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Abstract

Allermatch™ (http://allermatch.org) is a novel web tool for the efficient and
standardized prediction of potential allergenicity of proteins according to the current
recommendations of the FAO/WHO Expert Consultation, as outlined in the Codex
alimentarius. A query amino-acid sequence is compared against the Allermatch™
Allergen database based on current SwissProt and WHO-IUIS allergen lists. The web
tool uses a sliding window to identify stretches of 80 amino acids with more than 35%
similarity, or identical small stretches of at least six amino acids. The outcome of the
analyses is presented in a concise format. Allermatch™ is likely to contribute to
improved, transparent and more consistent analyses of potential allergenicity of
genetically modified food prior to market release. In the future, the FAO/WHO
guidelines may be improved upon. Different methods that could enhance the
predictive value of allergen prediction are discussed.
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Introduction

The safety of genetically modified foods must be assessed before authorities in
most nations will consider granting market approval. An important issue in the food-
safety assessment is the evaluation of the potential allergenicity of food derived from
biotechnology. Food allergy is an immunoglobulin-E-mediated response to food
components and is part of a wider group of adverse reactions to food termed ‘food
sensitivity’. Food allergy may have symptoms that vary from itching, vomiting and
diarrhoea to life-threatening anaphylaxis. As all known food allergens are proteins,
the introduction of a new (‘foreign’) protein in food by genetic engineering can cause
allergic reactions in a ‘worst case’ scenario. Potential allergenicity of a protein is a
complex issue and various tests are used to predict potential allergenicity, including
bioinformatics, in-vitro digestibility of the protein, and binding to antisera of allergic
patients (Stiekema and Nap 2004; FAO and WHO 2003).
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The FAO/WHQ’s Codex alimentarius and an Expert Consultation Group have
established guidelines to assess potential allergenicity of proteins with bioinformatics
in a step-by-step procedure (FAO and WHO 2001; FAO and WHO 2003). Eventually,
these guidelines will have to be incorporated into law by all FAO/WHO member
states. The guidelines aim to assess whether a given primary protein sequence is
sufficiently similar to sequences of known allergenic proteins to give reason for
concern. The recommended procedure to establish the potential for allergenicity is as
follows (FAO and WHO 2001):

1) Obtain the amino-acid sequences of known allergens in public protein databases in
FASTA format (using the amino acids from the mature proteins only, disregarding
the leader sequences, if any are annotated)

2) Prepare a complete set of 80-amino-acid length sequences derived from the
expressed protein (again disregarding the leader sequence, if any)

3) Compare each of the sequences of (2) with all sequences of (1), using the program
FASTA (Pearson and Lipman 1988) with default settings for gap penalty and
width.

According to the Codex alimentarius potential allergenicity should be considered,

(FAO and WHO 2003) when there is either:

a) more than 35 % similarity over a window of 80 amino acids in the amino-acid
sequence of the query protein (without the leader sequence, if any) with an entry
known as allergen;

or

b) a stretch of identity of 6 to 8 contiguous amino acids.

If either analysis points to possible allergenicity, the allergenicity of the protein
should be verified using serum-binding tests and/or in-vivo methods such as patient
panels, skin prick tests or animal exposure tests (Stiekema and Nap 2004).

Features of the Allermatch™ web tool

The Allermatch™ web tool complies with the FAO/WHO criteria given above.
The first step was to create databases for the analysis. These databases were
established in three steps. First, a Swissprot allergen database was created by
extracting all 334 proteins from SwissProt annotated as an allergen (Boeckmann et al.
2003. SwissProt version 44.1, July 5 2004, http://www.expasy.org/cgi-
bin/lists?allergen.txt). Leader sequences were, if annotated, trimmed and the mature
protein sequences were stored in the Allermatch™ Swissprot allergen database.
Second, all 632 entries (excluding some duplicates) from the WHO-IUIS allergen list
(King et al. 1994) were extracted from the public databases SwissProt (Boeckmann et
al. 2003. Version 44.1, July 5 2004), PIR (Wu et al. 2003) and GenPept
(http://www.ncbi.nlm.nih.gov). It should be noted that the WHO-IUIS list contains
SwissProt sequences which are not on the SwissProt allergen list and that the
SwissProt allergen list contains sequences which are not on the WHO-IUIS list.
Annotated leader sequences were trimmed and the sequences were stored in the
Allermatch™ WHO/IUIS allergen database. Joining the above databases and
removing redundancies created the Allermatch™ combined allergen database. The
combined SwissProt and WHO-IUIS allergen databases contained 236 duplicate
sequences (Figure 1). The resulting non-redundant Allermatch™ allergen database
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contains 730 allergen sequences. The current version of the Allermatch™ webtool
allows analysis of a given query protein with any of the three databases created but
uses the combined database per default. In the future, it will be possible to upload
local sequences to be used as database.

WHO-IUIS
396 sequences
(total 632)

overlap
236

SwissProt
98 sequences
(total: 334)

Combined database : 730 sequences

Figure 1. Venn diagram showing the relationship between the two databases used by
Allermatch™
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Figure 2. Schematic representation of the Allermatch™ webtool
For protein-sequence alignment, Allermatch™ uses the FASTA program (Pearson
and Lipman 1988) version 3.4t2 with default settings (ktup = 2, matrix = Blosum50,
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Gap open = -10, Gap extend = -2). All other software is written in Python and runs on
a Suse Linux Enterprise Server 8 using mod_python and an Apache webserver
(version 1.3.26). Allermatch™ provides three different search modes to assess and
visualize the potential allergenicity of proteins (Figure 2).

A Allermatch: Allermatch - Mozilla
" @Q Q O O |% http jfallermatch.orgjallermatch.pyfsearch | ICL Search l C-‘::go
%h 80 Amino acid sliding Window
Etar;%buiiin Database : SwissProt and WHO-IUIS =
Example
About us Hit Db Allermatch id Best hit No of % of hits Full External Species Name Detailed
Feedback No Id Identity hits ident > Identity link Information
Disclaimer ident> 35.00
Copyright 35.00
Thanks M9 3 * - 5 7 3 " *10
References
1 AL al Zea_m_14 10000 14 100.00 10000/ P19656%  Zeamays
93
2 AL al Prup 3 6375 14 100.00 6264/ P814025  Prunus persica [
91
3 WA wa_Hev b 12 6125 14 100.00 8044/  AAL25839Y Hevea
91 brasiliensis
4 AL al _Pruav 3 6125 14 10000 5934/ QOUMSXBE  Prunus avium
91
5 AL al_Pru_ar_3 6125 14 100.00 6044/ P81651% Prunus
91 armeniaca
8 SP sp Pyrc 3 6000 14 10000 5824/ QIMSXEE  Pyrus communis
91
7 AL al_Pru_d.3 60.00 14 100.00 5934/ P825343 Prunus
91 domestica
8 AL al_Mal_d_3 6000 14 100.00 6044/ QIMSXTE  Malus domestica
91
9 WA wa_Cor_a_§ 5500 14 10000 5000/  AAK28533Y Corylus avellana =
m == | == ) Adblock |

Figure 3. Screenshot of a results screen of an 80-amino-acid alignment. This figure shows an
overview of all matches found with the 80-amino-acid sliding-window method on an pollen
allergen sequence from Zea mays (Zea m 14). The columns represent: 1) the number of the
hit, sorted on column 4; 2) the database from which the sequence was derived; 3) the allergen
identifier; 4) the best 80-amino-acid similarity of all matched windows; 5) and 6) the number
and percentage of windows with a similarity above 35%; 7) the percentage similarity and the
number of similar amino acids in a full alignment of the query sequence with this database
allergen; 8) the SwissProt identifier and a link to the SwissProt web site; 9) the species name
from which the allergen sequence derives; and 10) a link to a page with more details on this
specific hit
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These three search modes are:

1) Mode 1: 80-amino-acid sliding window
The query protein sequence is divided into windows of 80 amino acids using a
sliding window with steps of a single amino acid. Each of these windows is
compared with all sequences in the Allermatch™ allergen database. All database
entries showing a similarity higher than a given threshold percentage (default is
35%; a user can adjust the threshold percentage if so desired) to any of all 80-
amino-acid query-sequence windows, are identified. Upon completion of the
analysis, a table is generated that shows all database entries identified (Figure 3).
For each database entry, the highest similarity score is given, as well as the number
of 80-amino-acid windows having a similarity above the cut-off percentage. For
each entry identified, more detailed information can be retrieved on the similarity
between the allergen and query sequence, for example, the areas of both proteins
within all 80-amino-acid windows that score above the threshold percentage.
If the similarity score calculated by FASTA applies to stretches smaller than 80
amino acids, Allermatch™ converts such a similarity score to an 80-amino-acid
window in a linear fashion. For example, a 40% similarity on a stretch of 40 amino
acids converts to 20% similarity in an 80-amino-acid window. This criterion
implies that sequences shorter than 80 amino acids need to have higher similarity
in order to be identified as a potential allergen.

2) Mode 2: Wordmatch
The second method looks for short sub-sequences (words) that have a perfect
match with a database entry. The word size is configurable (default is 6 amino
acids). The resulting output is similar to the output given by Mode 1. All database
entries with at least one hit are listed and for each entry more detailed information
can be retrieved upon request (Figure 4).

3) Mode 3: Full alignment
The Allermatch™ webtool offers the full alignment of the query sequence with the
Allermatch™ allergen database entries. A FASTA alignment of the entire input
protein allows one to obtain a global view of the query’s protein similarities with a
known allergen and may help to position regions of potential allergenicity in the
primary structure of the protein. Upon parsing of the FASTA output, information
from the Allermatch™ Allergen database is added and presented. This full
alignment is not part of the recommendations of the FAO/WHO guidelines. It is
added as an additional useful tool for further research.

Validation of the Allermatch™ webtool

A major issue in the prediction of potential allergenicity of a protein from a
biosafety point of view is the likelihood of error. The algorithms used for prediction
should be as accurate as possible and have as low an error rate as possible. One can
identify two types of errors: a query protein that is identified as a potential allergen,
while in fact it is not (i.e. a false positive), and a query protein that is excluded from
the possibility of being an allergen, while in fact it is (i.e. a false negative).

Both error types are estimated for each of the three databases evaluated. For the
sliding-window approach an 80-amino-acid window with a 35% similarity cut-off is
used and for the wordmatch approach 6, 7 and 8 amino-acid word sizes are tested.
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] Allermatch: Allermatch - Mozilla
. Ele Edt Wiew Go Bookmarks Tools Window Help
| @] <SS,
=
gg;”rih 6 Amino Acid Wordmatch against al_Pru_d_3
Database .
Introduction Database : SwissProt and WHO-IUIS
Example
About us Allergen Id al_Pru_d_3
Feedback
tm -
Disclaimer Allermatch'™ Database SwissProt and WHO-IUIS
Copyright Allergen Name Prud3
Thanks
Refarences Source database SwissProt
Accession Id P82534
External link http:hwww expasy.org/cgi-bin/niceprot pl?P52534
Species Name Prunus domestica
English Name garden plum
Remark no remarks =
Size mature protein 91 aa
Sequence itcggvssnlapcinyvkgggavppaccngirnvnnlarttadrraacnclkglsgsipg
vnpnnaaalpgkcgvnvpykisastncatvk
Input Sequence
The # denotes which parts of the input sequence have an exact 6 aa match against this specific database sequence
0 : alscgqvasalapcisyargqgsgpsagccsgvrslnnaarttadrraacnclknaaagy
0 g aaidddad
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60
Database Sequence
The # denotes which parts of the database sequence have an exact 6 aa match against the input sequence
0 : itcggvssnlapcinyvkgggavppaccngirnvnnlarttadrrascnclkglsgsipg
0 BRERERRERRIREES
B0 : vnpnnaaalpgkcgvnvpykisastncat vk
60
Questions: Dr. Gijs Klster WAGENINGE N [NEN
Updated: SwissProt, July 5 2004 (334 entries), WHO-IUIS June 7 2004 (632 entries). R ] —
-
== ] = = [ Adblack | /]

Figure 4. Screenshot of a detailed view of a single wordmatch analysis on the same sequence
as used for Figure 3. The image shows detailed information on the sequence from the
Allermatch™ allergen database matched. Below two alignments can be seen, the first
alignment shows which parts of the input sequence have a 6-amino-acid exact match with the
database sequence (marked with #). The second alignment displays the same for the allergen
database sequence

Estimation of the error rate of false negatives

It is not easy to investigate the detection rate of false negatives by the algorithms
employed in the Allermatch webtool, as there are no proteins known as allergen while
they are not represented in the databases used (as there should be none). As an
approximation we have determined the number of ‘orphan’ entries in the Allermatch
allergen database. An orphan entry is an entry that, according to the Allermatch
analysis, has no relationship to any other entry in the database except itself. Such an
orphan entry would represent a false negative relative to that database if this sequence
were not present in this database. This approach is also called ‘jack-knifing’. The
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number of orphan entries in a database is an approximation of the false-negative rate.
The results of performing this analysis on all three databases and using the first two
analysis methods are summarized in Table 1.

Table 1. Prediction quality of the FAO/WHO methods

The number and percentage of false negative and false positive hits is shown here for all
FAO/WHO-recommended method/database combinations. Result set 1 describes the number
of false negative hits observed in a leave-one-out method. The next result set (2) shows the
same results but corrected for those sequences that were not able to generate a hit against
themselves due to the short length of the sequences. The last (3) result set shows the observed
number of false positives when testing 12 non-allergenic sequences (see table 2) against the
Allermatch™ web tool. Each of the result sets consists of two columns; the first column
shows the number of false hits and the total number of sequences in this set. The second
column shows the percentage of false hits

Result set 1 Result set 2 Result set 3
® False negatives False negatives | False positives
£ je! o (corrected)

§ g § Number % Number | % Number | %
SwissProt Window n.a. 71/334 21.3 | 57/320 178 | 3/12 25.0
Wordmatch | 6 541334 16.2 | na. na. |7/12 58.3
7 69 /334 20.7 | na. n.a. 6/12 50.0
8 781334 234 | na. n.a. 3/12 25.0
WHO- Window n.a. 99 /632 15.7 78 /611 128 | 4/12 33.3
IUIS Wordmatch 6 58 /632 9.2 n.a. na. |9/12 75.0
7 987632 155 | na. n.a. 8/12 66.7
8 11717632 185 | na. n.a. 3/12 25.0
SwissProt | Window n.a. 101/730 13.8 | 77/706 109 | 5/12 41.7
& Wordmatch 6 55/730 7.5 n.a. na. |9/12 75.0
WHO- 7 95/730 13.0 | na. n.a. 8/12 66.7
IUIS 8 115/730 15.8 | na. n.a. 3/12 25.0

In examining the false negative results, various sequences were observed that did
not produce a hit against themselves (data not shown). On closer inspection, this was
found to be due to the short length of these protein sequences. If a sequence is shorter
than 28 amino acids, even 100% similarity will convert the similarity to less than 35%
after conversion to an 80-amino-acid window. This may overestimate the error rate.
Therefore, we also determined the false-negative rates with those sequences not able
to generate a hit against themselves excluded. Even after this correction the
wordmatch method, with a 6-amino-acid word length, gives a lower percentage of
false negatives than the sliding-window approach.
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Estimation of the error rate of false positives

The second control examines 12 proven non-allergenic sequences against the
Allermatch™ databases. Non-allergenicity can, for example, be based on non-
reactivity of these proteins towards IgE sera of allergy patients or the inability to
cause IgE responses in experimental animals (see Table 2). It should be noted that
such data exist only for a limited number of proteins, which also accounts for the size
of this dataset. A non-allergenic sequence is not supposed to generate a hit; therefore
we consider each hit a false positive. Results are summarized in Table 1, result set 3.

Table 2. Sequences used for the negative control

Protein Host organism Evidence for non-allergenicity Accession Reference
Amaranth Amaranthus 1gG response, but no raised IgE GenPept (Chakraborty,
seed albumin | hypochondriacus levels, after administration CAAT77664 | Chakraborty
(intranasal and intraperitoneal) of and Datta
amaranth seed albumin to mice 2000)
T1 Catharanthus No reaction of recombinant T1 in Not (Laffer et al.
roseus IgE sera binding, basophile applicable 2003)
histamine release, and skin prick
testing using patients allergic to the
related birch pollen allergen Bet v 1
Mite ferritin Dermatophagoides | Reaction of mite ferritin with 1gG, GenPept (Epton et al.
heavy chain pteronyssinus but not with IgE, of sera from AAG02250 | 2002)
patients allergic to house-dust mite
Maltose- Escherichia coli No reaction with IgE sera from SwissProt (Rihs et al.
binding patients allergic to natural rubber P02928 2003)
protein latex (maltose binding protein used
as part of fusion proteins with latex
allergens)
Human serum | Homo sapiens No reaction of human serum SwissProt (Hilger et al.
albumin albumin with IgE sera of patients P02768 1997)
allergic to cat and porcine serum
albumin
Human heat- | Homo sapiens No reaction of human heat-shock SwissProt (Ortona et al.
shock protein protein 70 with IgE-sera of patients | P08107 2003)
70 allergic to heat-shock protein 70
from Echinococcus granulosus
Human Homo sapiens Presence of IgM antibodies, but not | SwissProt (Szakos et al.
beta-2- of IgE antibodies, directed against P02749 2004)
glycoprotein | human beta-2-glycoprotein | in sera
from atopic eczema/dermatitis
patients
Guayule Parthenium No cross-reactivity between Swissprot (Siler, Cornish
rubber- argentatum proteins from guayule and latex Q40778 and Hamilton
particle using IgE-sera from patients 1996)
protein allergic to latex
Purle acid Solanum tuberosum | Stimulation of 1IgG-, butno or only | TrEMBL (Dearman and
phosphatase 1 low stimulation of IgE-antibodies Q6J5M7 Kimber 2001)
following administration of potato
acid phosphatase to mice (oral and
intraperitoneal)
Purle acid Solanum tuberosum | See above TrEMBL (Dearman and
phosphatase 2 Q6J5M9 Kimber 2001)
Purle acid Solanum tuberosum | See above TrEMBL (Dearman and
phosphatase 3 Q6J5M8 Kimber 2001)
Potato lectin Solanum tuberosum | Stimulation of 1IgG-, butno or only | TrEMBL (Dearman et
low stimulation of IgE-antibodies Q9s8MO0 al. 2003)
following administration of potato
lectin to mice (intraperitoneal)
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Discussion

Prediction of allergenicity can broadly be done in two ways: one can look for
linear or conformational epitopes (Bredehorst and David 2001). The first method tries
to assess whether two proteins share similarities in the primary sequence, whereas the
second method looks at similarities in 3D structure. The Codex guidelines recommend
a combination of both approaches. Short exact word matches and positive hits in the
sliding 80-amino-acid window may indicate potential linear epitopes and similar 3D
structures, respectively.

Examination of the false-negative rate (see Table 1, result set 1) clearly shows a
link between the database size and the false-negative hit rate. As the database grows
in size, the false-negative hit rate reduces. This is to be expected since the probability
that an allergen with sufficient similarity is present in the database is bigger when the
database is larger. However, another (part of an) explanation could be that the larger
database has more isoallergen families (a group of allergens with minor sequence
differences) present, which will diminish the chance of false negatives since fewer
sequences will be “orphans’. Another factor possibly influencing the false-negative hit
rate are signal peptides that could still be present in the database due to poor
annotation of these proteins. Positive hits might be generated by these signal peptides
for proteins that should have been orphans.

When evaluating the false positive hits we see a similar trend; the number of false
positives grows with the database size, as is to also be expected since the chance of a
random hit increases with a larger database. In contrast to the false-negative hit rates
however, the sliding-window method gives a lower percentage of erroneous hits here.
The results of this test might overestimate the number of false positives, since a
number of these non-allergens are related to and display similarities with their
allergenic counterparts, i.e. T1 is related to Bet v 1 (Laffer et al. 2003), human serum
albumin is related to animal serum albumins (Hilger et al. 1997) and human heat-
shock protein 70 is similar to heat-shock proteins from fungi and other allergens
(Ortona et al. 2003) (Table 2). A true selection of unrelated, non-allergenic proteins is
therefore likely to give a lower false-positive rate.

These results show that by choosing a database and algorithm one can influence
the error rates towards either a higher rate of false positives or towards more false
negatives. A too high detection rate of false positives would generate an unnecessary
and undesirable burden of additional testing of proteins used in genetic engineering.
On the other hand, a too high detection rate of false negatives would generate
undesirable potential health risks for consumers. Either error is undesirable, but
because this bioinformatics analysis identifies proteins for further testing of true
allergenicity, a “better safe than sorry’ strategy could be opted for. Such a strategy
would obviously strive to minimize the detection rate of false negatives by using the
results of both the sliding window and the six-amino-acid word match against the
largest Allermatch™ combined allergen database. Positive results from these analyses
should first be analysed in depth by checking medical literature on these proteins.
Ultimately all valid predictions will, as suggested by FAO/WHO, have to be tested
further with methods as skin prick tests or animal models. Even after these tests there
is no absolute certainty that the protein in question will never elicit an allergenic
reaction. In time people might still become sensitized to the protein as a novel
allergen, or only a very small part of the population is sensitive to cross-reacting
allergens, too small to have been noticed in the tests.
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In general, one should keep in mind that performance of these algorithms is far
from perfect. This is in agreement with other literature where similar results for the
FAO/WHO methods are shown and other algorithms proven to give better results
(Soeria-Atmadja et al. 2004; Zorzet, Gustafsson and Hammerling 2002; Kleter and
Peijnenburg 2002). These supplementary methods include, for example, advanced
motif discovery methods where a complete allergen database is scanned for highly
represented motifs. These motifs are then used to identify possible allergenicity
(Stadler and Stadler 2003). In addition, a machine-learning approach was described
using FASTA and a neural network to compare query proteins with allergens (Zorzet,
Gustafsson and Hammerling 2002).

In the public domain, three other websites exist that assess potential allergenicity of
proteins based on their primary sequence:

e SDAP http://fermi.utmb.edu/SDAP/
e FARRP http://www.allergenonline.com
e AllerPredict http://research.i2r.a-star.edu.sg/Templar/DB/Allergen/

These websites are also able to perform complete FASTA alignments (SDAP, Farrp),
80-amino-acid sliding window (SDAP, Allerpredict) and 6 to 8 amino acids exact
matches (SDAP, Allerpredict).

Allermatch™ will greatly enhance and improve the prediction of allergenicity
according to current guidelines in the Codex by combining all recommended
algorithms in a single website. In the future, the Allermatch™ web tool will stay
updated with the public allergen databases on a regular basis and the requirements by
law on assessing allergenicity. To increase the predictive power, supplementary
bioinformatics facilities will be added. Such additional facilities may include, among
other things, the possibility to do batch analyses, to upload users’ own databases, and
to use supplementary tools such as the examples described above. Feedback from
users will help us to identify particular issues that address their needs.
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Endnote

This article is an extended version of an article published in BMC Bioinformatics
by the same authors (Fiers et al. 2004).

118



