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Abstract

Background: The cockroach allergen Bla g 4, a putative lipo-
calin, is known to exhibit frequent sequence variations.
However, the previously reported cDNA sequences are trun-
cated at the N terminus. This study was undertaken to inves-
tigate the mechanisms by which these sequence variations
are generated. Methods: Rapid amplification of cDNA ends
PCR and RT-PCR were performed to obtain the full sequence
of the Bla g 4 cDNA, and PCR was also used to clone the Bla
g 4 genomic DNA. In addition, Bla g 4 protein variants were
analyzed by two-dimensional gel electrophoresis. Results:
Nine additional amino acid residues at the N terminus of Bla
g 4 were identified, and 2 genes encoding Bla g 4, both of
which consisted of 5 exons, were cloned. Examination of 34
clones of Bla g 4 cDNA obtained by RT-PCR revealed 14 vari-
ants. In particular, Bla g 4 sequences showed frequent clus-
ters of variations in residues 38-45, 61-82 and 144-163. Dif-
ferences in cDNA sequences may imply that RNA sequences
are edited after transcription. More than 10 spots were iden-
tified between pH 5 and 7 upon two-dimensional gel elec-
trophoresis, indicating that multiple variants of Bla g 4 are

produced at the protein level. Conclusions: Genetic poly-
morphisms among individual cockroaches, the existence of
multiple genes and sequence variations caused by RNA edit-
ing produce sequence diversity of Bla g 4, which may influ-
ence its allergenicity. The sequence information obtained in
this study will be helpful for the standardization of the cock-
roach allergen and thereby aid in the development of diag-
nostics and immunotherapeutics.

Copyright © 2008 S. Karger AG, Basel

Introduction

Various arthropods that infest human dwellings may
elicit allergic disorders [1]. Identification and character-
ization of allergens are crucial for the diagnosis and rem-
edy of the symptoms [2]. Sensitization to cockroach al-
lergens is an important risk factor for asthma-related
hospitalization [3]. Recently, molecular biological tech-
niques have allowed for the identification of several
groups of cockroach allergens [4, 5].

Bla g 4, a putative lipocalin, is one of the important
cockroach allergens [6]. It is expressed in the adult male
reproductive system and is speculated to bind phero-
mones. In a recent study, it was found that Bla g 4 is pro-
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duced in the conglobate gland and the apical utricles (ac-
cessory glands of the male reproductive system) and
transferred to the female’s genital tract during copulation
[7]. Bla g 4 is discarded with the spermatophore from the
female 24 h after copulation.

Forty to 60% of cockroach-reactive asthmatics show
serum IgE antibody to recombinant Bla g 4 [6]. The high-
est yield of recombinant Bla g 4 was obtained in the
methylotrophic yeast Pichia pastoris, and this recombi-
nant was shown to have excellent allergenic activity [8].
However, only 17.4% (20/115) and 20.5% (7/34) of cock-
roach-allergic subjects were shown to have serum IgE
specific to the recombinant Bla g 4 in recent studies [9,
10].

Many animal allergens have been described to be lipo-
calins [11]. Important mammalian allergens such as those
from cats (Fel d 4) [12], dogs (Can f 1 and Can f 2) [13],
cows (Bos d 2 and Bos d 5) [14, 15], horses (Equ ¢ 1 and
Equc?2) [16, 17], rats (Rat n 1) and mice (Mus m 1) [18] all
belong to the lipocalin protein family. A major allergen
of Argas reflexus, the European pigeon tick, can cause
anaphylactic reactions upon biting and has also been
shown to have significant homology to lipocalins (Arg r
1) [19]. Lipocalins exhibit diverse functions including
roles in retinol transport, cryptic coloration, olfaction,
pheromone transport, prostaglandin synthesis, regula-
tion of cell homeostasis, modulation of immune respons-
es and the general clearance of endogenous and exoge-
nous compounds [20]. Despite their low amino acid se-
quence identity, lipocalins are known to share a similar
crystal structure, namely 8-10 antiparallel 3-sheets form-
ing an internal ligand binding site at the N terminus and
an a-helix at the C terminus [21].

We have previously described the sequence diversity
of Bla g 4 [22]. However, full sequence information for Bla
g 4 is not yet available. Information on the sequence di-
versity of major allergens is very important for complete
allergen characterization and standardization [23, 24]. In
this study, we obtained full-length cDNA and genomic
DNA sequence information for Bla g 4 in order to inves-
tigate the mechanism by which sequence variations could
be generated.

Materials and Methods

Cockroaches

Male cockroaches were isolated from the colonies that are
maintained in the insect rearing facility of the Korea National
Arthropods of Medical Importance Resource Bank, Department
of Environmental Medical Biology, Yonsei University College of
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Medicine, Seoul, Korea. Mouse food was used as a diet. Cock-
roaches were collected after being euthanized with carbon diox-
ide gas and kept at -70°C until use.

Molecular Cloning of Bla g 4 cDNA

Total RNA was isolated from 6 adult male cockroaches using
TRIzol reagent (Invitrogen, Carlsbad, Calif., USA). The full-
length cDNA sequence encoding Bla g 4 was obtained using a
SMART™ rapid amplification of cDNA ends (RACE) cDNA am-
plification kit (BD Biosciences, Palo Alto, Calif., USA). A5’-RACE
CDS primer (adaptor primer, BD Biosciences) and Bla g 4 gene-
specific primer (Bg4RC, 5-GCGGGACAGCCTTCCACAATT-
GC-3') designed on the Bla g 4 internal sequence were used for
the amplification of the 5" end. The PCR product was gel-purified
and ligated into pGEM-T Easy vector (Promega, Madison, Wisc.,
USA), and the DNA sequence was determined at Solgent (Dae-
jeon, Korea).

For the analysis of sequence variations of Bla g 4, the full-
length cDNA sequence encoding Bla g 4 was amplified by RT-
PCR. The oligonucleotides used for the amplification of the full-
length cDNA encoding Bla g 4 were as follows: Bla g 4NtermF
(forward), 5-GGATCCCAGATGTGCATCACTGGA-3" and
Bg4R (reverse), 5'-CTTAGTGACATGTGGAGTG-3'. The ampli-
fied DNA fragment was gel-purified and ligated into pGEM-T
Easy, and DNA sequences were analyzed.

Cloning of Genomic DNA Encoding Bla g 4

Genomic DNA was isolated from 1 male cockroach using phe-
nol-chloroform premixed with isoamyl alcohol (25:24:1; Amres-
co, Solon, Ohio, USA) after pulverization under liquid nitrogen.
Genes encoding Bla g 4 were amplified (5 min at 95°C for initial
denaturation, followed by 35 cycles of 30 s at 94°C, 30 s at 58°C
and 1 min at 72°C, and 9 min at 72°C for the last extension) using
the primers used for the full-length cDNA sequence of Bla g4 with
Ex Taq DNA polymerase, which has 3’ to 5’ exonuclease (proof-
reading) activity (Takara, Japan). The PCR product was ligated
into pCR4-TOPO vector (Invitrogen), and the DNA sequence was
analyzed at Solgent.

Expression of Recombinant Bla g 4

Previously, the EF202172 cDNA sequence described as a major
form of Bla g 4 [22] was used for the expression of recombinant
protein. The oligonucleotide primer sequences used for the am-
plification were as follows: Bg4E1F, 5'-GGATCCGGCAGTTTT-
GGCACTA-3" and Bg4E5R, 5-CTCGAGTTAGTTACATGTG-
GAG-3'. The underlining indicates the BamHI and Xhol restric-
tion enzyme sites, respectively, introduced for directional cloning
into the expression vector. PCR products were ligated into pGEM-
T Easy vector, digested with the appropriate restriction enzymes
and subcloned into the pET 28b vector (Novagen, Madison, Wisc.,
USA). Recombinant protein was expressed in Escherichia coli
BL21 (DE3) and purified from the inclusion bodies. The insoluble
fraction was solubilized in 20 mM Tris, 500 mM NaCl, 5 mM im-
idazole and 6 M urea, pH 7.9, and purified using a nickel-nitrilo-
triacetic acid resin (Qiagen, Valencia, Calif., USA) according to
the manufacturer’s instructions. Purified protein was separated
on a 15% polyacrylamide gel containing sodium dodecyl sulfate
under denaturing conditions and visualized by Coomassie bril-
liant blue.
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Fig. 1. Multiple sequence alignment of Bla g 4 deduced from cDNA sequences that were obtained by RT-PCR.
The frequency and identity of each sequence are shown in parentheses. Arrows indicate the exons identified by
genomic DNA analysis. The shaded area indicates the structurally conserved regions of lipocalin fold.

Preparation of Mouse Anti-Bla g 4 Sera

Six-week-old female BALB/c mice were obtained from Japan
SLC, Inc. (Shizuoka Prefecture, Japan). Four mice were intraper-
itoneally immunized with 30 ng of recombinant Bla g 4 mixed
with complete Freund’s adjuvant (Sigma-Aldrich, St. Louis, Mo.,
USA). The same amount of antigen mixed with incomplete
Freund’s adjuvant (Sigma-Aldrich) was intraperitoneally admin-
istered twice at 3-week intervals. The production of anti-Bla g 4
antibodies was monitored by an enzyme-linked immunosorbent
assay, and the mice were sacrificed 3 days after the second boost-
er injection. The mouse anti-Bla g 4 sera produced from 4 mice
were pooled and used to investigate the variants of Bla g 4 at the
protein level.

Two-Dimensional Gel Electrophoresis and Western Blot

Analysis

In order to investigate Bla g 4 at the protein level, proteins
were extracted from the abdomen of adult male cockroaches and
analyzed by two-dimensional gel electrophoresis and Western
blot analysis. Abdomens were dissected from frozen cockroach-

Bla g 4 Sequence Diversity

es that had been reared at the insect rearing facility of the Ar-
thropods of Medical Importance Resource Bank. In total, 2.76 g
of cockroach abdomen were homogenized under liquid nitro-
gen, and the proteins were extracted in phosphate-buffered sa-
line as previously described [25]. Two-dimensional gel electro-
phoresis was performed after desalting with trichloroacetic
acid. One milligram of the extract was loaded onto the 18-cm
tube for the first-dimension gel. After isoelectric focusing (pH
3-10), second-dimension gel electrophoresis was performed in
a 9-17% gradient polyacrylamide gel containing sodium dode-
cyl sulfate. The separated proteins were either stained with Coo-
massie brilliant blue or electrophoretically transferred onto a
nitrocellulose membrane (Osmonics, Westborough, Mass.,
USA). After blocking with 3% skim milk, Bla g 4 proteins were
probed with mouse anti-Bla g 4 sera (1:250) for 1.5 h. After wash-
ing in PBS, the membrane was incubated with goat antimouse
IgG conjugated with alkaline phosphatase (Sigma, St. Louis,
Mo., USA) for 1 h, and the color was developed with nitro blue
tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate (Pro-
mega).
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Fig. 3. Comparison of DNA sequences with exons from genomic DNA and the Bla g 4 cDNA sequences of pre-
dominant forms. Arrows indicate coding regions of genomic DNA. Underlining indicates the regions where
primers were designed for PCR amplification.

Results

Cloning and Sequence Analysis of Full-Length Bla g 4

cDNA

RACE-PCR allowed the isolation of the complete cod-
ing sequence of Bla g 4, which contains 9 additional ami-
no acids at the N terminus. Subsequently, RT-PCR was
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performed to investigate the sequence variations of Bla g
4. The deduced amino acid sequences from 34 clones
showed 14 different sequences (fig. 1). The most frequent-
ly encountered form, Bg4FpmOl, occurred in 14 of 34
clones (41.2%) and showed 84.3-99.5% sequence iden-
tity with other variants. Moreover, it shared 84.1 and
85.7% identity with previously described Bla g 4 sequenc-
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Fig. 4. Two-dimensional gel electrophoresis of German cockroach male extract (a), identification of Bla g 4 vari-
ants by Western blot analysis (b) and SDS-PAGE analysis of purified recombinant Bla g 4 which was used for the

production of mouse anti-Bla g 4 sera (c).

es in GenBank under accession numbers EF202172
(Bg4PSV08) and U40767, respectively. The second most
predominant form encountered, Bg4Fpm03, was found in
5 of the 34 clones (14.7%). One of these clones, Bg4Fpm32,
showed a substitution at amino acid 7, which may be the
result of a primer error, and was essentially identical with
Bg4FpmO03. Interestingly, the amino acid at position 81 of
variant BgFpm26 was found to be a deletion compared to
the remaining variants. One of the regions which is well
conserved structurally (MOTIF1) among the lipocalins is
found to be well conserved in Bla g 4 sequences.

Molecular Cloning of Genomic DNA Encoding Bla g 4

Two genes encoding Bla g 4 were identified by the PCR
amplification of genomic DNA from 1 male cockroach
(fig. 2). These 2 genes were identified by the analysis of 9
clones. Two of the clones were found to be identical, while
7 of them were found to be derived from the same gene.
Each gene consisted of 5 exons and 4 introns comprising
3,658 and 3,607 bp, respectively. The DNA sequences
from the genomic DNA encoding Bla g 4 were deposited
in GenBank under accession numbers EU635774 (3,607
bp) and EU635775 (3,658 bp). Comparison of exons from
genomic DNA and cDNA sequences showed 92.0-99.8%
identity (fig. 3). However, none of the cDNA sequences
showed the same sequence as the genomic DNA sequenc-
es. This observation may suggest that the Bla g 4 mRNA
sequences are somehow modified after transcription.

Bla g 4 Sequence Diversity

Analysis of Bla g 4 Proteins

A proteomic approach was carried out to find out
whether different Bla g 4 variants are produced at the pro-
teinlevel. Bla g4 was detected using mouse antisera raised
against recombinant Bla g 4 from two-dimensionally
separated proteins of male German cockroach extract.
More than 10 proteins from pH 5 to 7 showed immuno-
reactivity, indicating the presence of multiple isoforms of
Bla g 4 (fig. 4). However, the possibility of multiple pro-
teins resulting from posttranslational modifications
rather than from posttranscriptional modifications could
not be excluded by this experiment.

Discussion

Standardization of allergens is essential both for the
diagnosis and immunotherapy of allergic diseases [24].
Allergenic proteins are often discovered to be a mixture
of similar molecules with some variations in the amino
acid sequences, which are called isoallergens or variants
depending on the degree of similarity [26]. This phenom-
enon, often called polymorphism, has an influence on
allergenicity. The presence of several alleles of the genes
or gene families may produce sequence polymorphisms.
Hence, the standardization of allergens may require the
identification of isoforms and their proportions.
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In this study, we analyzed sequence variations with
the full-sequence information for Bla g 4, which was ob-
tained by RACE-PCR. While variations were found in
both the previous and present studies, we observed less
frequent variations as compared to the previously pub-
lished experiments. It is possible that the primers used
for PCR may have some effect on the results, because the
primer sequence used for the RT-PCR in the previous
study was designed on the U40707 sequence which has
Leu at position 14. PCR errors could have contributed to
the variability of the sequences, as we did not use DNA
polymerase which has proofreading activity for RT-PCR.
The insertion or deletion of amino acids was also de-
scribed in the previous study. Here, the conceptually
translated amino acid sequence of 1 of our variants,
BgFpm26, revealed the deletion of 1 amino acid at posi-
tion 81. Analysis of 2 different genomic DNA sequences
isolated by PCR using the same primers that were used
for the RT-PCR showed 5 exons (fig. 2). However, none
of the DNA sequences from genomic DNA coding re-
gions were found to have the same sequence obtained by
RT-PCR (fig. 3). Moreover, more than 10 Bla g 4 variants
were detected by two-dimensional Western blot analysis
(fig. 4), but it does not seem that there is a separate gene
encoding each variant. These results may indicate that
the Bla g 4 sequences are modified after transcription.
RNA editing may explain these observations. Pre-RNA

editing by adenosine deaminase is a widespread phe-
nomenon in animal tissues [27]. Different degrees of
RNA editing may result in different degrees of sequence
variations because a small number of cockroaches (6)
was used for the analysis of polymorphisms by RT-PCR.
If this is the case, the sequence previously described
(EF202172) may better represent the predominant vari-
ant of Bla g 4.

In summary, sequence variations of Bla g 4 were inves-
tigated using the full cDNA sequence information of Bla
g 4. Two different genes coding for Bla g 4 were identified.
The difference in DNA sequences between the cDNA and
the coding region of the genomic DNA implies that the
modification of RNA sequences follows transcription.
Multiple variants were also found to be produced by the
proteomic approach, suggesting that the effects of se-
quence variations of Bla g 4 on its allergenicity need to be
examined.
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