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a b s t r a c t

Similarities in the sequence and structure of allergens can explain clinically observed cross-reactivities.
Distinguishing sequences that bind IgE in patient sera can be used to identify potentially allergenic protein
sequences and aid in the design of hypo-allergenic proteins. The property distance index PD, incorpo-
rated in our Structural Database of Allergenic Proteins (SDAP, http://fermi.utmb.edu/SDAP/), may identify
potentially cross-reactive segments of proteins, based on their similarity to known IgE epitopes. We sought
to obtain experimental validation of the PD index as a quantitative predictor of IgE cross-reactivity, by
designing peptide variants with predetermined PD scores relative to three linear IgE epitopes of Jun a 1, the
dominant allergen from mountain cedar pollen. For each of the three epitopes, 60 peptides were designed
with increasing PD values (decreasing physicochemical similarity) to the starting sequence. The peptides

synthesized on a derivatized cellulose membrane were probed with sera from patients who were allergic
to Jun a 1, and the experimental data were interpreted with a PD classification method. Peptides with
low PD values relative to a given epitope were more likely to bind IgE from the sera than were those with
PD values larger than 6. Control sequences, with PD values between 18 and 20 to all the three epitopes,
did not bind patient IgE, thus validating our procedure for identifying negative control peptides. The PD
index is a statistically validated method to detect discrete regions of proteins that have a high probability

from
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of cross-reacting with IgE

. Introduction

The last decade has seen great progress in identifying specific
llergenic proteins and elucidating the sequences, and in some
ases structures, that induce IgE responses to environmental trig-
ers (Aalberse, 2000; Breiteneder and Radauer, 2004; Chapman et
l., 2007). These advances provide a basis for identifying common
Please cite this article in press as: Ivanciuc, O., et al., The property distance
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004

olecular features of allergenic proteins, and should allow us to
inpoint those areas that distinguish these from similar, innocu-
us structures (Breiteneder and Mills, 2006; Ivanciuc et al., 2008;
enkins et al., 2005; Oezguen et al., 2008; Schein et al., 2007).

∗ Corresponding author at: Sealy Center for Structural Biology and Molecular
iophysics, Department of Biochemistry and Molecular Biology, University of Texas
edical Branch, 301 University Boulevard, Galveston, TX 77555-0857, United States.

el.: +1 409 747 6810; fax: +1 409 747 6000.
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allergic patients.
© 2008 Elsevier Ltd. All rights reserved.

hile many cross-reactive allergens have similar sequences and
tructures (Ivanciuc et al., 2008), overall sequence identity alone
oes not predict all proteins that might evoke a response in aller-
ic individuals. Although the glycinins of soybean and peanut are
2% identical, the latter are much more likely to cause anaphylactic
hock (Beardslee et al., 2000). Also, in some cases, changing single
mino acids residues greatly decrease allergic reactivity (de Leon
t al., 2003; Ferreira et al., 1998; Rabjohn et al., 2002; Scheurer et
l., 1999). The major allergens from pollens, particularly the pectate
yases, vicilins and seed storage proteins from cedars (Czerwinski
t al., 2005; Midoro-Horiuti et al., 1999, 2003, 2006), birch (Fedorov
t al., 1997a,b; Ferreira et al., 1998; Spangfort et al., 1999), and
rass (de Lalla et al., 1996; Flicker et al., 2000; Petersen et al.,
index PD predicts peptides that cross-react with IgE antibodies. Mol.

998; Schramm et al., 1997) are similar in overall sequence within
ach group of allergens, even across several phylogenetic groups
Breiteneder and Mills, 2005; Radauer and Breiteneder, 2006).
ecent studies showed that IgE epitopes have low or no similar-

ty to the human proteome (Kanduc, 2008). However, our ability to

dx.doi.org/10.1016/j.molimm.2008.09.004
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
http://fermi.utmb.edu/SDAP/
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on the observed occurrence of amino acid substitutions averaged
over large databases (i.e., matrices such as Gonnet, or the PAM and
Blossum series), the PD index is based on basic physicochemical
properties of the amino acids themselves, and represents a distance
between two sequences.

Table 1
Results for epitope 2 of Jun a 1: peptide provenance and sequence, PD, and ratio to
WT (RWT)
ARTICLEIMM-2888; No. of Pages 11
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redict allergenic cross-reactivities is limited by our knowledge of
he structural basis for these reactivities (Aalberse, 2007; Bonds et
l., 2008; Goodman, 2006).

The availability of databases of allergenic proteins, includ-
ng our Structural Database of Allergenic Proteins (SDAP,
ttp://fermi.utmb.edu/SDAP/) (Ivanciuc et al., 2002, 2003b), per-
its us to use new bioinformatics approaches to identify the
olecular similarities which underlie clinically relevant cross-

eactivity between proteins from very different sources (Aalberse
nd Stadler, 2006; Marti et al., 2007; Mittag et al., 2006; Stadler
nd Stadler, 2003). After developing tools to rapidly compare the
verall sequence of the more than 800 allergens in SDAP, we next
eveloped the property distance index PD to detect short sequences
ith significant similarity to known linear IgE epitopes (Ivanciuc

t al., 2003a). Given a peptide from the SDAP list of IgE epitopes
r one provided by the user, this tool automatically calculates the
D index for each sequence-window with the same length for all
llergens in SDAP, and returns a list of closely related sequences in
nown allergens (Ivanciuc et al., 2002, 2003b). The more closely the
elated peptides, the lower their physicochemical distance from one
nother in property space. We previously showed that PD scores
ccurately detected known IgE epitopes regions in Ara h 1 that were
imilar to one another in a predicted 3D structure (Schein et al.,
005a).

Here, we directly validated the PD index by investigating artifi-
ially generated sequences with a low PD value to three previously
haracterized epitopes that are recognized by IgE from individuals
ensitive to the Jun a 1 allergen of cedar pollen (Midoro-Horiuti et
l., 2003). Dot blot immunoassays were used to test a large num-
er of naturally occurring and designed peptide sequences with
arying PD values relative to the original epitopes of Jun a 1 for
heir binding of IgE antibodies from patients with mountain cedar
ensitivity. Statistical treatments (classification methods and ROC
urves) indicate that the PD values accurately identified peptides
hat are likely to be recognized by IgE from patient sera. In con-
rast, our negative controls, representing peptides designed to have
ery high PD values to all three epitopes, were not recognized by
ny patient sera. These results demonstrate that the PD index can
e used to differentiate sequences that are most likely to evoke

gE-mediated reactions from innocuous ones.

. Methods

.1. The property distance index PD

A search option was included in SDAP to identify segments of
llergen sequences with varying degrees of sequence similarities
o known IgE epitopes in an automated fashion (Ivanciuc et al.,
002, 2003b). The sequence similarity is measured by a property
istance index PD using the physicochemical properties of amino
cids rather than their substitution frequencies in related proteins.
he PD index is based on five amino acid descriptors E1–E5 that
ere determined by a multidimensional scaling of 237 physico-

hemical properties of amino acids (Venkatarajan and Braun, 2001).
e hypothesized that segments of protein sequences with simi-

ar physicochemical properties, as measured by the PD index, can
ediate immunologic cross-reactivity.
The PD index of two peptides with identical sequences is 0, and

eptides with conservative substitutions of one or two amino acids
Please cite this article in press as: Ivanciuc, O., et al., The property distance
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004

ave a small PD value, typically in the range of 0–4. Peptides with
recognizable similarity in their physicochemical properties tend

o have PD indices lower than 10, whereas unrelated peptides have
uch higher PD values (Ivanciuc et al., 2003a). For example, when
e scan all sequence windows of all allergens in SDAP with the
ig. 1. Distribution of the PD values of all peptide segments for all allergens in SDAP
elative to epitope 4 from Jun a 1, where only the lowest PD value per sequence was
etained. The average value of this distribution is 11.72 and the standard deviation
s 1.71.

eptide sequence of epitope 4 of Jun a 1 and calculate the lowest
D value for each allergen, the overwhelming majority of PD val-
es are larger than 10 (Fig. 1). The distributions of PD indices for
ther known IgE epitopes, calculated in an identical approach ver-
us all allergens in SDAP, are very similar (Schein et al., 2005a, 2007).
hus we conclude that PD values smaller than 10 only rarely occur
y chance, and thus might have a biological meaning, especially
hen they are located in similar regions of homologous proteins

r those with shared activities (Schein et al., 2005b). In contrast to
ther sequence similarity measures of peptides, which are based
index PD predicts peptides that cross-react with IgE antibodies. Mol.

dx.doi.org/10.1016/j.molimm.2008.09.004
http://fermi.utmb.edu/SDAP/
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eptides are shown in their order (by row and by column) from the membrane. Sub-
tituted residues are shown in color, red for cross-reactive peptides (RWT > 0), and
lue for non-reactive peptides (RWT = 0). Surface exposed residues are underlined

n the Jun a 1 epitope sequence.

.2. Selection and design of peptides with varying similarity to
un a 1 IgE epitopes

In order to test the prediction power of the PD index for
gE cross-reactivity, we chose three well-characterized linear IgE
pitopes from Jun a 1 protein (AFNQFGPNAGQR, MPRARYGL,
nd WRSTRDAFING) (Midoro-Horiuti et al., 2003). We selected
aturally occurring, homologous sequences from SDAP and
upplemented these with computationally designed, novel pep-
ides, to generate an array of 60 different peptides with
arying physicochemical property distance for each Jun a 1
gE epitope. This provided a sufficient number of peptides to
etermine whether the PD scale accurately predicts potential
eactivity.

.3. Selection of naturally occurring homologous sequences

We searched SDAP to select peptide sequences from homo-
ogues of Jun a 1 (e.g. Jun o 1, Jun v 1, Cup a 1, Cry j 1, Cha

1 and Amb a 1), that correspond to, but are not identical in
equence to each of the three Jun a 1 epitopes. To expand the
ist of homologous structures, Jun a 1 homologues from all 104
pecies from the Juniperus and 34 from Cupressus genera were
equenced from genomic DNA purified from their leaves using
Neasy Plant kit (Qiagen). Polymerase chain reaction (PCR) amplifi-
ation was performed with Jun a 1 primers, as described previously,
ith some modification (Midoro-Horiuti et al., 1999). Nucleotide

equences were determined using a PerkinElmer/Applied BioSys-
ems model 373A DNA sequencer and primers designed for Jun a 1
equencing.

Jun a 1 belongs to the pectate lyase family, a large group of
omologous proteins that contains both allergens and proteins
hat have not been reported to be allergenic. To test the poten-
ial cross-reactivity between Jun a 1 and other pectate lyases that
re not on the International Union of Immunological Societies
IUIS, http://www.allergen.org/Allergen.aspx) list of allergens, we
index PD predicts peptides that cross-react with IgE antibodies. Mol.

ncluded fragments for other related proteins, such as Lycopersicon
sculentum (tomato), Zea mays (corn), Oryza sativa (rice), Mangifera
ndica (mango), Erwinia chrysanthemi, Arabidopsis thaliana (mouse-
ar cress) and Pinus taeda (pine) that corresponded to the three
pitopes.

dx.doi.org/10.1016/j.molimm.2008.09.004
http://www.allergen.org/Allergen.aspx
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Table 2 (Continued )
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.4. Design of related peptides

In order to explore in greater detail the peptide space around
hese epitopes, a number of designed peptides were generated to fill
he slots remaining up to 60 per epitope. Starting from each of the
un a 1 epitopes we introduced random mutations and collected the
esulting sequences in such a way to have an even distribution of PD
alues between 0 and 10. The sequences of the naturally occurring
omologues and designed peptides are given in Tables 1–3. Control
eptides were designed to be with PD values that ranged between
8 and 20 from each of the three Jun a 1 epitopes thereby reducing
he likelihood of cross-reactions with IgE antibodies.

.5. Dot blot immunoassay for IgE antibody binding to Jun a 1
pitopes and their homologous peptides

Jun a 1 epitope 2–4 (Midoro-Horiuti et al., 2003) and their
omologues peptides were synthesized on a derivatized cellulose
embrane using N-(9-fluorenyl)methoxycarbonyl (Fmoc) amino

cid active esters by Sigma Genosys. Sera from mountain cedar
llergic patients were obtained from volunteers from the Austin,
Please cite this article in press as: Ivanciuc, O., et al., The property distance
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004

exas, area. Four sera were selected based on the strength of their
eactivity with peptides representing the originally identified Jun
1 epitope (Fig. 2) and pooled, as described previously (Midoro-
oriuti et al., 2006). The binding of IgE from patients’ sera was

able 2
esults for epitope 3 of Jun a 1: peptide provenance and sequence, PD, and ratio to
T (RWT)

a
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m
m
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l
p
a
s
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(
p
1
p
(
−

nalyzed as described (Midoro-Horiuti et al., 2003). The pooled
era were used as the source of the first antibody and biotiny-
ated goat anti-human IgE (Vector) as the second antibody. The

embranes were developed with HRP–streptavidin and ECL (Phar-
acia). The intensity of the IgE binding to individual peptides on

hotographic images of the membrane was determined using Mat-
ab software written locally (Mathworks, Inc., Natick, MA). The
rogram allows the blot images to be cropped and rotated inter-
ctively. Adaptive thresholding is used to segment the image into
pots and background, by subtracting the background from the spot
mage.

.6. Classification of the peptides based on the IgE antibody
inding

For each peptide we define the intensity ratio to wild-type
RWT) as RWT = SIP/SIE, where SIP is the spot intensity of the test
index PD predicts peptides that cross-react with IgE antibodies. Mol.

eptide and SIE is the spot intensity of the corresponding Jun a
epitope in the same column on the membrane. We classified a

eptide with a positive ratio as cross-reactive with the IgE epitope
class +1), and those with a ratio of zero as not cross-reactive (class
1). These class attributions are experimentally determined, and

dx.doi.org/10.1016/j.molimm.2008.09.004
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Table 3
Results for epitope 4 of Jun a 1: peptide provenance and sequence, PD, and ratio to
WT (RWT)

(
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eptides are shown in their order (by row and by column) from the membrane.
urface exposed residues are underlined in the Jun a 1 epitope sequence. Substituted
esidues are shown in color, red for cross-reactive peptides (RWT > 0), and blue for
on-reactive peptides (RWT = 0).

ere then subsequently compared with those predicted by the PD
lassifier.

.7. Quantitative assessment of the accuracy of a PD-based
rediction of IgE binding
Please cite this article in press as: Ivanciuc, O., et al., The property distance
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004

To predict a peptide to be cross-reactive from the PD index, We
ssign a peptide as being cross-reactive with the IgE antibody, if
he PD index of this peptide is less than a threshold value PDthr.
ll peptides with PD < PDthr are thus predicted to be in class +1,
hereas all peptides with PD > PDthr are predicted to be in class −1

ig. 2. Strips displaying the four linear IgE-epitopes identified for Jun a 1, were
eacted with individual sera from four patients allergic to mountain cedar pollen.
ased on these results, these four sera were combined for dot blotting of the large
embrane array.
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t

non-reactive). To assess the prediction accuracy of this PD based
odel, we determined standard parameters for the assessment of
prediction model: the number of true positive (TP) peptides, i.e.

he number of experimentally classified +1 peptides that are pre-
icted in class +1; false negatives (FN), the number of +1 peptides
redicted in class −1; true negatives (TN), the number of −1 pep-
ides predicted in class −1; false positives (FP), the number of −1
eptides predicted in class +1. We also investigated the sensitivity
N, SN = TP/(TP + FN) and the specificity SP, SP = TN/(TN + FP) of the
rediction as a function of the threshold value by varying PDthr uni-
ormly in the range between 0 and 10, and the receiver operating
haracteristic (ROC) curve (namely the plot of 1 − SP vs. SN, Fig. 6).

. Results

Sera for the assays were selected from four mountain cedar-
ensitive patients with strong reactivity for the linear IgE epitopes
–4 that we previously identified in the sequence of Jun a 1
Midoro-Horiuti et al., 2003). Reactivity was most pronounced to
pitope 3, which was recognized by all four sera, whereas the detec-
ion of epitopes 2 and 4 was more variable (Fig. 2).
index PD predicts peptides that cross-react with IgE antibodies. Mol.

The membrane for the dot blot immunoassay for IgE antibody
inding of the peptides was structured into four regions, one for
ach of the three Jun a 1 epitopes 2–4, and the fourth with control
eptides (Fig. 3). To determine the variability in the measurements,
he first row in each epitope group contains ten identical copies

dx.doi.org/10.1016/j.molimm.2008.09.004
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eptides are shown in their order (by row and by column) from the membrane.
urface exposed residues are underlined in the Jun a 1 epitope sequence. Substituted
esidues are shown in color, red for cross-reactive peptides (RWT > 0), and blue for
on-reactive peptides (RWT = 0)

f the original epitope sequence. The relative signal intensities for
hese copies, ranged from 1 to 2.4 for epitope 2, and from 1 to 2 for
pitopes 3 and 4. The following five rows each contain 10 different
eptides whose PD values to the starting epitope are in discrete
anges (0–2, 2–4, 4–6, 6–8, and 8–10). These peptides were selected
ither from other allergen sequences in SDAP or were designed by
andomly altering residues of the original epitope, as described in
ection 2. The last row in each epitope group contains 10 different
eptides from the same structural region of pectate lyases that have
ot been characterized as allergens.

Visual inspection of the membrane (Fig. 3), especially for
he universally recognized epitope 3, shows a clear relationship
etween the spot intensities and PD values, i.e. peptides with low
D values produced more intense spots, and the spot intensities
ecrease with increasing PD values. Also, the frequency of non-
eactive peptides increases as PD increases, thus quantitatively
onfirming our initial hypothesis that the more similar peptides,
.e., those with lower PD, will bind IgE better than those with higher
D. Several peptides from other uncharacterized pectate lyases (last
ow of each section) also bind IgE, indicating that they are poten-
ially cross-reactive with IgE against Jun a 1. These include pectate
yases from tomato, tobacco, banana, and mango, which showed
strong cross-reactivity with epitope 2, but not for the other epi-

opes (Tables 1–3). Finally, none of the control peptides show any
gE reactivity, thus indicating that PD can be used to design peptides
hat are unlikely to react with antibodies to known epitopes.

Plots of spot intensities relative to the wild-type (RWT) values vs.
D (Fig. 4a, c and e) for all 60 peptides of each Jun a 1 epitope show
ore quantitatively that the intensities decrease as PD increases. In

ddition, the number of non-reactive peptides (i.e. with RWT = 0)
ncreases with increasing PD value. This is clearly seen in the his-
ograms of the percentage of cross-reactive peptides with RWT > 0
nd non-reactive peptides with RWT = 0 for each interval of 2 PD
nits over the entire range of PD values from 0 to 10 (Fig. 4b, d and
). Most of the peptides with PD values less than 6 to epitopes 3
nd 4 reacted with the serum IgE. For epitope 4, there is a sharp
ncrease in the number of non-reactive peptides around PD value
f 6, and a more gradual increase for epitope 3 over the same range.
or epitope 2, non-reactive peptides are distributed along the entire
urve, however the trend of a decreasing number of cross-reactive
eptides with increasing PD values is also observed.

The predictions of the PD classifier were compared to the exper-
index PD predicts peptides that cross-react with IgE antibodies. Mol.

mental IgE binding data to determine the number of correct
redictions for each peptide class dependent on the PDthr value. By
arying the threshold value between 0 and 10 we obtain the plots
or sensitivity and specificity of the classifier (Fig. 6a, c and e). For a
iven threshold PDthr, “true positive peptides (TP)” have PD < PDthr

dx.doi.org/10.1016/j.molimm.2008.09.004
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ig. 3. Dot blot showing IgE binding to peptides similar to Jun a 1 epitopes. The top
D values in the indicated range; the last row contains naturally occurring sequenc

nd RWT > 0. These are illustrated in Fig. 5 for epitope 4, together
ith the false positives (FP), false negatives (FN) and true nega-

ives (TN). The intersection point of these two plots identifies the
ost predictive PD classifier. As expected the optimum PD thresh-

ld between cross-reactive and non-reactive peptides is close to the
iddle of the range selected for the dataset of peptides, namely 6

or epitope 2, 6.5 for epitope 3, and 5 for epitope 4. The percentage
f correct predictions is 60% for epitope 2 and 80% for epitopes 3 and
. This finding demonstrates that PD is a reliable index for identi-
ying cross-reactive peptides (see Section 4). Further evidence was
btained from the ROC curves of the PD classifiers (Fig. 6b, d and f)
hat show that all three models are reliable, with better predictions
btained for the more widely recognized epitopes 3 and 4. We also
nvestigated classifiers with a non-zero threshold for the peptide
atio, without any improvement of the prediction, as measured by
he area under the ROC curve (data not shown).

. Discussion

This work is based on the hypothesis that similarities of physic-
chemical properties of the amino acids of a peptide, rather than
bsolute identity, to those of an epitope can be used to predict
hether the sequence would bind IgE. Our results are a quanti-

ative validation of the property distance index PD as a tool to
ank peptides according to the likelihood that they will cross-react
ith known linear IgE epitopes (Ivanciuc et al., 2002, 2003b). We
reviously showed that, starting from a known IgE epitope, PD val-
Please cite this article in press as: Ivanciuc, O., et al., The property distance
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004

es can identify and rank similar regions in homologous allergens
Ivanciuc et al., 2003a), and recognize structurally similar IgE epi-
opes (Schein et al., 2005a). These results establish that peptides
ith low PD values to a known epitope have a higher probability of

inding IgE against that epitope.

s
t
t
t
d

of each section is 10 repeats of the epitope, followed by peptides designed to have
other pectate lyases. See Tables 1–3 for sequence details and intensities.

We tested our hypothesis by designing a large array of differ-
nt peptides with PD values between 0 and 10 relative to each of
he three linear epitopes previously identified for Jun a 1 (Midoro-
oriuti et al., 2003), and we determined the ability of those peptides

o bind to IgE antibodies from patients who are allergic to Jun
1. As would be expected from the measurement deviations in

he immuno-dot blot assays, there is no simple linear relation, i.e.
irect quantitative correlation, between the PD value of a peptide
nd its measured intensity of binding to IgE. However, the peptides
an be classified into two groups, i.e. those that bind IgE and non-
inders, based only on their PD index alone, with a sensitivity and
pecificity of 60–80% for a threshold value PDthr of around 6. Qual-
tatively, the plots and histograms of RWT values vs. PD (Fig. 4)
how that low PD peptides have a higher propensity for cross-
eactivity than high PD peptides for all three epitopes. However,
here are differences in the accuracy of the predictions. Whereas
he accuracy of our prediction models reaches 80% for epitopes 3
nd 4, we observed a lower accuracy (60%) for epitope 2. This might
e explained by the 3D structural features of that epitope where
any of the residues within that epitope region are buried within

he molecule (Midoro-Horiuti et al., 2006). While the optimum PD
hreshold between cross-reactive and non-reactive peptides may
ary among epitopes, it lies between 5 and 6.5 (within a 0–10
ange) for all three epitopes we tested. It seems remarkable that
he PD thresholds are so similar for these three epitopes in which
he length and surface exposure is quite different. Although we
elected the PD range [0,10] for this study based only on computa-
ions for epitopes in SDAP (Ivanciuc et al., 2002, 2003b) and on the
index PD predicts peptides that cross-react with IgE antibodies. Mol.

tatistical distribution of the PD values (Fig. 1), it is very reassuring
o find that the optimum threshold value for PD is situated near
he middle of this interval. Previous work has shown that struc-
ural similarities between the linear epitopes of Ara h 1 can be
etected by peptides with PD values as high as 8 or 9 (Schein et

dx.doi.org/10.1016/j.molimm.2008.09.004
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F of cross-reactive (black columns: RWT > 0) and non-reactive (vertical stripes: RWT = 0)
p pitope 4.
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r
c
s

ig. 4. Plots of RWT vs. PD values and histograms for the percentage distribution
eptides. Jun a 1 epitopes: (a) and (b), epitope 2; (c) and (d), epitope 3; (e) and (f), e

l., 2005a), so the exact threshold for significance remains to be
etermined.

A possible reason for the observed differences between the
hree epitopes is the distinct reactivities of the individual sera
rom the 4 patients (Fig. 2). Epitope 3, the shortest epitope (seven
esidues), which is quite conserved among the cedar pollens, is rec-
gnized by all four sera, whereas the more variable and longer
pitope 4 is recognized only by serum from patients 1 and 4,
nd epitope 2 by serum from patient 3. The difference in reac-
ivities of the four epitopes may also arise from their different
urface exposed area in the whole protein, as determined from the
-ray crystal structure of Jun a 1 (Czerwinski et al., 2005). Accord-

ng to GETAREA (http://pauli.utmb.edu/cgi-bin/get a form.tcl), a
Please cite this article in press as: Ivanciuc, O., et al., The property distance
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004

ignificant portion of epitope 2 is buried. Using a threshold of
0 Å2 accessible surface area/ residue, epitope 2 has 4 exposed
esidues out of 12, whereas epitope 4 has 10 out of 11. This
ould account for their differing RWT and PD values relation-
hips.

F
v
t
n

index PD predicts peptides that cross-react with IgE antibodies. Mol.

ig. 5. Assessment of a PD-based prediction model for a classifier with the threshold
alue PDthr = 4 for the Jun a 1 epitope 4. The diagram illustrates the distribution of
he true positive (TP), the false negative (FN), the false positive (FP) and the true
egative (TN) peptides.
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The current study indicates that the simple PD similarity index
erforms remarkably well in predicting the sequence requirements
or such complex protein–protein interactions as those involved in
he allergen–IgE binding. The number of peptides variations we
ere able to compare in this experiment was much smaller than

he total number, with 20 possible amino acids for each position.
isual inspection of the position of the mutated residues in the
equence (Tables 1–3) revealed no clear pivotal amino acids for IgE
inding. Some observations from this study suggest that residues
ith more surface exposure are more important for binding. For

xample, among the peptides with low PD to epitope 3, only two
eptides do not bind IgE and both have substitutions at surface
xposed residues. This may also account for why many peptides
ith low PD values to the (highly surface exposed) epitope 4 do
ot bind IgE. Future studies could pinpoint positions that are more
Please cite this article in press as: Ivanciuc, O., et al., The property distance
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004

urface exposed in allergens for which the 3D structure is known
Aalberse and Stadler, 2006; Bonds et al., 2008; Breiteneder and

ills, 2006; Chapman et al., 2007; Henriksen et al., 2001; Meno
t al., 2005; Oezguen et al., 2008). This should give more informa-

2
(
c
2

Fig. 6. Plot of sensitivity (SN) and specificity (SP) vs. PD and ROC curve for epit
 PRESS
nology xxx (2008) xxx–xxx 9

ion about the actual epitope than simple alanine scanning, without
equiring significantly more peptide synthesis.

Several noteworthy results were obtained when the homolo-
ous peptides derived from other cedar allergens were probed with
he sera from patient with mountain cedar allergy. These peptides,
erived from the related allergens Cry j 1, Jun o 1, Cup a 1, Cha o 1, are
ot significantly more cross-reactive than the synthetic peptides
ith similar PD values (Tables 1–3). These observations, as well as

he recognition of areas from fruit and tobacco pectate lyases by IgE
n these patient sera, will require further study to determine their
linical relevance in triggering food-pollen cross-reactivity (Bonds
t al., 2008).

The new approach presented here can be easily extended to
ther allergens whose linear IgE epitopes have been determined,
uch as those from Pen a 1 (shrimp tropomyosin) (Ayuso et al.,
index PD predicts peptides that cross-react with IgE antibodies. Mol.

002), Jug r 1 (English walnut) (Robotham et al., 2002), Jun a 3
mountain cedar) (Midoro-Horiuti et al., 2003), Cry j 2 (Japanese
edar) (Tamura et al., 2003), Par j 1 and Par j 2 (Asturias et al.,
003), Fag e 1 (buckwheat) (Yoshioka et al., 2004), the peanut aller-

opes: (a) and (b), epitope 2; (c) and (d), epitope 3; (e) and (f), epitope 4.

dx.doi.org/10.1016/j.molimm.2008.09.004
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ens Ara h 1, Ara h 2, and Ara h 3 (Helm et al., 2000; Rabjohn et al.,
002; Shreffler et al., 2004), and for the IgE and IgG4 epitopes of
ra h 2 (Shreffler et al., 2005). The PD scale could be integrated in
procedure to select proteins of unknown allergenic potential that
re most likely to cross-react with characterized allergens (WHO,
003). Another application of the PD index is in the bioinformatics
nalysis of emerging proteomic methods to identify allergens and
heir epitopes (González-Buitrago et al., 2007). We suggest that a
tatistical analysis of these data and the computational design of
ynthetic peptides with low PD values to the known IgE epitopes
an identify the critical components of IgE epitopes and guide the
esign of allergen vaccines (Spangfort, 2003; Weber, 2005).

. Conclusions

The analysis of the results obtained for the library of pep-
ides homologous to Jun a 1 linear epitopes experimentally
alidates the PD index as a quantitative tool for predicting epi-
ope cross-reactivity. These results suggest that some or all of the
hysicochemical properties encoded into the PD index are good
redictors of the peptide structure–IgE binding relationship, and
hat PD values or similar indices may allow us to predict the aller-
enic potential of a protein and to design hypo-allergenic proteins.
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