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Abstract

C3, designated as Per a 1.0103 according to WHO/IUIS nomenclature, encoding a novel American cockroach allergen of 395 aa (44.6
kDa), is the first complete cDNA clone with a translatable immunoreactive protein among the reported group 1 cockroach allergens. Its
deduced amino acid sequence possesses a signal sequence, phosphorylation sites, mitochondrial energy transfer protein signatures, and four
repeats each sharing striking similarity with the corresponding repeats of the other cockroach allergens. The latter similarity suggests that
the group 1 cockroach allergens might have evolved from a primordial mitochondrial sequence by exon duplication. © 2000 Elsevier

Science B.V. All rights reserved.
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Cockroach is one of the major indoor allergens that
induce IgE-mediated allergic respiratory illnesses, such as
allergic rhinitis and asthma [I-5]. Cockroach allergens
with molecular masses ranging from 6 to 120 kDa have
been identified by various immunochemical methods [6-8].
In American cockroach (Periplaneta americana), two ma-
jor allergenic fractions, Per a 3 (Cr-PI) and Per a 1 (Cr-
PII), each consisting of a family of isoallergens, have been
purified from the crude extract [6] and specific antibodies
have been generated [9,10]. Per a 3 and Per a 1 elicit skin
reactivity in 73 and 93%, respectively, of the cockroach-
sensitive patients [6]. Recently, another P. americana ma-
jor allergen, Per a 7 (tropomyosin) cross-reacting with
mite and shrimp allergens, has been identified [11,12]. In
German cockroach (Blattella germanica), several allergens
including Bla g 1, Bla g 2, Bla g 4 and Bla g 5 have been
identified (13-18), among which Bla g | is antigenically
cross-reactive with Per a 1 [13,14,19] whereas Bla g 2,
Bla g 4 and Bla g 5 are German cockroach specific [15-
17]. The nucleotide sequence has been determined for sev-
eral cDNA clones of the cockroach allergens, including (i)
four Per a 1 cDNAs: Per a 1.0101, Per a 1.0102 (C6), Per
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a 1.0104 (C17) and Per a 1.02 (C42), encoding polypep-
tides of 231, 228, 274 and 446 aa, respectively [20-22], (ii)
four Per a 3 cDNAs: Per a 3.01 (C12), Per a 3.0201 (C20),
Per a 3.0202 (C13) and Per a 3.0203 (C28), encoding poly-
peptides of 685, 631, 470 and 393 aa, respectively [23,24],
(iii) two Per a 7 cDNAs encoding polypeptides of 284 aa
with three different amino acids [11,12], (iv) three Bla g 1
cDNAs: Bla g 1.01, Bla g 1.02 and Bla g Bd90K encoding
polypeptides of 412, 492 and undetermined aa, respectively
[25], and (v) one cDNA clone each from Bla g 2, Bla g 4
and Bla g 5 encoding polypeptides of 352, 182 and 200 aa,
respectively [15-17]. Among these clones, only Per a 3.01
[24], Per a 7 [11,12] and Bla g 2 [16] contain complete
coding sequence. Here, we report sequencing and expres-
sion of the first complete cDNA sequence of Per a 1.0103
(C3) coding for a novel Per a 1 allergen.

A cDNA clone recognized by rabbit anti-Per a 1 (Cr-
PII) and reactive with IgE antibodies of atopic serum pool
has previously been isolated from a Agt22A cDNA expres-
sion library derived from P. americana mRNA and desig-
nated as C3 [21]. In this study, the 1.5-kb insert was re-
leased by digestion of C3 with Sall plus NotI and ligated
into the compatible sites of pBluescript IT SK(+), followed
by subcloning the subfragments into pBluescript vectors.
Both strands of the inserts were sequenced by the dideoxy-
nucleotide chain termination method [26] using T3 and
T7 primers. A total of 1433 bp was revealed (GenBank
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Fig. 1. The deduced amino acid sequence of Per a 1.0103 (C3) allergen. Single-letter amino acid code is used. The putative signal peptide is italic and
bold; the predicted cleavage site for mitochondrial presequence is indicated by an arrowhead. Mitochondrial energy transfer protein signatures are

boxed, and the degenerate sequences are shaded. Also indicated are phosphorylation sites for cAMP- and cGMP-dependent protein kinase (4 ), protein
kinase C (%), casein kinase II (¥r), and tyrosine kinase (+), a nuclear localization signal (underlined), and two possible vacuolar targeting motifs (=).

accession number U69957). Beginning with a G, this
cDNA contained a 22-bp 5'-untranslated region, an
open reading frame (ORF) starting with ATG at nt 23
and terminating with TGA at nt 1207, and a 223-bp-
long 3'-untranslated region including an AATAAA poly-
adenylation signal and a 53-bp poly A tail. The presence
of these features suggests C3 to be a complete cDNA
molecule. Interestingly, a Shine-Dalgarno (S/D) sequence
(AGAGGAA) of Escherichia coli was present at nt 5-11 of
the C3 cDNA. This putative S/D sequence appeared to be
functional in our expression experiments with E. coli (see
below). Translation with the first ATG (nt 23) as the ini-
tiation codon would produce a polypeptide of 395 amino
acids (Fig. 1) with a calculated molecular mass of 44.62
kDa and a predicted isoelectric point value of 4.4. No
cysteine or any potential N-glycosylation site was found
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in the protein product deduced from the C3 nucleotide
sequence.

To ensure that the predicted ORF was correct, the in-
serted 1.5-kb Sall-Notl fragment containing the full-
length cDNA was cloned into pET30a, b, and ¢ vectors
generating pET30a-C3, pET30b-C3, and pET30c-C3, re-
spectively. Total proteins from E. coli BL21(DE3) carrying
the respective plasmids were analyzed by SDS-PAGE and
Western blotting using anti-Cr-PII monoclonal antibodies
[9] as the primary antibody (Fig. 2). A strong immunore-
active band above the 45-kDa marker was detected in the
pET30a-C3 clone after IPTG induction, confirming the
notion that the predicted ORF indeed encodes a product
of Per a 1 family. A band at the position below the 45-
kDa marker was also observed in the IPTG-induced cells
containing pET30b-C3 and pET30c-C3, suggesting that
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Fig. 2. SDS-PAGE (A) and immunoblot (B) analyses of total protems from E. coli BL21(DE3) containing pET30a-C3 (lanes 1 and 2), pET30b-C3
(lanes 3 and 4), pET30c-C3 (lanes 5 and 6), and the control pET30a (lane 7). The cultures were grown in LB for 6 h at 30°C with (+) or without (—)
IPTG (1 mM). The SDS—polyacrylamide gel was stained with Coomassie blue (A) or probed with murine anti-Cr-PII monoclonal antibodies (B). The
arrow and the arrowhead point to the positions corresponding to the fusion and non-fusion C3 proteins, respectively. Numbers at left indicate sizes of

protein markers in kDa.



C3N 22 RNLQDDLNDF LALLPVDEIT
C3C 211 * ok ok ok ok ok ok ok ok ok *****T*Q*L
CG 44 * ok kok ok ok ok ok ok ok *****T*Q*L
Cl7 90 * ok ok ok ok ok ok ok ok ok *****T*Q*L
C42 113 Kk kok ok ok ok ok ok ok *HS*..EP*S
Bla g 1.01 226 * ok ok ok ok k ok ok ok ok ***I***QII
Bla g 1.02 308 * ok ok ko ke ok ok ok ok ***I*I*Q*L
Cr4H l *ok ok ok ok kk ok kok *K*V***Q*I
c3N 71 FTVEGLQEFG NFVQFLEDHG
c3c 260 THI***P**A **YN**KE**
C6 93 T*I***P**A **YN**KE**
cl7 139 N*I*A*P**A **YN**KG**
c42 161 THI*A*Pr*A **YN**KE**
Bla g 1.01 275 V*LDA*P*LQ **LN***AN*
Bla g 1.02 357.V**DS*P*¥*K **LN**QTN*
CraH 50  VH**DA*PXLQ **LN***TN*
C3N 120 RGVGVDGLID DIIAILPIDD
C3C 308 ****IN**** *V*****V*E
C6 141 ****IN**** *V*****V*E
C17 187 ****IN**** *V*****V*E
C42 209 ****IN**** *V*****V*E
Bla g 1.01 324 ****IT#*** *VL***k[x*
Bla g 1.02 405 ****¥IN**** *Uk**+*V*|
Cr4H 99 ****IT**** *VL*******
C3N 170 VQTLNAMPEY QDLLQKLRDK
C3C 358 IS******** *E***N****
C6 191 IS******** *****N****
C17 237 IS******** *E***N****
C42 259 IS******** *E***N****
Bla g 1.01 374 * ok ok ok ok kok ok ok ok *N**E***E*
Bla g 1.02 455 ****K***** ***I*R*K**
Cr4H 149 *****D**** *N******E*
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**A******* *****L*_** **SDD****I 259
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LDAVGYINRL HSVFGWDPYV PSSKRK-HTR 119
**VADFL*EI **II*LP*F* *P*—*R-*A* 307
**VADFL*EI **II*LP*F* *P*—*R-*A* 140
**VAN***EI **II*LP*F* *P*_*R__*A* 186
**V*D***EI **II*LP*F* *P*_*R_*A* 208
*N*IDFL*GI *DLL*I-*HI *V*G**Y*I* 323
*N*IEF**NI *DLL*I-*HI *ATG**-*V* 404
*N*IDFL*GI *DLL*I-*HI *V*G**Y*I* 98

LKALFQEKLE TSPDFKAFYD AVRSPEFQSI 169
*ok ok ok ok ok ok ok ok ok *******L** *I******** 357
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FdhkPhkhkhkhkhdk *hhkrhhh] h* *Thkkkkkkk 236
Jok ok ok ok ok ok ok ok ok *******L** *I******** 258
*****N**** *****L*L*N *IK******* 373
*Y******** S**E***L** *I******** 454
*kkkANF Kk Kk k *****L*L*N FTK***kk k% 148
GVDVDHYIEL IRALFGLT 207
A*x**kkprkr *kGhkkx*p 395
*hkkkkkPhhk KkhkGhkkhkkkD 228
******F*** **Sw***P 274
***+**F+*RV DOGTLRTL 296
*****KI*** * ok ok ok ok ok ok ok 401
******E‘**; *KK****S 492
*****KI*** dokok ok ok ok ok ok 186

Fig. 3. Sequence alignments of the two tandem repeats, C3N and C3C, of Per a 1.0103 with Per a 1.0102 (C6) (U78970), Per a 1.0104 (C17) (U69261),
and Per a 1.02 (C42) (U69260) of Per a 1 allergen, Bla g 1.01 (AF072219), Bla g 1.02 (AF072220), and the ‘repeat 1’ sequence of Bla g Bd90K
(L47595) from B. germanica. Single-letter amino acid code is used, and gaps are introduced to optimize alignment. Asterisk represents a residue identical

to that of C3N.

the potential S/D sequence might be functional in produc-
ing non-fusion C3 protein molecules. To test this possibil-
ity, the HindIII-Notl fragment spanning nt 26-1433 of C3
cDNA, with the potential S/D sequence being truncated,
was cloned into pET30b and pET30c that were then sep-
arately subjected to IPTG induction. The results showed
that no specific protein product was produced (data not
shown), indicating that the smaller (<45 kDa) immuno-
reactive band was indeed a non-fusion C3 protein.
Sequence comparison using BLAST revealed that the
amino acid sequence deduced from C3 showed very high
degrees of identity with the Per a 1 allergens, Per a 1.0101
(95%), Per a 1.0102 (95%), Per a 1.0104 (97.8%), and Per a
1.02 (74%) [20-22], indicating that they are isoallergens.
According to the WHO/IUIS nomenclature for allergens,
the allergen encoded by C3 clone was designated as Per a
1.0103 [20]. Like the other members of the Per a 1 family,
Per a 1.0103 allergen is also highly homologous to the B.
germanica allergens [18,25]; 67.8% identity and 81.8% sim-
ilarity were shared with the 412-aa Bla g 1.01 clone, 65.3%
identity and 79.9% similarity were shared with the 492-aa

Bla g 1.02 clone, and 70.9% identity and 80.8% similarity
were shared with the translatable 192-aa repeats of Bla g
Bd90K cDNA clone. Moderate degree of homology, 32%
identity and 58% similarity, was found between aa 211-
393 of Per a 1.0103 and aa 24-209 of ANGI2 antigen
(Z22925), the precursor protein (211 aa) of African mos-
quito (Anopheles gambiae) that is found exclusively in the
midgut of female mosquito and is induced following a
blood meal. Significant homology was also found between
Per a 1.0103 and some other proteins. Among these are six
myosin genes from human, rat, and mouse, each sharing
33% identity and 54% similarity aligning with aa 326-379
of Per a 1.0103, one hypothetical protein from Caenorhab-
ditis elegans similar to serine/threonine protein kinase
aligning with aa 269-376 of Per a 1.0103 (23% identity
and 42% similarity), one adenylate cyclase homolog from
Spirulina platensis aligning with aa 326-374 of Per a
1.0103 (37% identity and 55% similarity), one putative
calcium P-type ATPase from Neurospora crassa aligning
with aa 194-275 of Per a 1.0103 (31% identity and 43%
similarity), one polycystic kidney disease-related gene
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Fig. 4. Intrasequence comparison of Per a 1.0103 by dotplot matrix. (A) The primary translation product with a span of 30 residues and the Blosum62
matrix [30], and (B) the coding region of Per a 1.0103 cDNA with a window size of 21 nucleotides and a stringency of 66.7% (14/21 bp).

aligning with aa 48-99 of Per a 1.0103 (30% identity and
60% similarity), and 11 proteins with unknown function
derived from Drosophila melanogaster, Arabidopsis thali-
ana, Amycolatopsis orientalis, and human aligning within
aa 195-395 of Per a 1.0103 (with identities ranging 24—
35%).

Similarity search using SCANPS revealed that Per a
1.0103 protein contained two tandem repeats, locating at
positions 22-206 (C3N) and 211-395 (C3C), with 74.2%
identity and 85.5% similarity (Fig. 3). Alignment of these
repeats with Per a 1.0102 (C6), Per a 1.0104 (C17), Per a
1.02 (C42) and the B. germanica Bla g 1 and Bla g BdA90K
(Cr4H) revealed a high level of homology among them
(Fig. 3). The most conserved region was found in the C-
termini of these sequences. Dotplot matrix analysis [27], in
which repeated fragments appear as parallel lines above
the diagonal, however, revealed four entire amino acid
repeats of ~ 100 amino acids long and two nucleotide
repeats of ~ 564 nucleotides in Per a 1.0103 (Fig. 4).
This structural feature has also been described for Bla
g 1 and Bla g Bd90K [25]. Because internal repeats in pro-
teins often represent either structural modules or function-
al domains [28], the results of dotplot indicate that the Per

a 1.0103 protein might consist of four modules/domains.
The four amino acid repeats were designated as repeat 1
(aa 1-99), repeat 2 (aa 100-198), repeat 3 (aa 199-297),
and repeat 4 (aa 298-395). High degrees of similarity (69—
97%) were found between repeats 1 and 3 (74%), repeats 2
and 4 (92%), and each of the repeats with the other mem-
bers of Per a 1 and Bla g Bd90K allergens (Table 1).
Pattern and profile searches indicated that the Per a
1.0103 protein contained phosphorylation sites (Fig. 1)
for cAMP- and cGMP-dependent protein kinase, protein
kinase C, casein kinase II, and tyrosine kinase. At aa
positions 136-145 and 324-333 of Per a 1.0103 protein
were a motif P-x-[DEJ-x-[LIVAT][RK]-x-[LRH]-[LIVM-
FY] characteristic of mitochondrial energy transfer pro-
teins (Fig. 1). This motif is also present in the other mem-
bers of Per a 1 and degenerate in Bla g 1.02 and the
ANGI2 precursor. Proteins belonging to this family are
evolutionarily related. Structurally, they consist of three
tandem repeats of approximately 100 amino acid residues,
each of which containing two transmembrane regions [29].
However, the program PSORT predicted that Per a 1.0103
protein had a cleavable signal peptide (aa 1-16), a mito-
chondrial targeting sequence, a nuclear localization signal

Table 1
Pairwise comparison of the internal repeat sequences among Per a 1 members, Bla g 1 and Bla g Bd90K (Cr4H)*

Repeat 1®  Repeat 2 Repeat 3 Repeat 4 Per a 1.0102 Per a 1.02  Per a 1.0104 Bla g 1.01 Blagl1.02 Cr4H
Repeat 1° 55 74 52 76 82 74 72 69 70
Repeat 2 28 51 92 78 89 89 86 90 88
Repeat 3 62 26 57 96 93 93 80 75 75
Repeat 4 27 80 30 97 97 97 85 91 85
Per a 1.0102 61 78 94 96
Per a 1.02 72 77 92 96
Per a 1.0104 62 77 97 96
Bla g 1.01 56 74 66 76
Bla g 1.02 52 73 58 83
Cr4H 58 80 60 79

4The numbers above and below the diagonal are the percentage of similarity and identity, respectively.
bRepeat 1, aa 1-99; repeat 2, aa 100-198; repeat 3, aa 199-297; repeat 4, aa 298-395.
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(KRKH, aa 114-117), and two possible vacuolar targeting
motifs (KLPI, aa 2-5, and ILPI, aa 134-137) (Fig. 1) but
no transmembrane region. Overall, these analyses have
predicted that the Per a 1.0103 protein is most likely di-
rected to the exterior of the cells following the secretory
pathway through endoplasmic reticulum or into the mito-
chondrial matrix.

Based on the BLAST results showing that the sequence
similarity shared between Per a 1.0103 and the other sub-
ject proteins falls within the C-terminus, the degrees of
similarities shared between the amino acid repeats (51—
92%) and that of the other members of Per a 1 and Bla
g Bd90K (Table 1), and mitochondrial energy transfer
protein signatures are present in repeats 2 and 4 and de-
generated in repeats 1 and 3 (Fig. 1), we propose that
repeat 4 may represent the primordial domain evolving
from a mitochondrial sequence. In other words, Per a
1.0103 was most likely formed via the following steps:
(1) duplication of repeat 4 followed by exon fusion togeth-
er with the accompanied divergence resulted in the forma-
tion of the ‘duplex exon’ encoding the C3C, and (ii) du-
plication of the ‘duplex exon’ corresponding to the C3N to
form the full-length Per a 1.0103. Because this unique
structure is shared by all the members of Per a 1 and
Bla g 1 allergens identified to date, it seems reasonable
to propose that the ‘group 1’ allergens of cockroach
were arisen by replicating the ‘duplex’ with varied times.
The homology between Per a 1.0103 and ANGI12 indi-
cated that ANGI2 precursor was degenerated from the
original ‘duplex’ structure during evolution.

The presence of phosphorylation sites for a variety of
protein kinases suggests that the biological function of Per
a 1.0103 may be modulated by phosphorylation that is
common for proteins involved in signal transduction and
some metabolic pathway. Another possible biological role
Per a 1.0103 might play is in muscle contraction since it
shares homology with different isoforms of myosin and
ATPase. Taken together the results described above, we
propose that the fourth domain of Per a 1.0103 may be a
copy of an ancient gene serving as a ‘generator’ to create
new genes during evolution. Complex genes could then be
formed by domain duplication. This proposal seems rea-
sonable, taken into consideration that cockroach appeared
in the very primitive time.

Although cDNA coding for different group I allergens
of cockroach have been reported [20-22,25], the C3 clone
(Per a 1.0103) described here is the first complete cDNA
with a translatable product recognized by the Per a 1
specific antibodies. The results presented here support
the proposal that the ‘duplex’ may represent the basic
allergenic unit of cockroach ‘group 1’ allergen [25].
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