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Exposure to German cockroach (

 

Blattella germanica

 

) allergens is
associated with the development of chronic respiratory diseases,
especially asthma. The mechanism by which allergic patients de-
velop specific immunoglobulin E (IgE) responses to environmental
allergens is unknown. However, recent reports provided evidence
that enzyme activity, especially proteolytic activity, was a major
contributor to allergenicity. Bla g 2 is one of the most potent cock-

 

roach allergens (prevalence of IgE responses of 60 to 80%) and shows
homology to the aspartic proteinase family of enzymes. We inves-
tigated whether the allergenicity of Bla g 2 was linked to its puta-
tive enzymatic function. A molecular model of Bla g 2, based on
the high resolution crystal structures of pepsin and chymosin, showed
that the overall three-dimensional structure of Bla g 2 was similar
to that of aspartic proteinases with a well-defined binding pocket.
However, critical amino acid substitutions in the catalytic triads
and in the “flap” region of the molecule suggested that Bla g 2
was inactive and homologous to mammalian pregnancy-associ-
ated glycoproteins. This was confirmed experimentally by enzyme
assay. The results show dissociation between enzymatic activity
and allergenicity for Bla g 2 and suggest that other genetic and
environmental factors are important determinants of sensitization.
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Immediate hypersensitivity to cockroach (CR) allergens is as-
sociated with the increase in asthma mortality and morbidity
seen among lower socioeconomic groups living in the United
States. Immunoglobulin E (IgE)-mediated sensitization to CR
is a risk factor for emergency room asthma admissions, and
CR allergen exposure is strongly linked to asthma morbidity
among children living in inner cities (1–7). German cock-
roaches produce several important allergens, including Bla g
1, Bla g 2, Bla g 4, and Bla g 5, that are secreted and accumu-
late in the environment. Previous studies have shown that Bla
g 2 is a potent allergen that elicits IgE responses in 60 to 80%
of cockroach allergic patients and gives positive immediate
skin tests at concentrations as low as 10

 

�

 

5

 

–10

 

�

 

6

 

 

 

�

 

g/ml (7–9).
Recent epidemiological studies have shown that 10 to 100-fold
lower levels of CR allergens elicit IgE responses when com-
pared with other common indoor allergens, such as dust mite
or cat. In a large cohort of U.S. school children, positive im-
mediate skin tests were associated with exposure to median
Bla g 2 levels of 0.32 

 

�

 

g/g (range 

 

�

 

 0.08–15 

 

�

 

g/g), whereas
comparable figures for dust mite were 38 

 

�

 

g/g (range 24–150

 

�

 

g/g) (10). Exposure to low levels of Bla g 1 and Bla g 2 has
also been associated with wheezing among infants in the first
3 mo of life and with increased proliferative T cell responses
(11). Sensitization and exposure data suggest that Bla g 2 is an
especially potent allergen.

Bla g 2 is a 36-kD protein that shows primary sequence ho-
mology to aspartic proteinases (12). The mechanism by which
susceptible individuals produce IgE responses to allergens is
not known, but an increasing body of evidence suggests that
having functional enzyme activity may explain why some aller-
gens, notably the cysteine and serine protease allergens from
house dust mite (Der p 1, Der p 3, and Der p 9) and phospho-
lipase A

 

2

 

 from bee venom, are particularly potent (13–15). Der
p 1 may directly promote IgE synthesis through cleavage of
the low-affinity IgE receptor (CD23) on B cells and, indirectly,
through cleavage of the 

 

�

 

-subunit of the interleukin-2 (IL-2)
receptor (CD25) on T cells (16–19). Mite protease allergens
disrupt the bronchial epithelium and cause release of proin-
flammatory cytokines from bronchial epithelial cells, mast
cells, and basophils (20–23). Der p 1 disrupts tight junctions
and facilitates transepithelial allergen delivery and processing
(24, 25). Proteolytically active Der p 1 is reported to signifi-
cantly enhance IgE production in mice compared with enzy-
matically inactive allergen (26). These lines of evidence sug-
gest that having enzyme activity is a major contributor to
allergenicity: the “enzyme hypothesis” (19). Moreover, some
enzymes, including Der p 1 and a nonallergenic endopeptidase
from ragweed pollen, may contribute to inflammation by inac-
tivating the 

 

�

 

1

 

-proteinase inhibitor, which is the major natural
inhibitor of neutrophil enzymes (27–29).

We investigated whether Bla g 2 would be enzymatically
active and therefore contribute to the capacity of Bla g 2 to
elicit IgE responses. Aspartic proteinases are widely distrib-
uted proteolytic enzymes that act through general acid base
hydrolysis, via a noncovalent intermediate (30). The three-
dimensional structure of several aspartic proteinases has been
determined, and the proteolytic mechanism involves the par-
ticipation of two coplanar aspartic acid residues in the cata-
lytic triads interacting with a water molecule (31, 32). A mo-
lecular model of Bla g 2 was constructed based on the crystal
structures of pepsin and chymosin, and the specificity pocket
was analyzed by comparative studies using peptidomimetic
inhibitors. Both molecular and functional studies show that
Bla g 2 is an inactive aspartic proteinase and, surprisingly, that
Bla g 2 is related to a family of mammalian pregnancy-associ-
ated glycoproteins that are thought to be binding proteins.

 

METHODS

 

Modeling

 

The software package Modeller was used to model the cockroach al-
lergen Bla g 2 using the X-ray structures of porcine pepsin (Protein
Data Bank [PDB] code: 5pep) and bovine chymosin (PDB code:
4cms) as templates (33–35). These proteins have 25.7 and 28.2% se-
quence identity with Bla g 2, respectively. Psi-Blast and ClustalW
multiple sequence alignments were used to select and align the se-
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quences before modeling (36, 37). The final model was further manu-
ally adjusted using the interactive graphics package O (38). The
Procheck suite program was used to assess the stereochemical quality
of the model (39). A structural alignment of pepsin, chymosin, and
Bla g 2 was obtained using Joy (40).

 

Study of Bla g 2 Specificity Pocket

 

Bla g 2 specificity pockets were studied by docking peptidomimetic in-
hibitors from aspartic proteinase complexes of known tertiary struc-
ture and specificity in the cleft of Bla g 2 and comparing them with the
original structures. The complexes used for the analysis were those of
rhizopuspepsin complexed with pepstatin (PDB code: 6apr at 2.5 Å),
the human pepsin 3A complexed with pepstatin (PDB code: 1pso at
2 Å), and the mouse renin complexed with the decapeptide inhibitor
CH-66 (PDB code: 1smr at 2.0 Å) (41–43). Amino acid residues in-
volved in the interactions of the inhibitors with Bla g 2 pockets were
studied using the program Contact (44). The program Lsqman was
used to superpose the different molecules in the same orientation, and
these were further displayed using Setor (45, 46).

 

Purification of Bla g 2 by Affinity Chromatography

 

German cockroach frass (194 g) was extracted in borate-buffered sa-
line, pH 8.0, and 0.05% sodium azide at 4

 

�

 

 C by stirring overnight. The
cockroach extract was centrifuged at 12,000 

 

�

 

 

 

g

 

 for 25 min, and the
supernatant was centrifuged again at 24,000 

 

�

 

 

 

g

 

 for 25 min. The sec-
ond supernatant was filtered under vacuum, and the filtrate was dia-
lyzed at least two times against phosphate-buffered saline (PBS) over-
night at 4

 

�

 

 C (12).
Cockroach extract was absorbed over a monoclonal affinity chro-

matography column using anti-Bla g 2 mAb 7C11 coupled to CNBr-
activated Sepharose 4B (Pharmacia, Piscataway, NJ). The column was
washed with PBS, pH 7.0, and eluted either with 0.005 M glycine in
50% ethylene glycol, pH 10, or with 4 mM hydrochloric acid, pH 2.5–3.
The basic elution buffer was immediately neutralized with 0.2 M
Na

 

2

 

HPO

 

4

 

, pH 7.0. The Bla g 2 concentration was measured by en-
zyme-linked immunosorbent assay as previously described (47).

 

Milk Clotting Microtiter Plate Assay for the Detection of 
Enzyme Activity

 

Enzymatic activity was measured using the milk clotting microtiter
plate assay described previously (48). Pepsin and chymosin were used
as activity standards while pepstatin and phenylmethylsulfonyl fluo-
ride (PMSF) were used as inhibitors of aspartic and serine proteinase
activities, respectively (48, 49). Serial dilutions of samples (20 

 

�

 

l) were
incubated in microtiter wells with 12% wt/vol dried milk in 0.2 M so-
dium acetate, pH 5.4, 10 mM CaCl

 

2

 

, (80 

 

�

 

l) for 1 h at 37

 

�

 

 C. The plate
was then inverted, and the presence of milk clotting activity was indi-
cated by the formation of a curd at the bottom of a well.

 

RESULTS

 

Bla g 2 Model: Validity, Main Substitutions, and Selection of 
SCRs and SVRs

 

The Bla g 2 model has a bilobal structure typical of aspartic
proteinases, with each lobe comprised of two 

 

�

 

-sheets and two
short 

 

�

 

-helices (Figure 1A). The overall stereochemical qual-
ity of the model as assessed by Procheck is favorable. The cat-
alytic site of aspartic proteinases is located in the bottom of
the binding pocket or cleft and is formed by two loops, each
containing the triad aspartate–threonine–glycine (DTG). Sev-
eral features of the Bla g 2 binding pockets differ from the ac-
tive site of catalytically active aspartic proteinases. First, Bla g
2 has amino acid substitutions in the catalytic triads that are
absolutely conserved in all active aspartic proteinases: residues
DTG 32–34 and DTG 215–217 (using pepsin numbering) are
substituted by DST and DTS, respectively (Figures 1B and 2).
Second, even though D32 and D215 from the Bla g 2 triads are
coplanar (Figure 1B), which is necessary for enzymatic activ-
ity, they are inaccessible to water. Threonine 34 is too close to
the aspartate 215 (as shown in Figure 1B) and makes this as-

partate inaccessible to the water that is essential for activity.
Finally, there is a critical substitution in the “flap”region that
comprises the residues 72–81 and forms a 

 

�

 

-hairpin that partially
covers the active site cleft (Figure 1A). Residue tyrosine 75,
which is a highly conserved residue among active aspartic pro-
teinases, is substituted by phenylalanine in Bla g 2 (Figure 2).

The regions of Bla g 2 that are structurally conserved
(SCRs) with aspartic proteinases are shown in Table 1. Com-
pared with pepsin (5pep), Bla g 2 has five amino acid inser-
tions, one in the SCR1 and four in the structurally variable re-
gions (SVRs) 3, 6, 8, and 13, which are mostly constituted by
loops. During evolution, insertions usually occur in the loops
and these regions play an important role in specificity, pro-
teolytic susceptibility, folding, function, structure, and anti-
body recognition (50). The loop that corresponds to the SVR8
is the most variable in length among the aspartic proteinase
family and contains a two-amino acid insertion in Bla g 2 (48,

Figure 1. (A) Bla g 2 molecular model. Schematic representation of the
Bla g 2 model displayed using the program Setor (46). �-Helices are
shown in gold, �-sheets in blue as flat ribbons, and the ropes between
these secondary structures represent turn/coil regions in the molecule.
The substrate in fuchsia (renin inhibitor CH-66) is modeled into the
cleft. Two disulfide bonds are shown in yellow, and the side chains of
the two triads are also shown in the bottom of the cleft: two aspartates
in red and the serines and threonines in blue. (B) Bla g 2 area corre-
sponding to the active site of aspartic proteinases. Aspartates 32 and
215 from the two triads are in coplanar disposition. Threonine 34 gets
very close to aspartate 215.
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51). Bla g 2 also has seven amino acid deletions located in re-
gions SCR4, 6, 13, and 16 and the SVR2, 7, and 11 (Table 1).

 

Cysteine Distribution in Bla g 2

 

Most aspartic proteinases contain six cysteines that form three
disulfide bridges between residues: 45–50, 206–210, and 250–
283 (Figures 2 and 3). An unusual feature of Bla g 2 is the
presence of 11 cysteines. The second disulfide bridge (i.e.,
206–210) is absent in Bla g 2 because of the deletion of cys-
teine 206 and a substitution of the cysteine 210 by threonine
(Figure 3). Each of the other two cysteine pairs is spatially
close to two additional cysteines, thus constituting two clusters
of four cysteines each. The cysteines 45–50 are close to cys-
teines 49A and 112, and the cysteines 250–283 are close to cys-
teines 238 and 248A. From the model, cysteine bonds in each

of the two clusters may be interchangeable in Bla g 2. Cysteine
112 corresponds to phenylalanine in chymosin, and leucine in
pepsin, and cysteine 238 corresponds to alanine in both aspar-
tic proteinases. However, cysteines 49A and 248A do not have
an equivalent amino acid in pepsin and chymosin because they
correspond to insertions in Bla g 2. The disulfide bond be-
tween cysteines 36 and 128, both in conserved regions of the
molecule, is unique to Bla g 2.

Finally, cysteine 294 is not spatially close enough to any of
the other cysteines to form an intramolecular disulfide bond
(Figure 3). Copurification of a Bla g 2 dimer (in smaller pro-
portion) with a monomer has previously been reported and
cysteine 294 would be a good candidate for dimer formation
(12, 47). However, addition of 10 nM dithiothreitol (DTT) to
natural or recombinant Bla g 2 did not separate it into two

Figure 2. Homologies among
Bla g 2-related proteins. Align-
ment of Bla g 2 with the mos-
quito lysosomal aspartic protein-
ase, Drosophila aspartic proteinase,
pig pepsin, bovine chymosin,
and rat cathepsin E (Clustal W
alignment). Cysteines are in bold,
italics, and underlined. The six
cysteines implicated in the three
common disulfide bridges in most
aspartic proteinases are pointed
by arrows. White boxes indicate
regions of homology between
the three invertebrate aspartic
proteinases (mosquito, Droso-
phila, and Bla g 2). Gray boxes
indicate catalytic triads, aster-
isks indicate identical or con-
served residues in all sequences
in the alignment, colons indicate
conservative substitutions, and
periods indicate semiconserva-
tive substitutions. The amino acid
code is the standard single-let-
ter code with a gap denoted
by (–).
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monomers; neither did boiling of the sample with addition of
up to 100 nM DTT (data not shown). Therefore, cysteine 294
is not responsible for Bla g 2 dimerization.

 

Specificity Pockets

 

Comparative analysis of specificity pockets from Bla g 2, pep-
sin, rhizopuspepsin, and renin for the substrates pepstatin and
CH-66 shows that there is a high degree of similarity between
amino acid residues found in these pockets. However, the pock-
ets from pepsin, rhizopuspepsin, and renin have more residues
close to the inhibitor than Bla g 2. For example, interactions
with the aspartic proteinase inhibitor pepstatin are less favor-
able at the level of the residue 111 for Bla g 2 (valine) and
rhizopuspepsin (serine) than for pepsin (phenylalanine) due
to the replacement of phenylalanine by a smaller polar resi-
due. Similar substitutions have been described in position 111
in other aspartic proteinases (52, 53). Conversely, other parts
of the pocket locally indicate that the Bla g 2 pocket is meant
for smaller/different side chains than those in the studied in-

hibitor. This is the case of isoleucine 10 in Bla g 2 that is too
close (

 

	

 

 2 Å) to the renin inhibitor CH-66 (Figure 1). Thus,
though the residues that constitute the binding pockets show
gross similarity, the shape and size of the pockets show consid-
erable variations. This might indicate that the binding cleft can
accommodate a wide range of peptides as in the case of fungal
aspartic proteinases.

The polyproline loop in renin (formed by residues in pro-
line 292–proline 297) plays an important role in defining the
specificity of the S3

 




 

 and S4

 




 

 subsites (54). This region does
not have an equivalent in pepsin (which has only one pro-
line—proline 293—in this stretch), rhizopuspepsin, and Bla g 2,
and, consequently, their S3

 




 

 and S4

 




 

 specificity pockets are not
well defined.

 

Bla g 2 Is an Inactive Aspartic Proteinase

 

Bla g 2 was assayed for aspartic proteinase activity using the
milk clotting assay. Chymosin and pepsin were used as positive
controls (maximum assayed concentrations 10 and 2 

 

�

 

g/well, re-
spectively) and showed milk clotting at concentrations of 0.005
and 0.004 

 

�

 

g/well, respectively. As expected, both pepsin ac-
tivity and chymosin activity were inhibited by the aspartic pro-
teinase inhibitor pepstatin but not by the serine proteinase inhib-
itor PMSF (data not shown). Bla g 2 is usually purified over a
monoclonal antibody (mAb) affinity column by elution under
basic conditions (47). However, because Bla g 2 is secreted
into the German cockroach gut where there is a slightly acidic
environment, samples eluted under basic or acidic conditions
were compared (12, 55). Bla g 2 did not show any milk clotting
activity despite the high concentrations of allergen used in the
assay (25 

 

�

 

g/well of acid-eluted Bla g 2 and 218 

 

�

 

g/well of
base-eluted Bla g 2). German cockroach extracts containing a
maximum amount of 1.9 

 

�

 

g Bla g 2 per well showed milk clot-
ting activity that was inhibited by PMSF, but not by pepstatin.
Because only serine and aspartic proteinases are known to clot
milk, the results prove that cockroach extracts may contain ac-
tive serine proteases but not active aspartic proteinases.

 

Bla g 2 Is Similar to the Mammalian
Pregnancy-Associated Glycoproteins

 

The amino acid substitutions in the catalytic triad and the lack
of proteolytic activity of Bla g 2 present a scenario similar to
that found in mammalian pregnancy-associated glycoproteins
(PAGs). The PAGs comprise a group of aspartic proteinases
that are secretory products synthesized by the outer epithelial
cell layer (chorion) of the placentas of various ungulate spe-
cies (56, 57). With the exception of PAG-1 from horse (28.0%
identity to Bla g 2), most PAGs have amino acid substitutions
and deletions that make them inactive (57, 58). In the catalytic
triads, bovine PAG-1 and porcine PAG-1 have alanine 34 in-

 

TABLE 1. STRUCTURALLY CONSERVED REGIONS IN THE
Bla g 2 MODEL*

 

SCR Sequence Characteristics

–43 QRVPLYKLV SCR1 4 aa insertion
11 NTQYAGITKI SCR2

SVR2 2 aa deletion
25 QNFLTVFDSTSCNVVVASQECVG SCR3 DST triad

SVR3 2 aa insertion
50 CPNLQKYEKLKPKYISDGNVQVKFF SCR4 1 aa deletion/Y75

 

→

 

F
79 SAVGRGIEDSLTISNLTTSQQDIVLADE SCR5
113 CILSADVVVGIAAPGCPNA SCR6 1 aa deletion

SVR6 1 aa insertion
134 GKTVLENFVEENLIA SCR7

SVR7 1 aa deletion
151 FSIHHAR SCR8

SVR8 2 aa insertion
163 GEIIFGGSDWKYVDGEFTYVPLVG SCR9
190 WKFRLDGVKI SCR10
203 TTVA SCR11

SVR11 1 aa deletion
209 GTQAIIDTSKAIIVGP SCR12 DTS triad
227 YVNPINEAIGCVVEK SCR13 1 aa deletion

SVR13 3 aa insertion
249 DCS SCR14
253 IPSLPDVTFVINGRNFNISSQYYIQ SCR15
283 CYSGFQPC SCR16 4 aa deletion
298 DHFFIGDFFVDHYYSEFN SCR17
320 TMGFGRSV SCR18

* Sequences corresponding to the Bla g 2 regions that are structurally conserved
(SCRs) with aspartic proteinases. The main charcteristics of the SCRs and some adja-
cent structurally variable regions (SVRs) compared with the porcine pepsin structure
are shown. Numbers indicate the residue position compared with pepsin in the clustal
alignment (Figure 2).

Figure 3. Cysteines distribution
in Bla g 2 and pepsin. Yellow
spheres indicate the cysteines that
are conserved in most aspartic
proteinases, and orange spheres
represent the extra cysteines in
Bla g 2.
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stead of glycine, and ovine PAG-1 has glycine 215 instead of
aspartic acid (Figure 4). Substitutions in both triads occur in
porcine PAG-1 and the substitution of serine 216 instead of
threonine is similar to that of serine 33 in Bla g 2. In the area
of the “flap,” tyrosine 75 is substituted by a phenylalanine in
Bla g 2 and ovine PAG-1 and by proline in porcine PAG-1.
Moreover, the substitution of glycine 76, conserved in most as-
partic proteinases, by histidine in porcine PAG-1 and by as-
partic acid in Bla g 2 may also reduce activity and influence
peptide binding (57). Other residue substitutions (115, 117,
189, 290, and 301 by pepsin numbering) or deletions between
glutamate 107 and aspartate 118 (as in ovine PAG-2) also con-
tribute to the inactivity of PAGs; Bla g 2 also has a deletion in
residue 117 (57).

 

DISCUSSION

 

The “enzyme hypothesis” was originally developed to explain
why mite allergens are so strongly associated with the devel-
opment of allergic responses. The finding that most mite aller-
gens were enzymes made this a logical avenue to pursue, and
several potentially interesting mechanisms whereby mite pro-
tease allergens could enhance IgE responses have been de-
scribed (14, 16–26). However, our data show that Bla g 2 lacks
enzymatic activity, yet is a potent allergen, inducing IgE re-
sponses at exposure levels that are often one to two orders of
magnitude lower than for Der p 1 (10).

The molecular modeling data provide an explanation for
why Bla g 2 is an inactive aspartic proteinase despite sharing
the tertiary structure with this group of enzymes. The model
predicts that Bla g 2 is similar to pepsin, but has several fea-
tures that suggest that the allergen is an inactive enzyme: (

 

1

 

)
the substitutions in the DTG catalytic triads, (

 

2

 

) the inaccessi-
bility of aspartates 32 and 215 to water, and (

 

3

 

) the substitution
of tyrosine 75 by phenylalanine. There are no known exam-
ples of aspartic proteinase homologs that have substitutions in
the catalytic triads, such as those described for Bla g 2, and
still retain proteolytic activity. The catalytic triads must be in-
tact and, specifically, the presence of the small glycine resi-
dues is very important for activity. In Bla g 2, the glycine 34 is
substituted by the bulkier residue, threonine 34, that gets too
close to aspartate 215, displacing the water molecule that is es-
sential for the formation of the intermediate product in the
catalytic process of aspartic proteinases (30–32). The only way
to reduce the proximity of both residues in the model would
be to reorient the side chains of the aspartates; but this would
only distort their coplanarity and make them catalytically in-

active. The substitution of tyrosine 75 by phenylalanine has been
reported to impair the enzymatic activity of recombinant chy-
mosin and 

 

Rhizomucor pusillus

 

 pepsin, since the tyrosyl side
chain plays an important role in the stabilization of the tetra-
hedral intermediate in the catalytic mechanism (59–61). The
prediction from the model was experimentally confirmed us-
ing the milk clotting enzymatic assay, by showing that neither
purified Bla g 2 nor German cockroach extracts had activity
that was blocked by the specific aspartic proteinase inhibitor
pepstatin A.

Bla g 2 is homologous to the two other insect aspartic pro-
teinases described to date: a lysosomal enzyme from 

 

Aedes ae-
gypti

 

 and a 

 

Drosophila

 

 aspartic proteinase (62, 

 

see

 

 N

 

OTE

 

).
Both of these enzymes retain the catalytic triads typical of as-
partic proteinases and activity has already been proven for the
mosquito protein, whereas Bla g 2 is inactive (63). A surpris-
ing feature of the results is that Bla g 2 closely resembles the
mammalian PAGs (found in ungulate species), most of which
are inactive aspartic proteinases (56–58). Bla g 2 has similar
amino acid substitutions in the binding pocket to PAGs and
also has a well-defined binding cleft. The function of the
PAGs may be related to their ligand-binding capabilities, as
has been shown for other aspartic proteinases, for example,
from eggs of the hard tick 

 

Boophilus microplus

 

, which binds
heme (64, 65). Comparative analysis of the pockets in pepsin,
rhizopuspepsin, renin, and Bla g 2 revealed that changes in
pocket composition arise from differences in both sequence
and local conformational variability; they are thus determi-
nants of specificity. The fact that the binding site in Bla g 2
does not have stringent specificity might indicate either that
the cleft is able to accommodate a wide range of peptides (as
with fungal aspartic proteinases) or that the Bla g 2 pocket
needs residues bulkier than those in pepstatin and CH-66 for
tighter contact with the protein (32).

Several other major allergens provide exceptions to the
“enzyme hypothesis.” The other cockroach allergens that
have been cloned have diverse biological functions and none
of them is a proteolytic enzyme (7, 9). Three-dimensional
structural studies have shown that Der p 2 has an immunoglo-
bulin fold structure, with primary sequence homology to moth
molting protein and human epididymal protein, but no known
enzyme function (66, 67). Der p 2 causes sensitization in 

 

�

 

90% of mite allergic patients, at exposure levels that are usu-
ally 2 to 10-fold lower than for Der p 1. The functions of other
mite allergens, including Der p 5 and Der p 7, are unknown.
The major animal allergens (Rat n 1, Mus m 1, Bos d 2, Equ c
1, Can f 1, and Can f 2) are lipocalins, which function as phero-
mone-binding proteins or transporter proteins (9). This evi-
dence confirms that enzymatic activity of the allergen is not a
prerequisite for allergenicity. Recent structural studies have
shown that allergens have diverse biological functions—they
may be enzymes, structural proteins, binding proteins, and
also enzyme inhibitors (9). The fact that several mite allergens
are enzymes appears to represent a special case.

Although enzyme function per se is not required for pro-
teins to elicit IgE responses, the results do not rule out the
possibility that enzymes inhaled into the respiratory tract
could contribute to inflammation. This could occur if particles
that are inhaled into the lung carry both allergens and en-
zymes simultaneously, and clearly both characteristics may co-
exist in certain molecules, such as Der p 1. The present results
show that cockroach extracts contain serine proteases, but not
functional aspartic proteinases. Some enzymes may contribute
to inflammation by inactivating the 

 

�

 

1

 

-proteinase inhibitor
(27–29). The key elements that affect production of IgE Ab
appear to be route of exposure, allergen dose, and host im-

Figure 4. Comparison of the active site of aspartic proteinases with the
corresponding amino acid triads in Bla g 2 and inactive pregnancy-
associated glycoproteins.
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mune response genes, all of which preferentially stimulate Th2
responses. The critical effect of allergen dose is emphasized by
recent studies that show that high-dose exposure to cat aller-
gen (

 

�

 

 20 

 

�

 

g/g) results in reduced prevalence of IgE Ab re-
sponses to Fel d 1 (10, 68). Low-dose exposure to Fel d 1 (0.5–
5 

 

�

 

g/g) posed the strongest risk for sensitization. In the same
cohort, median exposure to Bla g 2 was 0.32 

 

�

 

g/g, suggesting
that Bla g 2 exposure routinely falls in a window that repre-
sents the highest risk for sensitization (10). Recognition of low
doses of Bla g 2 may be associated with certain HLA DR
genes, as has been observed for other allergens, such as Ole e
1, Fel d 1, and the mountain cedar allergen (69–71). Associa-
tion of the HLA-

 

DRB1*0101

 

 allele in the Hutterite popula-
tion and the HLA-

 

DRB1*0102

 

 allele in African Americans
with sensitization to cockroach allergens has been reported (72).

In summary, we carried out comparative modeling and ex-
perimental studies to investigate the function of the CR aller-
gen Bla g 2. Knowledge-based molecular modeling of Bla g 2
shows that the overall three-dimensional structure is similar to
that of aspartic proteinases, with an intact substrate-binding
cleft that could confer a peptide-binding function to this pro-
tein. Knowledge of cysteine distribution may help to design
recombinant variants for immunotherapy that are able to in-
duce T cell responses and with low IgE binding capacity to
avoid undesired secondary effects. The results show that the
strong capacity of Bla g 2 to stimulate IgE production follow-
ing low-dose environmental exposure is unrelated to aspartic
proteinase activity, which is also absent in cockroach extracts.
Bla g 2 is one of several indoor allergens that show dissocia-
tion between enzyme activity and allergenicity. Knowledge of
the molecular structure of Bla g 2 will provide a better under-
standing of the immune response to CR allergens and should
allow rational immunotherapeutic strategies for treatment of
cockroach allergy to be developed.

 

Note

 

: The nucleotide sequence for the 

 

Drosophila

 

 gene re-
lated to cathepsin D was deposited in the GenBank database
by A.W. Page-McCaw, G. Tsang, and G.M. Rubin (December
1999) under GenBank Accession Number AF220040. The
amino acid sequence of this protein can be accessed through
the NCBI Protein Database, Accession Number AAF23824.
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