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Abstract

Background: A principal aim of the safety assessment of
genetically modified crops is to prevent the introduction
of known or clinically cross-reactive allergens. Current
bioinformatic tools and a database of allergens and glia-
dins were tested for the ability to identify potential aller-
gens by analyzing 6 Bacillus thuringiensis insecticidal
proteins, 3 common non-allergenic food proteins and 50
randomly selected corn (Zea mays) proteins. Methods:
Protein sequences were compared to allergens using the
FASTA algorithm and by searching for matches of 6, 7
or 8 contiguous identical amino acids. Results: No sig-
nificant sequence similarities or matches of 8 contigu-
ous amino acids were found with the B. thuringiensis or
food proteins. Surprisingly, 41 of 50 corn proteins
matched at least one allergen with 6 contiguous identi-
cal amino acids. Only 7 of 50 corn proteins matched an
allergen with 8 contiguous identical amino acids. When
assessed for overall structural similarity to allergens,

these 7 plus 2 additional corn proteins shared =35%
identity in an overlap of =80 amino acids, but only 6 of
the 7 were similar across the length of the protein, or
shared >50% identity to an allergen. Conclusions: An
evaluation of a protein by the FASTA algorithm is the
most predictive of a clinically relevant cross-reactive
allergen. An additional search for matches of 8 amino
acids may provide an added margin of safety when
assessing the potential allergenicity of a protein, but a
search with a 6-amino-acid window produces many ran-
dom, irrelevant matches.

Copyright© 2002 S. Karger AG, Basel

Introduction

Agricultural biotechnology has been used to engineer a
variety of agronomically important crops, such as corn,
soybean, potato and cotton. Some are genetically modi-
fied to be resistant to insect damage. Insect-resistant vari-
eties are generally desirable because of enhanced yield,
reduced need for chemical insecticide and the high degree
of pest control. Some crops that are resistant to insects
have been produced by genetic modification with genes
obtained from the bacterium Bacillus thuringiensis.
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B. thuringiensis is a gram-positive bacterium common-
ly present in soil. Many different strains of B. thuringien-
sis have been shown to produce crystal proteins or inclu-
sion bodies that are specifically effective in controlling
certain orders and species of insect pests [1]. B. thurin-
giensis insecticidal proteins have been used safely for
more than 40 years as biopesticides [2]. During this time,
no reports of adverse human health or environmental
effects have been documented [2-4]. They control larval
pests, yet are safe to mammals, birds, fish and beneficial
insects [3, 5]. B. thuringiensis crystal proteins have been
generally classified based on their insecticidal activity.
For example, Cryl, Cry2, Cry3 and Cry4 proteins are
toxic to lepidopteran, lepidopteran/dipteran, coleopteran
and dipteran pests, respectively [6, 7]. The crops that have
been genetically modified to produce the B. thuringiensis
insect control proteins CrylAb, CrylAc, Cry2Aa,
Cry2Ab, Cry3Aa and Cry3Bb, are thus resistant to preda-
tion by specific insects.

Commercialization of agricultural biotechnology prod-
ucts requires premarket authorization. In the United
States, the US Department of Agriculture, the Food and
Drug Administration and the Environmental Protection
Agency regulate genetically modified crops. Other coun-
tries typically have one or two agencies with similar res-
ponsibilities. Extensive food, feed and environmental
safety assessments are conducted for each product prior to
commercialization; this includes an allergy assessment for
each introduced protein (e.g. a Cry protein) in the geneti-
cally modified crop. A principal aim is to prevent the
introduction of known allergens or clinically cross-reac-
tive incomplete allergens. An incomplete allergen is one
that may elicit allergic symptoms, but does not sensitize
individuals de novo [8]. The use of bioinformatic algo-
rithms and specialized databases containing known and
suspected allergens [9-13] provides important and effec-
tive tools to identify known and potentially cross-reactive
allergens that may pose a risk to those with preexisting
allergies. If a significant match is identified, the intro-
duced protein must be evaluated further using sera from
individuals who are allergic to the similar allergenic pro-
tein to determine if it is likely to cause cross-reactions.

Exposure to allergens in foods poses a risk to sensi-
tized, allergic individuals. Type I (immediate hypersensi-
tivity) reactions occur when a sufficient quantity of indi-
vidual allergenic proteins, each bound by two IgE anti-
bodies, cross-links IgE receptors on the surface of mast
cells and basophils, thereby stimulating these cells to
release histamine and other allergenic mediators [14].
Sensitization to produce the IgE antibodies requires a
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third allergen-specific recognition sequence, a CD4+ T
cell epitope to provide appropriate (Th2) costimulation
and cytokines to antigen specific B cells to induce IgE pro-
duction [15]. Cross-reactions may be induced in sensi-
tized individuals by a different protein if it contains IgE-
binding epitopes that are identical or nearly identical to
those of the sensitizing protein, as is the case for incom-
plete allergens, which do not include T cell epitopes for
the induction of the immune response [8]. While cross-
reactive structures frequently have lower affinity than the
immunogen for the antibody and are therefore typically
less effective at inducing an immune response [16], clini-
cal evidence has demonstrated that foods containing pro-
teins that share greater than 40% identity and appear to
share cross-reactive IgE epitopes can induce clinical re-
sponses in some individuals [17]. However, it has not
been conclusively proven that individuals with apparent
cross-reactivity were not sensitized to both allergens or
that those proteins are responsible for the clinical reactivi-
ty [18].

It is important to recognize that there is insufficient
information to exclude the possibility that a protein that
does not share sequence similarity to any known allergen
will ever cause an allergic reaction. At this time there is no
well-established evidence that specific allergenic motifs or
structures exist that are allergenic in all contexts. Therefore,
the most appropriate bioinformatic approach at this time
seems to be reliance on a comparison to known allergens.
Further, the additional considerations of stability to pepsin
digestion and the abundance of the protein in the food may
provide useful information in that regard [9, 13].

Food produced from genetically engineered crops
should be as safe as that produced from traditional crops.
Thus, the protection of food-allergic individuals from
unexpected and unwanted exposures to offending foods
or allergens is a primary health concern. Bioinformatic
tools can be used to address this problem by asking two
questions:

(1) Is the structure of an introduced protein sufficiently

similar to a known allergen to suspect that it is an aller-

gen or would be cross-reactive?

Current bioinformatic algorithms compare linear (lo-
cal) sequences and global (three-dimensional) predictions
of structure to estimate similarity. Programs such as
FASTA [19] (an algorithm used to find local high-scoring
alignments between a pair of protein or nucleotide se-
quences) and BLASTP [20] (basic local alignment search
tool for proteins) can be effectively used to predict func-
tional similarity. The basic principle of these bioinformat-
ic algorithms is that if two proteins share sufficient linear
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sequence similarity, they will also share three-dimension-
al structure and therefore functional homology. By defini-
tion, homologous proteins share secondary structure and
common three-dimensional folds [19]. Homologous pro-
teins are more likely to share allergenic cross-reactive con-
formational and linear epitopes than unrelated proteins
due to similarity in sequence and structure. Because the
degree of similarity between homologues varies widely,
data derived from these algorithms need to be carefully
evaluated in order to predict potential cross-reactivity.
While related (homologous) proteins may share only 25%
amino acid identity in a 200-amino-acid overlap [19], this
is not generally sufficient to indicate IgE-mediated cross-
reactivity [18]. Indeed, allergenic cross-reactivity caused
by proteins sharing conformational or linear epitopes is
rare at 50% identity and typically requires >70% amino
acid identity across the full length of the protein se-
quences [8]. Such high levels of identity are readily
detected using either FASTA or BLASTP. Additionally,
proteins closely related to gliadins or glutenins, the pro-
teins that trigger celiac disease, a non-IgE-mediated aller-
gic disorder, can be easily identified using FASTA or
BLASTP algorithms.

(2) Does the introduced protein share a short linear

sequence(s) identity with an allergen?

Sequence alignment tools such as FASTA are valuable
for addressing overall similarity, but proteins structurally
unrelated to allergens may still contain small immunolog-
ically significant epitopes that may elicit allergic symp-
toms in sensitized individuals. Thus a second comparison
methodology accounting for linear epitope structure has
been proposed [10, 12, 13]. The presence of small (local)
regions of identity could indicate the presence of common
IgE-binding epitopes shared between a query sequence
and a known allergen. For practical (optimal signal to
noise ratio) and theoretical (approximate average linear
epitope length) reasons, the current approach recom-
mends searching for 8§ or more contiguous amino acid
identities [13]. In developing this approach, it was recog-
nized that while IgE epitope maps are available for some
allergens, relatively few food allergens have been fully
mapped using in vitro IgE-binding studies with sera from
allergic individuals. Although some linear IgE epitopes
may be as short as 5 amino acids [21, 22], the majority of
characterized IgE linear epitopes are 8 amino acids or lon-
ger [23]. However, only a few reports have demonstrated
the avidity (of affinity) of these antibodies, or their in vivo
allergic significance for these small epitopes. It is clear
from some reports that high avidity binding requires 8 or
more amino acids [22, 24].
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All allergens do not share common structural charac-
teristics and there is no indication of a common structure
within B cell or T cell epitopes [25]. Consequently, the
predictive value of a bioinformatic assessment depends
on the completeness of the allergen database [11]. The
identification and molecular characterization of food and
other allergens have resulted in the availability of DNA
and protein sequences of many important allergens in
public databases and scientific literature, albeit the data
are often difficult to find [11, 12]. The construction of an
inclusive allergen and gliadin protein sequence database
(ALLERGEN3) compiled from publicly available se-
quence databases and current literature is described. Fur-
ther, the efficiency of searching for similarities, either by
FASTA or the sliding window of 8 amino acids is greatly
enhanced by using an allergen database as compared to all
publicly available protein sequences.

While the focus of the bioinformatic search is on pro-
teins that are bound by IgE, gluten-associated proteins
cause celiac disease (gluten-sensitive enteropathy), a non-
IgE-mediated allergic reaction, in genetically predisposed
individuals. These proteins are gliadins and glutenins in
wheat, triticale, rye and barley [26]. Gliadin- and glu-
tenin-like proteins that may cause celiac disease can be
identified using the same bioinformatic tools as those
used to identify type I allergens. Thus clinically relevant
gliadins and glutenins have been included in the allergen
database.

The most recent FAO/WHO (2001) recommendations
for allergenicity assessment include the use of a 6 amino
acid window in a pair-wise fashion with known allergens
to identify potential cross-reactive proteins in genetically
modified crops used for food production [27]. In an
attempt to determine if this is a justifiable alternative to
the currently used 8-amino-acid window, 3 commonly
consumed nonallergenic proteins and 6 proteins derived
from the bacterium B. thuringiensis were compared to
sequences in the ALLERGEN3 database using window
sizes of 5-8 as well as a FASTA search. Additionally, 50
randomly selected proteins from corn (Zea mays) were
compared to sequences in the assembled ALLERGEN3
database by scanning with a 6, 7, or 8§ amino acid window
and by a FASTA comparison. Corn was chosen because it
is one of the least allergenic of the major grain crops and
there are only one or two proteins in corn that have been
identified as clinically relevant allergens [28].
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Materials and Methods

All analyses were performed using the UNIX-based Genetics
Computer Group (GCG) software package (version 10.0, Madison,
WI) on a personal computer supported with Reflection X Cli-
ent Manager network software (version 7.20, WRQ, Inc. Seattle,
Wash., USA; the UNIX computer-operating system was originally
termed ‘UNiplexed Information and Computing Service’). Database
construction was performed in the SeqLab environment of GCG.
Searches were performed from an X terminal window.

Sequence Database Preparation

The allergen and gliadin sequence database (ALLERGEN3) was
assembled from public domain databases including Genbank and
EMBL [29], PIR [30], the NRL3D version of RCSB PBD [31, 32]
and SwissProt [33]. A preliminary list of sequences was compiled
from the public databases using STRINGSEARCH (keyword = aller-
gen). Nonallergen entries were identified by reviewing published
information for each entry and removed. Additional sequences were
added from a previously published allergen list [13], allergens recog-
nized by the IUIS (ftp://biobase.dk/resourcespub/who-iuis/aller-
gen.list) and from searches of current literature available on PubMed
and Entrez (http://www.ncbi.nlm.nih.gov/) [34]. For publications
reporting only an N-terminal sequence, the sequence was added if 8
or more residues were provided. Duplicate sequences were identified
using a FASTA search with each individual sequence. Identical
entries were removed, but unique isoforms were retained (e.g. there
are 35 entries of Bet v 1). The selected allergen, gliadin and glutenin
sequences were compiled in the searchable database, called ALLER-
GEN3, containing 635 protein sequences. ALLERGEN3 is available
and may be used in similarity searches at the website http://www.
allergenonline.com/.

Selection of Query Protein Sequences

Six publicly available insecticidal B. thuringiensis protein se-
quences, CrylAbl10, CrylAc9, Cry2Aal, Cry2Ab2, Cry3Aa4 and
Cry3Bbl (accession No. A29125, U89872, M31738, X55416,
M30503 and M89794, respectively) are representative of the B. thu-
ringiensis proteins expressed in some approved genetically modified
insect-resistant crops. Three proteins that are commonly consumed
and not known to be allergenic were also selected for comparison
(spinach rubisco large and small subunits, and bovine myoglobin). In
addition, 4,116 corn protein sequences were compiled and randomly
ordered from an Entrez [34] protein search using a keyword search
for ‘zea or maize’. The first 50 sequences found to be of 95 amino
acids or greater in length were evaluated in these analyses.

Sequence Database Searches for Structural Similarity

Structural similarities shared between query sequences and the
ALLERGEN3 sequence database were assessed using the FASTA
algorithm [35, 36]. FASTA comparisons are initiated by aligning the
first match of a specific word size (k-tuple parameter), in this case
two. The alignment is then extended based on the chosen scoring
matrix. Specific parameters used for these analyses included an
expectation threshold of 10, a gap creation penalty of 12 and gap
extension penalty of two. FASTA comparisons were performed using
the BLOSUMS0 scoring matrix [37]. Multiple alignments are made
between the query sequence and each sequence in the database with a
score calculated for each alignment. Only the best-scoring alignment
is reported for each database sequence. The BLOSUM matrix series
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[37] was derived from a set of aligned, ungapped regions from protein
families, called the BLOCKS database. Sequences from each block
were clustered based on the percent of identical residues in the align-
ments [38]. The BLOSUMS50 matrix will identify blocks of conserved
residues that are at least 50% identical. BLOSUMS0 works well for
identifying sequence similarities that include gaps, and thus recog-
nizes distant evolutionary relationships [19].

The extent of similarity was evaluated by visual inspection of the
aligned sequences, the calculated percent identity and E score (expec-
tation score). The E score reflects the degree of similarity between a
pair of sequences based on matches of identical or functionally simi-
lar amino acids. Similar amino acids are structurally related and
share polar, hydrophobic, or charged states. Such substitutions are
referred to as ‘conservative’ since they are unlikely to change the
structure of the protein, and by inference the function, of homolo-
gous proteins. The calculated E score depends on the overall length of
joined (gapped) local sequence alignments, the quality (percent iden-
tity, similarity) of the overlap and the size of the database [35]. A
large E score (e.g. >1) indicates a low degree of similarity between the
query sequence and the sequence from the database. For polypep-
tides, a sequence similarity may indicate homology (i.c., sequences
derived from a common ancestral gene with homologous function).
Sequences that share extensive amino acid sequence identity and/or
similarity throughout the entire alignment or identified domains will
have very small E scores and will often share similar overall struc-
tures. Proteins that are nearly identical are very likely to share cross-
reactive IgE (or IgG) and T cell epitopes.

Sequence Database Searches for Short Peptide Matches

In addition to the FASTA comparisons used to assess overall
structural similarity, a pairwise comparison algorithm referred to as
ALLERGENSEARCH was used to find matches of linearly contigu-
ous amino acid identities between the query sequence and sequences
within the ALLERGEN?3 database. The algorithm was run from a
UNIX terminal window in GCG. This program compares the query
sequence to each protein sequence in a database using a sliding win-
dow of n amino acids, with an n -1 amino acid overlap relative to the
preceding window. Values of ‘n’ equal to 5, 6, 7 and 8 amino acids
were used in this analysis, where specified.

Results

Construction of the ALLERGEN3 (Allergen and

Gliadin) Database

Keyword searches of publicly available genetic data-
bases, using the term ‘allergen’, were used to retrieve aller-
gen sequences. This approach was insufficient for retriev-
ing allergen sequences. For example, many of the entries
retrieved using this method were duplicates due to the
redundancy of the public databases and those were re-
moved. Entries determined to be irrelevant based on pub-
lished clinical, IgE binding or significant structural simi-
larity data to support the declaration of allergenicity were
also removed. In addition, allergen sequences were identi-
fied through a literature review and Internet searches and
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Table 1. Summary results using FASTA for nonallergenic dietary proteins and selected Cry proteins

Query protein Accession  Query Best-matched  Allergen FE score Identity Length of
No. sequence allergen sequence % overlap,
length, aa accession No.  length, aa aa

Bovine myoglobin MYBO 154 Chit 1.01 151 0.0028 24.8 137
(P02229)

Spinach rubisco SSU P00870 123 Garden pea 258 0.64 42.9 21
(Q41043)

Spinach rubisco LSU RKSPL 475 Hevb6 204 1.2 37.0 46
(P02877)

CrylAbl0 A29125 1,156 Cora 1.0102 160 1.0 27.6 98
(X71000)

CrylAc9 U89872 1,178 Cora 1.0102 160 1.2 28.6 98
(X71000)

Cry2Aal M31738 633 Copcl 81 1.5 30.8 52
(CAB39376)

Cry2Ab2 X55416 633 Copc 1 81 0.44 32.7 52
(CAB39376)

Cry3Aa4 M30503 644 Aspf4 286 0.68 29.4 102
(CAA04959)

Cry3Bbl M89794 652 Aspf9 302 3.4 33.8 65
(CAA11266)

The query protein name, accession number and length is shown. Each protein was compared to the ALLERGEN3
database. The identity of the allergen found to produce the best alignment, the sequence length of that allergen (aa),
expectation (E) score, percent identity and length of the overlapped (aligned) regions are listed.

added to the database. From this analysis, 635 protein
sequence entries were deemed to be allergens. The com-
piled allergen sequence database is available at the web
site http.//www.allergenonline.com/, and includes links to
the corresponding public database accessions. This data-
base is considered to be conservative relative to the iden-
tification of potential allergens because putative (i.e. not
clinically proven) allergens were included along with well-
characterized, proven allergens. It will be important to
update this database periodically as additional knowledge
is gained regarding the allergenicity of the proteins cur-
rently included and as new allergens are characterized and
their sequences published.

Assessment of the ALLERGEN3 Database to

Identify a Known Allergen

Searching the ALLERGEN3 Database with Known
Nonallergenic Sequences. Three polypeptide sequences
that represent commonly consumed, nonallergenic food
proteins were compared to the allergen database: the
small and large subunit of spinach rubisco and bovine
myoglobin. The highest-scoring similarity identified for
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each of these proteins is shown in table 1. The E score,
percent identity and percent similarity values for spinach
rubisco subunits did not suggest structural homology to
any alleged allergen or gliadin [39]. Bovine myoglobin
received a modest E score (0.0028) in the alignment with
the Chironomus thummi (chironomid midge) erythro-
cruorin III allergen Chit 1.01 (accession No. P02229) but
shared only 24.8% amino acid identity over the 137 ami-
no acid overlap (of 154 amino acids). These scores suggest
that myoglobin and Chi t 1.01 proteins may be homolo-
gous [40]. Indeed, Chit 1.01 is a monomeric hemoglobin
and has previously been shown to share similarity to other
globin proteins [41]. While this limited similarity indi-
cates that these proteins are distantly related, the low
observed percent identity does not indicate that these pro-
teins share cross-reactive IgE-binding epitopes [18].

The sequence of each nonallergenic food protein was
also compared to the ALLERGEN3 database to search
for linearly contiguous amino acid identities using the
ALLERGENSEARCH algorithm. None of the protein
sequences contained 8 amino acid identities to any of
the sequences in the ALLERGEN3 database (table 2).

Hileman/Silvanovich/Goodman/Rice/
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Table 2. Effect of the scanning window size on the number of matches identified to allergens, using ALLERGEN-
SEARCH

Query protein Accession No. Length, aa Search window size, aa

5 6 7 8
Bovine myoglobin MYBO 154 11 12 0 0
Spinach rubisco SSU P00870 123 5b 0 0 0
Spinach rubisco LSU RKSPL 475 58 I 0 0
CrylAbl10 A29125 1,156 103 13 2d 0
CrylAc9 U89872 1,178 86 22 6° 0
Cry2Aal M31738 633 46 2f 0 0
Cry2Ab2 X55416 633 61 2f 0 0
Cry3Aa4d M30503 644 30 18 0 0
Cry3Bbl M89794 652 38 5h 0 0

The query protein names and accession numbers identify the common food protein, or bacterial insecticidal
protein that were compared to the allergens in ALLERGEN3. The length of the query protein is shown in amino acids
(aa). Values reported for the number of amino acids under each search window size correspond to the number of
allergens that had an identical match to some segment of the query protein at the corresponding search window size.

2 Matched allergen: bovine B-lactoglobulin (CAA32835).

b Matched allerens: bovine serum albumin (AAA51411), dust mite Der f 14 (BAA04558), storage mite Eur m 14
(AAF14270), midge Chi t 5 (P02224), and avocado endochitinase Per a 1 (CAB01591).

¢ Matched allergen: peanut lectin hemagglutinin (S14765).

d  Matched allergens: garden pea pollen-like allergen (CAA59470) and cucumber expansin (AAB37746).

¢ Matched allergens: mountain cedar isoforms Jun a 1-2 (AAF80164), Jun a 1-1 (AAD03608) and Jun v 1-1
(AAF80166), garden pea pollen-like allergen (CAAS59470), cucumber expansin (AAB37746) and Cup a 1

(CAB62551).

f Matched allergens: leucine zipper protein, mushroom Cop ¢ 1 (CAB39376) and mustard 2S albumin Bra j 1

(P80207).

8 Matched allergen: dust mite protein Eur m 14 (AAF14270).
b Matched allergens: dust mite protein Eur m 14 (AAF14270), Aspergillus niger xylosidase (AAD13106,
CABO06417), Aspergillus fumigatus heat shock protein (P40292), and Cladosporium herbarum aldehyde dehydroge-

nase (S43114).

The effect of decreasing the size of the window searched
below 8 contiguous amino acids on the number of hits
obtained was investigated using a window size of 5, 6, 7 or
8 to search for exact matches between any portion of these
query sequences and any sequence in the ALLERGEN3
database (table 2). All proteins searched using a window
size of 5 amino acids matched between 5 and 58 allergens,
suggesting that these hits represented noise. The number
of random matches decreased dramatically when larger
window sizes were used. No matches were observed for
either rubisco subunit or myoglobin when a window size
of 8 amino acids was used.

Assessment of B. thuringiensis Protein Structural Simi-
larity to Allergens and Gliadins. Six publicly available B.
thuringiensis protein sequences similar to those used in
approved genetically modified crops were compared to
the ALLERGEN3 database (table 1). CrylAblO and
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CrylAc9 proteins are nearly identical (89%) to each other
and both identified the Corylus avellena (European hazel-
nut) tree pollen Cor a 1.0102 (Accession No. X71000) as
having the highest score. The optimized alignments for
both CrylA proteins were to the same 98-amino-acid
region of Cor a 1.0102. The alignments contained multi-
ple gaps (3 and 5, respectively), shared only 28-29% ami-
no acid identity to Cor a 1.0102 and were short relative to
the length of the CrylA proteins (>1,150 amino acids).
The low percent identity for both of these Cryl A proteins
did not indicate structural homology to Cor a 1.0102 [39]
as supported by the relatively large observed E scores (1.0
and 1.2).

The highest-scoring similarity observed to both the
Cry2Aal and Cry2Ab2 proteins, which share 88% identi-
ty to each other, was with the Coprinus comatus (shaggy
cap mushroom) aeroallergen Cop ¢ 1 (accession No.
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CAB39376, table 1). While approximately 31-33% ami-
no acid identity was observed between the two Cry2 pro-
teins and Cop c 1, the aligned region was only 52 amino
acids long. These results do not indicate significant struc-
tural homology [39], again supported by the relatively
large observed E scores (1.5 and 0.44).

The highest-scoring similarity observed to the
Cry3Aa4 protein was with the Aspergillus fumigatus mi-
nor allergen, Asp f 4 (accession No. CAA04959, table 1).
This protein has been reported to cause an allergic
response only in patients with allergic bronchopulmonary
aspergillosis [42]. Approximately 29% amino acid identi-
ty was shared between the Cry3Aa4 and Asp f 4 proteins
in the 102-amino-acid-aligned region, with an E score of
0.68. The Cry3Aa4 and Cry3Bbl1 protein sequences share
69% amino acid identity with each other and unlike the
Cryl and Cry2 pairs of proteins, different best-scoring
allergens were identified. The highest-scoring similarity
observed to Cry3Bb1 protein was with the Asp £ 9 aeroal-
lergen (accession No. CAA11266, table 1). These proteins
shared approximately 34% amino acid identity with an £
score of 3.4 for the 65 amino acid-aligned region. Neither
Cry3Aad4 nor Cry3Bbl protein was considered to be
homologous to an allergenic protein due to the observed
short alignments, low identity values and the relatively
large observed E scores.

The sequence of each B. thuringiensis protein was
also compared to the ALLERGEN3 database to search
for linearly contiguous amino acid identities using the
ALLERGENSEARCH algorithm (table 2). None of the 6
B. thuringiensis protein sequences contained 8 amino
acid identities to any of the sequences in the ALLER-
GEN3 database. The effect of decreasing the window
size below 8 contiguous amino acids on the number of
hits obtained was investigated. All B. thuringiensis pro-
teins searched using a window size of 5 amino acids
were matched to several allergens, suggesting that these
matches again represented noise. All B. thuringiensis
proteins matched at least one allergen when a window
size of 6 was used. Importantly, the number of matches
with a window size of 5 increased markedly as the length
of the query protein increased, suggestive of a random
match phenomenon. This result was consistent with a
previous report that demonstrated that matches between
allergens and Cry proteins could be found at 5 and 6
contiguous identical amino acids [10]. While the CrylA
proteins matched two allergen sequences using a window
of 7 amino acids, neither of these allergens was identi-
fied as having significant similarity by FASTA as the
sequences of the query protein and the allergens are very
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dissimilar (data not shown), indicating a low probability
of allergenic cross-reactivity.

Allergenicity Assessment of 50 Randomly Selected

Corn (Z. mays) Protein Sequences

The FASTA sequence alignment tool was used to com-
pare 50 randomly selected corn protein sequences to the
ALLERGEN3 sequence database as was previously de-
scribed for the B. thuringiensis insect control proteins.
Data presented in table 2 indicated that a window size of
5 amino acids was not discriminatory. Therefore the
ALLERGENSEARCH algorithm was performed using
only window sizes of 6, 7 and 8 amino acids. A summary
of the search results is shown in table 3.

Of the 50 sequences used to search the ALLLERGEN3
database, 10 sequences (shaded in table 3) yielded
FASTA E scores that were likely to reflect some conserva-
tion of structure [40]. These E scores ranged from of
2.3 x 10-5to 1.4 x 10-7¢, Furthermore, one of these pro-
teins displayed 100% identity along its entire length with
a known corn pollen allergen [43] and could therefore be
positively identified as an allergen. While the E score of
2.3 x 103 observed between zein and a wheat gliadin
may suggest that these proteins share structural similarity,
both are unusually rich in the amino acids glutamine and
proline. This alignment was biased and included multiple
inserted gaps to create the long overlap. Corn, and there-
fore zein, 1s known not to cause celiac disease. The other 8
proteins would require further analysis and testing with
sera from appropriate patients to determine whether they
would likely constitute a risk for individuals with specific
allergies. The results of searches for identical contiguous
matches of 6, 7 and 8 amino acids are also presented (ta-
ble 3) and showed that 41 of the 50 query proteins con-
tained at least 1 identical 6-amino-acid sequence match
with an allergen; 15 of the 50 contained at least 1 identical
7 amino acid sequence match with an allergen. All 7 of the
50 sequences that had short linear matches of 8 amino
acids with an allergen were also identified by FASTA as
having significant E scores (<10-7). Not all of these, how-
ever, had =35% amino acid identity over =80 amino
acids [27] or greater than 50% amino acids identity over
the entire length of the protein [18], which have been sug-
gested as probable lower limits for predicting cross-reac-
tivity.
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Table 3. Bioinformatic analyses of 50 randomly chosen corn proteins from public databases, comparing the results of searches for matches of
6, 7, and 8 contiguous identical amino acids (aa) with the results of a FASTA alignment search using the BLOSUM S50 scoring matrix against
the database of known or suspected (putative) allergens and gliadin sequences

Corn protein Corn protein Length, Matches ‘Best’ aligned allergen using FASTA
(eezsionNG) () aa 6 aa 7 aa 8 aa E score % ID Accession No.
(aa overlap)
A550922 catalase 493 1 0 0 0.0069 22.3(301) Am cockroach Pera 1, Cr-PII
(U69260)
AAA33523b 16 kDa zein 183 11 1 0 2.3x10-5  35.4(181) wheat gamma-gliadin B-I
(M11077)
AAA682092 Sus1 gene product 816 4 0 0 2.5 30.0 (60) cherry thaumatin-like
(U32440)
AAA739602 kaurene synthase 823 3 0 0 2.2 30.4 (56) hornbeam major pollen allergen
(P38949)
AAAB758032 GAPDH 337 1 0 0 0.27 26.3(152) mite allergen Eur m 3
(AF047615)
AAB71078¢ ribosomal protein P3a 120 15 7 6 54%x10-8  69.4(49) cladosporium 60S acidic
ribosomal P2, minor allergen
(P42039)
AAB86960¢ profilin 131 20 19 19 3.6x10-48  83.2(131) wheat profilin (X89826)
AACT721932 pyruvate dehydrogenase 374 3 2 0 6.0 31.3(48) beta expansin
AAC784682 RNA polymerase 349 2 0 0 1.2 19.8 (96) wheat gamma-gliadin B-I1I
sigma factor (M11335)
AAC799532 anionic peroxidase H 253 2 1 0 0.096 26.7 (101) mouse urinary protein MUP V
(M16360)
AAK267542 plasma membrane 292 0 0 0 0.16 26.7 (90) apple lipid transfer protein
integral protein ZmPIP-3 (AAF26450)
AAK301142 teosinte branched protein 1 132 2 0 0 4.3 29.2(72) aspergillus allergen Asp f 4
(AAF26450)
AAKS517772 MURB-like 207 0 0 0 1.5 28.4(81) mite allergen Der f 7
transposable element (Q26456)
AAKS517862 MURB:-like protein 207 1 0 0 2.1 28.8(81) mite allergen Der f 7
hMURBI12 (Q26456)
AAKS561224 alpha-expansin 4 197 3 3 3 7.8%10-7  81.2(197) pea petal protein similar to
pollen allergen (X85187)
AAKS561304 beta-expansin 7 268 25 18 8 22x10-5  57.0(268) wheat pollen allergen
(U91981)
AAK598982 kaurene synthase A 202 1 0 0 2.2 26.2 (65) birch pollen allergen Bet v 1
(Z72435)
AAK602452 teosinte branched 317 10 6 0 1.8 27.7(83) salmon parvalbumin
protein (Q91483)
AAK605022 sucrose export defective 1 474 2 0 0 0.14 32.8(61) pollen allergen 3-2 Juniperus
virginiana (Q91483)
BAA055502 Lea group 3 protein 221 1 0 0 0.11 24.9(177) mollusk allergen (AAB69424)
BAA224102 Ca+ protein kinase-kinase 452 2 0 0 0.048 33.3(57) bermuda grass pollen allergen
(A28050)
CAA287342 40.1 kDa A1 protein 357 3 0 0 0.46 25.3(170) pear isoflavone reductase-
related protein Pyr ¢ 2
(AF071477)
CAA31221a cytochrome oxidase su IIT 265 2 1 0 9.1 38.5(26) mold allergen Copc 1
(AJ132235)
CAA355892 pyruvate decarboxylase 610 16 4 0 0.22 22.5(182) cockroach Per a 1 allergen
(U69957)
CAA370382 dihydrodipicolinate 380 0 0 0 0.42 42.4(33) perennial ryegrass pollen Lol
p 5(Q40237)
CAA394382 ribosomal protein S11 159 14 8 0 7.2 25.2(111) soy trypsin inhibitor
(CAA45778)
CAA603662 hypothetical plastid protein 139 0 0 0 3.7 40 (25) para rubber tree beta glucanase
(S65077)
CAAT721962 cytochrome p450 538 4 0 0 0.49 35.3(51) storage mite group 4 homologue
of D pter. (AF144061)
CAA876342 unknown function 485 5 0 0 6.4 35.1(37) aspergillus allergen
w/APELTALA2-like (CAB64688)
binding domain
>
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Table 3 (continued)

Corn protein Corn protein Length, Matches ‘Best’ aligned allergen using FASTA
(oSN (Whng) aa 6aa 7 aa 8aa E score % ID Accession No.
(aa overlap)
CAB566272 SBP domain protein 1 440 5 0 0 0.92 44.1(34) mite hsp-70 (P39674)
CAC181002 putative legumain 485 1 0 0 0.045 25.9 (189) mite allergen (P39673)
CAC350694 VIP3 protein 126 0 0 0 0.05 25.9(112) shrimp topomyosin (U08008)
JC1524¢ major allergen m1, 191 49 16 15 1.4x10-7 100 (191) corn pollen allergen (Q07154)
pollen allergen
0245782 adenylosuccinate 484 2 0 0 1.6 33.3(45) mite group 2 (Y12690)
synthetase precursor
P047052 zein alpha-precursor 186 8 0 0 0.003 28.2(174) wheat alpha-type gliadin
(K02068)
P155904 embryo globulin-1 573 7 1 0 1.1x10-41  36.7(499) English walnut vicilin like
protein (AAF18269)
P334892 auxin-binding protein-5 150 11 0 0 1.4 25.8 (66) white mustard Sin a 1
(X91799)
P402802 histone H2a 159 0 0 0 0.83 30.2 (96) fungal 60S acidic ribosomal
protein (P42039)
P462512 actin depolymerizing factor 139 0 0 0 0.45 20.5(78) canary grass pollen allergen
(P56167)
P510592 phosphoenolpyruvate 967 0 0 0 0.52 20.9 (201) mollusk tropomyosin
carboxylase 2
PWZMAM? F1 ATPase mitochondria 508 2 0 0 1.0 25.6 (117) fungi manganese superoxide
dismutase (U53561)
S$120432 leucoanthocyanidin 395 6 0 0 0.52 26.5(136) canary grass pollen Phaa 5.1
dioxygenase (P56164)
$300624 polygalacuronase 95 7 7 7 5.1%x10-31  70.6 (95) polygalacturonase
(CAB42866)
S373794 catalase 3 496 2 0 0 0.33 20.4(113) wheat gamma gliadin BI
(M11336)
S58532a chloroplast matK protein 544 3 0 0 0.27 24 (101) wheat alpha/beta gliadin class
AII (M10092)
T022422 GTP-binding protein rab2 209 2 0 0 4.2 31.6(57) parasitic amoeba profilin
(IPRQ)
T027632 probable malate 652 1 0 0 0.62 23.9(71) canary grass pollen PHA A 5.1
dehydrogenase (P56164)
T029904 cinnamyl alcohol 367 5 1 1 1.5x10-25  30.4(342) fungi alcohol dehydrogenase
dehydrogenase (P43067)
T02993¢ Ca+ protein kinase 531 3 0 0 4.0x10-11 37.9(145) juniper pollen Ca+ binding
protein (AF031471)
T033972 hypothetical protein 132 0 0 0 0.83 23.9(71) mouse urinary protein V
(M16360)
Totals 50 41 15 7 10(<10-4) 9(=35%and
> 80aa overlap)

Shaded entries correspond to those that had either =35% amino acid identities or an overlap of =80 amino acid. The matches corresponds to the number of
allergens or putative allergens that matched within the specified search window. The ‘Best’ E score, % ID and allergen indicate the allergen that produced the best
scoring alignment identified using the FASTA algorithm.

a2 Insignificant similarity, not a likely homologue based on the E score and little chance for cross-reactivity.

b Possible homology with the indicated allergen, low degree of identity, many gaps in alignment, little chance of cross-reactivity.

¢ Possible homology with the indicated allergen, low to moderate degree of identity, little chance of cross-reactivity.

d Clear homology with the indicated allergen, high degree of identity, moderate chance of cross-reactivity.

¢ Previously identified as an aeroallergen.
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Discussion

Methods of biotechnology allow the insertion of genes
from any source into crops that will be utilized for foods
or feeds. Commercialization of these products is regulated
to ensure that the foods produced from these products are
as safe as foods derived from conventional crops. One
important consideration is the possibility that the newly
introduced gene may encode an allergen. The most signifi-
cant potential risk of allergy associated with crops devel-
oped through biotechnology is the potential transfer of a
known allergen from one source to another. Since proteins
that are structurally very similar may be immunologically
cross-reactive, it is also important to determine whether
the newly introduced protein is significantly similar to
any known allergen.

Comparison of the primary amino acid sequence and
overall structure of the introduced protein with that of
known allergens is an important step in the safety assess-
ment process. The strategy for assessing the potential
allergenicity of each protein should begin early in the
developmental stages of the genetically modified plant. A
decision tree describing this process has been previously
reported [13]. Proteins obtained from sources with no
known history of allergenicity should be evaluated using
bioinformatic tools with a comprehensive allergen se-
quence database. Proteins that are found to be highly sim-
ilar in sequence or predicted conformational structure to
known allergens are then further tested with sera from
individuals having allergies to the identified allergen to
evaluate possible IgE binding as an indication of their
allergenicity. Those proteins with specific IgE binding
would not be considered further as potential products
without clinical testing to prove that they are not cross-
reactive.

Various computer algorithms could be used for com-
paring query sequences with those of known allergens. If
these tools are to be predictive of allergenicity, the criteria
used in the bioinformatic search must be carefully consid-
ered. The criteria for assessment of potential allergenicity
of proteins produced in genetically modified crops using
bioinformatic tools are currently being debated. For ex-
ample, a review panel convened jointly by the FAO and
WHO recommended using either a match of 6 contiguous
identical amino acids, or a match of 35% identity over
more than 80 amino acids to indicate that a protein is
likely to be allergenic [27]. While the FASTA pairwise
comparison algorithm provides a number of useful calcu-
lated values, these values are interpreted to infer homolo-
gy and potential cross-reactivity. Homologous sequences

Bioinformatic Methods for Allergenicity
Assessment

share a common evolutionary history [39, 44, 45]. The
percent amino acid identity is a measure of similarity for
a pair of proteins. Although sequences that share a high
degree of similarity (e.g. measured by percent identity)
may be related, they are not necessarily homologous. In
addition, a query protein that is homologous to an aller-
gen is not itself necessarily an allergen or cross-reactive
[8]. For example, bovine myoglobin (table 1), while ho-
mologous to the midge hemoglobin allergen [41], is not
known to cause allergic reactions. Also, vertebrate tropo-
myosins, often sharing ~50% amino acid identity to
known allergenic invertebrate tropomyosins (e.g. shrimp,
cockroach or mite) [46], are not known to induce clinical
allergic reactions.

Concerns have been raised that proteins structurally
unrelated to allergens may still share an immunologically
relevant epitope (a short local overlap) and may cause
cross-reactions. While the number of identified allergenic
epitopes is increasing, relatively few are known. A data-
base of authenticated epitopes could be used to screen any
protein for allergenic activity. However, in the absence of
an extensive, empirically determined epitope database for
known allergens, comparisons between overlapping pep-
tides using algorithms such as ALLERGENSEARCH are
beneficial. The ALLERGENSEARCH may be more ap-
propriate than FASTA for identification of short poten-
tially allergenic epitopes because it only requires that the
specified window size (e.g., 8-amino-acid residues) match.
While recognizing that an IgE-mediated allergic response
requires at least two IgE-binding epitopes, the use of the
single match of 8§ identical amino acids represents a pre-
cautionary approach to identifying proteins that might
cross-react and should be tested further. This search tech-
nique may be used to complement the FASTA search.
FASTA comparisons are initiated by aligning a matched
word size (k-tuple parameter) and the alignment extended
based on the chosen scoring matrix. The final computed
alignment is by default the highest-scoring alignment.
Thus, a short local overlap may be ignored for a higher-
scoring alignment containing a longer overlap but rela-
tively few linearly contiguous amino acid identities. The
use of window sizes smaller than 8 contiguous amino
acids appeared to only increase the frequency of question-
able positives. Together these two approaches identify
similarities that may be immunologically important and
relevant to the safety assessment. The use of FASTA with
an inclusive allergen database will most efficiently identi-
fy known allergens and also identify proteins that are like-
ly to share sufficient structural similarity to suspect possi-
ble cross-reactivity.
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The results of the ALLERGENSEARCH (table 3) indi-
cated that any match of 8 contiguous identical amino
acids is a conservative yet appropriate criterion for such
searches. The criterion of a 6 amino acid match has pre-
viously not been rigorously assessed for its predictive val-
ue and does not appear to be scientifically justified due to
the high rate of matches to allergens that appear to be ran-
dom. Based on these results, the FAO/WHO recommen-
dation [27] to use a window size of 6 contiguous amino
acids did not discriminate between commonly consumed
nonallergenic food proteins (myoglobin and rubisco, ta-
ble 2) and allergens. The use of extremely conservative
criteria for the bioinformatic searches could raise unnec-
essary public concerns and confusion relative to the safety
of our current food supply. This would also lead to signifi-
cant overestimation of potential allergenicity with rejec-
tion of beneficial nonallergenic proteins or possibly neces-
sitate considerable clinical testing to demonstrate safety.
The FASTA search and additional information regarding
the extent of similarity (E score) or the >35% identity in
any segment of 80 or more amino acids [27] may provide
another method that might prove more useful than strict
adherence to 8 amino acid matches in the search. How-
ever, this may be overly conservative, as evidence sug-
gests that typically greater than 50% identity is required
for clinical cross-reactions [8].

None of the B. thuringiensis protein sequences met cri-
teria that would indicate a need for further testing. For the
50 randomly selected corn proteins, it is interesting that
the 8-amino-acid match criterion missed two allergen
homologues (embryo globulin-1, P15590 and Ca+ protein
kinase, T02993) and one gliadin homologue (zein,
AAA33523). While each of these displayed = 35% identi-
ty over an =80-amino-acid stretch, they were well below
the 50% identity level, suggesting that they are unlikely to
cause cross-reactions [8]. Five proteins (pyruvate dehy-
drogenase, AAC72193; anionic peroxidase, AAC79953;
cytochrome oxidase su III, CAA31221; pyruvate de-
carboxylase, CAA35589 and ribosomal protein S11)
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