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Inhalant allergens from cockroaches are an important cause
of asthma to millions of individuals worldwide. Here we report
for the first time the structures of two major cockroach aller-
gens, Bla g 4 and Per a 4, that adopt a typical lipocalin fold but
with distinct structural features as compared with other known
lipocalin allergens. Both Bla g 4 and Per a 4 contain two long-
range disulfide bonds linking the N and C termini to a �-barrel.
The C-terminal helix of Bla g 4 is bent and greatly extended
toward the N terminus. Bla g 4 is found to be a monomer,
whereas Per a 4 exists as a dimer in solutionwith a novel dimeric
interface involving residues from loops at the top and bottom of
the �-barrel. Putative ligand binding sites of both allergens are
determined by docking of the juvenile hormone III inside the
�-barrel and found to interact with the ligand using non-con-
served residues. Bla g 4 andPer a 4 are found to be cross-reactive
in sera IgE binding, at least in the Singaporean Chinese popula-
tion tested. A major IgE binding epitope unique to Per a 4 is
found on the loops at the bottomof the�-barrel thatmay aid the
development of hypoallergens for immunotherapy.

Rising incidence of asthma and other allergy-related diseases
has been one of the major healthcare concerns worldwide. The
great importance of these diseases has lead to the isolation and
identification of many allergenic proteins involved in eliciting
inflammation responses. Allergens bind to IgE antibodies and
cross-link their receptors on mast cells, subsequently causing
the release of histamine and other pro-inflammatory cytokines.

Despite the identification ofmany allergens from several differ-
ent sources, the characterization and epitope mapping studies
on all these proteins yet remain limited. Consequently, the basis
of the IgE binding of many of these allergens also remains
unknown.
Inhalant allergens from cockroaches have been recognized

for the last 30 years as an important cause of asthma. Sensitiza-
tion to cockroach allergens is a major risk factor, especially due
to the high levels of these proteins found in the urban environ-
ment (1). It has been reported that 44% of the 755 allergy clinic
patients living in New York responded positive in skin tests to
cockroach allergens (2). In Singapore, sensitization rates
among patients with asthma and/or allergic rhinitis to cock-
roaches are 56.4% (Blattella germanica) and 59.5% (Periplaneta
americana), second only to the dust mite (3). Both species of
domestic cockroaches produce several potent allergens, includ-
ing Bla g 1 and Per a 1 (food intake and digestion); Bla g 2 and
Per a 2 (inactive aspartic protease); Per a 3 (arylphorin-like stor-
age protein); Bla g 4 and Per a 4 (male pheromone transport
lipocalin); Bla g 5 and Per a 5 (glutathione S-transferase); Bla g 6
and Per a 6 (troponin C); and Bla g 7 and Per a 7 (tropomyosin)
(4).
The prevalence of serum IgE antibody to recombinant Bla g 4

in 73 cockroach allergic patients with asthma ranged from 40 to
60%, indicating that it is a major allergen (5). Bla g 4 belongs to
a family of protein known as lipocalin, a group of small extra-
cellular ligand-binding proteins (6). Typically, members of the
lipocalin protein family exhibit greatly diverse protein
sequence similarities but all of them contain a highly conserved
overall protein structure (7). Generally, structures of lipocalins
are made up of eight anti-parallel �-strands forming a �-barrel,
which contains a ligand binding cavity (7). Several allergenic
lipocalin proteins have been characterized so far, such as Bos d
2 (8), Bos d 5 or bovine �-lactoglobulin (9), Equ c 1 (10), Musm
1 (11), and rat urinary�2 globulin (12). Although several crystal
structures of these lipocalins have been determined, exact IgE
epitope residues of these allergens are not well understood.
Consequently, the basis of allergenicity of lipocalin allergens
remains unknown.
Previously, we have isolated the cDNA of variants of Bla g

and Per a 4, from the expressed sequence tag (EST) library of B.
germanica and P. americana, respectively.6 Here we report the
crystal structures of variants of two allergenic lipocalins, Bla g 4
and Per a 4, from cockroaches B. germanica and P. americana,
which showed typical lipocalin folds butwith distinct structural
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features. The putative ligand binding site has been identified by
docking with the physiological ligand. The cross-reactivity and
key IgE binding residues of these two allergens will also be
discussed.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Bla g 4 and Per a
4—The gene of a Bla g 4 variant (GenBank accession code
1146297, residues 1–176) or a Per a 4 variant (GenBank acces-
sion code 1146802, residues 1–167), both without their intact
signal peptides, was subcloned into a modified pET-32a vector
(Novagen; with thioredoxin and S-tag removed). BL21Origami
B cells (Novagen) were used for recombinant protein expres-
sion. Overnight cultures of the bacterial cells were grown in 2
liters of Luria broth containing 100 �g/ml ampicillin, 15 �g/ml
kanamycin, and 12.5 �g/ml tetracycline. For expression in
BL21(DE3) cells, Luria broth containing 100 �g/ml ampicillin
was used. Cultures were induced with 0.3 mM isopropyl �-D-
thiogalactoside for overnight expression at 20 °C. Selenomethi-
onine (Se-Met)7-labeled Bla g 4 and Per a 4 were expressed
similarly in M9 minimal media supplemented with Se-Met.
Both Bla g 4 and Per a 4 were expressed as soluble His-tagged
proteins and purified using nickel-nitrilotriacetic acid resins
(Qiagen). The N-terminal His tag was cleaved using thrombin
digestion (3 units/mg, Sigma) and the protein was further puri-
fied on a HiLoad 16/60 Superdex 75 (GE Healthcare) equili-
brated with 50 mM Tris-Cl, pH 7.9, and 0.2 M NaCl. Proteins
were dialyzed overnight against 20 mMTris-Cl, pH 7.5, prior to
crystallization experiments.
Crystallization andDataCollection—Both the native and Se-

Met-labeled Bla g 4 were concentrated to 12 mg/ml prior to
crystallization, whereas native and Se-Met-labeled Per a 4 were
concentrated to 27 mg/ml. Initial crystallization conditions
were identified using Hampton Research screens for both pro-
teins. A final crystallization condition was optimized for Bla g 4
to contain 0.1 M HEPES, pH 7.5, 1.5 M sodium citrate, and 3%
acetone. Diffraction quality crystals grew after 7 days at room
temperature. Per a 4 crystals grew in 10% PEG 4000, 2 M NaCl,
and 3% acetone at room temperature after 3 days. Synchrotron
datasets for both protein crystals were processed and scaled
using the program HKL2000 (13).
Structure Determination and Refinement—Four selenium

sites in the asymmetric unit of Bla g 4 crystals were located by
the program Solve (14) and the initial phases were further
improved by RESOLVE (15). RESOLVE built�75% of themol-
ecule. The remaining parts of the model were built manually
using the program Coot (16). Further cycles of model building
alternate with refinement using CNS (17) resulted in a final
model, with reflections I � �I used in the refinement. The
model was later refined against the native data of 1.9 Å in res-
olution. The final model comprised 338 residues in the asym-
metric unit (Asn7–Lys135 and Met141–His176 of each mono-

mer) and 179 water molecules were added to the model.
PROCHECK (18) analysis showed�84.5% residues in themost
favorable region with 0.7% residues in the disallowed region of
the Ramachandran plot. Per a 4 was refined by similar proce-
dures as those for Bla g 4 but with non-crystallographic sym-
metry restraints used throughout the refinement. The final
model comprised of 314 residues (Asp3–Tyr87 and Ser94–
Tyr165 of eachmonomer)with nowatermolecules added due to
the limited resolution. The density from residuesGly88 toTrp93
were not observed and thus notmodeled.Awell defined density
belonging to the PEGmolecule was observed in themodel. The
Ramachandran plot showed 76.6% of residues in the most
favorable region with 0.7% residues in the disallowed region.
Docking of JH III Ligand on Bla g 4 and Per a 4—The crystal

structures of Bla g 4 and Per a 4 were used for docking with JH
III using the program Autodock 4.0 (19). The initial three-di-
mensional structure of JH III was generated using the program
Discovery Studio 2.0 from Accelrys. Coordinate files of the
macromolecule as well as the ligand used for autogrid and
autodock calculations were prepared using the program
AutoDockTools (19). A grid with spacing of 0.375 Å and 74 �
68 � 66 points or spacing of 0.375 Å and 74 � 68 � 80 points
were used for Bla g 4 and Per a 4, respectively. The grid center
was selected to include all residues in the putative ligand bind-
ing cavity. The GA-LS algorithm was adopted using default
settings except with the maximum number of generation
changed to 500,000 and the maximum number of energy eval-
uations increased to 25,000,000. For each docking job, 100
hybrid GA-LS runs were carried out. A total of 100 possible
binding conformations were generated and grouped into clus-
ters based on a 2.0-Å cluster tolerance.
Titration of Bla g 4 and Per a 4with JH III—JH III (Sigma)was

dissolved in dimethyl sulfoxide to a final concentration of 50
mM. Titration studies were carried out using Bla g 4 or Per a 4 at
the protein concentration of 0.5mM andwith a finalmolar ratio
of protein:ligand equal to 1:1. HSQC experiments were per-
formed at 308 K and in a buffer containing 20 mM acetate, pH
4.5, for Bla g 4 or 20mMphosphate, pH6.0, for Per a 4.Dimethyl
sulfoxide alone was titrated into the protein sample as a blank
control.
IgE binding by ImmunoDot-blot—Sera from 700 consecutive

individuals (80% Singaporean Chinese, remaining 14% Malay-
sians and 6% Indians) with asthma or allergic rhinitis were
screened by dot blotting for Bla g 4- and Per a 4-specific IgE
responses. For mapping of IgE epitopes, 24 and 32 sera from
individuals with positive responses to Bla g 4 and Per a 4 were
tested against Bla g 4 or Per a 4 proteins (wild type or mutant).
The immuno dot-blot was performed as previously described
(20).
IgE Binding by ELISA—The specific binding of Bla g 4 andPer

a 4 (wild type or mutant) to IgE from the serum of a patient was
determined to map the IgE binding epitopes. ELISA was per-
formed as previously described (20).
Cross-inhibition of Bla g 4 and Per a 4 by Competitive ELISA—

Microtiter plates (Nunc) were coated with Bla g 4 or Per a 4.
Before use, pooled sera from 73 reactive individuals were pre-
absorbed with serial dilutions of recombinant proteins, Bla g 4

7 The abbreviations used are: Se-Met, selenomethionine; CCD, charge-cou-
pled device; GA-LS, genetic algorithm with local search; 1H-15N HSQC,
1H-15N heteronuclear single quantum correlation; JHIII, juvenile hormone
III; PEG, polyethylene glycol; r.m.s. deviation, root mean square deviation;
ELISA, enzyme-linked immunosorbent assay.
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or Per a 4. Competitive ELISAwas performed as described pre-
viously (21).
Coordinates—Coordinates for the crystal structures of Bla g 4

and Per a 4 have been deposited at the Protein Data bank with
accession codes of 3EBK and 3EBW, respectively.

RESULTS

Structures of Bla g 4 andPer a 4—ThemodelsofBlag4andPer
a 4 had been refined and both showed good stereochemical
parameters (Table 1 and Fig. 1A). Both Bla g 4 and Per a 4 crystal-
lized with twomolecules in the asymmetric unit. Bla g 4 and Per a
4 adopted a typical lipocalin fold with an eight-stranded anti-par-
allel �-barrel (�A to �H) followed by a single C-terminal �-helix
that packed against the �-barrel (Fig. 1B). The 9th �-strand (�I)
can be found inmany lipocalins butwas absent inBla g 4 andPer a
4. In Bla g 4, a short helical segment preceding the �A strand
crossed and closed the bottom of the �-barrel, whereas the CD
loop and three 310 helices from theAB loop, EF loop, andGH loop
surrounded theentranceof the cavityon topof the�-barrel (Fig. 1,
BandC). Per a4doesnothaveany secondary structural element at
loops orN- andC-terminal regions. The bottom of the�-barrel is
closedby the loop regionpreceding the�Aand the entranceof the
cavity is surrounded by the AB loop, CD loop, and GH loop. The
AB loop is much longer, reaching the center of the entrance and,
thus, conceivably, acting as a lid for the cavity. The �E strand is
especially shortened in Per a 4, making the EF loop to “peel” away
from the �-barrel making the entrance to the cavity much more
open and accessible as comparedwith Bla g 4 (Fig. 1,B andC). All
lipocalins contain a C-terminal helix that pack on one face of the
�-barrel. Themost distinct feature of Bla g 4 is that this �-helix is

especially longer and bent, whereas the equivalent helix in Per a 4
andother lipocalins aremuch shorter and straight (Fig. 1B andFig.
2). This bent �-helix of Bla g 4 has a unique hydrogen bonding
pattern. The carbonyl oxygen (C�O) of residues Val150 andAsn151
are both hydrogen-bonded to NH of residue Lys154. The C�O of
residueGln152 does not form a hydrogen bondwithNHofAla156.
TheNHof residue Lys155 andAla156, as well as CO� of Gln152, are
left free without forming any hydrogen bonds. Other residues in
this�-helix adopt regular hydrogen bonding patterns (CO� of res-
idue i to NH of residue i�4).
Another characteristic structural feature of lipocalins is the

long-range disulfide bond that either connects the N and C
terminus or just the C terminus of the protein to the �-barrel
(Figs. 1C and 2). This is the first report to reveal the simultane-
ous presence of both disulfide bonds in allergenic lipocalins.
Both Bla g 4 and Per a 4 contain two long-range disulfide bonds
similar to those found in many non-allergenic lipocalins. One
long-range disulfide bond connects the N terminus to the end
of �G, whereas the other one connects the start of �B to the C
terminus. A similar pattern of long-range disulfide is also
observed in many non-allergenic lipocalins like insecticyanin
from the tobacco hornworm (22), bilin-binding protein from
the cabbage butterfly (23), and human apolipoprotein D (24).
All previously identified lipocalin allergens like Mus m 1 (12),
rat �2u-globulin (25), Equ c 1 (10), Fel d 4 (26), Bos d 2 (8), and
Bos d 5 (9) contain single long-range disulfide bonds that con-
nect the start of �D to the C terminus.
Bla g 4 and Per a 4 share a low sequence identity among them,

andwith other lipocalins (Fig. 2). Despite the very low sequence

TABLE 1
Crystallographic data and refinement statistics
Two crystals were used for Bla g 4, one crystal was used for Per a 4. Values in parentheses are for highest-resolution shell. Datasets for native Bla g 4 crystals were collected
in the Synchrotron beam line X29 using Q315r, CCD detector (Area Detector Systems Corp., Poway, CA). Datasets for Se-Met-labeled Bla g 4 and Per a 4 were collected
in beam line X12C (ADSC Q210 CCD detector), NSLS, Brookhaven National Laboratory.

Native
Bla g 4 Per a 4

Remote
Peak Inflection Remote Peak Inflection

Data collection
Space group P41 P41
Cell dimensions
a, b, c (Å) a � 60.17 a � 63.02

b � 60.17 b � 63.02
c � 124.93 c � 143.82

�, �, � (°) � � � � � � 90 � � � � � � 90
Wavelength 1.100 0.9797 0.9799 0.9600 0.9796 0.9798 0.9600
Resolution (Å) 50.0-1.9 50.0-2.2 50.0-2.3 50.0-2.4 50.0-2.8 50.0-2.8 50.0-2.8

(2.0-1.9) (2.3-2.2) (2.4-2.3) (2.5-2.4) (2.9-2.8) (2.9-2.8) (2.9-2.8)
Rsym 0.064 (0.226) 0.069 (0.333) 0.077 (0.339) 0.085 (0.323) 0.047 (0.326) 0.046 (0.387) 0.040 (0.279)
I/�I 52.6 (18.0) 33.5 (3.5) 29.2 (2.1) 22.7 (1.3) 49.7 (3.4) 46.1 (1.5) 48.4 (2.9)
Completeness (%) 99.9 (100.0) 100.0 (100.0) 100.0 (100.0) 99.9 (100.0) 100.0 (100.0) 99.9 (100.0) 99.9 (100.0)
Redundancy 15.0 (15.0) 5.1 (5.1) 5.2 (5.1) 3.9 (3.9) 5.7 (5.7) 5.6 (5.5) 3.8 (3.8)

Refinement
Resolution (Å) 8.0-1.9 8.0-2.8
Rwork (No. of reflections) 0.218 (31990) 0.231 (23093)
Rfree (No. of reflections) 0.253 (1676) 0.277 (1226)
No. atoms
Protein 2706 2516
Ligand/ion 44
Water 179

B-Factors
Protein 35.90 63.41
Ligand/ion 40.33
Water 39.06

R.m.s. deviations
Bond lengths (Å) 0.0091 0.010
Bond angles (°) 1.51 1.55
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identity, there exist some conserved
sequence motifs among lipocalins
that allow them to be classified (7,
27). Three conserved sequence
motifs that are found in the three
“structurally conserved regions”
(SCR1, SCR2, and SCR3) are GXW,
TDYXXY, and Arg, respectively (7)
(Fig. 2). Bla g 4 belongs to a kernel
lipocalin as it shares all three con-
served sequence motifs, whereas
Per a 4 is an outlier lipocalin that
shares only the GXW and TDYXXY
motifs (Fig. 2). Fig. 2 shows the
structure-based sequence align-
ment of selected allergenic and non-
allergenic lipocalins using the pro-
tein structure comparison service
SSM at European Bioinformatics
Institute (28). Overall, structures of
all lipocalins are similar adopting
the basic lipocalin fold. However,
the C-terminal �-helix of Bla g 4 is
extended far toward the N terminus
and this region cannot be aligned
with other lipocalins (Fig. 2).
For comparison of structures, we

have overlaid structures of Bla g 4
and Per a 4, and also, with their
structurally most homologous non-
allergenic and allergenic lipocalins
selected based on the DALI search
(29) (Fig. 3). Structure superposi-
tion was performed using the Top-
Match (30) web service. Bla g 4
superimposed with Per a 4 with an

FIGURE 1. Crystal structures of two group 4 allergens from cockroaches, Bla g 4 and Per a 4. A, stereo view
of the simulated-annealing Fo � Fc omit map in the conserved TDY motif at the FG loop of Bla g 4 and Per a 4.
The map is contoured at a level of 2.0 �. Residues Asp102 and Tyr103 of Bla g 4 and residues Asp103 and Tyr104 of
Per a 4 and all atoms within 3.0 Å of these residues were omitted prior to refinement. The figure is generated
using the program PyMOL (48). B, ribbon diagrams of Bla g 4 and the monomer of Per a 4 at two different angles
showing the sides and entrances of the �-barrels. The �-helix of Bla g 4 is significantly longer and bent when
compared with that of Per a 4. The figure is prepared with the program MOLMOL (49). C, topology diagrams of
Bla g 4 and Per a 4. �-Strands, �-helices, and 310-helices are represented by cyan arrows, orange cylinders, and
magenta cylinders, respectively. Connecting loops are marked as black lines. Cysteine residues and connecting
disulfide bonds are shown as green circles and lines. �-Bulges are shown as red circles. Three sequence con-
served regions (SCR) are highlighted in pale yellow.

FIGURE 2. Structure-based alignment of Bla g 4 and Per a 4 with lipocalin allergens and endogenous lipocalins. Secondary structures of Bla g 4 and Per
a 4 are aligned with those of known lipocalin allergens (Mus m 1, Protein Data Bank code, 1MUP; Rat n 1, Protein Data Bank code, 2A2G; Equ c 1, Protein Data
Bank code, 1EW3; Bos d 2, Protein Data Bank code, 1BJ7; and Bos d 5, Protein Data Bank code, 1BEB), and, endogenous lipocalins (human tear lipocalin, Protein
Data Bank code, 1XKI; and bilin-binding protein, Protein Data Bank code, 1BBP) using the protein structure comparison service SSM at European Bioinformatics
Institute. Note that residues 1– 6 and 136 –140 of Bla g 4, and residues 1–2, 88 –93, and 166 –167 of Per a 4, are absent in the structure alignment due to the lack
of electron densities at these residues in the electron density map. �-Strands, �-helices, and 310 helices are highlighted in yellow, cyan, and magenta,
respectively. Boundaries and types of secondary structures are determined using the program MOLMOL (49). Three SCRs are boxed with solid black lines and
highly conserved residues are in bold face. The pair of cysteine residues involved in the same disulfide bond are boxed and marked in a same color (red, blue, or
green). The sequence identity between Bla g 4 and Per a 4 is 21%. Sequence identities between Bla g 4 and Mus m 1, Bos d 2, and Equ c 1 are 17, 10, and 17%,
respectively. Sequence identities between Per a 4 and Mus m 1, Bos d 2, and Equ c 1 are 15, 4, and 14%, respectively.

Structures of Bla g 4 and Per a 4

JANUARY 30, 2009 • VOLUME 284 • NUMBER 5 JOURNAL OF BIOLOGICAL CHEMISTRY 3151

 by guest, on M
ay 30, 2010

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/content/suppl/2008/12/09/M807209200.DC1.html
Supplemental Material can be found at:

http://www.jbc.org/


r.m.s. deviation of 1.6 Å for C� atoms of 119 structurally equiv-
alent residues. Main differences are found at the N-terminal
part of the bent�-helix of Bla g 4 and residues at theCD, EF, and
GH loops located at the entrance of the ligand binding cavity
and the C terminus located at the top of the �-barrel (Fig. 3A).
A similar pattern has been observed in the superposition of Bla
g 4with the bacterial lipocalin Blc with an r.m.s. deviation of 2.4
Å for C� atoms of 121 structurally equivalent residues (Fig. 3B).
For superposition with Mus m 1, additional regions from �G
and �H adjacent to the GH loop cannot be aligned with Bla g 4.
The overall number of structurally equivalent residues was
reduced to 112 with an r.m.s. deviation of 2.6 Å for C� atoms
(Fig. 3C). Per a 4 superimposed well with the bilin-binding pro-
tein with a r.m.s. deviation of 2.6 Å for C� atoms of 138 struc-
turally equivalent residues, withmain exceptions residing at the
EF and GH loops at the entrance to the cavity, and also at the C
terminus at the top of the molecule (Fig. 3D). Per a 4 superim-
posed poorlywith Bos d 5, with a r.m.s. deviation of 3.0Å forC�
atoms of 118 structurally equivalent residues and with main
discrepancies at the N and C termini as well as the AB and EF
loops surrounding the entrance of the cavity (Fig. 3E). Overall,
both Bla g 4 and Per a 4 are structurally more similar to non-
allergenic than allergenic lipocalins. Moreover, due to its much
longer C-terminal �-helix, Bla g 4 aligned less well with other
lipocalins than Per a 4.

The Per a 4 Dimer—Both Bla g 4
and Per a 4 were crystallized with 2
molecules in the asymmetric unit.
However, only Per a 4 was found to
exist as a dimer in solution. When
expressed using Origami cells, gel
filtration studies have showed that
Per a 4 eluted as a dimer, whereas
Bla g 4 eluted as a monomeric pro-
tein. Formation of the disulfide
bonds in Per a 4may be essential for
its dimer formation as both Bla g 4
and Per a 4 eluted as a monomeric
protein when expressed in
BL21(DE3) cells (Fig. 4C). The two
monomers of Per a 4 are packed side
by side with each other leaving the
entrance to the ligand binding cav-
ity open and pointing into opposite
directions. The 2 �-helices are on
opposite sides of the dimer running
in an anti-parallel fashion (Fig. 4, A
and B). Residues from the loops (AB
and GH) and the C terminus at the
top of one monomer are in close
contact with residues from the
loops (BC and DE) and the N termi-
nus at the bottom of another mono-
mer (Fig. 4, A and B).
There is an extensive network of

hydrogen bonds in the dimeric
interface. A total of 12 hydrogen
bonds (7 backbone to side chain; 1

backbone to backbone and 4 side chain to side chain) are
observed in the dimeric interface. There is no significant hydro-
phobic interaction involved in the dimeric interface, a case that
is very different for other lipocalins. For instance, Equ c 1 has an
extended hydrophobic patch at the center of the dimeric inter-
face (10). The dimeric interface of Per a 4 buried an area of 858
Å2, which is �10% of the total solvent accessible surface. Pres-
ence of a tight dimeric interface suggests that this is a physio-
logically relevant Per a 4 dimer.
The Putative Ligand Binding Sites of Bla g 4 and Per a 4—

Lipocalins carry out their function by binding small hydropho-
bic ligands such as pheromones, steroids, and retinoids (31).
Many lipocalins have been suggested to be involved in regula-
tion of cell homeostasis (32). Recent studies have found that the
lipocalin Bla g 4 is expressed only in the adultmale reproductive
system of cockroach, specifically in the utricles and the conglo-
bate gland, and is transferred to the female within the sper-
matophore during copulation (33). Topical application of juve-
nile hormone III (10-eposy-methylfarnesoate, JH III) (Fig. 5A)
stimulated Bla g 4 production by both the conglobate gland and
utricles (33). We have performed titration of JH III into NMR
samples of Bla g 4 and Per a 4 and found significant perturba-
tion of chemical shifts in the 1H-15N HSQC spectra (supple-
mental Fig. S1), indicating the interaction of JH IIIwith bothBla
g 4 and Per a 4. During crystallization of Per a 4, polyethylene

FIGURE 3. Superposition of Bla g 4 and Per a 4 with endogenous lipocalins and known lipocalin allergens.
The structure of Bla g 4 is superimposed with structures of A: Per a 4; B: Escherichia coli Blc, Protein Data Bank
code 1QWD; and C, Mus m 1, Protein Data Bank code 1MUP. The structure of Per a 4 is superimposed with
structures of D: bilin-binding protein, Protein Data Bank code 1BBP; and E, Bos d 5, Protein Data Bank code
1BEB. The superposition is done by using the TopMatch web service. Query structures (Bla g 4 in A–C; and Per
a 4 in D-E) are shown in blue, whereas target structures are shown in green. Regions of residues that are
structurally equivalent are colored red (query) and orange (target). Graphics images were produced using the
UCSF Chimera package (50).
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glycol (PEG) from the buffer co-crystallized with Per a 4 in a
conformation almost perpendicular to the axis of the �-barrel
and with one end of the molecule curved upward toward the
entrance of the �-barrel (Fig. 5B). We have thus docked JH III
on Bla g 4 and Per a 4 usingAutodock 4.0 with rigid protein side
chains (19) to determine whether JHIII will adopt a conforma-
tion similar to that of PEG.
Docking of JH III on Bla g 4 showed that JH III molecule lies

almost perpendicular to the axis of the �-barrel and located
closely to the entrance of the �-barrel (Fig. 5C). The docked
ligand in Bla g 4 is not exposed to the solvent and the entrance
to the ligand binding cavity seems to be closed by side chains
from residues Tyr42 of the AB loop, Tyr59 at the C-terminal end

of �C, and Phe92 of the EF loop of Bla g 4. Residues lying within
a close contact with the docked JH III molecule are mainly
hydrophobic. The hydrophobic center of the JH III molecule is
surrounded in a pocket formed by residues Leu39 (AB loop),
Trp45 (�B), Phe92 (EF loop), and Tyr122 (�H). The terminal
COOCH3 group and epoxy group of JH III may also form
hydrogen bonds with polar residues in the vicinity (Fig. 5E).
When docked onto Per a 4, JH III adopted an orientation

opposite to that of JH III in Bla g 4 (Fig. 5D). In addition, the
ligand molecule is exposed and not blocked by residues at the
entrance of the protein molecule, likely due to the much wider
opening of the �-barrel in Per a 4. The hydrophobic center of
the JH III molecule lies on a hydrophobic pocket with residues
Tyr46 (�B), Val56 (�C), and Phe83 (�E) at the bottom, and resi-
dues Tyr97 (�F) and Val110 (�G) at the side. The terminal
COOCH3 and epoxy group of JH III may also form hydrogen
bonds with surrounding polar residues (Fig. 5F). Among resi-
dues that are in close contact with JH III in Per a 4, residues
Val56, Phe83, Tyr97, and Val110 are also in close contact with the
co-crystallized PEG molecule in Per a 4.
IgE Binding Epitopes of Bla g 4 and Per a 4—Previously, var-

ious IgE binding epitopes of lipocalin allergens have been
reported by several other groups. Using ELISA and various syn-
thetic peptides, the IgE epitope of �-lactoglobulin was defined
by monoclonal antibody binding and was located at residues
94–103 (VLDTDYKKYL). It contains the conserved DTDY
motif that is also found in human retinol-binding protein (34).
Based on these findings, we have selected charged residues in
the corresponding regions on Bla g 4 (residues 98–107, VLAT-
DYENYA) and Per a 4 (residues 99–108, MVGTDYQTYS) for
site-directed mutagenesis study. Equ c 1 is another lipocalin
allergenwhose IgE binding epitopes have beenmapped. The L2
loop (LDNSS) and part of the adjacent �-sheet including the
start of �A (RNFDISKISG) and the end of �D (DKTEEDG)
were identified to be the most promising IgE binding epitopes
(10). Based on this information, we have targeted charged res-
idues within the corresponding regions on Bla g 4 including the
BC loop (residues 51–54, YDDA), the start of �A (residues
18–27, PNLDYERFRG), and the end of �D (residues 75–81,
KFEGNKF) for site-directed mutagenesis to determine IgE
binding epitopes. Similarly, we have also carried out site-di-
rectedmutagenesis studies onPer a 4,with targets including the
BC loop (residues 48–53, LDENGV), the start of �A (residues
13–21, TGLDMTKYV), and the end of �D (residues 77–84,
SWTEDTFD).
IgE binding activities of differentmutants of Bla g 4 and Per a

4were determined by immuno dot-blot screeningwith up to 32
different sera from patients with allergic diseases. Screening
results suggest that selected residues may not be essential IgE
binding epitopes for Bla g 4. Only 2 out 24 sera (8%) showed a
significant drop in IgE binding to below 80% in mutants R24A,
R26A, and K75A as compared with the wild type protein (Fig.
6A). All these residues are positively charged and located at the
bottom of the �-barrel. Arg24 and Arg26 are located at the short
helical region preceding the�A, and Lys75 is located on�D (Fig.
6E). ELISA results confirmed that mutations at residues Arg24,
Arg26, or Lys75 did not cause significant reduction in IgE bind-
ing for serum from a selected patient, indicating that these res-

FIGURE 4. The dimeric interface of Per a 4. A and B show the ribbon repre-
sentation of the Per a 4 dimer in two different orientations. Two monomers
are colored in blue and green with side chains of residues involved in the
dimeric interface labeled and shown as ball and stick models. The bound PEG
ligands are shown in ball and stick models and CPK colored. Graphic images
were produced using the UCSF Chimera package (50). C, gel filtration (Super-
dex 75) elution profiles of Bla g 4 expressed using BL21(DE3) (E) and Origami
B (�) cells; and Per a 4 expressed using BL21(DE3) (F) and Origami B (f) cells.
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iduesmay not bemajor epitopes of Bla g 4 (Fig. 6C). In contrast,
results obtained for mutants of Per a 4 are very different.
Immuno dot-blot screening showed that 50% of the sera tested
had significant drops in IgE binding (�80% comparedwithwild
type) for mutations at each of residues Asp16, Asp49, Glu80, or

Gln105. Results are consistent
among these atopic individuals. All
4 mutants showed significant drop
in IgE binding, indicating that all 4
residues are important for IgE bind-
ing. ResidueAsp84 is less essential as
only around 30% of the sera tested
showed significant drops in IgE
binding (Fig. 6B). ELISA results also
confirmed these findings and sug-
gested that Asp16, Asp49, Glu80, and
Gln105 are four essential residues for
IgE binding in Per a 4 (Fig. 6D). The
mutation at Asp84 did not cause any
significant drop in IgE binding for
this particular serum, consistent
with results from some individuals
in immuno dot-blot screening (Fig.
6B). These four residues are nega-
tively charged residues and located
on loop regions (Asp16 on the loop
region preceding �A; Asp49 on the
BC loop; Glu80 on the DE loop; and
Gln105 on the FG loop) at the bot-
tom of the �-barrel (Fig. 6F).
Cross-reactivity of Bla g 4 and Per

a 4—To determine the IgE cross-re-
activity of Bla g 4 and Per a 4, we
have performed an extensive
immuno dot-blot assay using 700
sera from atopic individuals. Fig. 7A
shows that there is a very high cor-
relation in IgE binding activities of
patient sera to Bla g 4 and Per a 4.
This result can arise from either (a)
the patient being co-sensitized to
both Bla g 4 and Per a 4, and that
there are two different types of IgE
binding to specific epitopes of these
two proteins or, (b) the same IgE can
bind to similar epitopes that are
found in both Bla g 4 and Per a 4. To
distinguish these situations, the
cross-inhibition of IgE binding by
Bla g 4 and Per a 4 on each other was
investigated. Competitive ELISA
assays indeed showed that Bla g 4
and Per a 4 shared similar epitopes
and that Per a 4 could inhibit IgE
binding to Bla g 4 as strongly as the
self-antigen (Fig. 7B). In contrast,
Bla g 4 can only inhibit up to 60% of
IgE binding in Per a 4, even at the

highest protein concentration tested (Fig. 7C).We propose that
there is a unique IgE epitope in Per a 4, whereas most IgE
epitopes found in Bla g 4 are also present in Per a 4, at least for
the population in Singapore where the American cockroach (P.
americana) predominates over the German cockroach (B. ger-

FIGURE 5. Putative ligand binding cavities and residues of Bla g 4 and Per a 4. A, chemical structure of
Juvenile hormone III (JH III). B, crystal structure of Per a 4 in complex with PEG. C and D, docked models of JH III
on Bla g 4 and Per a 4, respectively. Backbones of proteins are shown as ribbon representations and colored in
blue. Surfaces are colored in magenta and shown with a transparency of 50%. Docked JH III and bound PEG are
shown as ball and stick models and CPK colored. E and F, ribbon representations of close-ups of ligand binding
cavities of Bla g 4 and Per a 4, respectively. Side chains of residues that are in the vicinity of the docked ligand
are labeled, CPK colored, and shown as stick models. Docked JH III molecules are CPK colored and shown as ball
and stick models. Graphic images were produced using the UCSF Chimera package (50).
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manica). This finding agrees with our results that the unique
IgE epitope mapped in Per a 4 is not the major epitope for Bla g
4. The IgE binding epitopes common to both Bla g 4 and Per a 4
remain to be determined.

DISCUSSION

Here, we have described the crystal structures of two major
cockroach allergens, Bla g 4 and Per a 4, which assumed a basic
lipocalin fold with an eight-stranded anti-parallel �-barrel and
a C-terminal �-helix packed against the barrel. The most dis-
tinct structural feature is the two long-range disulfide bonds, in
contrast to a single disulfide bond found in other known lipoca-

lin allergens. The presence of disul-
fide bonds could be essential for IgE
binding by maintaining stability of
the allergen, especially for confor-
mational epitopes. The allergenicity
of a lipocalin allergen, Bos d 2, was
shown to be diminished after substi-
tuting or deleting the four most
C-terminal amino acids including
the cysteine that forms a disulfide
bond (35). Superposition of differ-
ent lipocalin structures showed that
they are different mainly at the loop
regions surrounding the entrance to
the ligand binding cavity. This may
be related to highly varied ligand
specificities in different lipocalins
(36).
Comparison with other known

dimeric lipocalins showed that Per a
4 could be yet another novel dimeric
lipocalin. So far, there is no consist-
ent pattern of dimerization among
different lipocalins. The Equ c 1
dimer is formed by side-to-side
packing of the�-barrels through the
interaction of strands �F, �G, and
�H from each monomer, with the
two �-helices on the same side of
the dimer and running anti-parallel
to each other (10). Sides of�-barrels
of MUP1 pack against each other
through �B, �C, �D, and two Cd2�

ions. Entrances to the ligand bind-
ing cavity open up to the same side
of the dimer. �-Helices run anti-
parallel to each other and are
located on two ends of the dimer
(12). On the other hand, dimeriza-
tion of the bovine odorant-binding
protein involves swapping of �-hel-
ices between the 2 monomers (37,
38). How the dimerization is related
to the physiological function of
lipocalin remains unknown to date.
However, the dimerization of the

lipocalin allergen, �-lactoglobulin, has been proposed to
increase the efficiency of cross-linking of two IgE-Fc�RI recep-
tor complexes and thus the potency of the protein to operate as
an allergen (39). Moreover, a recent study on an aspartic pro-
tease-like cockroach allergen Bla g 2 also suggested a functional
role of dimerization in allergenicity, asmutant proteins that did
not dimerize induced less �-hexosaminidase release frommast
cells (40).
The physiological function of an allergenmay not be directly

related to its allergenicity. Bla g 2 is an inactive aspartic protease
but it is the most potent cockroach allergen (41). The ligand
binding cavity of lipocalin is buried at the center of the protein

FIGURE 6. Mapping of IgE binding epitopes on Bla g 4 and Per a 4. Immuno dot-blot screening of A, Bla g 4;
and B, Per a 4 mutants with sera from atopic patients. Data from the same serum are linked by straight lines.
Numbers of sera used for screening Bla g 4 and Per a 4 were 24 and 32, respectively. C and D, IgE binding ELISA
experiments using mutants from Bla g 4 and Per a 4, respectively, and serum from a single patient. E and F,
locations of identified IgE binding epitope residues on Bla g 4 and Per a 4, respectively, based on immuno
dot-blot screening. Side chains of the epitope residues are shown in ball and stick model and CPK colored.
Graphic images were produced using the UCSF Chimera package (50).
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and the chance of correlation between ligand binding and aller-
genicity of the protein is unlikely. JH III is a putative ligand for
both Bla g 4 and Per a 4 but in a docking experiment it adopted
different bound conformations in these two proteins. The loca-
tions and identities of JH III binding residues of these two pro-
teins are very different from each other. Among all the identi-
fied ligand binding residues, only Tyr96 of Bla g 4 is conserved
with Tyr97 of Per a 4. The locations of ligand binding residues
have also been demonstrated in other lipocalin proteins such as
�-lactoglobulin or Bos d 5 (42), human apolipoprotein D or
apolipoprotein D (36), retinol-binding protein (43), human
complement protein C8� (44), and lipocalin-type prostag-
landin D synthase or lipocalin-type prostaglandin D synthase
(45). However, highly conserved ligand binding residues are
lacking among various lipocalins based on structure alignment
and this agrees with diverse ligand-binding activities of lipoca-
lins (46). The absolutely conserved Trp residue of the GXW
sequence on strand �A is reported to be involved in ligand
binding in four of the five proteins listed above, except the ret-
inol-binding protein. This absolutely conserved Trp residue
(Trp29 in Bla g 4 andTrp24 in Per a 4), however, are not involved
in direct contact with the ligand JH III in the model complexes
with both Bla g 4 and Per a 4.
The group 1 cockroach allergens, Bla g 1 and Per a 1, are

found to be cross-reactive with each other (47). This is not
surprising as the two allergens are highly similar to each other
and with a sequence identity of 70%. Surprisingly, Bla g 4 is
found to be cross-reactive to Per a 4 even though the sequence
identify between the two allergens is only 21%. The cross-reac-
tivity is likely due to similar structural features rather than spe-
cific amino acid sequences. We have identified a major epitope
on Per a 4 at the loops on the bottom of the �-barrel. However,
the common epitope shared by Bla g 4 and Per a 4 remains to be
elucidated. Recent complex structure between a recombinant
IgE Fab fragment and �-lactoglobulin showed that the IgE
epitopes are located on the flat �-sheet region of �-lactoglobu-
lin and is formed mainly by the first four �-strands (39). Site-
directed mutagenesis on corresponding regions of Bla g 4 and
Per a 4 may help to determine the shared IgE epitopes of these
two allergens.
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10. Lascombe, M.-B., Grégoire, C., Poncet, P., Tavares, G. A., Rosinski-

Chupin, I., Rabillon, J., Goubran-Botros, H., Mazié, J.-C., David, B., and
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31. Pomés, A.,Wünschmann, S., Hindley, J., Vailes, L.D., andChapman,M.D.

(2007) Protein Pept. Lett. 14, 960–969
32. Flower, D. R. (1994) FEBS Lett. 354, 7–11
33. Fan, Y., Gore, J. C., Redding, K. O., Vailes, L. D., Chapman, M. D., and

Schal, C. (2005) Insect Mol. Biol. 14, 45–53
34. Reddy, B. M., Karande, A. A., and Adiga, P. R. (1992) Mol. Immunol. 29,

511–516
35. Kauppinen, J., Zeiler, T., Rautiainen, J., Rytkönen-Nissinen,M., Taivainen,

A., Mäntyjärvi, R., and Virtanen, T. (1999) Clin. Exp. Allergy 29, 989–996
36. Eichinger, A., Nasreen, A., Kim, H. J., and Skerra, A. (2007) J. Biol. Chem.

282, 31068–31075
37. Bianchet, M. A., Bains, G., Pelosi, P., Pevsner, J., Snyder, S. H., Monaco,

H. L., and Amzel, L. M. (1996) Nat. Struct. Biol. 3, 934–939
38. Tegoni, M., Ramoni, R., Bignetti, E., Spinelli, S., and Cambillau, C. (1996)

Nat. Struct. Biol. 3, 863–867
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