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Crystal Structure of Cockroach Allergen Bla g 2, an
Unusual Zinc Binding Aspartic Protease with a Novel
Mode of Self-inhibition
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The crystal structure of Bla g 2 was solved in order to investigate the
structural basis for the allergenic properties of this unusual protein. This is
the first structure of an aspartic protease in which conserved glycine
residues, in two canonical DTG triads, are substituted by different amino
acid residues. Another unprecedented feature revealed by the structure is
the single phenylalanine residue insertion on the tip of the flap, with the
side-chain occupying the S1 binding pocket. This and other important
amino acid substitutions in the active site region of Bla g 2 modify the
interactions in the vicinity of the catalytic aspartate residues, increasing the
distance between them to w4 Å and establishing unique direct contacts
between the flap and the catalytic residues. We attribute the absence of
substantial catalytic activity in Bla g 2 to these unusual features of the active
site. Five disulfide bridges and a Zn-binding site confer stability to the
protein, which may contribute to sensitization at lower levels of exposure
than other allergens.
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Introduction

Cockroaches excrete a potent allergen, Bla g 2,
that is associated with IgE production and asthma.1

Sensitization and exposure to cockroach allergens is
a major risk factor for asthma mortality and
morbidity among children living in inner-city
areas of the United States, and is strongly associated
with asthma in other parts of the world.2–8 Bla g 2
appears to be an especially potent allergen, which
elicits IgE responses at exposure levels that are
10–100-fold lower than other common indoor
allergens, such as dust mite and cat.9 Several mite
allergens function as proteolytic enzymes, inclu-
ding Der p 1 (cysteine protease), and Der p 3, Der p
6 and Der p 9 (serine proteases).10,11 A body of
evidence suggests that these enzyme allergens play
an important role in asthma by potentiating IgE
lsevier Ltd. All rights reserve
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responses, inducing pro-inflammatory cytokine
release, and causing direct damage to airway
epithelium.12–15 However, unlike dust mite, none
of the cockroach allergens that have been cloned,
except Bla g 2, shows homology to proteolytic
enzymes.
Bla g 2 is an important allergen that causes IgE

responses in w60% of cockroach allergic patients
and has unusual structural features. Bla g 2 is a
36 kDa glycoprotein that shares homology with the
family of aspartic proteases.1 Aspartic proteases
catalyze the hydrolysis of a peptide bond utilizing
an acid–base mechanism via nucleophilic attack by
the water molecule which is polarized by two
catalytic aspartate residues. They share similar
overall fold of a bilobal molecule with a well-
defined substrate-binding cleft. Each domain
contains a conserved DTG triad with a catalytic
aspartate. However, molecular modeling and func-
tional studies using standard enzyme assays
showed that Bla g 2 was an inactive aspartic
protease, with critical amino acid substitutions
around the catalytic residues.16,17 In Bla g 2, the
d.



Figure 1. Ribbon representation of the overall fold of
Bla g 2. The disulfide bridges and polysaccharides are
shown in ball-and-stick representation and their location
is marked. The position of Zn is marked as an orange ball.
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two glycine residues in DTG triads are substituted
by threonine and serine, and the conserved tyrosine
75 in the “flap” region of the enzyme is substituted
by phenylalanine. Surprisingly, Bla g 2 is related in
its primary structure to a group of inactive
mammalian aspartic proteases, known as preg-
nancy-associated glycoproteins (PAG), which are
expressed in the chorion of pregnant females from
ungulates, including pig, horse, cow, and sheep.18,19

A common feature of Bla g 2 and most PAGs is the
lack of enzymatic activity in standard aspartic
protease assays, for which neither the structural
basis nor a molecular mechanism have been
established.

Here, we report a high-resolution crystal struc-
ture of partially deglycosylated, recombinant Bla g
2 that was expressed in the yeast Pichia pastoris. The
structure reveals a novel mode of self-inhibition
that explains why the catalytic activity of this
protein is impaired. Unlike any aspartic protease
of known structure, Bla g 2 is a zinc-binding
protein.
Results

Crystal structure of Bla g 2

Native Bla g 2 is a glycoprotein that contains three
potential N-glycosylation sites involving residues
Asn93, Asn268, and Asn317. Since the attempts to
crystallize the recombinant native protein were not
successful, we tried to reduce the glycosylation
state of the molecule by mutating these asparagine
residues to glutamine. Several mutants were made,
and one of them, the N93Q mutant, was expressed
reasonably well and produced the crystals used in
this study.

Initial attempts to solve the structure of Bla g 2
by molecular replacement using crystal structures
of pepsin (4PEP),20 chymosin (1CMS),21 and the
theoretical model16 were unsuccessful, necessitat-
ing an ab initio approach involving multiple
isomorphous replacement (MIR) phasing. The over-
all fold of the Bla g 2 molecule was, as expected,
closely related to the well-known fold of the non-
viral aspartic protease family members22–24 (Figure
1). The molecule is composed of two domains with
a large cleft in between, where the two catalytic
aspartate residues are located. All secondary
structure elements, defined as a structural template
for aspartic proteases,25,26 were also found in the
three-dimensional structure of Bla g 2. The two
remaining asparagine residues in potential glyco-
sylation sites, Asn268 and Asn317, were found to be
N-glycosylated, with two polysaccharide units
clearly identified as bound to the former, and one
to the latter (Figure 1). Five disulfide bridges were
found in the structure of Bla g 2: Cys45-Cys50,
Cys51A-Cys113, and Cys36-Cys127 are located in
the N-terminal domain, while two disulfides,
Cys237-Cys245 and Cys249-Cys282, are in the
C-terminal domain (Figure 1).
The crystal structure of Bla g 2 revealed an
insertion of one residue in the flap region that had
not been observed in any other structure of aspartic
proteases. The stretch of residues at the tip of the
flap in Bla g 2 contains two consecutive phenyl-
alanine residues. One of these, Phe75, is structurally
equivalent to Tyr75, a conserved flap residue shown
to be important for the catalytic activity of the
aspartic protease family,27 while the other, Phe75A,
does not have structural homologs in any other
aspartic proteases (Figure 2(a)). As discussed in
more detail below, the presence of Phe75A changes
only the conformation of the tip of the flap and
affects the enzymatic activity of Bla g 2. However,
the hydrogen bonding pattern within this second-
ary structure element is not modified (Figure 2(b)).

Another unusual feature of Bla g 2 that is not
found in the other aspartic proteases is a metal-
binding site that is occupied by a tightly bound Zn
cation (Figure 3(a)). Zinc was not present in any of
the solutions used during the Bla g 2 purification or
crystallization steps, suggesting that the binding
of zinc is not an artifact, but a permanent structural
feature related to the function of the molecule. The
identity of the bound cation was established by
fluorescence scans of a single crystal, performed
near the absorption edges of two cations that were
compatible with the observed coordination of the
metal, namely Ni and Zn. As shown in Figure 3(b),
the identity of the bound cation is, without any
doubt, Zn. Four residues are involved in the
formation of Zn-binding site: two histidine residues
(155 and 161) and two aspartate residues (303 and
307). Only Asp303 is conserved in other aspartic
proteases, whereas the other three residues are
unique to the sequence of Bla g 2 (and some related
proteins from other cockroach species). This may
explain why zinc binding is a unique property of
Bla g 2, and none of the other aspartic proteases
with known structure contains bound metals.



Figure 2. Superposition of the flaps (residues 72–80) in Bla g 2 (blue) and pepsin (yellow). (a) The side-chains of Phe75
and Phe75A (Bla g 2) and Tyr75 (pepsin) are shown in stick representation. (b) Comparison of the pattern of hydrogen
bonds within the flaps, also indicating their lengths.
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However, all four residues are conserved in the
sequences of two other cockroach aspartic pro-
teases, from Leucophaea maderae (Lma-p54) and
Periplaneta americana (Table 1), indicating a possi-
bility of Zn binding in these homologous proteins.
Comparison with other aspartic proteases

Superposition of the Ca atoms of Bla g 2 on those
of bovine chymosin (1CMS), porcine pepsin (4PEP),
yeast proteinase A (1FMU),28 and human renin
(1RNE)29 leads to rms deviations for the structurally
equivalent residues of 1.45 Å (for 290 Ca pairs),
1.47 Å (291 pairs), 1.61 Å (294 pairs), and 1.73 Å (298
pairs), respectively. Although the overall fold of Bla
g 2 is almost identical with the folds of the other
enzymes, several small, but unique deletions and
insertions can be seen in the three-dimensional
structure. These deletions and insertions can be
easily identified in the structurally based sequence
alignment, which resulted from this superposition
(Figure 4). To make the comparisons easier we used
pepsin numbering for Bla g 2, introducing gaps in
the case of deletion and adding letter suffixes to the
number of the last residue before the insertion for
all the residues that follow. An example is Phe75A,
inserted between Tyr75 and Asp76. Other single-
residue insertions are Asp68A and Gly126A. Two
insertions involve pairs of residues (Cys51A and
Pro51B, as well as Asp159A and Gly159B), while the
longest insertion involves three residues (Thr243A,
Arg243B, and Arg243C). Two deletions involve four
residues each (9–12 and 293–296), one three
residues (62–64), one two residues (22–23), and
three additional deletions are single (108, 147 and
209). These insertions and deletions take place
predominantly in the loop areas, and they do not
affect the overall fold of Bla g 2, but change only
the length or the local conformation of the loops
(Figure 5).
Structurally based sequence alignment also pro-

vides information on the level of sequence simi-
larity between Bla g 2 and other aspartic proteases.
All five proteins listed in Figure 4 contain 39
identical residues, while 112 additional residues
in Bla g 2 have an identical counterpart in one or
more, but not all, of the compared enzymes. Eighty
residues in Bla g 2 have homologous substitutions
in the sequences of one or more of the other
enzymes. The level of sequence similarity between
Bla g 2 and each of the enzymes individually is very
close; 52% (identityCsimilarity) for pepsin (25%



Figure 3. Metal-binding site in Bla g 2. (a) A metal ion
and the coordinating residues in Bla g 2. The zinc ion is
shown as a ball, and protein residues in stick represen-
tation. The marked interatomic distances were not
restrained during the refinement process. (b) Fluor-
escence scans performed on a single crystal around the
Ni and Zn absorption edges, showing the presence of the
latter metal. The energies were shifted on the abscissa
scale to overlap the theoretical absorption edge positions,
whereas the ordinate scale is arbitrary.
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and 27%), chymosin (27% and 25%) and renin (24%
and 28%), and 49% for proteinase A (26% and 23%).

As mentioned above, Bla g 2 contains five
disulfide bridges. Only two of them, Cys45-Cys50
and Cys249-Cys282, are conserved within the
whole pepsin family. The remaining three disul-
fides, Cys36-Cys127, Cys51a-Cys113, and Cys237-
Cys245, do not have structural analogs in the other
aspartic proteases described to date. A disulfide
bridge Cys206-Cys210 in pepsin, chymosin, renin
Table 1. Alignment of the amino acid sequences in the vicini

Residues that directly coordinate Zn in Bla g 2 are numbered and hi
and most other aspartic proteases does not have an
equivalent in Bla g 2 (or in proteinase A).

The location of glycosylation sites in Bla g 2 also
differs from those in proteinase A and renin. Asn67,
which is glycosylated in the latter enzymes, is
substituted by isoleucine in Bla g 2. This loop also
assumes a different conformation due to the
deletion (preceding) and insertion (following)
Ile67. The second glycosylation site in Bla g 2 is
found at Asn268 (Figure 1). This site is close, but not
structurally equivalent to the glycosylation site in
proteinase A found at Asn268 (that residue number
would be 266 if pepsin numbering was applied to
proteinase A). Although the residue at position 266
in Bla g 2 is also asparagine, the signature motif
NX(S,T) is not present, but shifted two residues
forward; thus, Asn268 rather than Asn266 is
glycosylated in Bla g 2. Two other glycosylation
sites in Bla g 2, Asn93 andAsn317, are unique to this
protein. Since Asn93 was mutated to Gln, only
Asn317 has an oligosaccharide attached to it,
although the carbohydrate bound in this location
is not as well ordered as its counterpart attached to
Asn268.
Comparison with the previously published
theoretical model

The crystal structure of Bla g 2 has been
compared with the previously published homo-
logy-based model that was created using the X-ray
structures of porcine pepsin and bovine chymosin
as templates.16 The overall rms deviation for Ca

coordinates between the experimental structure
and the model is 1.49 Å, which indicates that the
secondary structure elements, such as strands and
helices, were modeled correctly. However, several
loops connecting these structural elements have
different lengths and conformations in the crystal
structure. The structural features such as the
connecting loops between secondary structure
elements are well known to vary between the
proteins with even the most conserved fold, and
their accurate description may be beyond the
current limits of the homology modeling tech-
niques. In addition, several structural features that
have been revealed by the experimental structure of
ty of the Zn-binding site in several cockroach allergens

ghlighted.



Figure 4. Structure-based sequence alignment comparing Bla g 2 with porcine pepsin (PEP), bovine chymosin (CMS),
human renin (RNE), and yeast proteinase A (pA). White letters on the pink background indicate residues that are
conserved in all five enzymes; pink and orange letters are used for residues identical in two or more proteins; green and
blue letters denote similar residue types. A unique residue type is shown in black.
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Bla g 2 are entirely unprecedented for any members
of the family of aspartic proteases and, not surpris-
ingly, are not present in the theoretical model. One
of them is the novel conformation of the flap in the
vicinity of Phe75A, a single-residue insertion
unexpectedly found at the tip of the flap in the
crystal structure. The presence of this extra residue
also led to the shift in the sequence assignment for
the subsequent part of the structure and contributed
to wrong assignment of the disulfide bridges,
among other problems. As a result, only one out
of five disulfide bridges (249-282) was predicted
correctly. Another novelty is the fact that Bla g 2
represents the first structure of an aspartic protease
with substitution of the Gly residues in the
signature triplets DTG in the active site. The side-
chains of Thr34 and Ser217, residues which
replaced the usual glycine residues, interact with
the catalytic aspartate residues, placing them
more than 4 Å apart. Thus, although the theoretical
model described quite correctly the overall fold of
Bla g 2, many of the important details could not be
predicted in the absence of an experimental
structure.
Active site region

The structure of the active site region in Bla g 2
revealed an unusual hydrogen bonded network,
which includes both well-known interactions con-
served among the members of the family of aspartic
proteases, as well as novel hydrogen bonds
uniquely present in Bla g 2 due to amino acid
substitutions found in this area (Figure 4). The set of
most conserved interactions in the active site of
various aspartic proteases, known as “fireman’s
grip”30 is also found in the active site of Bla g 2. Both
Ser33 and Thr216 participate in highly symmetrical
interactions: the side-chain hydroxyl group of Ser33
is hydrogen bonded to the amide nitrogen atom of
Thr216 and the carbonyl oxygen atom of Ile214, and
Thr216 makes similar interactions with N33 and
O31 (Figure 6(a)).
All four carboxylate oxygen atoms of Asp32 and

Asp215 are extensively involved in creating a
hydrogen bonded network (Figure 6(a)), although
the direct hydrogen bond between these two
aspartate residues is no longer present. The distance
between the two closest (“inner”) oxygen atoms of



Figure 5. Ribbon diagram of superimposed Bla g 2 (blue) and pepsin (yellow). The deletions and insertions are shown
in red for pepsin and in navy blue for Bla g 2, respectively, with the corresponding residue numbers.
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these residues is 4.41 Å, significantly too long to
permit a hydrogen bond between them, which is
crucial for the catalytic mechanism of the aspartic
protease family (Figure 6(b)). We attribute the loss
of the hydrogen bond between the catalytic aspar-
tate residues to the fact that these two “inner”
carboxyl oxygen atoms are hydrogen bonded to the
side-chains of Thr34 and Ser217, two “new”
residues, which substitute for conserved glycine
residues in the canonical triads DTG that contain
the catalytic aspartate residues. The presence of
these two “new” hydrogen bonds leads to rotation
of the side-chains of both aspartate residues out of
their usual coplanar orientation and, as a result
of such rotation, the distance between the “inner”
carboxyl oxygen atoms becomes larger than what is
required for hydrogen bond formation. The “outer”
carboxyl oxygen atom of Asp32 is hydrogen
bonded to Ser35 and the amide nitrogen atom of
Phe75A. The former is a conserved interaction that
is present in all other aspartic proteases as well,
while the latter is a novel hydrogen bond, formed in
Bla g 2 due to the unique single-residue insertion of
Phe75A in the flap. The carbonyl oxygen atom of
Phe75A is involved in the coordination of a water
molecule, which is also hydrogen bonded to Ser217
and Lys218, stabilizing their orientation and the
conformation of the tip of the flap (Figure 6(a)). The
“outer” carboxyl oxygen atom of Asp215 is at the
distance of a strong hydrogen bond to Asp76
(2.48 Å). That residue is located at the tip of the
flap and is usually Gly in other aspartic proteases,
with very few exceptions. The direct contacts of the
flap residues with the catalytic aspartate residues
are a unique feature of the active site of Bla g 2 and
were not observed previously in the other aspartic
proteases. Because of these interactions, the flap in
Bla g 2 assumes a more closed conformation and is
shifted towards the catalytic aspartate residues
w3.5 Å more than in pepsin, making the catalytic
aspartate residues less accessible. No water mol-
ecules interacting directly with the catalytic aspar-
tate residues were found in the active site of the Bla
g 2 crystal structure.

Since neither our biochemical nor structural
approaches has as yet yielded crystallizable com-
plexes of Bla g 2 with inhibitors, we had to resort to
molecular modeling in order to investigate the
mode of ligand binding. An inhibitor bound in the
active site of Bla g 2 was modeled by superimposing
the coordinates of Bla g 2 and the human renin, the
latter with a transition state analog inhibitor present
in the active site (pdb code 1RNE31). The results of
the superposition shown in Figure 7 clearly indicate
that the conformation of the active site as observed
in our crystals is not conducive to binding of this



Figure 6. Active sites of Bla g 2 and pepsin. (a) Stereoview of the superposition of the active sites of Bla g 2 (blue) and
pepsin (yellow). A water molecule is shown as a ball. Conserved hydrogen bonds are shown in red, while hydrogen
bonds unique in Bla g 2 are shown in black. Labels O31 and O214 mark the main chain carbonyl oxygen atoms of the
respective residues. (b) A comparison of the conformations of the catalytic aspartate residues in the active sites of Bla g 2
and pepsin (in red and orange, respectively). The distances between the “inner” oxygen atoms of the aspartate residues
are indicated.

Figure 7. Superposition of Bla g 2
and renin complexed with a tran-
sition state inhibitor. The structures
were superimposed using Ca coor-
dinates. Only Bla g 2 is shown as a
light blue ribbon with the tip of the
flap in dark blue, whereas the trace
of renin is omitted. The inhibitor is
shown in orange. The positions of
the catalytic aspartate residues and
Phe75A in Bla g 2 are also marked.
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specific ligand. In particular, the side-chain of
Phe75A collides with the side-chain of the residue
present at the P1 position in the inhibitor. It should
be pointed out that similar observations have been
described for other aspartic proteases. The struc-
tures of native chymosin32 and proteinase A33

revealed self-inhibited states of their active sites
that were due to an unusual conformation of Tyr75,
with the aromatic ring of this residue occupying the
S1 binding pocket. The presence in these structures
of a glycine residue at position 76 on the tip of the
flap, with glycine-specific torsion angles, is manda-
tory for adopting such a conformation. Although
that glycine residue is substituted by aspartate in
Bla g 2, our structure revealed a new self-inhibitory
mechanism, when the same S1 pocket is occupied
by the aromatic ring of Phe75A, a unique single-
residue insertion at the tip of the flap.
Discussion

The structure of Bla g 2 that is reported here was
obtained using partially deglycosylated, recombi-
nant enzyme expressed in yeast Pichia pastoris and
was solved at near-atomic resolution of 1.3 Å,
assuring high quality of the resulting model. As
expected, the overall structure of Bla g 2 has the
bilobal fold of a non-viral aspartic protease with a
large cleft located between two structurally hom-
ologous domains. However, important interactions
in the active site area are significantly modified
due to four critical amino acid substitutions in the
vicinity of the catalytic aspartate residues and in
the flap region. Two such changes involve the
highly conserved glycine residues of the canonical
DTG triads that contain the catalytic aspartate
residues 32 and 215. In Bla g 2, both Gly34 and
Gly217 are replaced by polar amino acid residues,
threonine and serine, respectively. The presence of
these two “new” residues in the otherwise highly
conserved active site area had a dramatic effect on
the mutual orientation of the catalytic aspartate
residues. Two strong hydrogen bonds between the
hydroxyl groups of Thr34 and Ser217 on one side,
and the two “inner” carboxyl oxygen atoms of
Asp32 and Asp215 on the other side, rotate the side-
chains of the catalytic aspartate residues out of their
usual coplanar orientation, thus increasing the
distance between them to 4.41 Å. According to the
accepted catalytic mechanism of aspartic pro-
teases,34 the absence of a hydrogen bond between
the aspartate residues must jeopardize the enzy-
matic properties of the molecule.

Similar substitutions in the active site area are
found in other aspartic proteases, which exhibit
different level of catalytic activity. Rabbit cathepsin
E has a single substitution of the conserved glycine
in the first triad that contains the catalytic aspartate
to valine, yet it remains an active enzyme.35 Retro-
viral protease from feline foamy virus has a
glutamine residue instead of glycine and was
shown to be proteolytically active.36 On the other
hand, Bla g 2 resembles a large group of inactive
(with a single exception37) aspartic proteases called
pregnancy-associated glycoproteins (PAG)
expressed in pregnant females of ungulate mam-
mals. Amino acid substitutions similar to those
described above are found in some of these proteins
as well. For example, alanine rather than glycine is
present in the first triad of boPAG-1 and poPAG-1,
and glycine instead of aspartate is found in the
second triad of ovPAG-1.19 No structural data are
available for these proteins, and the crystal struc-
ture of Bla g 2 provides the first insight on what
impact such amino acid substitutions may have on
the active site structure.

The structure of Bla g 2 contains a unique single
phenylalanine residue insertion, Phe75A, in the
highly conserved flap region. Such an insertion has
not been seen before in any aspartic protease. The
side-chain of Phe75A occupies the S1 substrate-
binding site, revealing a novel self-inhibitory
mechanism. A motif consisting of two adjacent
aromatic residues on the flap, with a phenylalanine
residue following the expected tyrosine at position
75, has also been seen in the sequences of two
inactive aspartic proteases, Lma-p54 and ovPAG-
1.19,38 However, due to the lack of structural data for
these proteins, it is not known if this phenylalanine
residue would be at the position structurally
equivalent to Phe75A in Bla g 2.

An unprecedented feature of the active site area
of Bla g 2 is the direct interaction between flap
residues and the catalytic aspartate residues. Two
“new” residues located at the tip of the flap, Phe75A
(discussed above) and Asp76 are hydrogen bonded
to both “outer” oxygen atoms of Asp32 and Asp215,
respectively. These interactions place the flap into
a completely closed conformation and make the
catalytic aspartate residues less accessible. No
direct contact between these aspartate residues
and the solvent molecules has been observed in
Bla g 2 crystals.

Two other novel features of Bla g 2, which are not
found in classical aspartic proteases, may contri-
bute to the stability of the allergen structure. One of
them is the increased number of disulfide bridges,
five in Bla g 2 instead of two or three commonly
found in aspartic proteases. The number of dis-
ulfide bridges in a protein molecule usually
correlates with its stability. The second unusual
property of Bla g 2 is the presence of a metal-
binding site, in which a Zn cation is tightly bound
to two histidine and two aspartate residues,
originating from two secondary structure elements,
a b-loop and an a-helix, respectively. Only one of
the aspartate residues is conserved in other
enzymes, while the three remaining residues are
unique to Bla g 2, explaining why zinc binding has
not previously been seen in the structures of
aspartic proteases. However, the same motif, con-
sisting of two histidine residues and two aspartate
residues, was found at the appropriate positions
in two other cockroach aspartic proteases (from
L. maderae38 and P. Americana (the sequence was
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kindly provided by Dr Chew Fook Tim, The
National University of Singapore)), indicating that
this property could be a common feature among
cockroach aspartic proteases (Table 1).

The stability of the tertiary structure is very
important for IgE recognition of the conformational
epitopes of respiratory allergens. Disruption of the
native structure reduces allergenic activity39–41 and
can be used to design hypoallergenic recombinant
allergens with potential use for immunotherapy.42

The presence of a zinc-binding site in Bla g 2 that
provides additional interactions between two
neighboring secondary structure elements, as well
as the existence of five disulfide bridges, may
increase the stability of the allergen structure and
influence its persistence in the environment.
Chronic exposure to low doses (1–10 mg/year) of
this stable cockroach allergen may explain its
importance, as well as indicate why sensitization
and exposure to Bla g 2 is associated with asthma.8,9

It is generally accepted that structural features of
allergens are important determinants of their ability
to elicit immunological responses. Whether func-
tional properties of allergens, such as ligand
binding or enzymatic activity, potentiate their
allergenicity is much less well established. The
latter hypothesis was primarily derived from
studies showing that some allergens are proteases,
and their proteolytic activity potentiates aller-
genicity through additional mechanisms. Examples
include proteolytic cleavage by mite allergens of
the low-affinity IgE receptor CD23 and the
a-subunit of the interleukin-2 receptor CD25, and
increase of permeability in the lung epithelium by
disruption of the gap junctions.12–15,43–46 However,
none of the cockroach allergens described so far,
except Bla g 2, is homologous to any proteolytic
enzymes. We have recently shown that despite the
pronounced sequence similarity to aspartic pro-
teases, Bla g 2 was inactive in standard aspartic
protease assays. Residual aspartic protease activity,
at levels 1000-fold lower than pepsin, was only
detected in a modified hemoglobin assay that
required high concentration of protein and long
incubation time (16 hours), and was inhibited by
pepstatin, a specific inhibitor of aspartic pro-
teases.17 These data indicate that, under certain
conditions, the self-inhibited state of the active site
could be restored to allow Bla g 2 to regain its
enzymatic properties. That would require opening
of the flap, with simultaneous removal of the side-
chain of Phe75A from the S1 pocket. Similar
conformational changes were observed in the
structures of chymosin21,32 and proteinase A.28 In
addition, the activation step for Bla g 2 will also
require rearrangement in the interactions of the
catalytic aspartate residues to overcome the distor-
tion caused by glycine replacement. Much lower
enzymatic activity of Bla g 2 may reflect the shift in
the equilibrium in solution between the open and
self-inhibited state towards the latter. The present
study provides a structural basis for the low level of
proteolytic activity of Bla g 2, and thus suggests a
lack of correlation between enzymatic and aller-
genic properties of this molecule.
The overall similarity of Bla g 2 to the structures

of other well-known aspartic proteases, as well as
its homology to PAG, suggest that ligand binding
could be involved in the function of this allergen.
This places Bla g 2 as a possible member of an
important new group of ligand-binding allergens,
such as the mammalian lipocalin allergens; Der p 2,
a sterol-binding protein; and Fel d 1, a uteroglobin-
like molecule with an amphipathic-binding
pocket.47–49 The hydrophobic ligands bound by rat
and mouse lipocalin allergens (Rat n 1 and Mus m
1) were identified in crystallographic exper-
iments.47 Structural data on the complexes of Bla g
2 with ligands and antibodies will help to elucidate
the role of this unusual aspartic protease in allergic
respiratory disease and facilitate development of
vaccines.
Materials and Methods

Expression and purification of a recombinant Bla g 2
mutant

A partially deglycosylated recombinant Bla g 2 mutant
(rBla g 2 N93Q) was expressed in P. pastoris after
substitution of an asparagine residue by glutamine in
the putative N-glycosylation motif NLT at position 93.
The template used was Bla g 2 cDNA without the signal
peptide, inserted into the P. pastoris expression vector
pGAPZaC (Invitrogen) for constitutive expression of the
allergen. Site-directed mutagenesis was performed using
a QuikChangee Kit (Stratagene) and custom-designed
primers. The mutated DNA was transformed into
XL1-Blue supercompetent E. coli cells (Stratagene), and
sequenced to confirm the desired amino acid substitution.
Transformation of P. pastoris (strain GS115) and
expression of recombinant proteins was performed as
previously described.50 Recombinant Bla g 2 was purified
from culture media by affinity chromatography over a
7C11 monoclonal antibody (mAb) column as described.16

Bound proteins were eluted with 0.1 M glycine, 0.15 M
NaCl, pH 2.5. Eluted fractions were neutralized with 2 M
Tris base (pH 8.5) concentrated using Centricon P-80,
MWCO 10,000 (Millipore, Bedford, MA) and dialyzed
against PBS. The purity of rBla g 2 was O95% judged by
SDS-PAGE, and the yield of protein was quantified using
Advanced Protein Assay (Cytoskeleton).

Crystallization of Bla g 2 and heavy-atom search

Crystals of Bla g 2 were obtained using the hanging-
drop, vapor-diffusion method at room temperature. Each
drop contained 2 ml of 12 mg/ml protein in 20 mM Tris
buffer, 0.1 M KCl and 1.4 mM b-mercaptoethanol at pH
7.4 and 2 ml of reservoir solution consisting of 20% (w/v)
PEG8000, 0.2 M magnesium acetate and 10 mM DTT in
0.1 M sodium citrate buffer at pH 5.8. None of the
solutions utilized for crystal growth contained Zn cations.
The largest crystal reached the size of 0.3 mm!0.1 mm!
0.02 mm after the period of growth of two weeks. More
than ten different heavy-atom metal reagents at concen-
tration of 0.1–10 mM were used in the heavy-atom
derivative search. Two data sets collected from an ethyl
mercury phosphate (EMP) derivative with different



Table 2. Statistics of data collection and processing

Native EMP UA N3

N1 N2 E1 E2 Uac Native

Space group C2
Unit cell parameters
a (Å) 141.82 141.45 141.84 141.67 141.67 141.6
b (Å) 38.43 38.39 38.54 38.49 39.00 38.6
c (Å) 71.22 71.16 71.13 71.00 71.35 71.5
b (deg.) 100.84 101.20 101.42 101.47 100.96 100.9
Resolution range (Å) 50.0–2.02 50.0–1.9 50.0–2.1 50.0–2.5 50.0–1.99 50.0–1.3
Unique reflections 24,381 30,830 21,296 13,234 25,318 94,625
Redundancy 2.5 8.4 3.7 3.5 5.3 2.9
Rsym (%)a 6.8 (35.8) 8.3 (35.3) 13.5 (45.2) 13.7 (40.2) 9.3 (47.1) 5.6 (49.4)
Completenessa (%) 96.9 (78.1) 99.9 (99.5) 96.0 (79.0) 97.6 (97.0) 94.1(67.2) 98.1 (91.6)

a Values for the outermost shell of data are given in parentheses.
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soaking times, ten minutes for E1 and ten hours for E2, as
well as one from a uranyl acetate derivative (UA), were
used in MIR phasing (Table 2).

Data collection

Six data sets were collected and used at different stages
of structure determination (Table 2). Data sets N1, N2, E1,
E2, and UA were collected at 100 K with a laboratory-
based X-ray source (Rigaku H2R generator operated at
50 kV and 100 mA, equipped with a Mar345 image plate
and an Osmic monochromator). The data sets N1, E1, E2,
and UA were used in solving the structure and phase
refinement, whereas data set N2 was used in the model
building and refinement (Table 2). The third native data
set, N3, used only in the final stage of refinement (Table 3),
was collected at beamline SER-CAT 22-ID equipped with
MAR225 CCD detector (APS, Argonne National Labora-
tory, Argonne IL), at the wavelength of 0.971 Å. All data
sets were processed with the HKL2000 package.51 The
presence of bound Zn cations in the crystals of Bla g 2 was
established by a fluorescence scan of a single crystal,
performed at the beamline X-9B of NSLS (Brookhaven
National Laboratory, Upton NY) by scanning through Zn
and Ni absorption edges.

MIR phasing and structural refinement

The program SOLVE52 was used in the heavy-atom
search. Seven sites were found for the derivative E1, six
for E2 and seven for UA, with the combined figure of
merit of 0.64 and score of 47.24. All sites were input into
SHARP53 for heavy-atom refinement and phase calcu-
lation, which was followed by density modification with
SOLOMON in CCP4.54 An initial model consisting of 65
complete residues and 155 Ala or Gly residues was built
Table 3. Final refinement statistics

Resolution (Å) 10–1.3
Number of reflections used in refinement 87,692
Number of reflections reserved for Rfree 4622
Number of molecules in a.u. 1
Number of protein atoms 2567
Number of solvent molecules 478
Number of heteroatoms 43
Rcryst (%) 18.0
Rfree (%) 21.2
r.m.s. deviations from ideality
Bond lengths (Å) 0.012
Angle distances (Å) 0.029
by RESOLVE.55 After several cycles of manual model
rebuilding and model refinement performed using O56

and CNS,57, respectively, residues from 3 to 330, two
carbohydrate residues and 320 water molecules were
built into the density. At the final stage, the structure was
refined at 1.3 Å with SHELXL9758 using the dataset N3.
The final refinement statistics, listed in Table 3, are
acceptable for structures refined at this resolution.
A Ramachandran plot showed 93% of main-chain torsion
angles in the most-favored region and 6.3% in the
additionally allowed region. Ser92 and Asp76 are found
in the generously allowed and disallowed regions,
respectively, but excellent electron density supports
their correct fit.
Protein Data Bank accession code

The coordinates and structure factors have been
deposited in the Protein Data Bank (accession code
1YG9).
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