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An allergen cloned from a Blattella germanica (Ger-
man cockroach) cDNA library, encoded a 182-amino acid
protein of 20,904 Da. This protein, designated B. ger-
manica allergen 4 (Bla g 4), was expressed as a glutathi-
one S-transferase fusion protein in Escherichia coli and
purified by affinity chromatography and high-perfor-
mance liquid chromatography. The prevalence of serum
IgE antibody to recombinant Bla g 4 in 73 cockroach
allergic patients with asthma ranged from 40% (antigen
binding radioimmunoassay) to 60% (plaque immunoas-
say). Cockroach allergic patients gave positive intrader-
mal skin tests to recombinant Bla g 4 at concentrations
of 1023–1025 mg/ml, whereas non-allergic controls, or
cockroach allergic patients with no detectable serum
IgE antibody to Bla g 4, gave negative skin tests to 1
mg/ml. Polymerase chain reaction and Southern analysis
identified a 523-base pair DNA encoding Bla g 4 in both
B. germanica and Periplaneta americana (American
cockroach). However, Northern analysis showed that
mRNA encoding Bla g 4 was transcribed in B. germanica
but not in P. americana, suggesting that allergen ex-
pression was species specific. Sequence similarity
searches showed that Bla g 4 was a ligand binding pro-
tein or calycin and unexpectedly revealed that this fam-
ily contained several important allergens: b-lactoglobu-
lin, from cow milk, and rat and mouse urinary proteins.
Although the overall sequence homology between these
proteins was low (;20%), macromolecular modeling
techniques were used to generate two models of the
tertiary structure of Bla g 4, based on comparisons with
the x-ray crystal coordinates of bilin binding protein
and rodent urinary proteins. The results show that
members of the calycin protein family can cause IgE
antibody responses by inhalation or ingestion and are
associated with asthma and food hypersensitivity.

Inhalation of environmental allergens, derived from pollens,
dust mites, animal danders, insects, and fungi, is the most
common cause of IgE antibody responses in humans. Cock-

roaches (CRs)1 secrete potent allergens that induce IgE anti-
body responses and subsequent development of asthma in
atopic individuals who are chronically exposed to these aller-
gens. Indeed, although CRs are known to harbor viral and
bacterial pathogens, the only specific disease associated with
CR-infested housing is bronchial asthma. Sensitization occurs
through inhalation of allergens either in CR-infested houses or
following occupational exposure, e.g. among entomologists and
laboratory personnel who work with CR (1–4). In urban or
“inner city” areas, up to 60% of patients with asthma have IgE
antibodies to CR allergens, as demonstrated by skin tests,
bronchial challenge tests, and serum IgE antibody assays (1–
4). Delayed bronchial reactions involving eosinophil recruit-
ment, a characteristic immunopathologic feature of asthma,
also occur following inhalation of CR extract (5). Asthma mor-
tality and morbidity is increasing in the United States, and
recent epidemiologic studies have shown that IgE-mediated
sensitivity to CR allergens is a major risk factor for emergency
room admission with asthma (6–8).
The principal domiciliary CR species are Blattella germanica

(German cockroach) and Periplaneta americana (American
cockroach). The molecular nature of the allergens produced by
either species is poorly understood. Moreover, despite the ex-
tensive use of CR in biological research, there have been few
fundamental studies of CR proteins. Several low molecular
mass (10–70 kDa) protein bands have been identified as aller-
gens using IgE antibodies, and two allergens, Bla g 1 and Bla
g 2, have been defined using protein purification techniques
and monoclonal antibodies (2, 9–13). We have used molecular
cloning techniques to identify and sequence cDNA clones en-
coding B. germanica allergens. Here, we report that a 21-kDa
CR allergen, Bla g 4, is a ligand binding protein, or calycin, and
show that this family contains several allergens that are a
common cause of IgE antibody responses, including mouse and
rat urinary proteins, and b-lactoglobulin. Recombinant Bla g 4
expressed in Escherichia coli was strongly reactive on skin
testing and in serum IgE antibody assays, suggesting that this
recombinant allergen will be useful for diagnostic and thera-
peutic purposes.

EXPERIMENTAL PROCEDURES

cDNA Cloning—Total RNA was isolated from 6-g adult B. ger-
manica, of mixed sexes, using 5 M guanidinium isothiocyanate, 0.01 M

EDTA, 5% 2-mercaptoethanol, 0.05 M Tris-HCl, pH 7.5 (14). Messenger
RNA was isolated using a FastTrack kit (Invitrogen). B. germanica
cDNA library was prepared from 10 mg of mRNA in the UniZAP-XR
phagemid expression vector (Stratagene). The B. germanica cDNA li-
brary was plated on NZY agar and screened using IgE antibodies.
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Protein expression was induced for 3 h using nitrocellulose filters
soaked in 10 mM isopropyl-1-thio-b-D-galactopyranoside. Filters were
incubated with 1% dried milk, 0.2% bovine serum albumin, 0.4% goat
serum, 0.03% gelatin for 1 h, followed by a 1:2 dilution of IgE serum pool
from eight CR-allergic patients (which had been pre-absorbed with E.
coli lysate: 4 mg of lysate/ml of cyanogen bromide-activated Sepharose).
IgE antibody was detected using alkaline phosphatase-labeled anti-IgE
and 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium sub-
strate (KPL, Gaithersburg, MD). Six positive plaques were identified
after screening ;150,000 plaques. Selected cDNA clones were screened
against individual sera from 20 CR-allergic patients or 4 non-allergic
controls by plaque immunoassay. Clone bg12A was screened against a
further 53 sera from CR-allergic patients. Double-stranded sequencing
of cDNA clone bg12A was carried out by dideoxynucleotide chain ter-
mination using a Sequenase kit (U. S. Biochemical Corp.) (15). This
sequence was designated Bla g 4 in accordance with allergen nomen-
clature (16).
Expression of Recombinant Bla g 4 in E. coli—Bla g 4 plasmid DNA

(50 ng) was used as template to generate a 546-bp PCR product con-
taining BamHI and XhoI restriction enzyme sites to allow unidirec-
tional subcloning into the pGEX-4T1 expression vector (Pharmacia
Biotech Inc.). Primers for PCR were synthesized as follows: 59-CGCG-
GATCCACAGATACATTGGCGAA-39 (sense) and 59-CCGCTCGAGT-
TAGTGACATGTGGAGTG-39 (antisense). PCR incubations were 1 min
at 94 °C, 1 min at 37 °C, and 3 min at 72 °C for 30 cycles in a 50-ml
volume. An initial 5-min incubation step at 95 °C was performed, and
each reaction was terminated for 15 min at 72 °C. The 546-bp PCR-
amplified DNA was ligated into BamHI-XhoI-digested pGEX-4T1. DNA
ligation and transformation of competent E. coli strain TOP10F9 (In-
vitrogen) was as described (17). Expression of Bla g 4 as a fusion protein
with glutathione S-transferase was induced with 1 mM isopropyl-1-thio-
b-D-galactopyranoside, and recombinant protein was purified from cell
lysates by chromatography over glutathione-agarose (18). Digestion
with thrombin (10 units/mg of protein for 18 h at room temperature)
released the 21-kDa Bla g 4 protein, which was recovered in the the
flow-through following further purification over glutathione-agarose.
To assess purity, rBla g 4 was analyzed by silver-stained SDS-PAGE
and by size exclusion HPLC over a Superdex 75 HR 10/20 column
(Pharmacia). Recombinant Bla g 4 eluted as a single HPLC peak, and
the amino acid sequence of the 5 NH2-terminal residues was confirmed
by Edman degradation. The final yield was 250 mg of purified rBla g 4
per liter of culture.
Immunoassay for IgE Antibodies to rBla g 4—IgE anti-Bla g 4 ab

were measured in sera from 73 CR-allergic asthmatic patients, using an
antigen-binding radioimmunoassay (19). Briefly, 9 mg of rBla g 4 was
radiolabeled with 0.5 mCi of 125I, using the chloramine-T technique
(specific activity, 3 mCi/mg). Serum dilutions of 1:2 and 1:10 were incu-
bated with 125I-rBla g 4 (;100,000 cpm added) for 4 h at room temper-
ature and precipitated overnight at 4 °C with 50 ml of sheep anti-human
IgE (The Binding Site, San Diego, CA). IgE myeloma serum (patient
P.S.) diluted 1:200 was used as carrier. Precipitates were washed with
BBS and counted in a g-counter. The assay was quantitated using a
control curve, constructed with patient SW serum, assigned to contain
10,000 units/ml IgE antibody.
Immediate Skin Testing—Quantitative intradermal skin tests were

performed using serial 10-fold dilutions of B. germanica extract (1/20
w/v, Allergy Laboratories of Ohio, Columbus, OH) or purified recombi-
nant Bla g 4 from 100–1025 mg/ml, as described previously (12, 19). A
wheal of .8 3 8 mm in diameter 15–20 min after injection was re-
garded as a positive skin test. Immediate skin testing using rBla g 4
was approved by the Human Investigation Committee of the University
of Virginia.
Human Sera—Sera from CR-allergic patients had been collected

from patients enrolled in previous studies on emergency room asthma.
All patients had asthma and had serum IgE antibodies to CR detectable
by radioallergosorbent test (values 40–6,000 units/ml, 1 unit 5 ;0.1 ng
of IgE) (7, 8). Collection of sera for use in these studies was approved by
the Human Investigation Committee of the University of Virginia.
Sequence Analyses and Molecular Modeling—Protein sequences

were compared using the FASTA program to search the NBRF, Gen-
Bank, and Swiss-Prot sequence data bases (20). Homology-based mo-
lecular modeling was carried out using a combination of knowledge-
based and ab initiomethods (21). The SYBYLmodeling package (Tripos
Inc., St. Louis, MO) was used to determine homology with known
structures from the Brookhaven Protein Data base and for loop
searches, mutations, and graphic visualization. The CHARMM-based
program CONGEN was used for energy minimizations, simulated an-
nealing, molecular dynamics, conformational searches, and free energy

calculations (22, 23).
Northern Analysis of CR mRNA—B. germanica or P. americana

mRNA was obtained from total RNA using the Poly(A) Tract mRNA
isolation system (Promega). Samples containing 2 mg of B. germanica or
P. americana mRNA were electrophoresed in formaldehyde-denaturing
1% agarose gel, and RNA was transferred to a nylon membrane (Zet-
abind, Cuno, Meridien, CT). A 650-bp SmaI-KpnI-digested pBLUE-
SCRIPT plasmid DNA fragment containing Bla g 4 cDNA and an 8.6-
kilobase Neurospora crassa DNA (pRW528), coding for highly conserved
ribosomal sequences, were labeled with [a-32P]dCTP by random priming.
Hybridization was performed at 37 °C, as described previously (24).
PCR and Southern Analysis—B. germanica or P. americana genomic

DNA was extracted from 0.1 g ground cockroach tissue using a blood
and cell culture DNA kit (QIAGEN, Chatsworth, CA). 100 ng of CR
genomic DNA was amplified by PCR using Taq polymerase (GeneAmp
kit; Perkin Elmer Corp.). The following oligonucleotide primers, derived
from the nucleotide sequence of Bla g 4 DNA, were used to amplify a
523-bp fragment: 59-ACAGATACATTGGCGAA-39 (sense) and 59-GA-
CATGTGGAGTGTAAG-39 (antisense). PCR conditions were as de-
scribed above using an annealing temperature of 42 °C. PCR products
were electrophoresed in 1% agarose gel, and DNA was transferred to
nylon membrane. The Southern blot was hybridized with [a-32P]dCTP-
labeled 650-bp Bla g 4 cDNA probe at 37 °C and autoradiographed
following a 3-h exposure to Kodak XAR film.

RESULTS

Molecular Cloning of B. germanica Allergens—A unidirec-
tional B. germanica cDNA library was screened using pooled
IgE antibodies from CR-allergic patients with asthma. Six pos-
itive plaques were cloned and rescreened against a panel of
sera from CR-allergic patients by plaque immunoassay. Se-
lected results on four CR-allergic patients and one control are
shown in Fig. 1. Most patients had IgE antibody to two or more
clones (e.g. SW, bg7, bg12A; RM, bg 7, bg12A, bg14) and showed
different patterns of IgE antibody binding, suggesting that B.
germanica produced multiple allergens. The strongest inten-
sity of IgE antibody binding was observed using protein en-
coded by clone bg12A, and ;60% (47/73) of sera from CR-
allergic patients gave positive IgE antibody plaques to this
protein. Nucleotide sequencing showed that bg12A cDNA con-
tained a 546-bp open reading frame, coding for a 182-amino
acid protein with an estimated molecular mass of 20,904 dal-
tons (Fig. 2). The allergen encoded by clone bg12 A was provi-
sionally designated B. germanica allergen 4, Bla g 4, in keeping
with the revised WHO/IUIS allergen nomenclature (16). Se-
quence data on the other CR allergen clones isolated from the
B. germanica cDNA library will be reported elsewhere.
Demonstration of IgE Antibody Responses to rBla g 4—PCR-

FIG. 1. Human IgE antibody binding to B. germanica cDNA
clones. Six clones were obtained after screening a B. germanica cDNA
library with pooled IgE antibodies, and each clone was screened against
individual sera from 20 CR-allergic patients or 4 non-allergic controls
by plaque immunoassay. Selected results on four CR-allergic patients
(SW, MB, RM, JS) and one control (RC) are shown. The complete
nucleotide sequences of clones bg12A, bg12B, and bg16 have been
determined, and partial sequences have been obtained for the other
clones. Sequence data on clones other than bg12A will be published
elsewhere.

Calycins Are a Common Cause of IgE Antibody Responses 31197



amplified DNA encoding Bla g 4 was ligated into pGEX-4T1
and expressed as a glutathione S-transferase fusion protein in
E. coli. Recombinant Bla g 4 was obtained from bacterial ly-
sates by glutathione affinity chromatography and thrombin
cleavage, and the pure protein migrated as a single band of 18
kDa on an 8–24% gradient SDS-PAGE (Fig. 3). Serum IgE ab
to rBla g 4 was compared in 73 sera from CR-allergic patients
by antigen binding radioimmunoassay. The prevalence of IgE
ab was 41% among patients with a CR radioallergosorbent test
value of .200 units/ml and 31% among patients with a CR
radioallergosorbent test value of 40–200 units/ml (Fig. 4). This
prevalence of reactivity was lower than that observed by plaque
immunoassay (;60%) and may possibly be explained by in-
creased sensitivity of the plaque assay, as compared to radio-
immunoassay. The 125I-rBla g 4 showed strong reactivity with
IgE ab (up to 45,000 cpm bound, as compared to controls of
,400 cpm), suggesting that the recombinant protein expressed
the majority of B cell epitopes (Table I).
The biologic activity of rBla g 4 was assessed by quantitative

intradermal skin testing of seven selected CR-allergic patients
and three non-allergic controls, as reported in other studies.
The results show that positive skin tests were obtained using
1023–1025 mg/ml rBla g 4 and that skin test reactivity broadly
correlated with serum IgE ab responses. In contrast, neither
non-allergic controls nor CR-allergic patients with no detect-
able serum IgE ab to rBla g 4 gave positive skin tests using up
to 1 mg/ml rBla g 4 (Table I). These results showed that rBla g
4 was capable of inducing specific immediate hypersensitivity
responses in CR-allergic patients.
Homology between Bla g 4 and Calycins—Sequence similar-

ity searches showed that Bla g 4 was a member of the calycin
family of proteins (Fig. 5). Calycins are a diverse family of ;30
proteins, which include lipocalins and fatty acid binding pro-

teins, whose function is to bind or transport small hydrophobic
molecules. Examples include human retinol binding protein,
butterfly bilin binding protein (BBP) and tobacco hornworm
insecticyanin (pigment binding protein) (26–28). Calycins were
not previously known to cause IgE responses, but sequence
analyses unexpectedly revealed that this protein family also
contained three major allergens: b-lactoglobulin from cow milk
and rodent urinary proteins (mouse urinary protein, MUP, and
rat a2u-globulin). The overall homology between Bla g 4 and
calycins was 18.9–23.9%, consistent with the low degree of
sequence homology between other members of the family. As-
signment of Bla g 4 to this family was based on the presence of
two concensus motifs, originally described by Sawyer (26) and
Li and Riddiford (27) (Fig. 5). Subsequent comparisons showed

FIG. 2. Nucleotide and deduced amino acid sequence of B.
germanica clone bg12A. The initiation methionine is lacking from
the deduced sequence. The N-terminal amino acid residues (1–12) con-
tain the conserved features of a signal peptide, with a predicted cleav-
age site located between Ala12 and Asn13 (75–80% predictive accuracy)
(25). The estimated molecular mass of the protein encoded by clone
bg12A without the signal peptide sequence is 20,126 Da. One potential
N-linked glycosylation site is indicated (●). The stop codon TAA is
shown (*), and a polyadenylation signal sequence, AATAAA, in the
39-non-coding region, is underlined.

FIG. 3. SDS-PAGE analysis of recombinant Bla g 4, expressed
in E. coli as a glutathione S-transferase fusion protein. Glutathi-
one S-transferase-Bla g 4 was purified over glutathione-agarose and
eluted with 10 mM reduced glutathione (A), followed by thrombin cleav-
age (B). Purified rBla g 4 was recovered in the flow-through after
further purification over glutathione-agarose (C). Proteins were ana-
lyzed in a silver-stained 8–25% gradient SDS-PAGE gel using a Phast-
System. Molecular weight markers (MW) are indicated.

FIG. 4. Serum IgE antibodies to rBla g 4 measured in sera from
73 CR-allergic asthmatic patients by antigen binding radioim-
munoassay. Results are expressed in units of IgE binding activity
relative to a control serum (SW), which was arbitrarily assigned a value
of 10,000 units/ml. The lower level of assay sensitivity is indicated
(dashed line).
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that the Bla g 4 sequence contained each of the three structur-
ally conserved regions (SCR) of calycins proposed by Flower et
al. (29).
The molecular structures of BBP, insecticyanin, MUP, and

rat a2u-globulin had previously been determined at high reso-
lution by x-ray crystallography. The characteristic calycin
structure is a cup-shaped, eight-strand, anti-parallel b-barrel,
with a 11 topology (26–32). Structural models of Bla g 4 were
constructed from the x-ray coordinates of butterfly BBP (which
was selected as the base molecule because the positions of
cysteine residues involved in disulfide bonds were conserved in
the two proteins). Although the overall sequence identity be-
tween BBP and Bla g 4 is but 20%, it is comparable to that
between BBP and the rodent urinary proteins, which have very
similar conformations (29). The amino acid structures of Bla g
4 were substituted for those of BBP at positions where the two
proteins differed. The positions of the main chain and Cb atoms
were retained for the substituted amino acids and the side
chains rebuilt. Loop regions, whose conformations could not be
modeled directly from the BBP structure, were generated by
conformational search calculations or loop searches. The model
was minimized and equilibrated, followed by simulated anneal-
ing with a slow cool and a final minimization (22, 23). Two
models of Bla g 4 were generated. Both models fit the eight-
strand, anti-parallel b-barrel calycin structure but differ pri-
marily in the conformation of the large loop between the a-helix
and the COOH-terminal b strand (Fig. 6). The eight conserved
residues, Asp, Gly, Trp (SCR 1), Thr-Asp-Tyr, Tyr (SCR 2), and
Arg (SCR 3) (Fig. 5) are all located in similar positions (at the
base of the “cup”), suggesting that this region could form a

binding site for the respective ligands (Fig. 6).
Expression of Bla g 4 in P. americana—Northern analysis

was used to compare expression of mRNA encoding Bla g 4 in
B. germanica and P. americana. An 0.75-kilobase B. germanica
mRNA transcript hybridized with 32P-labeled Bla g 4 cDNA
probe but failed to hybridize to P. americana mRNA. Control
experiments using a labeled N. crassa ribosomal DNA probe
showed equivalent loading of mRNA from both CR species (Fig.
7A). To investigate the presence of genomic DNA encoding Bla
g 4, PCR reactions on B. germanica and P. americana genomic
DNA were carried out using Bla g 4-specific primers. A pre-
dicted 523-bp DNA was amplified from the genomic DNA of
both CR species, and, in addition, a larger DNA (653 bp) was
also detected (Fig. 7B). The PCR products were analyzed using
32P-labeled Bla g 4 cDNA to hybridize to the two DNA bands on
Southern blots. The two DNAs from both B. germanica and P.
americana hybridized to the Bla g 4 DNA probe. Taken to-
gether, these results suggest that B. germanica and P. ameri-
cana have genomic DNA encoding Bla g 4, that the DNA is only
transcribed into mRNA in B. germanica, and, consequently,
that the Bla g 4 protein is only expressed in B. germanica.

DISCUSSION

Using molecular cloning techniques, we have identified and
sequenced an important B. germanica allergen, Bla g 4, which
binds IgE antibodies in 40–60% of CR-allergic patients’ sera.
The recombinant allergen gave wheal and flare skin test re-
sponses at concentrations as low as 1025 mg/ml. These results
show unequivocally that Bla g 4 can elicit classical immediate
hypersensitivity responses, and the allergen would, therefore,
be expected to contribute toward the symptoms of CR-allergic
patients. Bla g 4 is one of several CR allergens that we have
cloned and sequenced, including Bla g 2 (an aspartic protease),
Bla g 5 (a glutathione transferase), and Bla g 6 (troponin) (Fig.
1) (33, 34). Current evidence suggests that B. germanica pro-
duces at least five allergens that elicit IgE responses in 30–70%
of CR-allergic patients (11–13, 33, 34). A high molecular mass
allergen (72 kDa) has recently been cloned from P. americana,
designated Per a 3; however, the homologous allergen does not
appear to occur in B. germanica (35). Cloning of high molecular
mass B. germanica allergens has also been reported (36).
Although previous studies have shown allergenic cross-reac-

tivity between B. germanica and P. americana extracts, only
one of the allergens purified to date (Bla g 1 and its homologue,
Per a 1) have been shown to cross-react (11–13). The nucleic
acid hybridization studies reported here show that genomic
DNA encoding Bla g 4 is present in P. americana (as well as in
B. germanica) but that the P. americana DNA does not appear
to be transcribed into Bla g 4 mRNA. On the basis of this
evidence, it appears that Bla g 4 is produced by B. germanica
and not by P. americana and may be Blattella spp. specific,
although its expression in a larger number of CR species re-
mains to be tested. In the United States, most patients are
primarily exposed and sensitized to B. germanica, whereas in
the Far East (e.g. Taiwan and Japan), P. americana and P.
fuliginosa appear to be more important causes of sensitization
(9, 37, 38). Our skin test and serum IgE antibody results with
rBla g 4 suggest that the recombinant allergen will be useful
for diagnosis of allergic reactions to B. germanica and raise the
possibility that, by using a mixture of allergens (including Bla
g 2 and Bla g 5), it will be possible to use 3–4 recombinant
proteins for both diagnostic (and therapeutic) purposes.
Recognition of Bla g 4 as a calycin (the first to be described in

CR) provides insights into the biologic function of this protein.
The homology with rodent urinary proteins, which are male
pheromone transport proteins (32), raises the interesting pos-
sibility that Bla g 4 serves a similar function in CR. It is well

TABLE I
Skin tests and serum IgE antibodies to recombinant

B. germanica allergen Bla g 4

Patient Skin test to
B. germanica

rBla g 4

CR
radioallergosorbent

test
Skin
test

Serum
IgE aba

units/ml mg/ml cpm bound

JS 1025 1,395 1023 45,043
SW 1025 1,290 1025 42,628
TB 1025 450 1025 38,579
RM 1025 1,065 1023 24,488
MB 1025 1,465 .1 374
ST 1025 1,080 .1 248
CT Prick 125 .1 257
Controls (n 5 3)b ND ,10 .1 300 6 33

a Measured by antigen-binding radioimmunoassay.
b Mean 6 2 S.D. of three non-allergic subjects.

FIG. 5. Amino acid sequence homology between B. germanica
Bla g 4 and selected calycins. Conserved residues in the Sawyer (26)
and Li and Riddiford (27) motifs are located at positions 17–32 and
102–118 of insecticyanin and are indicated in bold type (*). Conserva-
tive substitutions of acidic or hydrophobic residues, which also form
part of the motifs, are indicated (E). Also shown are the three structur-
ally conserved regions (SCR1–3) defined using iterative comparisons of
Bilin-BP, Insecticyanin, Retinol-BP, and MUP (29). The two sequence
motifs broadly correspond to SCR1 and SCR2, respectively. SCR3 has a
conserved arginine or lysine residue (at position 137 in insecticyanin),
which is an important contact residue.
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known that B. germanica produces a variety of pheromones,
including aggregation pheromones, excreted in the frass, and
volatile sex pheromones, produced in glands located on the
posterior abdominal tergites (39, 40). There is also good evi-
dence that CR allergens are secreted from CR bodies or ex-
creted in the feces, and there are anecdotal reports that CR can

cause immediate skin reactions by crawling on the skin (41,
42). Thus, a plausible hypothesis is that Bla g 4 is a pheromone
binding protein that is secreted along with male sex phero-
mones. The chemical structures of a number of CR pheromones
have been defined, and it will now be possible to investigate
this hypothesis using photoaffinity labeling techniques and
NMR to analyze pheromone binding to rBla g 4 (43). Bla g 4
could bind other calycin ligands, such as odorants or pigments;
however, insect odorant binding proteins belong to different
protein families, and it is unlikely that odorant or pigment
binding proteins would be secreted (44). If Bla g 4 is a phero-
mone binding protein, it could be a target for novel CR control
strategies.
Our studies clearly show that calycins are a family of pro-

teins that commonly cause IgE antibody responses. The calycin
family contains several allergens associated with asthma (cock-
roach, rat, mouse, and dog) as well as an allergen associated
with food hypersensitivity (cow milk b-lactoglobulin) (Fig. 5,
Ref. 45). Equine allergen has also been reported to belong to the
calycin family (46). Analysis of the published x-ray crystal
structures of BBP and MUP calycins also allowed us to gener-
ate two molecular models of the tertiary structure of Bla g 4,
which differ at a conformational loop region between the a-he-
lix and COOH-terminal b strand. Using rBla g 4, either for
crystallographic or NMR studies, it will be possible to deter-
mine which model is correct, and further refinement of the
modeling programs may also be used to generate a “complete”

FIG. 6.Molecular models of Bla g 4. The Ca backbone structures for two models of Bla g 4 (panel A) are compared with those of butterfly BBP
and rat urinary protein (panel B) (31, 32). Conserved residues within the calycin sequences are shown as spheres.

FIG. 7. Analysis of mRNA and PCR products amplified from B.
germanica (B.g.) or P. americana (P.a.) DNA. Panel A, 2 mg of B.
germanica or P. americana mRNA were hybridized with 32P-labeled
650-bp Bla g 4 cDNA probe (lanes 1 and 2) or control 32P-labeled N.
crassa ribosomal DNA (lanes 3 and 4). Panel B, PCR primers were used
to amplify Bla g 4 DNA from 100 ng of B. germanica or P. americana
genomic DNA, and PCR products were analyzed on ethidium bromide
gel (lanes 1 and 2) or by Southern blotting with 32P-labeled Bla g 4
cDNA probe (lanes 3 and 4). A predicted DNA fragment of 523 bp, along
with a 653-bp fragment, was amplified from both B. germanica and P.
americana.
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three-dimensional structure, as has recently been reported for
mite Der p 1, by Topham et al. (47). Whether calycins them-
selves have intrinsic properties that stimulate IgE production
remains to be established. IgG and IgE antibody responses and
proliferative T cell responses to rodent urinary proteins have
been measured, and recent data show IgE antibody binding to
peptides from b-lactoglobulin (48–50). The availability of
cloned Bla g 4 and other calycin sequences will enable these
responses to be compared and the T cell epitopes involved in
IgE responses to calycins to be defined. Since calycins have no
enzymic activity, our results do not support the view that
enzyme function per se is necessary to induce IgE responses,
though enzymes could have adjuvant effects that enhance IgE
production (51).
Rodent urinary proteins are the most abundant proteins

secreted in the urine and become airborne on ;7-micron par-
ticles in laboratory animal rooms (or houses containing rats)
(48). Inhalation of these particles, which stay airborne for sev-
eral hours, causes IgE antibody responses and can provoke
acute asthma attacks. Similarly, when large CR populations
develop in substandard housing, CR allergen accumulates at
high levels in the dust and becomes airborne on .10-micron
particles following natural disturbance (7, 8).2 The ability of
antigen-presenting cells and T cells to recognize this transient,
low dose antigen exposure at mucosal surfaces to a large extent
determines whether or not individuals will mount IgE antibody
responses to environmental allergens. The present studies will
make it possible to develop new immunotherapeutic strategies
for CR allergy, including T cell-based vaccines, and will also
facilitate further analysis of the molecular events that mediate
chronic inflammatory responses in CR-allergic patients with
asthma.
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