNN-AAGLPGKCG-VNVPY-KISTS 108
sp| 039950 | SUNFLOWER CSGVKSLNSAAKTTPDRQAACGCLKSAYNSISGVNAGN-AASFPGKCG-VSIPY-KISPS 109
sp|004403|P. JUDAICA CSGTKKLSEEVKTTEQKREACKCIVAATKGISGIKNEL-VAEVPKKCG- ITTTLPPITAD 118
tr|Q40454 TOBACCO CTGINNIYELAKTKEDRVAICNCLKTAFTHAGNVNPTL-VAQLPKKCG-ISFNMPPIDKN 109
tr|004004 RAGWEED CTGVNNLNNSRKTKADRVAVCNCIKELTKSIA-YDPKR-MPLLSTKCG-VKPDFPAVDKN 110
sp|P10975|CASTOR BEAN CTGLQOLAQTVKTVDDKKAICRCLKASSKSLG- IKDQF - LSKIPAACN- IKVGF-PVSTN 109
sp|041258|ONION AMP1 CRALNDLR-FVNTRNLRRAACRCLVGVVNRNPGLRRNPRFONI PROCRNTFVRPFWWRPR 113
* . . . * k. *

sp|P19656 |MAIZE TDCSRVN-———=—===——— 120

sp|P23096 |RICE IDCSRVS-—===———=——— 116

sp|P07597 | BARLEY LTP1 IDCSRIY----———————— 117

sp|P24296 |WHEAT 9Kd IDCSRV--———=——————— 113

sp|P81402 | PEACH TNCATVK---=-==——==—— 91

tr|QI9M5X7 APPLE TNCATVK---————————~— 115

sp | Q39950 | SUNFLOWER TDCSKVQ-———=—==———— 116

sp|004403 |P. JUDAICA FDCSKIESTIFRGYY---- 133

tr Q40454 TOBACCO YDCNTISMY-===—==—===~ 118

tr|004004 RAGWEED LDCSKLPV-=-=======~ 118

sp|P10975|CASTOR BEAN TNCETIH-------—-—----— 116

sp|Q41258 |ONION AMP1 IQCGRINLTDKLIYLDAEE 132

.k

>

spl1ssssiMaize kernel Zea m 14

splP2a0ss| Rice kernel

spporse7) Barley kernel LTP1

sop2s06Wheat kernel 9kD

spperacz Peach fruit Prup 3
4'3 wioomsxz Apple fruit Mald 3

siasssoSunflower seed

spias12s8) Onion seed AMP1
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B
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Figure 5 Aligned sequences (A) and dendrogram (B) for a selection of allergenic and non-allergenic plant ns LTPs. Allergens are shown in bold. *, conserved
residues; . conserved substitutions; : semi-conserved substitutions. Conserved cysteine residues are shaded. Allergen names are preceded by database accessions:
sp—Swiss Prot; t—TREMBL.

C-terminal residues 75—84 of the wheat ns LTP, although smaller
changes are observed in the same region of the maize ns LTP on
binding lipid.

Allergens

The peach ns LTP allergen was the first to be characterized
(Pastorello et al., 1999a; Sanchez-Monge et al., 1999), but ns

LTPs have since been found to be major allergens in various
foods, leading to the family termed as ‘pan-allergens’ (Sanchez-
Monge et al., 1999). The high degree of sequence homology
shown by the members of this family results in the ns LTPs be-
ing highly cross-reactive allergens. Thus, in a study of maize
allergy, the IgE from a significant proportion of the patients rec-
ognized both maize LTP and LTPs from a variety of fruits, as
determined by immunoblotting (Pastorello et al., 2000b). LTP
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allergens have also been identified in pollen, where pateints had
pollen allergies without associated food allergies (Duro et al.,
1996; Tejera et al., 1999) and have also been identified in an indi-
vidual with an occupational allergy to spelt, who had symptoms
on consuming a variety of fruits (Pastorello et al., 2001a). Thus,
ns LTPs appear to behave in a similar fashion to the 2S albu-
mins, where sensitization by inhalation and/or the oral route can
occur.

Ns LTPs are remarkably thermostable, retaining their aller-
genic activity in processed foods, such as sterilized peach juice
(Brenna et al., 2000), beer (Asero et al., 2001; Curioni et al.,
1999), and fermented products, such as wine (Garcia-Robiana
et al., 2001). Thus, the ns LTP of barley only begins to unfold
following heating above 95°C (Lindorff-Larsen and Winther,
2001) and can survive the brewing process in a modified but
immunoreactive form (Bech et al., 1995). The proteins are also
resistant to proteolysis by a range of enzymes including pepsin
and trypsin (Asero et al., 2000; Lindorff-Larsen and Winther,
2001), despite having a number of internal tryptic cleavage
sites.

While not especially abundant in fruits or seeds, ns LTPs can
become concentrated in epidermal tissues and associated with
the waxy layers (Douliez et al., 2000). Thus, one strategy that
has been employed successfully to reduce the allergen content of
peach juice is to use chemical peeling prior to juicing to remove
the bulk of the peel associated ns LTP allergens (Brenna et al.,
2000).

sp|P17314| WHEAT CM3
tr|041540 Wheat CM17
sp|P01085| WHEAT 0.53
sp|P01084| WHEAT 0.19
tr|Q40655 Rice RAP
sp|Q01883 |Rice RAl7
sp|P33432 |WHEAT
Puroindoline A
tr|Q40729 Rice prolamin

E.N.C.MILLS ET AL.

Trypsin and o-Amylase Inhibitors

Distribution and Properties

Seeds of the triticeae (barley, wheat, and rye) and some other
cereals (notably maize, rice, and ragi) contain a family of in-
hibitors of trypsin and exogenous (i.e., non-plant) «-amylases.
These were initially identified in extracts made with chloro-
form/water mixtures (called CM proteins), but are also present
in extracts made with water, dilute saline, or alcohol/water mix-
tures. More detailed studies have revealed a range of monomeric,
dimeric, and tetrameric forms, with the individual subunits be-
ing either inactive or inhibitory to trypsin (and sometimes other
proteinases), «-amylases from insects (including pests), or both
enzymes (i.e., the inhibitors are bifunctional).

Structure and Sequence

A number of cDNAs and/or genes for «-class cereal inhibitor
subunits have been isolated, showing that the encoded proteins
comprise between 121 and 171 amino acid residues before re-
moval of the signal peptides. Thus, the inhibitors tend to be sig-
nificantly larger than the ns-LTPs, with M, ranging from about
12,000 to 16,000 (Figure 6). Eight, nine, or ten cysteine residues
are present that appear to form four or five interchain disulphide
bonds. Although some subunits contain an unpaired cysteine

tr|Q9M4M3 Wheat d-gliadin MVRVPVPQLQPQNPSQQQPQEQVPLMQOQQQQFPGQQEQFPPQQPYPHQQPFPSQQPYPQP

sp|P17314| WHEAT CM3 -—-———-————- SAS---————-———~ Gmmmmmmm SCVPG-VAFRTNLLPH
tr|041540 Wheat CM17 —————————- AVGN-——===—=——— Emmmmmm e DCTPW-TSTLITPLPS
sp|P01085| WHEAT 0.53 —————-————mmmm e SGPW-= === === mmm e m e MCYPG-QAFQVPALPA
sp|P01084| WHEAT 0.19 ———-—m—mmmm oo SGPW--==——mmmm e mmmm e MYPG-QAFQVPALPG
tr|Q40655 Rice RAP = —————————- MAEYHHQDQVVYTPAP-—-——-—————————————— LCQPG-MGYPMYPLPR
sp|Q01883|Rice RA17  —————————- TMADHHQ---VYSPGE-——————————— e QCRPG-ISYPTYSLPQ
sp|P33432 |WHEAT = —————————- AQYS--EVVGSYDVAG-—--——==—=————————— GGGAQ-QCPVETKLNS
Puroindoline A

tr|040729 Rice prolamin = ----—------ AITT--MQYFPPT-——-——m e e e e e e e e LAMGTMDP

tr|Q9M4M3 Wheat o-gliadin QPFPPQLPYPQTQPFPPQQPYPQPQPQYPQPQQPISQOQAQQQQQQQQILOQILOQQLIP

Figure 6 Aligned sequences (A) and dendrogram (B) for a selection of allergenic and non-allergenic a-amylase inhibitors. Allergens are shown in bold. *,
conserved residues; . conserved substitutions; : semi-conserved substitutions. Conserved cysteines are shaded. Allergen names are preceded by database accessions:

sp—Swiss Prot; tr—TREMBL. (Continued)
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residue, this does not appear to form an intersubunit disulphide
bond, the oligomeric forms of the inhibitors are stabilized only
by noncovalent forces.

Members of the inhibitor family for which structural infor-
mation is available include those from wheat (Oda et al., 1997),
maize (Behnke et al., 1988), and ragi (Strobel et al., 1995; Gouri-
nath et al., 2000). Their three-dimensional structures are more
divergent than those of the ns-LTP family. The maize and ragi
inhibitors are quite closely related, with 71 identities in 112
structurally aligned residues (63.4%), and the homology may be
higher because some identical residues are displaced by loops
moving within the molecules. However, the wheat and maize
inhibitors share only 25 identities out of 82 structurally aligned
residues (30.5%). Four disulphide bridges are conserved within
the family, a fifth disulphide bridge is present in the inhibitors
from wheat and ragi, but not in that from maize.

Allergens

Allergens belonging to the cereal inhibitor family are of par-
ticular interest, because they are involved in both respiratory and
food allergies. Although the former are strictly outside the scope
of this study, it is nevertheless of interest to consider their struc-
tures and properties in relation to those of related non-allergenic
proteins and dietary allergens.

Bakers’ asthma is an occupational allergy developed by
millers, bakers, and others who handle cereal flours. Most sub-
units of the ¢-amylase/trypsin inhibitors present in seeds of bar-
ley, wheat, and rye react with IgE from allergic patients when
tested in vitro. However, the relative activities of the different
subunits vary greatly, with the most active being glycosylated
forms of subunits present as either monomeric and tetrameric
«-amylase inhibitors in barley, or as tetrameric o-amylase in-
hibitors in wheat. These subunits are designated BMAI-1, BTAI-
CMb, and WTAI-CM16, respectively (see Carbonero and
Garcia-Olmedo, 1999). The same allergens have been character-
ized in orally sensitized wheat allergic individuals, although only
one M, ~ 15,000 subunit was involved (James et al., 1997). An
M, 16,000 beer allergen has also been described that originates
from barley and appears to belong to the a-amylase inhibitor
family (Curioni et al., 1999). Similarly, a major M, 16,000 al-
lergen in maize probably also belongs to this family (Pastorello
et al., 2000b).

The other well characterized food allergy to the cereal in-
hibitor family is in rice. The major rice allergens are inhibitors
of human salivary «-amylase with M, of about 14,000—16,000
(Nakase et al., 1996). More than ten different cDNA clones have
been isolated indicating the presence of a multigene family (Al-
varez et al., 1995; Izumi et al., 1992; Nakamura and Matsuda,
1996). However, antisense expression of a single sequence has
resulted in decreases in the total allergen content of transgenic
rice seed from about 300 pg/seed (20 mg) to 60-70 ng/seed,
which was associated with a decrease in transcripts to about
20% of the wild type levels.

E.N.C.MILLS ET AL.

28 Albumins

Distribution and Properties

2S albumin storage proteins have been characterized, and in
some cases, corresponding cDNAs and/or genes isolated, from a
botanically diverse range of dicotyledonous plants. They include
major temperate crops, such as brassicas (oilseed rape, mus-
tards), sunflower and legumes (lupin, pea), and tropical crops
imported into Western Europe and Northern America, such as
Brazil nut, sesame, and castor bean. An interesting feature is the
presence in some species of methionine-rich albumins. These
are present, together with methionine-poor forms, in sunflower,
but appear to be the only type of 2S albumin present in Brazil
nut (Shewry and Pandya, 1999).

Several types of biological activity have been reported for 2S
albumins, including inhibition of proteinases (trypsin, subtil-
isin, and a-chymotrypsin) in some brassica species (Svendsen
et al., 1989, 1994; Genov et al., 1997) and antifungal activ-
ity by membrane permeabilization in radish (Raphanus sativus)
(Terras et al., 1992, 1993). Furthermore, the related mabinlin
II protein in the seeds of the tropical plant mabinlin (Capparis
masaikai) is one of a small number of naturally occurring sweet
proteins (Liu et al., 1993; Nirasawa et al., 1993). Activity as
an antagonist of calmodulin (Polya et al., 1993) has also been
proposed.

Sequences and Structures

Most 2S albumins have a “typical” structure comprising small
and large “subunits” and associated by four interchain disulphide
bonds, as previously discussed. However, variant forms do ex-
ist. For example, sunflower albumins are not post-translationally
processed to give two subunits, while the subunits of pea albu-
min, which appears to belong to a different structural family, are
not linked by disulphide bonds (Figure 7). Furthermore, in sun-
flower and castor bean, two mature abumins may be encoded by
a single mRNA and synthesized as a single protein that is post-
translationally cleaved to give two single subunits (sunflower)
or two heterodimeric proteins (castor bean).

As with other groups of storage proteins, the 2S albumins
show a high level of sequence variation (Figure 8), although
they share the conserved disulphide structure common to all
members of the prolamin superfamily. For example, the napin
precursor has only 22% identical aligned residues with the Brazil
nut 25 albumin, although restriction of the sequence compari-
son to residues 38—138 of the Brazil nut 2S against the two
mature napin chains raises this to 31%. Thus, while the 2S al-
bumins have a common architecture, their sequences are suffi-
ciently divergent, making it impossible to correctly align every
residue.

The 2S seed storage proteins are represented by a single NMR
structure of the napin protein (Rico et al., 1996) and are more
closely related in structure to the amylase inhibitor family than
any other member of the prolamin superfamily, sharing the same
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Figure 8 Aligned sequences (A) and dendrogram (B) for a selection of allergenic and non-allergenic 2S albumins. Allergens are shown in bold. * conserved
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pattern of the four conserved disulphide bonds. However, their
protein sequences are only distantly related.

Allergens

2S albumins were among the first plant proteins to be de-
scribed as allergens over 50 years ago (Youle and Huang, 1981).
One of the best characterized is the 2S albumin from yellow mus-
tard seed, Sin a 1 (Menendez-Arias et al., 1988), although others
now have been identified in peanut (Burks et al., 1992a), orien-
tal mustard (Monsalve et al., 1993), Brazil nut (Pastorello et al.,
1998b), almond (Poltronieri et al., 2002), sunflower (Kelly et al.,
2000), and most recently, sesame seed (Pastorello et al., 2001b).
It has also been reported that the 2S albumins of soy (Shibasaki
et al., 1980) and chickpea (Vioque et al., 1999) are allergens.
The IgE epitopes of the allergenic peanut 2S albumin, Ara h 2,
have been characterized, three of which are immunodominant
(Stanley et al., 1997). Epitope analysis of the 25 allergens from
oriental and yellow mustards has identified a major antigenic de-
terminant spanning residues 55-69 of Bra j 1 e (Monsalve et al.,
1993), while studies using recombinant Brazil nut 2S albumin
have shown the major IgE binding region to be located within
the large subunit (Oommen et al., 2000).

Like many other food allergens, the 2S albumins are appar-
ently resistant to proteolysis. Thus, Sin a 1 shows remarkable re-
sistance to proteolysis, with the loss of only a M, 1,300 fragment
after 24 h of trypsinolysis, despite being rich (15.5%) in argi-
nine and lysine residues. These proteins also exhibit an ability to
bind or associate with lipids, although not through the action of a
binding pocket, as is the case for members of the ns LTP family,
but through their activity as efficient emulsifiers (Gueguen et al.,
1996). Indeed, the allergenicity of soy 2S albumins appears to be
enhanced through interactions with oxidized lipids (Doke et al.,
1989). Sin a 1 has also been shown to associate with phospho-
lipid lipid vesicles (Onaderra et al., 1994) perturbing the bilayer
and causing the formation of leaky structures. Onaderra et al.
(1994) suggested that these properties might play a role in the
allergenic properties of mustard 2S albumins by increasing gut
permeability, thereby, enhancing allergen uptake and access to
the mucosal immune system.

It seems highly likely that the 2S albumin allergens, common
with other prolamin superfamily members, are thermostable.
However, to date, they have not been characterized in this re-
spect, even though the plant seeds from which they originate are
often consumed in a cooked form.

THE CUPIN SUPERFAMILY

The cupins are a superfamily of proteins with a common
barrel-like architecture that has variously been described as a
“double-stranded B-helix” (Murzin et al., 1995) or a “jellyroll.”
However, it was not clear whether these folds shared a common
ancestor until the shared sequence motifs, [G(X)sHXH(X);G]
and [G(X)sP(X)4H(X)3N], (where X is any amino acid residue
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Figure 9 Evolution of cupin superfamily from a common ancestor.
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and is a metal binding site in many, but not all, members of the
superfamily) were identified (Dunwell and Gane, 1998; Gane
et al., 1998; Dunwell, 1998). The term “cupin” (based on the
Latin name for a small cask or barrel) was introduced to describe
this superfamily, the members of which are probably related by
divergent evolution from a common ancestor (Figure 9).

The basic structural feature of the cupins is the presence of a
double stranded B-helix domain. Proteins may contain either one
or two copies of this, the latter being termed bicupins. The best
characterized example of the former is germin, a protein initially
identified as being synthesized during the early stages of wheat
embryo germination, but now known to exhibit enzymic activ-
ity as oxalate oxidase. Each germin monomer contains a single
double-stranded SB-helix domain fused to a short a-helical do-
main, and six monomers form a homohexamer that is, in effect,
a “trimer of dimers” (Woo et al., 2000).

It is not known whether the duplication of the ancestral
germin-like protein has occurred once or several times during the
evolution of the cupin superfamily. Hence, the relationships be-
tween the various bicupins is obscure. The most widely studied
bicupins are the 7S and 118 storage globulins, with the 7S glob-
ulin monomer corresponding in structure to the germin dimer
and the trimeric 7S globulin to the germin homohexamer (Woo
et al., 2000).

While there is one report of a germin being an allergen (Leit-
ner et al., 1998), some notable plant food allergens belong to
either the 78S vicilin-like or 11S legumin-like seed storage glob-
ulin families. The properties of these allergens are summarized
in Table 2; their occurrence, properties, and structures in relation
to their allergenic properties are discussed below.

Storage Globulins

Occurrence and Properties

Globulins are generally highly abundant in nuts and seeds,
comprising up to 70% of seed protein (Bewley and Black, 1994).
They are found in many plant species, including legumes (soy,
peas, beans, lentils, chickpea, and peanut) and in nuts/seeds,
such as Brazil nut, almonds, sesame, and sunflower. While some
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species (such as peanut and soy) synthesize both legumin-like
11S and vicilin-like 7S globulins, others contain only 118 (e.g.,
Brazil nut) or 7S globulins (e.g., French bean).

In general, these vicilin-like and legumin-like seed globulins
exhibit a high degree of thermostability, requiring temperatures
in excess of 70°C for denaturation and have a propensity to form
large aggregates on heating that still retain, to a large degree,
their native secondary structure (Huang et al., 1998; Mills et al.,
2001; Yamauchi et al., 1991). At high protein concentrations,
these proteins can form heat-set gels (Yamauchi et al., 1991) and
may undergo further cross-linking as a consequence of Maillard
reactions (Chung and Champagne, 1999).

o—Helical
Domain 2

Domain 1

E.N.C.MILLS ET AL.

Structure and Sequence

Three-dimensional structures have been determined for two
7S globulins: phaseolin from French bean (Lawrence et al., 1990,
1994) and canavalin from jack bean (Ko et al., 1993, 2000).
Figure 10 shows the canavalin trimer (Ko et al., 2000), with the
basic cupin fold of domain 1 comprising a number of B-strands
and a-helices forming domain 2. Single cupin folds are found
in other proteins, such as oxalate oxidase, gene duplication, and
fusion, giving rise to the 7S bicupin with an approximate 2-fold
axis (Figure 10). Canavalin and phaseolin are structurally very
similar proteins, especially if the N- and C-terminal halves are

o—Helical
Domain 4

Domain 3

Figure 10 Structure of canavalin, a 7S globulin belonging to the cupin superfamily, from seeds of jack bean. Ribbon representation based on the structure of Ko

et al. (1993, 2000).
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superimposed separately, with r.m.s. distances of 0.49-0.52 A
for the 112—125 Cu pairs in the N-terminal domain and 0.49—
0.51 A for 115-131 pairs in the C-terminal domain (Ko et al.,
1993, 2000). The crystal structure of the trimeric proglycinin
a(1a)B(1b) (11S globulin precursor) protein of soy (Adachietal.,
2001) has revealed a structure similar to that of the 7S globulins.
However, whereas the two 7S globulin structures contain some
disordered regions, these represent approximately 20% of the
structure in the 11S proglycinin. Adachi et al. (2001) suggested
that these disordered regions prevent formation of the native
glycinin hexamer until proglycinin is proteolytically processed
to glycinin.

Allergens

The 11S and 7S globulins of soy were among the first plant
food allergens to be characterised (Shibasaki et al., 1980), al-
though interpretation of the results of these early investigations
is complicated by the cross-contamination of globulin fractions.
More recent studies have unequivocally confirmed the allergenic
activity of the 7S globulin of soy (8-conglycinin) (Burks et al.,
1988) and subsequently the 7S globulins of peanut (conarachin,
also known as Ara h 1) (Burks et al., 1991), walnut (Jug r 2)
(Teuber et al., 1999), sesame (Beyer et al., 2002), cashew nut
(Ana c 1) (Wang et al., 2002), and one of the subunits of the
proteolytically processed 7S globulin of lentil (Sanchez-Monge
et al., 2000). The 11S globulins have also been confirmed as
allergens in peanut, (arachin, Ara h 3) (Burks et al., 1992b), soy
(glycinin) (Rabjohn et al., 1999) and almond (also known as al-
mond major protein, AMP) (Roux et al., 2001). They have also
been implicated as allergens in coconut and walnut (Teuber and
Petersen, 1999).

Detailed epitope mapping studies of Ara h 1 have shown the
IgE-epitopes to be located in the «-helical regions of the protein
that contain a high proportion of aromatic residues and form
the hooks that hold the subunits into the trimeric structure of
conarachin (Shin et al., 1998). IgE epitopes in the 11S globulin
allergens of peanut (arachin, Ara h 3) and soy (glycinin) are
located in the equivalent domain on the acidic subunits of these
proteins (Rabjohn et al., 1999; Beardslee et al., 2000), although
only one epitope is common to Ara h 3 and soya 7S globulin
(Helmetal., 2000a, b; Beardslee et al., 2000). Some 7S globulins
are glycosylated and, for Arah 1 atleast, these glycosylated sites
are significant IgE epitopes and may represent another source of
thermostable epitopes (van Ree et al., 2000). However, the role
of glycosylated epitopes in eliciting allergic reactions in vivo is
still a matter of debate (Alberse, 1998).

The globulins also show resistance to proteolysis, Ara h 1,
retaining both its trimeric structure and IgE reactivity following
pepsin digestion (Maleki et al., 2000). Indeed, the 11S globu-
lin of soy (glycinin) has been shown to form stable intermedi-
ates of Mr ~ 280,000, known as glycinin T on trypsinolysis.
These intermediates retain the quaternary structure of glycinin
and result from proteolytic clipping of the acidic subunits to
form M, 13,000 and 16,000 fragments, the basic subunits re-
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maining intact. Similar intermediates are formed by following
chymotrypsinolysis (Kamata and Shibasaki, 1978; Plumb et al.,
1994). Resistance to denaturation and proteolysis is a general
characteristic of members of the cupin superfamily. For exam-
ple, the isolation procedure for oxalate oxidases from wheat bran
involves digestion with pepsin and boiling for 30 m (Lane, 2000).
It seems likely that such exceptional stability may play a role in
determining the allergenic activity of globulin storage proteins.

CYSTEINE PROTEASES

Cysteine proteases of the C1, or papain-like, family are part
of a much larger family of cysteine proteases that were orig-
inally characterized by their having a cysteine residue as part
of their catalytic site. The C1 family was identified as hav-
ing conserved Gln, Cys, His, and Asn residues at the active
site and includes many endopeptidases, aminopeptidases, and
dipeptidyl peptidases, some enzymes having both both exo- and
endopeptidase activities (Rawlings and Barrett, 1993). While
some family members share sequence homology, they may not
have protease activity, a notable example being the P34 pro-
tein from soybean, where the active site cysteine residue has
been replaced with a glycine (Kalinski et al., 1990). Members
of the papain family are widespread in nature, having been found
in baculovirus, eubacteria, yeasts, and practically all protozoa,
plants, and mammals. The proteins are generally lysosomal or
secreted, being synthesized as a proprotein, proteolytic cleavage
of the propeptide being required for enzyme activation. Many
members are also glycosylated, with the N-linked glycan moety
of the cysteine protease of pineapple, bromelain, having been de-
termined to be Man ¢-D-Man (1-6)-[ 8-D-Xyl-(1-2)]-8-D-Man-
(1-4)-B-D-GlcNAc-(1-4)-[a-L-Fuc-(1-3)] B-D-GIcNAc- (1-N)
(Ishihara et al., 1979).

One important role for cysteine proteases in eukaryotic sys-
tems that has emerged in recent years is their critical role in
the programmed cell death (apoptosis) pathway of animal cells
(Martin and Green, 1995). Such a role is now emerging in plants
(Solomon et al., 1999) and is associated with apoptopic events
that accompany plant responses to pathogen attack and environ-
mental stress.

A number of allergens have been identifed belonging to the
C1 protease family, including inhalant allergens such as the dust
mite allergen Der p 1, a B-expansin with a papain-like domain
which is a major allergen of timothy grass pollen, Phl p 1 (Grobe
et al., 1999) and a number of food allergens, notably those from
kiwi fruit and soybean. There is evidence that the protease ac-
tivity of the dust mite allergen, Der p 1, is important in its
allergenicity, as it can cleave the human IgE receptor, CD23,
and may, thereby, ablate the feedback mechanism that normally
regulates IgE synthesis (Hewitt et al., 1995; Schulz et al., 1995).
Data from animal models indicate that this may also be true of
papain (Chambers et al., 1998).

The properties of the food allergens belonging to this su-
perfamily are summarized in Table 2, while their occurrence,
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properties, and structures in relation to their allergenic proper-
ties, are discussed below.

Occurrence and Properties

Cysteine proteinases occur widely in plants where they may
participate in a range of processes, such as senescence of flowers
and leaves (Becker et al., 1994; Drake et al., 1996; Jones et al.,
1995), proccessing of enzyme precursors (Gietl et al., 1997), and
digestion of storage proteins during seed germination (de Barros
and Larkins, 1990, Fischer et al., 2000; Mikkonen et al., 1996).
The cysteine proteinases in maize have also been associated
with resistance to lepidopteran pests (Jiang et al., 1995; Pechan
et al., 2000), while the high levels of cysteine proteinases in
fruits (papaya, fig, pineapple, and kiwi) are also consistent with
a protective role.

The best characterized cysteine proteinase of plant origin is
papain, which is present in the latex of papaya (Carica papaya).
Preparations of papain are widely used in the food industry, in-
cluding to supplement malt enzymes in brewing and to tenderize
meat. They are also used therapeutically, as an anti-inflammatory
drug. Related proteinases are present in kiwi fruit (actinidin),
fig latex (ficin), pineapple stem (bromelain), and soybean seeds
(34 kD oil body-associated protein, P34).

Structure and Sequence

Sequence comparisons show a high degree of relatedness
across the family, regarding the residues surrounding the cat-
alytic site. Thus, in papain, the catalytic residues are Cys-25 and
His-159. Other important residues are Gln-19, which helps form
the ‘oxyanion hole,” and Asn-175, which orientates the imida-
zole ring of His-159. Despite these structural similarities, the C
proteases have only low levels of overall sequence homology;
the dust mite allergen, Der p 1 having only approximately 30%
identical to the plant cysteine proteases (Figure 11).

The mature enzymes are generally M, ~ 25,000 proteins. Al-
though the gene sequences are often considerably longer, the
signal sequence is followed by an «-helical prodomain, which
is often necessary for folding. It also functions to inactivate the
proenzyme by blocking the active site. Proteolytic processing is
required to activate the enzyme (Groves et al., 1996; Coulombe
et al. 1996). Three dimensional structures have been determined
for a number of C1 proteases, including actinidin (Baker, 1980;
Figure 12) and papain (Kamphuis et al., 1984). Both have two
domain structures, with an a-helical N-terminal domain and an
o + B C-terminal domain that both contribute residues to an
active site cleft that lies between the domains.

Allergens

The best characterized cysteine protease food allergen is ac-
tinidin (Act ¢ 1), the major allergen from kiwi fruit (Fahlbusch
et al., 1998; Moller et al., 1997; Pastorello et al. 1998a). Unlike
other kiwi allergens, actinidin shows no IgE cross-reactivity with
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pollen proteins, implying that it acts to sensitise individuals via
the GI tract, rather than through inhalation (Gall et al., 1994;
Pastorello et al., 1996). Cysteine proteases have also been iden-
tified as allergens in pineapple (the enzyme bromelain) (Bauer,
1979) and papaya (papain); the protease of figs, ficin, having
been implicated as an allergen (Diez-Gomez et al., 1998). Pa-
tients with kiwi allergy also show IgE reactivity to papain and
bromelain (Gall et al., 1994; Pastorello et al., 1998a), while hy-
persensitivity to the sap or latex from the weeping fig, Ficus
benjamina, results in cross-reactivity with fig fruit and with pa-
pain (Diez-Gomez et al., 1998). Allergies to bromelain and pa-
pain may be triggered by dermal sensitization, allergies to these
proteins are associated with their use in cosmetics, or orally
through medical applications (Zentner et al., 1997; Soto-Mera
et al., 2000). Papain may also sensitize by inhalation, as it has
also been reported as a pollen allergen (Blanco et al., 1998) and
also through occupational exposure (Freye, 1988). One of the
major IgE-binding epitopes on bromelain is an N-linked glycan,
which may be responsible for the cross-reactive nature of this
allergen (Afferni et al., 1999).

Another food allergen belonging to the cysteine protease su-
perfamily is the soybean 34 kD, so-called oil body-associated
protein, known variously as Gly m Bd 30 K, Gly m 1, or P34.
The major allergen involved in soybean-induced atopic dermati-
tis (Ogawa et al., 1993) is actually associated with the storage
vacoles of soybean (Kalinski et al., 1992). Traces of the 46 kDa
precursor are found in the seed, with an M, 32,000 species
formed, following soybean germination. Gly m Bd 30 K ex-
ists as complex of molecular weight >300,000, as it becomes
disulphide-linked to the o, &’ subunits of the soya globulin S-
conglycinin (Ogawa et al., 1993; Samoto et al., 1996) with at
least one of the two putative N-glycosylation sites being gly-
cosylated (Bando et al., 1996). Serum reactive linear epitopes
have been reported from Gly m Bd 30 K (Helm et al., 1998)
and the five immunodominant epitopes were analysed further
by mutation, some of the epitopes reported corresponding to the
pro-region of the protein which is present only in the precursor
proteins which is found only at low levels in mature seed (Helm
et al., 2000).

There is little information available regarding the stability
chracteristics of any of these allergens, although, as they are
typically stabilized by three disuphide bridges, they are moder-
ately thermostable, as has been demonstrated for papain which
requires heating to 60°C before becoming denatured (Sumner
et al., 1993). While the levels of actinidin have been shown
to vary widely between cultivars of kiwi fruit, suggesting that
breeding may be a way of reducing the allergens in these fruits
(Nishiyama and Oota, 2002), there appears to be little cultivar
variation in Gly m Bd 30 K in soybeans (Yaklich et al., 1999).

OTHER ALLERGENS

While the majority of food allergens thought to sensitize
via the GI tract belong to the prolamin, cupin, and Cl
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Figure 11 Aligned sequences of cysteine protease C1 family members from plants compared with that of the dust mite allergen Der p 1. Allergens are shown
in bold. * conserved residues; . conserved substitutions; : semi-conserved substitutions. Conserved residues around the catalytic site are shaded. Allergen names
are preceded by database accessions: sp—Swiss Prot; t—TREMBL.
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Figure 12 Structure of the cysteine protease, actinidin, a major allergen of kiwi fruit. Ribbon drawing of actindin (Baker, 1980 and PDB code 2ACT) with
helices dark on one side of the ribbon, while beta-sheets are represented with light grey arrows. The view is into the protease active site, with the catalytic cysteine
near the centre. The catalytic cysteine’s side chain and the three disulphides are shown as ball and stick drawings. The N-terminal helical domain is to the left and

the C-termnal o 4 B domain to the right. The N- and C-termini are labelled.

protease superfamilies, the remaining food allergens (many con-
sidered minor allergens) are scattered across a wide range of pro-
tein families. This incudes the Kuniz inhibitor family, a group
of protease inhbitors found in plants that can inhibit serine-,
thiol-, and aspartyl- proteases and probably play a role in
plant defence. They have been identified as allergens in soy-
bean (Moroz and Yang, 1980; Herian et al., 1980; Burks et al.,
1994) and potato (Seppala et al., 2001). It is thought that their
stability to processing and digestion is important for their al-
lergenic activity. The peanut lectin, aglutinnin, has also been
identified as a minor allergen in peanut (Burks et al., 1994)
A number of other allergens may sensitize via the GI tract,
although, at present, there may be a lack of clinical data to
support this supposition. These include the thaumatin-like pro-
tein allergens of fruits, such as cherry and apple, which are
small, highly disulphide-bonded proteins involved in the pro-
tection of plants against pathogens, for which no pollen ana-
logues have been identified. They may be involved in oral sen-
sitization to fruits and vegetables (Hoffmann-Sommergruber,
2000).

DOES PROTEIN STRUCTURE AND PROPERTIES PLAY
A ROLE IN PLANT FOOD ALLERGENICITY?

The apple allergen Mal d 1, involved in the pollen-fruit al-
lergy syndrome, is considered to be an “incomplete” allergen,
i.e., ingestion of apple fruit does not stimulate the formation of
anti-Mal d 1 IgE, but does trigger histamine release from mast
cells loaded with IgE to the birch pollen allergen Bet v 1 to which
Mal d 1 is homologous (Alberse, 2000). Such a thermolabile,
readily digested protein is, therefore, able to elicit an allergic re-
action, but is unable to sensitize an individual through ingestion.
Implicit in this observation is that for a food allergen to sensitize
an individual via the gastrointestinal tract, it must possess cer-
tain structural and biological attributes that preserve its structure
from the destructive effects of the gastrointestinal tract, includ-
ing resistance to low pH, proteolysis, and surfactants, such as
bile salts. Two properties that seem, in general, to be shared by
plant protein allergens are abundance coupled with structural
stability. This combination of properties may help to ensure that
enough of the protein survives in a sufficiently intact form to be
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taken up by the gut and sensitize the mucosal immune system.
Similar properties are shared by food allergens of animal ori-
gin, with the milk allergens, such as cow’s milk S-lactoglobulin
(Wal, 1998), cod parvalbumin (Bugajska-Scretter et al., 1998),
and hen egg ovomucoid (Cooke and Sampson, 1997) all being
abundant, thermostable proteins that are resistant to proteolysis.
An exception to this is the ns LTP family, which is not abundant
in fruits per se, but that do make up a significant proportion of
the protein in some plant tissues, such as fruit peel.

Several factors are thought to contribute to protein stability,
including a compact 3-D structure, ligand binding and glycosy-
lation. Protein engineering approaches to improve protein ther-
mostability indicate that while stability is generally associated
with increased numbers of disulphide bridges, the relationship is
complex. Thus, disulphide bonds can contribute to the stability
of both the native and denatured form of a protein, the overall
protein stability arising from a balance between the stabilities
of these different states (Zavodsky et al., 2001). Protein glyco-
sylation also plays a role, and glycosylation. For example, the
7S globulin of peas increases trimer stability and resistance to
chemical denaturation (Pedrosa et al., 2000). The relationship
between protein stability and susceptibility to proteolysis is less
clear, although proteolytic cleavage sites are clearly more acces-
sible to proteases when presented in more mobile regions, which
are generally found on the surface of a protein. About 20% of the
proglycinin structure is mobile (Adachi et al., 2001), and it may
be that the globulins are susceptible to proteolytic cleavage, but
are able to retain much of their quaternary structure following
digestion.

Another property shared by many plant food allergens is an
ability to bind lipids and associate with membranes. This prop-
erty is also shared by allergens of animal origin, and of non-
food allergens, such as those found in parasites (Moore et al.,
1999). Thus, several members of the lipocalin superfamily, a
group of proteins able to bind small lipophilic molecules, are
allergens, including B-lactoglobulin from cow’s milk, inhalent
allergens such as mouse urinary protein, and lipocalins found
in animal dander (Mantyjarvi et al., 1991). Proteins, such as the
lipocalins and ns LTPs, which possess a lipid-binding pocket,
show increased stability when the pocket is occupied. Thus, the
thermostabilty of S-lactoglobulin has been found to increase on
lipid binding (Creamer, 1995). Many other plant food proteins
belonging to the prolamin and cupin superfamilies will also as-
sociate with lipid structures, either binding to membranes or act-
ing as emulsifiers, by adsorbing to lipid droplet surfaces. Such
associations may occur either in the food as a consequence of
processing, or in the gastrointestinal tract as a consequence of
the digestive process. Such lipid-associated proteins may be pro-
tected from the degradative environment in the gut, and there is
evidence that proteins associated with lipid bilayers have en-
hanced thermal stability (Taneva et al., 2000). It is also possible
that lipid-binding may assist in allergens being taken up by the
gut mucosa, either through association with cell membranes, as
has been suggested for 2S albumins, or by co-absorption on the
surface of lipid droplets.
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Thus, the structural features and properties of proteins be-
longing to the prolamin and cupin superfamilies may play a role
in predisposing these proteins to becoming allergens. However,
it is clear that these properties are not the sole determinant of
allergenic potential. As yet, it remains to be shown why in one
plant food, such as Brazil nut, the major allergen is the 2S albu-
min, and not the 11S globulin, while in soy, the converse appears
to be the case. The immune responses generated in both allergic
disease and following parasitic infection are similar, with Th2-
mediated responses dominating, the consequent production of
IgE and eosinophilia being characteristic of both conditions.
There is evidence that atopy is promoted by genetic variants
within the Th2 immune system, and there are also indications
that one haplotype of the major histocompatibility complex is
associated with immune responsiveness to the nematode aller-
gen NBA in mice, rats, and man. This has lead to the suggestion
that there is a counterbalancing evolutionary benefit, with ge-
netic variants conferring an increased risk of atopy also having
conferred increased biological fitness through protection against
helminth infection (Mao et al., 2000). Therefore, the realization
of the allergenic potential of a protein also depends on genetic
factors that determine the immune responsiveness of an individ-
ual may be paramount.
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