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Epitopes are located at the surface of allergens with which
antibodies specifically bind. On the assumption that frag-
ments unique to allergens have common, characteristic
amino acid sequences, we compared the amino acid
sequences of allergens with those of non-allergens.
Segments around fragments unique to allergens showed
wavelet-like distributions for several amino acids.
Charged residues, alanine and glycine had positive
peaks at the centre of the unique segments with small
valleys on both sides, while aromatic residues, proline
and cysteine showed the inverse distribution. Further-
more, the wavelet-like distribution of amino acids could
be represented by a universal distribution function
together with an index characterizing the intensity of the
wavelet. Using the universal distribution function and the
novel index of amino acids, we developed a simple method
for extracting segments and fragments that are unique to
allergens. The significance of the universal distribution
function and the novel index is also discussed, by compar-
ing the plot of the allergen-unique fragments index and
dynamic fluctuation in the three dimensional structure
of birch pollen allergen as both a single molecule and a
complex with the corresponding antibody.

Keywords: allergen/unique sequence fragment/
protein�protein interaction/bioinformatics.

Abbreviations: AUFs, allergen-unique fragments;
ALG dataset, allergen dataset; NEG dataset,
Negative datasets of non-allergen proteins; EPITOPE
dataset, IgE epitope-known dataset; PDB, Protein
databank; ALG fragments, fragments recurring in
only allergen proteins; NEG fragments, fragments
recurring in only non-allergen proteins; BOTH frag-
ments, fragments recurring in both types of protein.

Most proteins are composed of compact core regions
and dynamically fluctuating segments. The fluctuating

parts in a protein or a protein complex can be identi-
fied by the B-factor of atoms on X-ray crystallography.
Most fluctuating segments are located at the surface of
proteins and play an important role in protein�protein
interactions (1�4). Therefore, the relationship between
the degree of fluctuation in the three-dimensional
structures and the characteristics of amino acid
sequences is an interesting and important problem to
be solved. The characteristics of amino acid segments
of completely disordered regions in proteins have
recently been studied by several groups (5�12), but
the relationship between amino acid sequences and
the degree of fluctuation of segments in ordered struc-
tures has not been studied in detail (13).

Environmental effects on the structural fluctuation
can lead to difficulties in studying the relationship
between amino acid sequences and dynamic fluctua-
tion. For example, large fluctuations in a segment
within a single molecule are suppressed by binding
with another molecule (2, 3). Similarly, an intrinsically
flexible segment in a domain becomes rigid upon bind-
ing with another domain in the same protein. Proteins
thus contain numerous segments whose fluctuations
are intrinsically large, but are suppressed in the
native state or in protein complexes. Therefore, it is
very difficult to develop a computational method for
predicting the degree of dynamic fluctuation in amino
acid segments.

Antigen�antibody interactions provide an interest-
ing problem with regard to the dynamic structures of
amino acid segments. There are several epitopes on the
surface of antigens that are flexible and bind with anti-
bodies (3). Allergen proteins are a category of antigens
that interact with immunoglobulin E (IgE). It is
thought that fragments unique to allergens, and that
are not found in non-allergen proteins, are located at
the surface of these proteins (14). Fragments unique to
allergens that have potential flexibility for binding with
IgE are thus thought to exist.

In the present study, we analysed the amino acid
sequences of 663 allergens and 539 non-allergens and
obtained 8,696 fragments unique to allergens. The
distribution of amino acids around the allergen-
unique fragments (AUFs) was then calculated,
revealing the wavelet-like distribution of several
amino acids. In order to elucidate the meaning of
the wavelet-like amino acid distribution, we devel-
oped a novel index of amino acids (AUF index)
that represents the intensity of wavelet-like distribu-
tion. When the plots of the AUF index were studied
for the birch pollen allergen, the peaks correlated
well with the portions of large structural fluctuations.
The possibility of developing a software system to
predict amino acid segments having intrinsically
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enhanced fluctuation and epitopes of allergens is also
discussed.

Materials and methods

Datasets of allergens and non-allergens
The allergen dataset (ALG dataset) was prepared from the
Allermatch (15), and 663 allergen proteins were obtained, omitting
redundant sequences with point mutations. Negative datasets of
non-allergen proteins (NEG dataset) consisting of 539 proteins
were obtained from the literature (14), omitting identical sequences
and fragment entries. The IgE epitope-known dataset (EPITOPE
dataset) was derived from SDAP (16), the CSL Allergen Database
(17) and ProtAll (18). Datasets are summarized in Table 1.

Data on three-dimensional structures of birch pollen allergen in
both the single-molecule state (PDB: 1BV1) (19) and as a complex
with the antibody at the IgE epitope (PDB: 1FSK) (20, 21) were
obtained from the Protein databank.

Dataset of AUFs
We prepared AUFs in three steps. First, we searched for three to
eight amino acid fragments recurring in each protein from the aller-
gen and non-allergen protein datasets. Second, fragments were clas-
sified into 4 categories: fragments recurring in only allergen proteins
(ALG fragments); fragments recurring in only non-allergen proteins
(NEG fragments); fragments recurring in both types of protein
(BOTH fragments); and fragments occurring only once in proteins.
The number of ALG fragments, NEG fragments and BOTH frag-
ments was respectively 4297, 2021 and 5155. In the third step, taking
into account the fact that many of epitopes of allergen consist of
pairs of fragments, we prepared fragment pairs that were unique to
allergen proteins, combining ALG fragments and BOTH fragments.
Although the length of fragment pairs can be very large, we used the
segments covered by the fragment pairs, whose length was 3�15
residues. We defined those segments as AUFs. Figure 1 shows the
length distribution of the AUFs which indicated that the length of
AUFs monotonously decreased, and the segments shorter than 15
residues are enough for further study of the characteristics of the
segments. The number of AUFs was 8696. When 57 epitope seg-
ments in 16 allergen proteins were analysed by alignment with
AUFs, 53 epitopes overlapped with AUFs, covering 93% of
epitopes.

Frequencies of appearance of amino acids around the
centre of AUFs
We prepared AUFs for extracting fluctuating fragments at the sur-
face of allergens. AUFs are not necessarily epitopes, but must con-
tain epitope-like fragments, as epitopes have the following
characteristics (1, 3, 22): (i) the binding portion, epitope, of an aller-
gen consists of several fragments that are exposed to the surface of
the protein, and at least one of the fragments that constitute the
binding portion is unique to an allergen, guaranteeing the unique-
ness of the binding portion; and (ii) there are no common sequence
motifs throughout all epitopes, and the binding portion has a
dynamic state for binding with the corresponding IgE. The dataset
of AUFs recurring in amino acid sequences of allergens would there-
fore be useful for developing software tools to predict allergens, as
well as for elucidating the mechanisms of molecular recognition by
immunoglobulins.

In order to elucidate the common characteristic distributions of
amino acids around the centre of AUFs, we calculated the frequen-
cies of appearance of amino acids at each position of 29 amino acids
in which AUFs are located at the central positions. When a fragment
had odd number of amino acids, the count was raised by one to the
distribution of each amino acid at the corresponding position. When
a fragment had even number of amino acids, we considered a virtual
sequence with odd number of residues in which the two amino acids
neighbouring to the virtual residue equally contribute by 0.5 to the
virtual position. The amino acid distributions around the centre of
fragments in ALG, NEG and BOTH were obtained from the same
way as AUFs.

AUF plot for predicting AUF-like segments
Using the universal distribution function in Fig. 3B and the AUF
index in Table 2, we developed an AUF plot expressed by the fol-
lowing equation,

SAUFðiÞ ¼
X10
j¼�10

Aðiþ jÞ � fðjÞ ð1Þ

Here, SAUF(i) represents the score of a segment of 21 residues
around the i-th position of an amino acid sequence. Function f(j)
represents the universal distribution function for AUFs in Fig. 3B, in
which j indicates the interval from the centre of the wavelet.
Coefficient A(i+ j) is the AUF index value, corresponding to the
amino acid at the (i+ j) position. A peak on the AUF plot repre-
sents the degree to which a segment around the peaks has the char-
acteristics of the AUF.

Average hydrophobicity around peaks of AUF plots
Hydrophobic segments generally form the core of proteins, while
hydrophilic segments are located at the periphery. To evaluate the
hydrophobicity around the peaks of AFU plots, we calculated the
double moving average hhHðiÞii of the Kyte�Doolittle hydropathy
index (23) H(k). We adopted the double average in order to smooth
very notched hydropathy index sequences.

HðiÞ
� �� �

¼
Xiþ3
j¼ i�3

Pjþ 3

k¼ j�3

HðkÞ=7

 !

7
ð2Þ

Fig. 1 The distribution of length of fragments in AUF.

Table 2. Amino acid index characterizing distribution of allergen-

unique segments.

Positive weight Negative weight No weight

D 170.0 M �201.5 I 0.0
E 224.5 W �161.0 V 0.0
A 238.5 F �159.0 L 0.0
G 253.5 C �158.5 T 0.0
K 285.0 Y �152.0 S 0.0

H �141.0 N 0.0
P �90.0 Q 0.0

R 0.0

Table 1. Sequence datasets for allergens, non-allergens and epitopes.

Datasets No. of sequences Databases

ALG 663 Allermatch (15)
NEG 539 Zorzet et al. (14)
Epitope 57 SDAP (16), Allergen Database

(17), ProtAll (18)
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Results

Characteristic distribution function of amino
acids around AUFs
The distribution of amino acids around AUFs was
classified into three categories: wavelet-like distribu-
tion with a peak at the centre of AUFs; inverse distri-
bution with a valley at the centre; and random
distribution. Figure 2A�C shows the distributions of
the three categories of amino acid. Glycine, alanine,
aspartic acid, glutamic acid and lysine exhibited
distributions with a peak at the centre (Fig. 2A),
while phenylalanine, histidine, tyrosine, tryptophan,
cysteine, methionine and proline belonged to the
second category having a valley at the centre
(Fig. 2B). Random distribution around AUFs was
observed for leucine, isoleucine, valine, serine, threo-
nine, arginine, asparagine and glutamine (Fig. 2C).

The amino acid distributions around single frag-
ments of ALG, NEG and BOTH were analysed and
classified in three groups in the same way as AUFs.
The distribution with a peak and a valley at the centre
of BOTH fragments showed the same tendency of
Figure 2A�C. The distributions of amino acids for
AUFs were similar to those for ALG and BOTH
data set but showed large different from those for
NEG. The details of the difference in the wavelet-like
distribution among the data set for ALG, NEG,
BOTH and AUFs provide interesting problem from
the aspect of the epitope prediction, but we used
the distributions of amino acids around AUFs
for simplifying the analysis of many amino acid
sequences. The detailed analysis of the three types of
data set (ALG, NEG, BOTH) will be described
elsewhere.

The distribution of each amino acid could be
expressed by the wavelet-like distribution with the
offset of random distribution, and the shapes of the
wavelet-like part of the distributions for amino acids
in the same categories were very similar. Figure 3A
shows the average normalized distributions of the
wavelet-like parts for each category of amino acid,
having a peak or a valley at the centre. When one of
the normalized distributions was inversed vertically,
the two graphs overlapped. Glycine, alanine, aspartic
acid, glutamic acid and lysine were used for calculating
the normalized distributions of a peak at the centre,
and phenylalanine, tyrosine, tryptophan, cysteine and
methionine were used for the normalized distributions
of a valley. Because the valley for proline was not
significant, proline was not used for the calculation
of the normalization. We then obtained the universal
distribution of amino acids around AUFs by averaging
the distribution of the first category and the inversed
distribution of the second (Fig. 3B). Table 2 shows the
intensities of the wavelet-like distribution for amino
acids that were used in this study as the AUF index.
The amino acids in the first category showed positive
values for the AUF index, while amino acids in the
second category had negative values. The value of
the index was zero for the amino acids in the third
category.

Correlation between peaks of AUF plot, and positions
of secondary structures and epitopes
In order to better understand the AUF plot, we
analysed the sequence of an allergen; the birch pollen
allergen. We studied this allergen because it is the only

Fig. 2 Three types of amino acid distribution around allergen-unique

sequences: peak at the centre (A), valley at the centre (B) and random

distribution (C). Glycine, alanine, aspartic acid, glutamic acid and
lysine belong to the first category, and phenylalanine, histidine,
tyrosine tryptophan cysteine, methionine and proline are the mem-
bers of the second category. Other amino acids showed random
distribution (third category).
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one whose molecular structures are known both in the
single-molecule state and in the complex with the cor-
responding IgE. An AUF plot for the birch pollen
allergen is shown in Fig. 4A (Graph I). The secondary
structure of the birch pollen allergen (PDB: 1BV1) is
also shown in Fig. 4A (Graph II). It appears that the
peaks of the AUF plot are positioned at the loops or
the end of the secondary structure. It is clear that the
peaks of the AUF plot correspond to the loops or the
end regions of the secondary structures, thus suggest-
ing that the peaks are dynamically fluctuating seg-
ments at the surface of the protein. Previous work on
the secondary structure breakers showed that proline,
glycine and amphiphilic residues, such as lysine and
glutamic acid are signals for the loops or ends of sec-
ondary structures (24). These residues are, in fact, the
main factors for the peaks in the AUF plots.

Graph III in Fig. 4A shows the hydrophobicity plot
of the birch pollen allergen. We then produced three
graphs (IV, V and VI) of the peaks of the AUF plot for
visualizing the positions of peaks in the hydrophobic
regions hhHðiÞii > 0:0 (Graph IV), the moderately

hydrophilic region �1:5< hhHðiÞii<0:0 (Graph V)
and the very hydrophilic region hhHðiÞii<�1:5
(Graph VI). Peaks in region IV are indicated in blue
and green; the blue peaks correspond to higher hydro-
phobic regions (hhHðiÞii>0:5), whereas the green peaks
correspond to regions with lower hydrophobicity
(0:0 < hhHðiÞii < 0:5). Only one peak was found in
region VI, which in indicated in red. All other peaks
were in region V, indicating that peaks are mainly pre-
sent in moderately hydrophilic regions. Graph VII
shows the epitope regions (21). Comparison of epitope
regions and Graphs IV, V and VI shows that the epi-
topes in this allergen correspond to the peaks in the
AUF plot with moderate hydrophilicity.

The three-dimensional structures of the birch pollen
allergen from two directions are shown in Fig. 4B. The
positions of the AUF peaks are marked by coloured
letters from a to v. Four colours (blue, green, red and
orange) indicate the hydrophobic regions used in
Fig. 4A. From the physicochemical viewpoint, it is
unsurprising that the hydrophobic AUF peaks (blue
and green) are clustered, forming a hydrophobic core
in this protein, whereas the moderately hydrophilic
AUF peaks are located at the peripheral regions.
AUF peaks corresponding to epitopes are indicated
by f, g, i, j, l and n, which are clustered on one side
of the protein.

Correlation between peaks of AUF plot and
normalized B-factor
The three-dimensional structures of proteins in both
the single-molecule state and the antibody complex
are now available for the birch pollen allergen
(19�21). Therefore, the changes in structural fluctua-
tion upon binding with IgE may be visualized by sub-
tracting the B-factors of the compared positions of the
AUF peaks. Figure 5A shows the plots of B-factors for
the structures of birch pollen allergen in the single-
molecule (Graph VIII) and antibody complex (Graph
IX) states, as normalized by Smith’s method (25).
The dotted lines in Fig. 5A show the positions of
the AUF peaks. As expected from the nature of the
protein�protein binding, the fluctuation of fragments
at the epitopes (Graphs VIII and IX) is greatly reduced
by complex formation between the allergen and IgE.
Graph X shows the difference in B-factors between the
two states. The results indicate that the segment
between the 25-th and 80-th residues, indicated with
downward arrows, shows great reductions in structural
fluctuation, corresponding to the main part of the epi-
topes. On the other hand, fluctuation of the segments
around the 110-th, 130-th and 150-th residues is sig-
nificantly enhanced by protein�protein binding.
Figure 5B shows the structure of birch pollen allergen,
in which the difference in B-factors between the single-
molecule and protein complex states is plotted using
pseudo-colours. Fluctuations in the segments near the
epitopes in the sequence are reduced significantly,
while the segments far from the epitopes show
enhanced fluctuation by binding with IgE. The fact
that the fluctuation is suppressed by protein�protein
interactions is reasonable from a physical standpoint,
and the correlation between the positions of AUF

Fig. 3 Wavelet-like average distribution of amino acids for the first

category have a peak at the centre with two small valleys on both sides,

while wavelet-like distribution for the secondary category has the

inverse shape (A). Averaging the distribution for the first category
and the inverse distribution of the secondary category, the universal
curve is obtained for all wavelet-like distribution of amino acids
around allergen-unique segments (B).
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peaks and binding sites suggests that the AUF plots
will be a useful tool for predicting allergens.

Discussion

We analysed the amino acid distribution around the
segments unique to allergens and developed the AUF
plot. The utility of the AUF plot was then evaluated by
examining the structural fluctuation of the birch pollen
allergen, a typical allergen with known molecular
structures in the single-molecule and complex states.

The fragments unique to allergen proteins were ana-
lysed and characteristic wavelet-like distributions of

several amino acids were seen around the fragments.
The shape of the distribution was largely symmetric,
and the amino acids that are preferred by allergen
epitopes showed peaks at the centre of the fragments
and two shallow valleys on both sides of this peak. On
the other hand, the amino acids avoided by epitopes
showed sharp valleys with two low peaks on both sides
of this valley. Analysing the distributions, we devel-
oped an index of amino acids for characterizing
AUFs. Using this index together with the universal
distribution function of amino acids around AUFs, a
novel plot (AUF plot) was developed to represent the
fragments similar to AUFs based on positive peaks.
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Analysis of the amino acid sequences of birch pollen
allergen showed that most peaks in the AUF plot were
located at the loop regions or the end regions of sec-
ondary structures. Extensive analyses of numerous
proteins showed the same tendency. Comparing the
AUF plot obtained from the amino acid sequence
with the degree of the fluctuation (B-factor) from the
structural analysis of the birch pollen allergen, it was
strongly suggested that the peaks of the AUF plot are
closely related to the potential flexibility of amino acid
fragments in proteins.

Many of the peaks in the AUF plots corresponded
to B-factor peaks, thus suggesting that the amino acid
sequences around the peaks of the AUF plots have
large fluctuations in structure. The central regions of
the peak have numerous flexible residues, such as

glycine and alanine, as well as charged residues,
which show high affinity to water, and this is consistent
with the large fluctuation at the protein surface.
Furthermore, the peripheral region contains numerous
bulky aromatic residues and proline, which support
large fluctuations in the central regions. It should be
noted that these characteristics are not realized by high
sequence homology. The conserved properties are
not due to the sequences themselves, but rather their
physical properties.

The AUF index appears to be useful in predicting
the dynamic properties of fragments in the three-
dimensional structure of proteins. However, the flexi-
bility of a fragment is suppressed by binding with other
molecules or domains, as shown in Fig. 5A. Therefore,
some other filter that discriminates flexible segments
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at the surface of a protein is necessary to predict
dynamically fluctuating segments based on amino
acid sequences alone. In fact, when segments at the
peaks of the AUF plots are selected simply by average
hydrophobicity, considerable discrimination in the
flexible segments from segments at the core region
with high AUF indexes is obtained. However, it is nec-
essary for more accurate prediction to analyse the
relationship between the peaks of AUF plots and the
epitopes of many allergens, which will be described
elsewhere.
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