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Inhalation of allergens produced by the German cock-
roach (Blattella germanica) elicits IgE antibody forma-
tion and the development of asthma in genetically pre-
disposed individuals. We compared the allergenic
importance of two cockroach (CR) allergens, Bla g 1 and
Bla g 2, and determined the complete amino acid se-
quence of the major 36-kDa allergen, Bla g 2. A survey of
106 sera from CR allergic patients showed the preva-
lence of IgE antibodies to Bla g 1 and Bla g 2 to be 30.2%
and 57.6%, respectively. Immediate skin tests on 7 se-
lected patients gave positive reactions using 10~2 pug/mi
either allergen, whereas controls showed no response to
10 pg/ml. Natural Bla g 2 was purified and the sequence
of the NH, terminus and tryptic peptides, comprising
36% of the molecule, was determined. The ¢cDNA for Bla
g 2 was cloned from a B. germanica expression library
and encoded a 24-amino acid signal peptide and a 328-
amino acid mature protein, which showed sequence ho-
mology to aspartic proteases. Bla g 2 showed the highest
degree of identity to mosquito (Aedes aegypti) lysosomal
aspartic protease (30.8%), with similar identity to pep-
sin, cathepsins D and E, renin, and chymosin. Bla g 2
mRNA and protein were detected in B. germanica, but
not in Periplaneta americana, the other principal dom-
iciliary CR species in the U. S. High concentrations of
Bla g 2 were found in CR digestive organs (esophagus,
gut, and proventriculus). The results show that Bla g 2 is
a major species-specific allergen of B. germanica and
suggest that the allergen functions as a digestive en-
zyme in the cockroach.

Immediate hypersensitivity reactions to environmental al-
lergens (e.g. pollens, dust mites, animal danders) occur in
~20% of Western populations and are a characteristic feature
of common allergic illnesses, principally allergic rhinitis,
asthma, and atopic dermatitis. These reactions are mediated
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by the production of IgE antibodies (Ab)! to low molecular mass
(5-50 kDa) proteins or glycoproteins, with diverse structures
and biologic functions, present in pollen grains, mite feces,
animal hair, etc. Over the past few years, the application of
molecular cloning techniques has elucidated the primary struc-
tures of allergens from these sources and, in many cases, this
information has established their biologic function and allowed
epitopes involved in T cell regulation of IgE Ab synthesis to be
defined (1-10). These advances have led to the introduction of
recombinant allergens and allergen peptides for improved al-
lergy diagnosis and for the development of new forms of aller-
gen-specific immunotherapy (11-13).

Infestation of houses with cockroaches (CR) results in the
accumulation of high levels of potent allergens, which sensitize
atopic individuals and induce the development of IgE Ab re-
sponses and asthma (14-18). This problem is particularly
acute in the United States, where in some towns and cities up
to 60% of patients with asthma are allergic to CR (15-20).
Epidemiologic studies have shown that sensitization to CR
allergens is an important risk factor for admission to hospital
emergency rooms with asthma (21, 22). Indeed, asthma is the
only disease that is consistently associated with CR-infested
housing. The principal domiciliary CR species found in the U.
S. are Blattella germanica (German CR) and Periplaneta
americana (American CR). The molecular structure and bio-
logic functions of allergens produced by either species are
poorly understood. Moreover, in spite of the widespread use of
CR in biology and in biomedical research, there is limited
structural data on CR proteins.

Previous serologic studies, using IgE Ab and murine mono-
clonal antibodies (mAb), have identified allergens from both B.
germanica (Bla g 1 and Bla g 2), and P. americana (Per a 1 and
Per a 3) (16, 23-28). We have used molecular cloning tech-
niques to determine the primary structures of allergens from B.
germanica (the most common cause of allergic sensitization in
the U. S.). We recently described the structure of a cockroach
calycin allergen, termed Bla g 4 (29). Here, we report the
complete nucleotide and amino acid sequence of the major B.
germanica allergen, Bla g 2, and show that this allergen shares
homology with the aspartic protease family of enzymes. The
allergen is concentrated in organs of the digestive tract, sug-
gesting that it may function as a digestive enzyme.

! The abbreviations used are: Ab, antibody; mAb, monoclonal anti-
body; BBS, borate-buffered saline; CR, cockroach(es); PVDF, polyvinyli-
dene difluoride; RAST, radioallergosorbent test; HPLC, high perform-
ance liguid chromatography; PAGE, polyacrylamide gel electrophoresis;
ELISA, enzyme-linked immunosorbent assay; RIA, radioimmunoassay;
kb, kilobase pair(s).
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EXPERIMENTAL PROCEDURES

Purification of CR Allergens—B. germanica frass (feces, secretions,
egg cases, and body parts) was extracted in borate-buffered saline, pH
8.0 (BBS), overnight at 4 °C. After centrifugation at 18,000rpm, the
supernatant was dialyzed against BBS and ether-extracted. Bla g 1 was
purified from frass extract by preparative isoelectric focusing and size
exclusion HPLC (28). Bla g 2 was purified by affinity chromatography
over mAb 8F4 immunosorbent (28), followed by elution from a C18
reverse phase HPLC column (Brownlee Labs, Santa Clara, CA) using a
0-80% gradient of acetonitrile in 0.1% trifluoroacetic acid. Alterna-
tively, mAb affinity-purified Bla g 2 was further purified by electroelu-
tion from SDS-PAGE gels using a micro-electroelutor (Centrilutor, Ami-
con, Beverly, MA) according to the method of LeGendre and Matsudaira
(30). Fifty ug of affinity-purified allergen were applied to 8 lanes of a
12% SDS-PAGE gel, and the 36-kDa bands were excised, electroeluted
for 2 h, and concentrated by centrifugation. Purity was assessed by
SDS-PAGE using either an 8-25% silver-stained gel on a PhastSystem
(Pharmacia Biotech Inc.) or a Coomassie Blue-stained 12% gel.

Amino Acid Sequencing—Amino-terminal amino acid sequences of
HPLC-purified allergens were determined by Edman degradation using
a gas phase sequencer (model 470-A, Applied Biosystems, Foster City,
CA). Seven tryptic peptides (7-22 residues) of electroeluted Bla g 2,
comprising 84 amino acid residues, were sequenced. Affinity-purified
Bla g 2 was also separated on a 12% SDS-PAGE gel and transferred to
polyvinylidene difluoride (PVDF) membrane (Immobilen-P, Millipore,
Bedford, MA). The NH,-terminal amino acid residues of the 36- and
70-kDa bands were sequenced off the membrane (14 and 10 residues,
respectively).

Molecular Cloning and Sequencing of Bla g 2 cDNA—Total RNA was
extracted from adult B. germanica or P. americana of mixed sexes, with
5 M guanidinium thiocyanate using the method of Chirgwin et al. (31).
Messenger RNA was obtained using a FastTrack kit (Invitrogen, San
Diego, CA). A B. germanica ¢cDNA library was prepared from 10 pg of
mRNA in the UniZAP-XR expression vector (Stratagene, La Jolla, CA).
The library was screened using polyclonal mouse anti-Bla g 2 anti-
serum, with an IgG Ab titer >100,000 as determined by ELISA. Re-
combinant plaques were grown on NZY agar, and protein expression
was induced using nitrocellulose filters soaked in 10 mM isopropyl-1-
thio-Bp-galactopyranoside. Filters were incubated in blocking solution
(1% dried milk, 0.2% bovine serum albumin, 0.4% goat serum, 0.03%
gelatin), followed by a 1:5,000 dilution mouse anti-Bla g 2 antiserum,
pre-absorbed with Escherichia coli lysate. Positive plaques were iden-
tified using 1:2,000 dilution alkaline phosphatase labeled anti-mouse
IgG and 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
substrate (KPL, Gaithersburg, MD). A single positive plaque, contain-
ing a 1,317-base pair cDNA insert coding for Bla g 2, was isolated after
screening 296,000 plaque-forming units of B. germanica ¢cDNA library.
Both strands of the Bla g 2 cDNA were sequenced by dideoxynucleotide
chain termination using Sequenase (U. S. Biochemical Corp.) (32).

Sequence Analysis—Protein or peptide sequences were compared
with the National Biomedical Research Foundation, Swiss-Prot, and
GenBank data bases using FASTA, and sequence alignments were
carried out using the GCG program (33).

IgE Antibodies and Immediate Hypersensitivity Skin Testing—Sera
were obtained from 93 CR allergic patients who either had been re-
cruited from the University of Virginia Allergy Clinics or had previously
presented to hospital emergency rooms with asthma (21, 22, 34). An
additional 13 sera were collected from CR allergic patients living in
New York or Puerto Rico. All patients had asthma, and the majority
were adults (>16 years old). Eight patients were children (aged 4-10).
All patients had serum IgE Ab to CR allergens detectable by radioal-
lergosorbent test (RAST) (CR RAST > 40 units/ml; 1 unit = ~0.1 ng of
IgE) (34). Sera from 18 non-allergic individuals were used as controls.

Quantitative intradermal skin tests were carried out using serial
10-fold dilutions of B. germanica extract (1/20, w/v; Allergy Laborato-
ries of Ohio, Columbus, OH), or purified Bla g 1 or Bla g 2, from 10 to
10~®ug/ml, as described previously (28). Skin testing, and collection of
sera for use in these studies, was approved by the Human Investigation
Committee of the University of Virginia.

Immunoassays for IgE Antibodies to CR Allergens—Serum IgE Ab to
Bla g 1 and Bla g 2 were measured using a mAb-based solid-phase RIA
(28). Briefly, 1 pg of mAb 10A6 (anti-Bla g 1) or 8F4 (anti-Bla g 2) was
coated onto plastic microtiter wells, followed by successive incubations
with 0.5 pg of B. germanica frass extract and human sera, diluted 1:2
and 1:10. Bound IgE Ab were detected using 2 ng of ***I-labeled anti-
human IgE. The assays were quantitated using sera from two CR
allergic patients (B. S. and M. A.) with high levels of IgE Abto Blag 1
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or Bla g 2, respectively, to construct control curves. Each serum was
arbitrarily assigned a value of 1,000 units/ml of IgE Ab.

Inhibition RIA for Comparing Bla g 2 Antigen Expression in CR
Species—Twenty pg of electroeluted Bla g 2 were radiolabeled with 1
mCi 12°T using the chloramine T technique (specific activity 18.5 uCi/
ug) (35). Serial doubling dilutions of Bla g 2, B. germanica frass extract,
or B. germanica commercial extract (Greer Laboratories, Lenoir, NC)
were used to inhibit the binding of ***I-Bla g 2 to mouse IgG anti-Bla g
2 Ab. Allergens were incubated for 2 h with 0.1 ml of a 1:4,000 dilution
of mouse anti-Bla g 2 antiserum, followed by 3 ng of '*I-Bla g 2 for 2 h,
and precipitated overnight at 4 °C with 1:15 dilution goat anti-mouse
IgG (Chemicon, El Segundo, CA). Precipitates were washed with BBS
and counted in a y counter. Expression of Bla g 2 was compared in P.
americana extracts. Whole body extract was prepared by homogenizing
133 g of CR with BBS in a blender, extracting at 1:5 (w/v) overnight at
4 °C, and decanting the supernatant after centrifugation (6,000 rpm X
30 min). Frass extract was prepared as for B, germanica. Commercial P.
americana extracts (n = 11) were obtained from 10 United States
allergen manufacturers: Allergy Laboratories of Oklahoma (Oklahoma
City, OK), Center Laboratories (Port Washington, NY), Greer Labora-
tories (Lenoir, NC), Miles Laboratories (Elkhart, IN), Antigen Labs
(Liberty, MO), Nelco (Deer Park, NY), ALK/Berkeley (Milford, CO),
Bencard (Bencard, MS), Meridian (Round Rock, TX), and Iatric
(Tempe, AZ).

Northern Analysis of the Expression of Bla g 2 mRNA—For Northern
blots, B. germanica and P. americana mRNA was isolated from total
RNA using the Poly(A)Tract mRNA isolation system (Promega, Madi-
son, WI). Samples containing 0.5-6 pg of mRNA were electrophoresed
in formaldehyde denaturing 1% agarose gels, followed by transfer to a
Zetabind nylon membrane (Cuno, Meridien, CT). A 1.3-kb Smal/Kpnl
restriction fragment from a pBluescript phagemid DNA comprising the
complete Bla g 2 cDNA, and an 8.6-kb BamHI fragment containing
Neurospora crassa ribosomal DNA (pRW528) were labeled with
[«-32P]dCTP by random priming and used to probe the blots (36).
Hybridization was carried out at 37 °C, as described previously (6).

Blo g 2 Measurements in CR Tissues—To prepare tissue extracts, CR
were dissected and body parts identified according to the method of Bell
(37). Tissues were homogenized with a Polytron homogenizer and ex-
tracted overnight in 0.5 ml of BBS at 4 °C. After centrifugation at
12,000 rpm for 15 min, extracts were stored at —20 °C until assayed.
Bla g 2 levels in CR tissues were measured by mAb ELISA (38).

RESULTS

Allergenic Importance of Bla g 1 and Bla g 2—Sera from 106
CR allergic patients with asthma living in different geographic
areas in the United States were analyzed for IgE Ab to Blag 1
and Bla g 2 by mAb-based RIA. The results showed that 30.2%
and 57.6% of these patients had detectable IgE Ab to Blag 1 or
Bla g 2, respectively. The prevalence of IgE Ab to Bla g 1 and
Bla g 2 was higher among patients with IgE Ab to CR of >200
RAST units/ml (40% and 70%, respectively, n = 58), as com-
pared to the group with <200 RAST units/ml (19% and 42%,
respectively, n = 48) (Fig. 1). The biologic activity of purified
Bla g 1 and Bla g 2 was assessed by quantitative intradermal
skin testing of seven selected CR allergic patients. These pa-
tients gave positive immediate skin reactions (>8 X 8-mm
wheal) to allergen concentrations down to 107%% pg/ml,
whereas non-allergic controls showed no reaction to concentra-
tions up to 10 ug/ml (and had no detectable serum IgE Ab)
(Table I). Skin test reactivity correlated with serum IgE Ab to
Bla g 1 and Bla g 2, and distinct patterns of reactivity to the
allergens were observed. Some patients had positive skin tests
and IgE Ab to both Bla g 1 and Bla g 2 (S. W. and M. B),
whereas others were exclusively sensitive to either allergen
(compare B. S. and R. M.; Table I).

Complete Nucleotide and Amino Acid Sequence of Bla g
2—We focused on sequencing Bla g 2, because of its allergenic
importance and because this protein has been used extensively
as a marker of environmental CR allergen exposure (21, 22,
38). The Bla g 2 sequence was determined using a combination
of protein sequencing and cDNA cloning. Previous studies
showed that single-step mAb affinity chromatography yielded
36-kDa Bla g 2, as well as additional bands of 20 and 70 kDa,
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which co-purified with the allergen (28). For amino acid se-
quencing, Bla g 2 was further purified by reverse-phase HPLC
or electroelution from SDS-PAGE gels. Three protein peaks
were obtained on reverse phase HPLC, which separated Bla g
2 from the 20-kDa contaminant (Fig. 2, panel A). The NH,-
terminal amino acid sequence of Bla g 2 (35 residues) was
determined from HPLC peak 2. This sequence was subse-
quently confirmed by sequencing Bla g 2 (14 residues) that had
been electroeluted onto PVDF membrane (Figs. 2B and 3). The
NH,-terminal sequence of the 20-kDa protein did not share
significant homology to Bla g 2 or other proteins, suggesting
that it was not a breakdown product of Bla g 2 (data not
shown). Tryptic peptides were prepared from electroeluted Bla
g 2, and internal peptide sequences (comprising 84 residues)
were obtained, which, together with the NH,-terminal se-
quence, comprised 36.3% of the entire molecule. In addition,
the first 10 residues of the 70-kDa protein sequenced off PVDF
membrane were identical to the NH,-terminal sequence of Bla
g 2, suggesting that the 70-kDa band was a dimer of Bla g 2.

Although ~60% of CR allergic patients had IgE Ab to Bla g
2, attempts to screen the B. germanica ¢DNA library with
pooled IgE Ab, to identify a Bla g 2 cDNA clone, were unsuc-
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FiG. 1. IgE antibodies to Bla g 1 and Bla g 2 in sera from CR
allergic patients with asthma. Sera obtained from 106 patients
living in Charlottesville, VA (@), Wilmington, DE (O), Atlanta, GA (O),
or New York or Puerto Rico (M) were compared by mAb-based RIA.
Results are expressed as IgE Ab units/ml relative to control curves
constructed using sera containing high levels of IgE Ab. Data from
selected patients and 18 non-allergic controls, expressed as counts/min
1257 anti-Igk bound, are shown in Table 1.
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cessful. The ¢cDNA coding for Bla g 2 was identified using
mouse polyclonal IgG anti-Bla g 2 Ab. The full-length ¢cDNA
contained an open reading frame of 1,056 nucleotides, encoding
a 24-amino acid putative signal peptide and a 328-amino acid
protein, with a predicted molecular mass of 35,939 Da (Fig. 3).
Inspection of the nucleotide sequence identified a polyadenyla-
tion signal 22 nucleotides upstream from the poly(A) tail and
three potential N-linked glycosylation sites. However, the close
agreement between the molecular mass obtained by sequenc-
ing and by SDS-PAGE analysis suggests that the allergen is
not glycosylated. The deduced amino acid sequence of Bla g 2
showed 91% identity to the amino acid sequences determined
by Edman degradation from Bla g 2 protein (Fig. 3).

Homology of Bla g 2 to Aspartic Proteases—Sequence simi-
larity searches showed significant homology between Bla g 2
and aspartic proteases from several species (39—43). The high-
est degree of identity was between Bla g 2 and mosquito (A.
aegypti) lysosomal aspartic protease (30.8%); however, identity
was observed with other aspartic proteases including human
cathepsin D (27%), human pepsinogen (26.7%), human renin
(25.8%), and bovine chymosin (29.5%) (Fig. 4A). The two aspar-
tic acid residues involved in the catalytic activity of aspartic
proteases (at positions 31 and 215 in Bla g 2), as well as
surrounding amino acid residues, are conserved in Bla g 2 (Fig.
4, A and B). Alignments of these sequences revealed that Bla g
2 is likely to be synthesized as a pro-enzyme, but the pro-
peptide sequence is much shorter than in other aspartic pro-
teases (Fig. 4A).

Expression of Bla g 2 in CR Species—To investigate whether
Bla g 2 was also expressed by P. americana, we compared
antigenic cross-reactivity and expression of Bla g 2 mRNA in
the two CR species. Binding of *?°I-Bla g 2 to polyclonal mouse
IgG anti-Bla g 2 was inhibited >90% by Bla g 2 and by B.
germanica extracts in a dose-dependent manner. In contrast, P.
americana extracts, including frass and whole body extracts
prepared in our laboratory and 11 commercial extracts mar-
keted for allergy diagnosis, gave <5% inhibition (Fig. 5).

It was possible that the murine IgG antibodies were directed
against “species-specific ” epitopes on Bla g 2 and did not
recognize the allergen in P. americana extracts. To investigate
this possibility, mRNA expression was compared by Northern
analysis. A 1.8-kb mRNA encoding Bla g 2 was detected by
hybridization to a 3?P-labeled Bla g 2 ¢cDNA probe. This mes-
sage was detected using 0.5-2 pg of B. germanica mRNA,
whereas no Bla g 2 message was detected using up to 6 ug of
mRNA from P. americana (Fig. 6). These results strongly sug-
gest that P. americana does not express a protein that is closely
homologous to Bla g 2.

Detection of Bla g 2 in Tissues—The tissue distribution of Bla
g 2 was assessed by comparing the ratios of Bla g 2 to total

Tasre I
Immediate skin tests and serum IgE antibodies to B. germanica allergens
Patient Skin test to aB Cockroach Blag1l Blag2
germanica RAST® Skin test Serum IgE Ab® Skin test Serum IgE Ab®

units/mli ng/mi cpm bound ug/ml cpm bound
B. S. 10°¢ 1,075 10735 35,000 10° 997
R. M. 10°¢ 1,065 10° 148 1073 13,976
S.wW. 107° 1,290 10735 25,092 10728 16,192
M. B. 10785 1,465 10735 21,104 10725 12,961
S. T. 1076 1,080 >10 118 107t 8,251
J. S. 10°¢ 1,395 107! 183 102 17,776
R. Mo. 107¢ 300 1072 96 10 116
Controls (n = 4) >1072 <10 >10 128 + 61 >10 153 + 529

® Using B. germanica extract from Allergy Labs of Ohio, Inc., Columbus, OH.

® One RAST unit = 0.1 ng of IgE antibody (34).
¢ Measured by mAb-based RIA.
4 Mean * S.D. of 18 non-allergic controls.
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FiG. 2. Purification of Bla g 2 protein for amino acid sequenc-
ing. Panel A, silver-stained SDS-PAGE of single-step affinity-purified
Bla g 2 (left lane) and HPLC peaks 1-3. The 20-kDa protein, which
co-eluted with Bla g 2 from the mAb column, eluted as a single peak
(Peak 1) from the C18 column. Peaks 2 and 3 contained 36-kDa Bla g 2
and a 70-kDa band. Panel B, Coomassie Blue-stained SDS-PAGE of two
preparations of electroeluted Bla g 2 (lanes 2 and 3). Lane 1, molecular
mass markers.

protein in dissected B. germanica tissues and body parts. Al-
though Bla g 2 was present in all tissues, the highest concen-
trations relative to protein content were detected in organs of
the digestive system, principally esophagus, proventriculus,
and gut (Table II).

DISCUSSION

We report the complete nucleotide sequence of cDNA coding
for a major cockroach allergen, Bla g 2. The allergenic impor-
tance of Bla g 2 had been suggested by previous studies show-
ing IgE binding to a 36-kDa B. germanica allergen on immu-
noblotting (24). In the present study, an extensive survey of
sera from several localities in the United States confirmed a
high prevalence of IgE Ab to Bla g 2 among CR allergic patients
(~60%). The results also showed that the allergen exhibited
classical immediate hypersensitivity responses on skin testing,
and that these responses were specific. Although the preva-
lence of IgE Ab to Bla g 1 (~30%) was significantly lower than
to Bla g 2, some patients showed comparable skin test reactiv-
ity to the two allergens, or to Bla g 1 in the absence of responses
to Bla g 2, suggesting that Bla g 1 can be an important allergen
for some individuals.

Sequence analysis revealed that Bla g 2 shares homology to
the aspartic proteases: a widespread group of enzymes that
have two essential aspartic acid residues at their catalytic site
(44). Most aspartic proteases are single-chain enzymes with a
molecular mass of ~35,000 Da and are active at low pH. The
group includes both intracellular enzymes such as cathepsin D
(40) and cathepsin E (45), and extracellular digestive enzymes,
such as pepsin (42) and chymosin (43), and human renin (41).
Assignment of Bla g 2 to the aspartic proteases was based on
sequence homology and presence of the aspartic acid and adja-
cent amino acid residues in conserved positions. Several aspar-
tic proteases are secreted as pro-enzymes and undergo self-
activation upon exposure to acidic pH. Upon activation, an
NH,-terminal pro-peptide of up to 50 amino acids long is re-
leased. Sequence alignment showed homology between the
NH,-terminal sequence of Bla g 2 and the pro-peptide se-
quences, particularly bovine chymosin, and suggested that Bla
g 2 may be produced as a zymogen with a short pro-peptide.
Pro-peptide sequences as short as 6 amino acid residues occur
in albumin and trypsin (46). In keeping with these observa-
tions, purification of natural Bla g 2 has always been performed
at high or neutral pH (28). Further studies are being carried
out to determine the effects of low pH treatment on the stability
of Bla g 2 and on release of the pro-peptide.

The homology of Bla g 2 to aspartic proteases raised the
possibility that this allergen functions as a digestive enzyme in
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1 AA ATG ATT GGC CTA AAG CTA GTG ACA GTT CTC TTT GCG GTT GCT 44
M I G L K L b T b 4 L 2 A v A

45 ACC ATA ACA CAT GCA GCT GAG CTT CAA CGT GTT CCA TTG TAC 86
T I L H A A E L Q R v P L Y

87 AAA TTG GTG CAC GTT TTC ATT AAC ACT CAA TAC GCT GGT ATA 128
E_L _V H v P I N T O Y A G 1

12 ACC AAG ATT GGA AAC CAG AAC TTC CTA ACA GTA TTC GAT AGC 170
I K I G N Q N F L T v F. D S

171 ACC TCA TGC AAT GTA GTC GTT GCC AGT CAA GAA TGC GTT GGT 212
T S c N v X v A S (o] E c v G

213 GGA GCT TGT GTA TGT CCA AAT CTA CAA AAA TAT GAG AAA CTT 254
G A c v c P N L Q K Y E K L

255 AAA CCG AAG TAT ATC TCT GAT GGG AAT GTA CAG GTG AAA TTC 296
K P K Y I S D G N V O V K F

297 TTC GAC ACT GGT AGC GCA GTT GGT AGA GGC ATT GAA GAT TCC 338
E D T G S A 4 G R G I E D s

339 CTT ACG ATT TCT AAC CTC ACG ACA TCT CAA CAA GAC ATT GTC 380
L T I S N L ; T s Q Q D I v

L]

381 CTT GCC GAT GAA CTC AGT CAA GAA GTC TGC ATT CTA TCT GCT 422
L A D E L S Q E v c I L S A

423 GAC GTA GTT GTA GGA ATA GCA GCC CCA GGA TGC CCT AAT GCA 464
D v v v G I A A P G c N A

465 CTG AAA GGA AAA ACT GTT CTC GAA AAC TTT GTC GAA GAA AAT 506
L K 6 KX T VvV L E N F V E FE N

507 CTT ATT GCG CCT GTC TTT TCT ATT CAT CAT GCT AGA TTT CAA 548
L T A P VvV P S 1 H H A R E_O

549 GAT GGA GAA CAT TTC GGA GAA ATT ATT TTC GGA GGT TCT GAT 590
D_G E H F G E I I F_G G S D

591 TGG AAA TAC GTT GAT GGT GAA TTC ACT TAT GTT CCA CTT GTG 632
w K X v D G E E T Y v P L v

633 GGT GAT GAT TCC TGG AAG TTC AGG CTG GAT GGT GTG AAA ATA 674
[} D D S W K R L D G v K I

675 GGT GAC ACA ACT GTT GCT CCA GCA GGT ACA CAG GCC ATC ATC 716

G D T T W A P A G a¥ I

717 GAC ACA AGC AAA GCT ATC ATT GTC GGA CCT AAA GCC TAT GTT 758
D T S K A 1 I VvV ¢ P _K A Y V¥V

759 AAT CCA ATC AAC GAA GCT ATT GGG TGT GTA GTG GAA AAG ACA 800
N P I N E A I G (o] v v E K T

801 ACA ACC AGG AGA ATA TGC AAG CTT GAC TGC AGC AAG ATA CCA 842
i T R R I (o] K L c s K I P

843 TCT CTC CCT GAT GTC ACA TIT GTG ATC AAT GGC AGG AAT TTC 884
s L ) ) D v T F '/ I N G R N F

885 AAC ATC AGC TCA CAA TAT TAC ATC CAA CAG AAC GGG AAC TTG 926
N I s s Q Y Y x: Q Q N G N L

-

927 TGC TAT TCC GGC TTC CAA CCA TGC GGT CAC TCC GAT CAC TTT 968

¢c Y 8 6 F Q P C€C G H S D H F

969 TTT ATT GGT GAC TTC TTT GTT GAT CAT TAT TAT TCT GAA TTC

F I G F F v D H Y Y S E F
1011 AAC TGG GAG AAC AAG ACC ATG GGA TTC GGC CGT TCA GTA GAA
N W E N K T M G F R 8 V E

-

1053 AGC GTC TAA GAA TTT CAA CAT CAA GAT GGA CTT CAG AGA TTA 1094
S Vv aaw

1095 CTT CGG AAT CAC TAA TAA GAC ATT CAC GAG ACT TAC GAA GAC 1136

1137 CAC TAC AGT TTT GGA TAT GAA TGA TGA CAA ATA ACT GAA GAC 1178

1179 TTT TCA TTA TAT GAC ATG GAG AAG ATT TTT TTA AAG TCG CCT 1220

1221 ATT ATT ACT TTT TTC GCA CAC TTT TAT GTA TAC AGC TAC TGA 1262

1263 TGT CTT ARA_ATA AAC TGG AAA TAT TTT GAA TTT TCT A,, 1317

FiG. 3. Nucleotide and deduced amino acid sequence of Bla g 2.
The putative signal peptide is shown in bold, and three potential
N-linked glycosylation sites (M) and the termination codon TAA (*) are
indicated. A polyadenylation signal (AATAAA), in the 3’-noncoding
region, is underlined. Amino acid sequences determined by Edman
degradation are underlined; 90.7% (108/119 residues) of the amino acid
sequence was identical to that derived from nucleotide sequence. Dif-
ferences (underlined) were found at the amino terminus (VPLYKLVS-
VFINTQYAGIT - - GNQDFLLVFDTTS - N - VV) and in two tryptic
peptides (YYEGEFTYAP and IADDSWQFR).

CR. Unlike the A. aegypti aspartic protease, which is located in
lysosomes and concentrated in the insect fat body, Bla g 2 is
concentrated in the digestive organs, particularly the gut, with
much lower levels in the fat body. Our experiments are con-
sistent with previous immunofluoresence studies using IgE Ab,
which showed localization of CR allergens to epithelial cells in
the intestinal tract and to Malpighian vessels (the major ex-
cretory organs in the CR) (47). Previous RAST inhibition stud-
ies showed that CR feces are a potent source of allergens (48).
Thus we speculate that Bla g 2 is a digestive enzyme that is
secreted or excreted along with CR feces.

B. germanica and P. americana are the most prevalent dom-
iciliary CR species found in the United States. Although CR
allergic patients usually give positive skin prick tests to ex-
tracts of both species, the molecular basis of the antigenic
relationships between them is poorly understood. Northern
analyses have consistently shown that mRNA encoding Bla g 2
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Fic. 4. A, alignments of the amino acid sequences of Bla g 2, mosquito
lysosomal aspartic protease (mLAP), human cathepsin D (H-CD), hu-
man pepsinogen (H-PG), human renin (H-RN), and bovine chymosin
(B-CH). Sequences were aligned using the GCG computer program.
Residues identical to Bla g 2 are indicated (¥), and gaps (... ) were
introduced by the program for optimal alignment. The first and second
arrowheads represent the signal peptide and pro-peptide cleavage sites
in each sequence, respectively. The two conserved aspartic acid residues
(D) are shown at positions 31 and 215 of the Bla g 2 sequence. B,
similarity plot of the aspartic protease sequences. The position of the
two conserved aspartic acid residues (D) in Bla g 2 is indicated. Num-
bering refers to the original computer alignment (1, first residue in
human renin; 428, last residue in Bla g 2). The highest degree of
similarity was observed around the two enzymatic catalytic sites.

is not detectable in P. americana. In agreement with this, Bla
g 2 protein could not be measured in any extracts of P. ameri-
cana using mAb ELISA or inhibition RIA using polyclonal Ab.
These results suggested that the previously reported immuno-
logic cross-reactivity between the two CR species must be re-
lated to allergens other than Bla g 2 (17, 26). These include Bla
g 1 and Per a 1, which have been purified from both species and
show antigenic cross-reactivity (27, 28).

Phylogenetically, B. germanica and P. americana belong to
distantly related families, the Blattellidae and Blattidae, re-
spectively (49). In keeping with this, another B. germanica
allergen, Bla g 4, recently cloned in our laboratory, was only
expressed in B. germanica (29). Conversely, a 72-kDa P. ameri-
cana allergen (Per a 3) has been isolated, and mAb to this
allergen failed to bind to B. germanica or B. orientalis extracts
on immunoblotting or ELISA (50). Thus of the cloned or puri-
fied CR allergens that have been defined to date, most (three-
fourths) appear to be species-specific. In the case of Bla g 2, this
is unusual, since it might be expected that both B. germanica
and P. americana would produce an aspartic protease. How-
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FiG. 5. Inhibition RIA for Bla g 2. Dilutions of B. germanica frass
extract (A), commercial extract (Greer) (O), or affinity-purified Bla g 2
(@) were used to inhibit binding of '**I-labeled Bla g 2 to mouse poly-
clonal IgG Ab. The solid square (M) represents the mean *= S.D. of
results from 13 P. americana extracts (including frass, whole body
extract, and 11 commercial extracts).

A B C D E

4kb-
-

1.8kb-

B.g. P.a.
2pg 2pg

B.g. P.a. B.g. B.g. B.g. P.a.
2pg 6pg  lpg  0.5pg 2pg bug

Fic. 6. Northern blot analysis of B. germanica and P. ameri-
cana mRNA. B. germanica (B.g.) or P. americana (P.a.) mRNA was
hybridized with **P-labeled Bla g 2 ¢cDNA probe (panels A-D). A **P-
labeled N. crassa DNA (pRW528), which hybridizes to highly conserved
18S and 26S ribosomal RNA, was used as a control (panel E).

TaBLE 11
Concentration of Bla g 2 in B. germanica Tissues
B. germanica tissues were disrupted with a Polytron homogenizer,
followed by extraction in 0.5 ml of BBS overnight at 4 °C. Extracts were
centrifuged, and Bla g 2 levels and total protein concentration were
determined.

Tissue Bla g 2° conc};r:t);zltrilon” }?)L?)t%.i%

units/ml mg/ml

Esophagus 6.1 0.1 61

Crop 8.5 <0.06

Proventriculus 10.0 0.08 125

Gut 175.2 0.67 261

Legs/wings 176.0 5.0 35

Egg casings 63.0 4.5 14

Fat body 2.7 0.08 34

Salivary glands 0.8 <0.06

Trachea 0.9 <0.06

“ Measured by mAb-based ELISA (38).
® Bradford assay using vy globulin as standard.

ever, we have been unable to detect Bla g 2 mRNA in P.ameri-
cana, and attempts to amplify Bla g 2 from P. americana
genomic DNA using polymerase chain reaction have been un-
successful (data not shown). While these negative experiments
strongly suggest that P. americana does not produce a Bla g 2
homologue, there is a possibility that the degree of homology
with a putative P. americana aspartic protease is too low to be
detected by the probes used in our hybridization studies. How-
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ever, we believe this possibility is unlikely.

The Bla g 2 ¢cDNA is being subcloned into expression vectors
to produce recombinant allergen, which will provide pure pro-
tein for diagnostic purposes; for structural and immunologic
studies and, potentially, for allergen immunotherapy. The se-
quence information reported here is essential for identifying B
cell and T cell epitopes on Bla g 2 and offers the prospect of
developing T cell-based vaccines for CR allergy. Preliminary
studies indicate that Bla g 2 causes T cell proliferation in CR
allergic patients with asthma. Thus T cell peptides from Bla g
2 could be used to develop new forms of immunotherapy, sim-
ilar to those that are currently undergoing clinical trials for cat
and ragweed allergy (13). Cloning of other CR allergens has
recently been reported, and, based on the prevalence of IgE
reactivity with these allergens (30-70%), it seems likely the
development of improved diagnostic and therapeutic reagents
will need to include several of the most important allergens
from either species (29, 51, 52). Further immunologic and mo-
lecular studies of Bla g 2 and other CR allergens will lead to a
better understanding of CR-induced IgE responses and their
role in asthma.
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