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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 Juna 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
of cross-reacting with IgE from allergic patients.
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1. Introduction While many cross-reactive allergens have similar sequences and

structures (Ivanciuc et al., 2008), overall sequence identity alone

The last decade has seen great progress in identifying specific
allergenic proteins and elucidating the sequences, and in some
cases structures, that induce IgE responses to environmental trig-
gers (Aalberse, 2000; Breiteneder and Radauer, 2004; Chapman et
al., 2007). These advances provide a basis for identifying common
molecular features of allergenic proteins, and should allow us to
pinpoint those areas that distinguish these from similar, innocu-
ous structures (Breiteneder and Mills, 2006; Ivanciuc et al., 2008;
Jenkins et al., 2005; Oezguen et al., 2008; Schein et al., 2007).
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does not predict all proteins that might evoke a response in aller-
gic individuals. Although the glycinins of soybean and peanut are
62% identical, the latter are much more likely to cause anaphylactic
shock (Beardslee et al., 2000). Also, in some cases, changing single
amino acids residues greatly decrease allergic reactivity (de Leon
et al., 2003; Ferreira et al., 1998; Rabjohn et al., 2002; Scheurer et
al,, 1999). The major allergens from pollens, particularly the pectate
lyases, vicilins and seed storage proteins from cedars (Czerwinski
etal., 2005; Midoro-Horiuti et al., 1999, 2003, 2006), birch (Fedorov
et al., 1997a,b; Ferreira et al., 1998; Spangfort et al., 1999), and
grass (de Lalla et al., 1996; Flicker et al., 2000; Petersen et al.,
1998; Schramm et al., 1997) are similar in overall sequence within
each group of allergens, even across several phylogenetic groups
(Breiteneder and Mills, 2005; Radauer and Breiteneder, 2006).
Recent studies showed that IgE epitopes have low or no similar-
ity to the human proteome (Kanduc, 2008). However, our ability to
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predict allergenic cross-reactivities is limited by our knowledge of
the structural basis for these reactivities (Aalberse, 2007; Bonds et
al., 2008; Goodman, 2006).

The availability of databases of allergenic proteins, includ-
ing our Structural Database of Allergenic Proteins (SDAP,
http://fermi.utmb.edu/SDAP/) (Ivanciuc et al., 2002, 2003b), per-
mits us to use new bioinformatics approaches to identify the
molecular similarities which underlie clinically relevant cross-
reactivity between proteins from very different sources (Aalberse
and Stadler, 2006; Marti et al., 2007; Mittag et al., 2006; Stadler
and Stadler, 2003). After developing tools to rapidly compare the
overall sequence of the more than 800 allergens in SDAP, we next
developed the property distance index PD to detect short sequences
with significant similarity to known linear IgE epitopes (Ivanciuc
et al., 2003a). Given a peptide from the SDAP list of IgE epitopes
or one provided by the user, this tool automatically calculates the
PD index for each sequence-window with the same length for all
allergens in SDAP, and returns a list of closely related sequences in
known allergens (Ivanciuc et al., 2002, 2003b). The more closely the
related peptides, the lower their physicochemical distance from one
another in property space. We previously showed that PD scores
accurately detected known IgE epitopes regions in Ara h 1 that were
similar to one another in a predicted 3D structure (Schein et al.,
2005a).

Here, we directly validated the PD index by investigating artifi-
cially generated sequences with a low PD value to three previously
characterized epitopes that are recognized by IgE from individuals
sensitive to the Jun a 1 allergen of cedar pollen (Midoro-Horiuti et
al., 2003). Dot blot immunoassays were used to test a large num-
ber of naturally occurring and designed peptide sequences with
varying PD values relative to the original epitopes of Jun a 1 for
their binding of IgE antibodies from patients with mountain cedar
sensitivity. Statistical treatments (classification methods and ROC
curves) indicate that the PD values accurately identified peptides
that are likely to be recognized by IgE from patient sera. In con-
trast, our negative controls, representing peptides designed to have
very high PD values to all three epitopes, were not recognized by
any patient sera. These results demonstrate that the PD index can
be used to differentiate sequences that are most likely to evoke
IgE-mediated reactions from innocuous ones.

2. Methods
2.1. The property distance index PD

A search option was included in SDAP to identify segments of
allergen sequences with varying degrees of sequence similarities
to known IgE epitopes in an automated fashion (Ivanciuc et al.,
2002, 2003b). The sequence similarity is measured by a property
distance index PD using the physicochemical properties of amino
acids rather than their substitution frequencies in related proteins.
The PD index is based on five amino acid descriptors E{-E5 that
were determined by a multidimensional scaling of 237 physico-
chemical properties of amino acids (Venkatarajan and Braun, 2001).
We hypothesized that segments of protein sequences with simi-
lar physicochemical properties, as measured by the PD index, can
mediate immunologic cross-reactivity.

The PD index of two peptides with identical sequences is 0, and
peptides with conservative substitutions of one or two amino acids
have a small PD value, typically in the range of 0-4. Peptides with
a recognizable similarity in their physicochemical properties tend
to have PD indices lower than 10, whereas unrelated peptides have
much higher PD values (Ivanciuc et al., 2003a). For example, when
we scan all sequence windows of all allergens in SDAP with the
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Fig. 1. Distribution of the PD values of all peptide segments for all allergens in SDAP
relative to epitope 4 from Jun a 1, where only the lowest PD value per sequence was
retained. The average value of this distribution is 11.72 and the standard deviation
is 1.71.

peptide sequence of epitope 4 of Jun a 1 and calculate the lowest
PD value for each allergen, the overwhelming majority of PD val-
ues are larger than 10 (Fig. 1). The distributions of PD indices for
other known IgE epitopes, calculated in an identical approach ver-
sus all allergens in SDAP, are very similar (Schein etal.,2005a,2007).
Thus we conclude that PD values smaller than 10 only rarely occur
by chance, and thus might have a biological meaning, especially
when they are located in similar regions of homologous proteins
or those with shared activities (Schein et al., 2005b). In contrast to
other sequence similarity measures of peptides, which are based
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)

No Protein Epitope 2 PD RWT
1 Junal AFNQFGPNAGQR  0.00 1
2 Cryjl AFNQFGPNCGQR  1.62 0
3 Juniperus saxicola AFNQFGPNAGQP  |.89 0
4  Synthetic AFNQFGPNAGQK (.60 0
5  Synthetic AFNQFGPHAGQR 1.03 1.7
6  Synthetic AFNQFGPNAPQR 1.17  0.75
7  Synthetic AFAQFGPNAGQR 1.53 0.36
8 Synthetic AANQFGPNAGQR 1.68 0

9 Synthetic AFNQFGPNACQR 1.87 0.2

10 Synthetic AFNIFGPNAGQR 1.98 0.99

11 Synthetic AFNQFAPNAGQR 154  0.33

12 Cupressus Torulosa VFNQFGPNAGQP 3.25 0
13 Synthetic AVNQYGPNAGQR 2.03 0
14 Synthetic AFNQFGPHAPQR 220 1.17
15 Synthetic AFNQVGPNAAQR 25| 0

Immunol. (2008), doi:10.1016/j.molimm.2008.09.004
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Table 1 (Continued )
16 Synthetic

17 Synthetic
18 Synthetic
19 Synthetic
20 Synthetic
21 Synthetic
22 Synthetic
23 Synthetic
24 Synthetic
25 Synthetic
26 Synthetic
27 Synthetic
28 Synthetic
29 Synthetic
30 Synthetic
31 Synthetic
32 Ambal

33 Jugn2

34  Pinus taeda
35 Pinus taeda
36 Pinus taeda
37 Synthetic
38 Synthetic
39 Synthetic
40 Synthetic
41 Synthetic
42 Pinus taeda
43 Aspf4

44 Cryj2

45 Olee8

46 Solat]

47 Arah2

48 Blag4

49 Aspf2

50 Arah2

51 Oleel

WENQFGPQAGOR
YFNQFGPNTGQR
AFRQFGPNAGQI
AFNQFGPNANQG
ACNQFRPNAGQR
AFNQFGPNKLQR
AFNQFGRNAPON
ARTQFGPNHGQR
AFRQFGPNAPQI
RFNDRGPNAGQR
AFFQFGPNAGPD
AFNWCGPNPGQR
TFNQFWYNAGQR
AEMAFGPNAGQR
AFNQFGHNRKQR
KFNQSGPNAGQW
AFNKFTDNVDQR
ALSQHAMSAGQR
AFNHFGEGLVQR
AFNHFGEGLMQOR
AFNRFGEGLVQR
RFNNLGPNAGYN
ATYQLCPNAGDR
CVNFFTPNQOGOR
YFNQWGLNAGMN
GANMSGNNAGQR
AYNHFGEGLVQR
FWNKIGPDGGLT
ACKNLSPSAKRK
ALKALGSNTSKE
AIQQMTNAASSY
ALQQIMENQSDR
SVRRFHPKLGDK
AGESHGPDQGHD
LPQQCGLRAPQR

ELSEFIPGASLR
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Table 1 (Continued )

288 148 52 AFNQFGPNAGOR 0 031
302 253 53  Oryza sativa AFNHFGIQLVQOR 699 048
343 118 54 Zea mays AFNHFGRGLVQR 7.14 0.32
3.59 0 55 Lycopersicon esculentum AFNHFGKRLIQR 7.21 2.1
3.69 0 56 Nicotiana tabacum AYNHFGKRLDQR 7.34 095
399 264 57 Musa acuminata AFNHFGEGLIQR 751 0.97
4.25 0 58 Mangifera indica AYNHFGEGLIQR 857 234
4.41 1.25 59  Brassica napus HDDSYGPDTGMQ 10.12 0
460  2.63 60 Thermobifida fusca CFPQWDPTDGPE 10.35 0
484 225 61  Brassica napus LVDQLTRNAGVF [0.54 0
5.07 0 . . .
Peptides are shown in their order (by row and by column) from the membrane. Sub-
stituted residues are shown in color, red for cross-reactive peptides (RWT>0), and
5.18 0 blue for non-reactive peptides (RWT =0). Surface exposed residues are underlined
536 184 in the Jun a 1 epitope sequence.
5.54 0 2.2. Selection and design of peptides with varying similarity to
Jun a 1 IgE epitopes
5.71 1.25
o 5 In order to test the prediction power of the PD index for
IgE cross-reactivity, we chose three well-characterized linear IgE
623 085 epitopes from Jun a 1 protein (AFNQFGPNAGQR, MPRARYGL,
and WRSTRDAFING) (Midoro-Horiuti et al., 2003). We selected
7.36 0 naturally occurring, homologous sequences from SDAP and
supplemented these with computationally designed, novel pep-
725 0 tides, to generate an array of 60 different peptides with
varying physicochemical property distance for each Jun a 1
=8 038 IgE epitope. This provided a sufficient number of peptides to
737 151 determine whether the PD scale accurately predicts potential
reactivity.
6.02 0
2.3. Selection of naturally occurring homologous sequences
6.72 0
S A We searched SDAP to select peptide sequences from homo-
: o logues of Juna 1 (eg. Juno 1,Junv 1, Cup a1, Cry j 1, Cha
757 0 o 1 and Amb a 1), that correspond to, but are not identical in
sequence to each of the three Jun a 1 epitopes. To expand the
8.00 0 list of homologous structures, Jun a 1 homologues from all 104
species from the Juniperus and 34 from Cupressus genera were
8.31 0 sequenced from genomic DNA purified from their leaves using
DNeasy Plant kit (Qiagen). Polymerase chain reaction (PCR) amplifi-
8.87 0 cation was performed with Jun a 1 primers, as described previously,
904 0 with some modification (Midoro-Horiuti et al., 1999). Nucleotide
sequences were determined using a PerkinElmer/Applied BioSys-
919 0 tems model 373A DNA sequencer and primers designed for Juna 1
sequencing.
9.46 0 Jun a 1 belongs to the pectate lyase family, a large group of
homologous proteins that contains both allergens and proteins
9.51 0 that have not been reported to be allergenic. To test the poten-
073 0 tial cross-reactivity between Jun a 1 and other pectate lyases that
o are not on the International Union of Immunological Societies
984 024 (IUIS, http://www.allergen.org/Allergen.aspx) list of allergens, we
included fragments for other related proteins, such as Lycopersicon
996  0.11 esculentum (tomato), Zea mays (corn), Oryza sativa (rice), Mangifera
— 5 indica (mango), Erwinia chrysanthemi, Arabidopsis thaliana (mouse-

ear cress) and Pinus taeda (pine) that corresponded to the three
epitopes.
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2.4. Design of related peptides

In order to explore in greater detail the peptide space around
these epitopes, anumber of designed peptides were generated to fill
the slots remaining up to 60 per epitope. Starting from each of the
Jun a1 epitopes we introduced random mutations and collected the
resulting sequences in such a way to have an even distribution of PD
values between 0 and 10. The sequences of the naturally occurring
homologues and designed peptides are given in Tables 1-3. Control
peptides were designed to be with PD values that ranged between
18 and 20 from each of the three Jun a 1 epitopes thereby reducing
the likelihood of cross-reactions with IgE antibodies.

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

Jun a 1 epitope 2-4 (Midoro-Horiuti et al., 2003) and their
homologues peptides were synthesized on a derivatized cellulose
membrane using N-(9-fluorenyl)methoxycarbonyl (Fmoc) amino
acid active esters by Sigma Genosys. Sera from mountain cedar
allergic patients were obtained from volunteers from the Austin,
Texas, area. Four sera were selected based on the strength of their
reactivity with peptides representing the originally identified Jun
a 1 epitope (Fig. 2) and pooled, as described previously (Midoro-
Horiuti et al., 2006). The binding of IgE from patients’ sera was

Table 2
Results for epitope 3 of Jun a 1: peptide provenance and sequence, PD, and ratio to
WT (RWT)

Table 2 (Continued )

20 Synthetic GPRARYGL 3.6] 0.66
21 Synthetic MPRARYFL 3.67 0.43
22 Ambal MPRCRFGF 520  1.28
23 Synthetic MPRCRFGL 4.01 0.76
24 Synthetic MPRARYNY 418  0.67
25 Synthetic MPRIRIGL 435 0.49
26 Synthetic MPRARYII 4.62 0
27 Synthetic GPRARYGF 4.80 0.95
28 Synthetic KPTARYGL 5.02 0.77
29 Synthetic QPVARYGL 544 0.51
30 Synthetic MPRIFYGL 5.65 0.07
31 Synthetic KPAARYGL 5.92 1.03
32 Peral2 SPRHRHGL 6.66 0.02
33 Betv4 FGRANRGL 7.02 0.89
34 Gald2 RPNATYSL 7.92 (.08
35 Pinus taeda MPRCRHGY 6.37 0.19
36  Pinus taeda IPRCRHGY 7.87 0.67
37 Synthetic MPHARIGQ 6.30 0
38 Synthetic MPRLRDGW 6.82 0.64
39 Synthetic MRRVRYAL 7.18 0.46
40 Synthetic MPRFDAGL 7.35 0
41 Synthetic MSRRRYEL 7.66 0.17
42 Betvd FARANRGL 8.09 0.52

No Protein Epitope 3 PD  RWT
1 Junal MPRARYGL 0.00 1
2 Synthetic MPKARYGL 090 0.05
3 Synthetic MPRARYGV 1.11 0.53
4  Synthetic MPRARYGF 1.19 074
S Synthetic MPRARYGM 143  0.65
6 Synthetic MPRARFGL 1.59 1.08
7  Synthetic MPRARHGL 1.70 0.8
8  Synthetic MPRANYGL 1.78  1.67
9  Synthetic MPRSRYGL 1.89 147
10 Synthetic MPRADYGL 1.96 0
11  Synthetic IPRARYGL 151 109
12 Synthetic APRARYGL 2.07 046
13 Synthetic MPRARYGY 225 (0.8l
14 Synthetic MPRIRYGL 239 098
15 Synthetic MPRFRYGL 251 1.34
16 Synthetic MPRARYCL 2380 0.18
17 Synthetic MPMARYGL 292 (.72
18 Synthetic MFRARYGL 3.19 091
19 Synthetic MPRARYGG 343 025

analyzed as described (Midoro-Horiuti et al., 2003). The pooled
sera were used as the source of the first antibody and biotiny-
lated goat anti-human IgE (Vector) as the second antibody. The
membranes were developed with HRP-streptavidin and ECL (Phar-
macia). The intensity of the IgE binding to individual peptides on
photographic images of the membrane was determined using Mat-
lab software written locally (Mathworks, Inc., Natick, MA). The
program allows the blot images to be cropped and rotated inter-
actively. Adaptive thresholding is used to segment the image into
spots and background, by subtracting the background from the spot
image.

2.6. Classification of the peptides based on the IgE antibody
binding

For each peptide we define the intensity ratio to wild-type
(RWT) as RWT=SIp/SIg, where SIp is the spot intensity of the test
peptide and SIg is the spot intensity of the corresponding Jun a
1 epitope in the same column on the membrane. We classified a
peptide 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

Please cite this article in press as: Ivanciuc, O., et al., The property distance index PD predicts peptides that cross-react with IgE antibodies. Mol.
Immunol. (2008), doi:10.1016/j.molimm.2008.09.004
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Table 2 (Continued ) Table 3 . . '
43 Vesv?2 TPDORIGL §.22 0 \ljs;léll;;;% epitope 4 of Jun a 1: peptide provenance and sequence, PD, and ratio to
44 Malal4 APKAYIGV 835 0 No Protein Epitope 4 PD  RWT
45 Phlpll RDRARVPL 8.89 (.52 1 Junal WRSTRDAFING 0.00 1
46 Galds OSRATLGI 9.14 034 2 Junol WRSTRDAFTNG 1.73 0
47 Apigl LPKAAPGA 9.24 0 3 Synthetic WKSTRDAFING (.65 0
48 Derf6 FPRSKIGD 934 0 4 Synthetic WRSTRQAFING 0.85 098
49 Cucml LGTARGGV 9,47 0 5 Synthetic WRSTRDAFMNG 1.10 1.23
50 Galdl LPDAAFGA 957 0 6  Synthetic WNSTRDAFING 1,29 (.54
51 Peral.0101 LIRALFGL 9.66 0 7  Synthetic WRSKRDAFING 1.50 0.82
52 MPRCRYGT 4.69 0.12 8 Synthetic WRRTRDAFING 1.60 046
53 MPRCRHGY 637 0.24 9  Synthetic CRSTRDAFING .78 0.11

54 Lycopersicon esculentum MPRCRWGY 596 (.16

55 Vitis vinifera MPRCRHGY 637 0.13

56 Nicotiana tabacum MSRATDGL 6.53 0
57 Pseudomonas marginalis APRVRYGQ 6.75 0
58 Oryza sativa MPRCRRGY 6,99 1.15
59 Bacillus subtilis phage PBSX APRVRYGK 729 0
60 Lycopersicon esculentum MOQRCYDGL 9.99 0
61  Zea mays DSKRHYGL 10.18 0

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

were then subsequently compared with those predicted by the PD
classifier.

2.7. Quantitative assessment of the accuracy of a PD-based
prediction of IgE binding

To predict a peptide to be cross-reactive from the PD index, We
assign a peptide as being cross-reactive with the IgE antibody, if
the PD index of this peptide is less than a threshold value PDy;.
All peptides with PD <PDy,, are thus predicted to be in class +1,
whereas all peptides with PD > PDy,, are predicted to be in class —1

Patient 1 2

3 4
-

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

<— Epitope 1
<— Epitope 2

<— Epitope 3

<— Epitope 4

10 Synthetic WRSTRDATING 1.81 0.5

11 Synthetic FRSTRDAFING 082 1.57

12 Junvl WRSTRDAFSNG 2.28 0

13 Juniperus formosana WRSKRDAFTNG 3.23 0.5

14 Synthetic WRSHRDAFINS 2.06 0

15 Synthetic FRSDRDAFING 2.17 0.68

16 Synthetic WOQSIRDAFING 2.52 0.39

17 Synthetic WRSTRDPIING 274 0.12

18 Synthetic WRSDSDAFING 295 1.1

19 Synthetic WRGTIDAFING 339 0.4

(non-reactive). To assess the prediction accuracy of this PD based
model, we determined standard parameters for the assessment of
a prediction model: the number of true positive (TP) peptides, i.e.
the number of experimentally classified +1 peptides that are pre-
dicted in class +1; false negatives (FN), the number of +1 peptides
predicted in class —1; true negatives (TN), the number of —1 pep-
tides predicted in class —1; false positives (FP), the number of —1
peptides predicted in class +1. We also investigated the sensitivity
SN, SN=TP/(TP +FN) and the specificity SP, SP=TN/(TN + FP) of the
prediction as a function of the threshold value by varying PDy, uni-
formly in the range between 0 and 10, and the receiver operating
characteristic (ROC) curve (namely the plot of 1 — SP vs. SN, Fig. 6).

3. Results

Sera for the assays were selected from four mountain cedar-
sensitive patients with strong reactivity for the linear IgE epitopes
2-4 that we previously identified in the sequence of Jun a 1
(Midoro-Horiuti et al., 2003). Reactivity was most pronounced to
epitope 3, which was recognized by all four sera, whereas the detec-
tion of epitopes 2 and 4 was more variable (Fig. 2).

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

Immunol. (2008), doi:10.1016/j.molimm.2008.09.004
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Table 3 (Continued )

20
21
22
23

24

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

Synthetic
Synthetic
Cupa l
Cryjl
Chao |
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Amba l
Alta2
Amba?2
Pinus taeda
Pinus pinaster
Synthetic
Synthetic
Synthetic
Synthetic
Synthetic
Bosd6
Vesvi5
Lyc e 2.0101
Aspf5
Lycel
lolpl
Malaf3
Olee8
Arat8

Pench 13

Lycopersicon esculentum

Zea mays
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WRSTRDAFIKY
WRSTRDMFIFG
WRFTRDAFTNG
WQSTQDVFYNG
WRSTQDSFNNG
WWSSRDAFIRG
WHSTMDAHING
WRGTIDAFINA
WPSTRGAHING
WHCTRWAFING
LRSTRDAGCNG
WRSQRDAKIWG
WRTDRDLLENG
FRENRETIINT
WRTQNDVLENG
WRSEGDLMLNG
WRSKGDLMLNG
WFSPRDAFIQD
NRGTRDLFIYG
GTSCRDMFING
QPSTAHAFING
PTRTRDAFINF
YQEAKDAFLGS
KRSTTAALFDS
ADQTRFAFLSG
FVQARDAILDA
IKKTNQALIIG
YKNVDKAPFNG
LRTARYALIAN
IDTDKDGF INV
IQGEQGAVIRG
TASNTDAVIPS
WRSEGDLLLNG
WRSEGNLFMNG

WKSQGDVMMNG

3.90

4.04

4.48

4.70

4.17

4.91

5.07

5.28

5.50

5.81

5.91

6.74

7.65

7.84

7.02

6.41

7.22

741

7.96

8.30

8.60

8.88

9.02

9.16

9.32

942

9.50

9.61

9.77

7.03

7.10

0

1.31

1.76

0.96

0.12

0.51

0

Table 3 (Continued )

55 Oryza sativa WRTEGDMMVNG 7.63 0
56 WRSEGDLLLNG 7.03 0
57 Erwinia chrysanthemi IFSDKGSIING 9.50 0
58 Arabidopsis thaliana WRTEGDLMENG 9.56 0
59  Oryza sativa LYSARDVWVDH 9.89 0
60 Bacillus subtilis phage PBSX FKSTKDSYNYS 99| 0
61 WISDGDDMENG |1.46 0

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

of the original epitope sequence. The relative signal intensities for
these copies, ranged from 1 to 2.4 for epitope 2, and from 1 to 2 for
epitopes 3 and 4. The following five rows each contain 10 different
peptides whose PD values to the starting epitope are in discrete
ranges (0-2, 2-4, 4-6, 6-8, and 8-10). These peptides were selected
either from other allergen sequences in SDAP or were designed by
randomly altering residues of the original epitope, as described in
Section 2. The last row in each epitope group contains 10 different
peptides from the same structural region of pectate lyases that have
not been characterized as allergens.

Visual inspection of the membrane (Fig. 3), especially for
the universally recognized epitope 3, shows a clear relationship
between the spot intensities and PD values, i.e. peptides with low
PD values produced more intense spots, and the spot intensities
decrease with increasing PD values. Also, the frequency of non-
reactive peptides increases as PD increases, thus quantitatively
confirming our initial hypothesis that the more similar peptides,
i.e., those with lower PD, will bind IgE better than those with higher
PD. Several peptides from other uncharacterized pectate lyases (last
row of each section) also bind IgE, indicating that they are poten-
tially cross-reactive with IgE against Jun a 1. These include pectate
lyases from tomato, tobacco, banana, and mango, which showed
a strong cross-reactivity with epitope 2, but not for the other epi-
topes (Tables 1-3). Finally, none of the control peptides show any
IgE reactivity, thus indicating that PD can be used to design peptides
that are unlikely to react with antibodies to known epitopes.

Plots of spot intensities relative to the wild-type (RWT) values vs.
PD (Fig. 4a, c and e) for all 60 peptides of each Jun a 1 epitope show
more quantitatively that the intensities decrease as PD increases. In
addition, the number of non-reactive peptides (i.e. with RWT=0)
increases with increasing PD value. This is clearly seen in the his-
tograms of the percentage of cross-reactive peptides with RWT>0
and non-reactive peptides with RWT =0 for each interval of 2 PD
units over the entire range of PD values from O to 10 (Fig. 4b, d and
f). Most of the peptides with PD values less than 6 to epitopes 3
and 4 reacted with the serum IgE. For epitope 4, there is a sharp
increase in the number of non-reactive peptides around PD value
of 6, and a more gradual increase for epitope 3 over the same range.
For epitope 2, non-reactive peptides are distributed along the entire
curve, however the trend of a decreasing number of cross-reactive
peptides with increasing PD values is also observed.

The predictions of the PD classifier were compared to the exper-
imental IgE binding data to determine the number of correct
predictions for each peptide class dependent on the PDy, value. By
varying the threshold value between 0 and 10 we obtain the plots
for sensitivity and specificity of the classifier (Fig. 6a, c and e). For a
given threshold PDy,, “true positive peptides (TP)” have PD < PDy,,
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Epitope

Fig. 3. Dot blot showing IgE binding to peptides similar to Jun a 1 epitopes. The top row of each section is 10 repeats of the epitope, followed by peptides designed to have
PD values in the indicated range; the last row contains naturally occurring sequences from other pectate lyases. See Tables 1-3 for sequence details and intensities.

and RWT > 0. These are illustrated in Fig. 5 for epitope 4, together
with the false positives (FP), false negatives (FN) and true nega-
tives (TN). The intersection point of these two plots identifies the
most predictive PD classifier. As expected the optimum PD thresh-
old between cross-reactive and non-reactive peptides is close to the
middle of the range selected for the dataset of peptides, namely 6
for epitope 2, 6.5 for epitope 3, and 5 for epitope 4. The percentage
of correct predictions is 60% for epitope 2 and 80% for epitopes 3 and
4. This finding demonstrates that PD is a reliable index for identi-
fying cross-reactive peptides (see Section 4). Further evidence was
obtained from the ROC curves of the PD classifiers (Fig. 6b, d and f)
that show that all three models are reliable, with better predictions
obtained for the more widely recognized epitopes 3 and 4. We also
investigated classifiers with a non-zero threshold for the peptide
ratio, without any improvement of the prediction, as measured by
the area under the ROC curve (data not shown).

4. Discussion

This work is based on the hypothesis that similarities of physic-
ochemical properties of the amino acids of a peptide, rather than
absolute identity, to those of an epitope can be used to predict
whether the sequence would bind IgE. Our results are a quanti-
tative validation of the property distance index PD as a tool to
rank peptides according to the likelihood that they will cross-react
with known linear IgE epitopes (Ivanciuc et al., 2002, 2003b). We
previously showed that, starting from a known IgE epitope, PD val-
ues can identify and rank similar regions in homologous allergens
(Ivanciuc et al., 2003a), and recognize structurally similar IgE epi-
topes (Schein et al., 2005a). These results establish that peptides
with low PD values to a known epitope have a higher probability of
binding IgE against that epitope.

We tested our hypothesis by designing a large array of differ-
ent peptides with PD values between 0 and 10 relative to each of
the three linear epitopes previously identified for Jun a 1 (Midoro-
Horiutietal.,2003), and we determined the ability of those peptides
to bind to IgE antibodies from patients who are allergic to Jun
a 1. As would be expected from the measurement deviations in
the immuno-dot blot assays, there is no simple linear relation, i.e.
direct quantitative correlation, between the PD value of a peptide
and its measured intensity of binding to IgE. However, the peptides
can be classified into two groups, i.e. those that bind IgE and non-
binders, based only on their PD index alone, with a sensitivity and
specificity of 60-80% for a threshold value PDy;,; of around 6. Qual-
itatively, the plots and histograms of RWT values vs. PD (Fig. 4)
show that low PD peptides have a higher propensity for cross-
reactivity than high PD peptides for all three epitopes. However,
there are differences in the accuracy of the predictions. Whereas
the accuracy of our prediction models reaches 80% for epitopes 3
and 4, we observed a lower accuracy (60%) for epitope 2. This might
be explained by the 3D structural features of that epitope where
many of the residues within that epitope region are buried within
the molecule (Midoro-Horiuti et al., 2006). While the optimum PD
threshold between cross-reactive and non-reactive peptides may
vary among epitopes, it lies between 5 and 6.5 (within a 0-10
range) for all three epitopes we tested. It seems remarkable that
the PD thresholds are so similar for these three epitopes in which
the length and surface exposure is quite different. Although we
selected the PD range [0,10] for this study based only on computa-
tions for epitopes in SDAP (Ivanciuc et al., 2002, 2003b) and on the
statistical distribution of the PD values (Fig. 1), it is very reassuring
to find that the optimum threshold value for PD is situated near
the middle of this interval. Previous work has shown that struc-
tural similarities between the linear epitopes of Ara h 1 can be
detected by peptides with PD values as high as 8 or 9 (Schein et

Immunol. (2008), doi:10.1016/j.molimm.2008.09.004
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Fig. 4. Plots of RWT vs. PD values and histograms for the percentage distribution of cross-reactive (black columns: RWT>0) and non-reactive (vertical stripes: RWT=0)
peptides. Jun a 1 epitopes: (a) and (b), epitope 2; (c) and (d), epitope 3; (e) and (f), epitope 4.

al., 2005a), so the exact threshold for significance remains to be
determined.

A possible reason for the observed differences between the
three epitopes is the distinct reactivities of the individual sera
from the 4 patients (Fig. 2). Epitope 3, the shortest epitope (seven
residues), which is quite conserved among the cedar pollens, is rec-
ognized by all four sera, whereas the more variable and longer
epitope 4 is recognized only by serum from patients 1 and 4,
and epitope 2 by serum from patient 3. The difference in reac-
tivities of the four epitopes may also arise from their different
surface exposed area in the whole protein, as determined from the
X-ray crystal structure of Jun a 1 (Czerwinski et al., 2005). Accord-
ing to GETAREA (http://pauli.utmb.edu/cgi-bin/get_a_form.tcl), a
significant portion of epitope 2 is buried. Using a threshold of
10A2 accessible surface area/ residue, epitope 2 has 4 exposed
residues out of 12, whereas epitope 4 has 10 out of 11. This
could account for their differing RWT and PD values relation-
ships.

o TP

A FP

o FN

e TN
@ PDthr

PD

Fig.5. Assessment of a PD-based prediction model for a classifier with the threshold
value PDy, =4 for the Jun a 1 epitope 4. The diagram illustrates the distribution of
the true positive (TP), the false negative (FN), the false positive (FP) and the true
negative (TN) peptides.
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The current study indicates that the simple PD similarity index
performs remarkably well in predicting the sequence requirements
for such complex protein—protein interactions as those involved in
the allergen-IgE binding. The number of peptides variations we
were able to compare in this experiment was much smaller than
the total number, with 20 possible amino acids for each position.
Visual inspection of the position of the mutated residues in the
sequence (Tables 1-3) revealed no clear pivotal amino acids for IgE
binding. Some observations from this study suggest that residues
with more surface exposure are more important for binding. For
example, among the peptides with low PD to epitope 3, only two
peptides do not bind IgE and both have substitutions at surface
exposed residues. This may also account for why many peptides
with low PD values to the (highly surface exposed) epitope 4 do
not bind IgE. Future studies could pinpoint positions that are more
surface exposed in allergens for which the 3D structure is known
(Aalberse and Stadler, 2006; Bonds et al., 2008; Breiteneder and
Mills, 2006; Chapman et al., 2007; Henriksen et al., 2001; Meno
et al., 2005; Oezguen et al., 2008). This should give more informa-
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tion about the actual epitope than simple alanine scanning, without
requiring significantly more peptide synthesis.

Several noteworthy results were obtained when the homolo-
gous peptides derived from other cedar allergens were probed with
the sera from patient with mountain cedar allergy. These peptides,
derived from the related allergens Cryj1,Juno1,Cupa1,Chao1,are
not significantly more cross-reactive than the synthetic peptides
with similar PD values (Tables 1-3). These observations, as well as
the recognition of areas from fruit and tobacco pectate lyases by IgE
in these patient sera, will require further study to determine their
clinical relevance in triggering food-pollen cross-reactivity (Bonds
et al., 2008).

The new approach presented here can be easily extended to
other allergens whose linear IgE epitopes have been determined,
such as those from Pen a 1 (shrimp tropomyosin) (Ayuso et al.,
2002), Jug r 1 (English walnut) (Robotham et al., 2002), Jun a 3
(mountain cedar) (Midoro-Horiuti et al., 2003), Cry j 2 (Japanese
cedar) (Tamura et al., 2003), Par j 1 and Par j 2 (Asturias et al.,
2003), Fag e 1 (buckwheat) (Yoshioka et al., 2004), the peanut aller-
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Fig. 6. Plot of sensitivity (SN) and specificity (SP) vs. PD and ROC curve for epitopes: (a) and (b), epitope 2; (c) and (d), epitope 3; (e) and (f), epitope 4.
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gens Ara h 1, Ara h 2, and Ara h 3 (Helm et al., 2000; Rabjohn et al.,
2002; Shreffler et al., 2004), and for the IgE and IgG4 epitopes of
Ara h 2 (Shreffler et al., 2005). The PD scale could be integrated in
a procedure to select proteins of unknown allergenic potential that
are most likely to cross-react with characterized allergens (WHO,
2003). Another application of the PD index is in the bioinformatics
analysis of emerging proteomic methods to identify allergens and
their epitopes (Gonzalez-Buitrago et al., 2007). We suggest that a
statistical analysis of these data and the computational design of
synthetic peptides with low PD values to the known IgE epitopes
can identify the critical components of IgE epitopes and guide the
design of allergen vaccines (Spangfort, 2003; Weber, 2005).

5. Conclusions

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