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Background: Blo t 21 is a paralogue of the group 5 allergen with comparable allergenicity.
Results: Blo t 21 has an additional conformational IgE epitope and only a low to moderate cross-reactivity with Blo t 5.
Conclusion: Blo t 21 represents a novel group of major allergen in the dust mite Blomia tropicalis.
Significance: The structure and IgE epitopes of Blo t 21 allow design of hypoallergen for immunotherapy.

Blo t 21 is a paralogue of the group 5 allergen, Blo t 5, a major
allergen from the dust mite Blomia tropicalis. Blo t 21 hasmod-
erate sequence identity (40.7%) to Blo t 5 and low to moderate
cross-reactivity to Blo t 5. In B. tropicalis, the most prevalent
and allergenic allergens are in the order of Blo t 21, Blo t 5, and
Blo t 7. Here, we determined the NMR solution structure of Blo
t 21, which represents the first structure of the group 21 dust
mite allergen. The structure of Blo t 21 closely resembles the
structures of Blo t 5 and Der p 5, comprising three anti-parallel
�-helices arranged in a helical bundle. Using site-directed
mutagenesis and specific IgE binding ELISA, Blo t 21 was found
to contain both conserved and unique charged IgE epitope res-
idues at the L2 loop region and on helix �3. Cross-inhibition
assays confirmed that Blo t 21 has a low tomoderate cross-reac-
tivity with Blo t 5 and Der p 5 and represents a novel group of
major allergen in B. tropicalis. In addition to group 5 allergens,
Blo t 21has also a low tomoderate cross-reactivitywith group21
allergens from Dermatophagoides mites, confirming that
B. tropicalis is amajor anddistinct source of dustmite allergens.

House dust mites are recognized as one of the major sources
of allergen in house dust, causing allergic asthma worldwide.
Approximately 10–30% of the general population and 90% of
individualswith allergic asthmahave house dustmite allergy. In
tropical regions, sensitization to the dustmiteBlomia tropicalis
is highly prevalent in terms of occurrence when compared with
Dermatophagoides mites and is strongly associated with aller-
gic diseases (1, 2). Among the seven allergens isolated from
B. tropicalis, the group 5 allergen, Blo t 5, was shown to be the
most important allergenic component, with 43% of patients
showing a positive reaction (3, 4). Recently, the group 21 aller-

gen was identified in B. tropicalis (Blo t 21) (5), Dermatopha-
goides pteronyssinus (Der p 21) (6), andDermatophagoides fari-
nae (Der f 21) (GenBank code EF027123).2 Blo t 21 shares a low
to moderate sequence identity with Blo t 5 (40.7%), Der p 5
(28.3%), Der p 21 (38.1%), and Der f 21 (38.9%) and is a paral-
ogue of the group 5dustmite allergen (5). Blo t 21 is able to elicit
a positive allergic response in 57.9% (286 of 494) of atopic
patients attending outpatient allergy clinics over 1.5 years (5).
Following this, the patterns of mite component-specific IgE
were investigated in a total of 253 atopic children (7). The
results revealed that the most common mite allergens recog-
nized were Der p 2 (71%), Der p 1 (64%), Blo t 21 (56%), Blo t 5
(45%), and Blo t 7 (44%) (7). Quantitatively, Blo t 21, Blo t 5, and
Blo t 7 represented, on average, 36.2, 21.0, and 18.1% of the total
specific IgE against B. tropicalis allergens, respectively (7).
These results suggest that Blo t 21 is a group of major allergens
that is equally or even more important than Blo t 5 in B. tropi-
calis. In contrast, Der p 1 and 2 represented�46 and 29% of the
total specific IgE against D. pteronyssinus allergens, respec-
tively. IgE binding tomid-range allergens, such as Der p 21, Der
p 7, and Der p 5, generally occurs only in individuals with high
titer specific IgE to D. pteronyssinus (7).
The NMR structure of Blo t 5 was determined as a helical

bundle consisting of three anti-parallel �-helices (8, 9). A linear
epitope comprising four charged residues surrounding the turn
region connecting �2 and �3 has been identified to be involved
in IgE binding (8). Subsequently, the crystal structure of the
homologous group 5 allergen, Der p 5, was determined (10).
The exact IgE-binding epitopes on Der p 5, however, were not
reported. Furthermore, neither the NMR nor crystal structure
of the group 21 allergen is currently available. Based on the
protein sequence alignment between Blo t 21 and Blo t 5, all the
putative IgE epitopes identified in Blo t 5 are also present in Blo
t 21. However, even though the majority (�75%) of the sensi-
tized individuals showed co-sensitization to bothBlo t 5 andBlo
t 21, these two allergens demonstrated only a low to moderate
degree of cross-reactivity (5). A low cross-reactivity between
Der p 21 and the group 5 allergens was also observed through
IgE and IgG reactivity data and cross-inhibition studies (6).
These findings suggest that Blo t 21 represents a novel group of
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allergens in B. tropicalis and may contain unique IgE epitopes
not present in Blo t 5. In addition, it has long been known that
the same group of allergens from B. tropicalis and D. pteronys-
sinus usually displays only a low to moderate degree of cross-
reactivity (11). For instance, Blo t 5 exhibits low levels of IgE
cross-reactivity with the homologous Der p 5 allergen (12, 13),
and there is a lack of human IgE cross-reactivity between Blo t 1
and Der p 1 (14). It would be of interest to determine the cross-
reactivity between Blo t 21 and the homologous group 21 aller-
gen from D. pteronyssinus or D. farinae.

In this study,wehavedetermined theNMRstructure ofBlo t 21
andmapped its IgE-binding epitopes almost to the same region as
Blo t 5, but with an additional conformational epitope. The cross-
reactivity of Blo t 21withBlo t 5,Der p 5, andDer f 21was low; this
suggests thatBlo t21 represents anovel groupofmajorallergens in
B. tropicalis and shouldbe included in furtherdiagnostic and ther-
apeutic studies of B. tropicalis-based allergies.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Blo t 21—Mod-
ified cDNA of Blo t 21 was subcloned into pET-M vector (mod-
ified from pET-32a; Merck) for expression of protein for NMR
experiments and pGEX-4T-1 vector (GE Healthcare) for
expression of proteins for ELISA experiments. The expression
vectors with Blo t 21 insert were subsequently transformed into
Escherichia coli BL21 cells for expression. Overnight bacterial
cultures were grown at 37 °C in 2 liters of LB broth culture
medium until A600 reached 0.6. Protein expression was then
inducedwith 0.3mMof isopropyl-�-D-thiogalactopyranoside at
20 °C overnight. The cell suspension was harvested and resus-
pended in nickel binding buffer (20 mM Tris-HCl, pH 7.9, 0.5 M

NaCl, and 5mM imidazole). Sonication was used to lyse the cell
suspension, and the lysate was later purified by using nickel-
nitrilotriacetic acid affinity column (Qiagen). The N-terminal
His tag was cleaved from the purified protein using thrombin (3
unit/mg of protein). Untagged Blo t 21 was further purified
using a HiLoad 16/60 Superdex 75-pg gel filtration column (GE
Healthcare). Purified Blo t 21 was dialyzed against 50mM phos-
phate buffer at pH 7.0 and concentrated to �0.8 mM. 15N- and
13C-labeled proteinwas obtained by growing the bacteria inM9
minimalmedium; 15N ammonium chloride was used as a nitro-
gen source, and 13C glucose was used as the sole carbon source.
CD Spectropolarimetry—CD experiments were conducted

with 15 �M of protein in 50 mM phosphate buffer at room tem-
perature. CD spectra were acquired with a Jasco J-810 spectro-
polarimeter using a Hellma quartz cuvette with a 0.1-cm path
length. The spectra were recorded at a wavelength range of
190–260 nm with 0.1 nm resolution using a scan speed of 50
nm/min and averaged for eight scans. Each spectrum was cor-
rected by subtracting buffer signal and normalized tomdeg� 0
at wavelength 260 nm. For thermal denaturation, far UV CD
signal at 222 nmwas followed with a temperature slope of 1 °C/
min and a resolution of 0.1 °C over the temperature range from
25 to 80 °C in PBS.
NMR Experiments—All NMR experiments were carried out

in Bruker 800 NMR spectrometer equipped with a cryo-probe.
The data were processed using NMRPipe (15) and analyzed
with NMRDraw and Sparky software (16). The experiments

were performed at 298 K using 0.8 mM protein solution in 50
mM phosphate buffer at pH 7.0. Amide proton and 15N chemi-
cal shifts were obtained using 1H-15N heteronuclear single
quantum coherence. Backbone and side chain 13C chemical
shift assignments were carried out using standard triple reso-
nance techniques: HNCACB (17), CBCA(CO)NH (18), and
(H)CC(CO)NH (19) experiments. Side chain proton chemical
shifts were obtained with H(CCO)NH (19) and HCCH-
TOCSY3 (20). Aromatic side chain residue assignment was car-
ried out using two-dimensional TOCSY, two-dimensional
NOESY, and double quantum filtered COSY. Proton distance
constraints were obtained from three-dimensional 15N-edited
NOESY and 13C-edited NOESY experiments with a 100 ms
mixing time. HNCACB, CBCA(CO)NH, (H)CC(CO)NH,
H(CCO)NH, and 15N-editedNOESY experiments were carried
out using buffers containing 5% D2O; HCCH-TOCSY, two-di-
mensional TOCSY, two-dimensional NOESY, double quantum
filtered COSY, and 13C NOESY were carried out using buffers
in 100% D2O.
Structural Calculations—NOE distance constraints were

derived from three-dimensional 15N-edited NOESY and 13C-
edited NOESY experiments. Secondary structure calculations
were performed using the chemical shift index of C� and
C�-13C chemical shift data (21). Torsion angle constraints were
derived from the TALOS (Torsion Angle Likelihood Obtained
fromShifts and sequence similarity) program (22). NOE assign-
ments and structure calculations were performed using CNS
software (23). The ensemble of structures was subsequently
refined using RECOORD standard protocol by CNS in a
hydrated environment (24, 25). Twenty of the lowest energy
structures of 100 calculated structures were used for analysis.
PROCHECKNMR (26) andWHATCHECK (27) softwarewere
used to validate the final structure.
Side-directed Mutagenesis—The cDNA of Blo t 21 was sub-

cloned into PGEX-4T-1 expression vector and transformed
into E. coliDH5� cells. Eighteen pairs of oligonucleotide prim-
ers (1st Base, Singapore) containing mismatch were designed
specifically to create single point mutations using PCR-based
site-directed mutagenesis. Using the modified SDM kit
method, only a single round of PCR using high fidelity PfuDNA
polymerase (Promega) was required. The elongation tempera-
ture was extended to 6 min for the amplification of the whole
plasmid using the mismatched primers. After 15 cycles, the
PCR products were purified using spin column (Qiagen). The
methylated, wild-type plasmid in the purified PCR product was
digested with DpnI fast digest restriction enzyme (Fermentas).
The digested mixture was further purified with the same pro-
cedure, prior to the addition ofT4DNA ligase (Fermentas). The
mutated plasmids were transformed into E. coli BL21 (DE3)
cells and plated on LB broth agar with ampicillin (100 �g/ml)
for at least 16 h at 37 °C. Several colonies were selected for
sequencing to confirm the mutations. Multiple mutants were
generated using the mutated plasmids as template.
Specific IgE Binding ELISA Experiment—All of the ELISA

experimentswere conducted usingGST-tagged fusion proteins

3 The abbreviations used are: TOCSY, total correlation spectroscopy; PBS-T,
1 � phosphate buffered saline with 0.05% Tween-20.
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for enhanced binding on ELISA plates. All of the patient sera
were preadsorbedwith 5mg/ml of GST protein before use. The
sera used in this study were prescreened for IgE responses to
Blo t 21 in our previous study (7). Wild-type Blo t 21, GST, and
mutant proteinswere diluted in PBS to 20�g/ml.Wild-typeBlo
t 21, GST, or mutants at a concentration of 1 �g/ml was coated
onto Maxisorp plates (Nunc) and incubated overnight at 4 °C.
The plates were blocked, washed, and incubated with 50 �l of
diluted sera from patients at room temperature for 3.5 h. After
washing, biotin-conjugated anti-human IgE monoclonal anti-
body (BD-Pharmingen), diluted 1:250 in PBS-T (1� phos-
phate-buffered saline with 0.05% Tween 20) 0.05%, was coated
into the wells. After 2 h, avidin-conjugated HRP (BD-Pharmin-
gen), diluted 1:1000 in PBS-T 0.05%, was added and incubated
for 30 min. The plates were washed thoroughly with PBS-T
0.05% before the addition of 3,3�,5,5�-tetramethylbenzidine
substrate. The reaction was detected through absorbance
measurements at 655 nmusing anELISAplate reader. Readings
obtained from aGST sample were used as a negative control for
a base line of IgE binding. All of the experiments were carried
out in duplicate, and the results were reported as mean values
with standard deviations.
End Point Inhibition and Cross-inhibition Assay—For the

end point inhibition assay, 1 �g of GST-tagged protein in a
100 �l volume was coated onto aMaxisorp ELISA plate (Nunc)
overnight at 4 °C. The sera were preadsorbed with 5 mg/ml of
GST protein and 100 �g/ml of GST-tagged protein (inhibitor).
For the cross-inhibition assay, three different concentrations
(0.1, 1, and 100 �g/ml) of inhibitors were used. After overnight
incubation at 4 °C, plates were washed with PBS-T and blocked
with 4% skim milk in PBS with 0.1% Tween 20 for 30 min at
room temperature. The plates were washed again with PBS-T
and incubated with sera preadsorbed with inhibitor for 2.5 h at
room temperature. Subsequent antibody incubation and color-

imetric development were performed as described in specific
IgE binding ELISA experiment. The results are presented as the
mean values fromduplicateswith standard deviations. The per-
centage of inhibition was calculated using the following
formula.

� A655 without inhibitor � A655 with inhibitor�

�A655 without inhibitor � A655 blank control�
(Eq. 1)

Protein Data Bank and Biological Magnetic Resonance Bank
Deposition—TheNMR structure of Blo t 21 has been deposited
at the Protein Data Bank with accession code of 2LM9. The
NMR chemical shift assignment of Blo t 21 has been deposited
at the Biological Magnetic Resonance Bank database with
accession code 18107.

RESULTS

NMR Solution Structure of Blo t 21—The cDNA of Blo t 21
was modified by removing the N-terminal 17 residues from
Leu-1 to Val-17 (Fig. 1). Based on the sequence alignment with
Blo t 5, this region is highly unstructured, and a significant
improvement in the 15N heteronuclear single quantum coher-
ence spectrumwas achieved by excluding it from the construct
of Blo t 21. For NMR sample preparation, Blo t 21 (from resi-
dues Asn-18 to Glu-113) was expressed at a high level in E. coli
BL21 (DE3) cells as a soluble His-tagged fusion protein at about
30 mg/liter in M9 minimal medium. The N-terminal His tag
was removed by thrombin digestion, and the protein was puri-
fied to homogeneity using gel filtration chromatography. The
purified proteinwas dialyzed against 50mMphosphate buffer at
pH 7.0 and remained soluble at a concentration of 0.8 mM at
25 °C without precipitation or degradation.
The structure of Blo t 21 was determined by employing the

angle and distance restraints derived from a series of heteronu-

FIGURE 1. Sequence alignment of Blo t 21 with group 21 and 5 allergens from other house dust mites (Der p 21, Der f 21, Blo t 5, Der p 5, and Der f 5)
and less common storage product mites (Ale o 5 from Aleuroglyphus ovatus and Lep d 5 from Lepidoglyphus destructor). Seventeen charged residues
(boxed) were chosen for site-directed mutagenesis. Between Blo t 21 and Blo t 5, 13 of the charged residues showed distinct properties, whereas four of the
charged residues (marked by asterisks) were previously identified as IgE epitopes in Blo t 5, corresponding to residues Glu-74, Asp-79, Glu-84, and Glu-89 in Blo
t 21. Mutation of the residues (gray shaded boxes) were found to cause a significant (�20%) drop in IgE binding in 6 of the 12 allergic patients. The signal peptide
regions predicted by SIG-Pred are underlined. The boundaries of the secondary structures from the NMR structure of Blo t 21 and Blo t 5 are shown above and
below the sequences, respectively. Note that the N-terminal 17 residues of Blo t 21 are highly unstructured and are not included in sample preparation and
structure determination.
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clear multidimensional NMR experiments, as described under
“Experimental Procedures.” Backbone amides of all but resi-
duesThr-21 andHis-27were assigned, and 97%of the nonlabile
and nonaromatic protons were assigned. A total of 1,729 NOE
restraints and 171 TALOS angle restraints were used to calcu-

late the three-dimensional structure using RECOORD by CNS
in a hydrated environment; more detailed statistics of the solu-
tion structure can be seen in Table 1. The final structure is
represented as a 20-conformer ensemble with a well ordered
backbone and all atoms with a root mean square of 0.87 	 0.16
and 1.73 	 0.12 Å, respectively (Fig. 2A). As shown in Fig. 2B,
Blo t 21 consists of three anti-parallel �-helices forming an
elongated helix bundle. The three �-helices, denoted �1, �2,
and �3, are formed by residues Thr-19 to Thr-44, Glu-49 to
Glu-74, and Leu-82 to Asp-111, respectively, separated by two
loops, L1 andL2. Similar tomost of the other inhalant allergens,
Blo t 21 contains a high percentage of basic (15.0%) and acidic
(20.4%) residues. This high percentage of charged residues is
also observed in Blo t 5 (15.4% basic and 22.2% acidic), Der p 5
(18.6% basic and 23.9% acidic), Der p 21 (19.0% basic and 22.3%
acidic), andDer f 21 (16.0% basic and 22.7% acidic). The surface
of the protein is highly charged, with an even distribution of
exposed basic and acidic residues (Fig. 2C).
Tomake comparisons between the structures of Blo t 21, Blo

t 5, and Der p 5, structure superposition was performed using
the TopMatch (28, 29) web service. Blo t 21 superimposed with
Blo t 5 (30) with a root mean square deviation of 2.8 Å for C�
atoms of 89 structurally equivalent residues; the main differ-
ences were found at the N-terminal region of helix �1 (Fig. 2D).
ForDer p 5 (10), Blo t 21 superimposedwith a rootmean square
deviation of 2.4 Å for C� atoms of 91 structurally equivalent
residues; the main differences were also found at the extreme
N-terminal region of helix �1 (Fig. 2E). Overall, the structures
of Blo t 21, Blo t 5, and Der p 5 are highly similar, with small
discrepancies at the N-terminal helix.

FIGURE 2. The NMR solution structure of Blo t 21. A, an ensemble of 20 of the best structures of Blo t 21 solved by NMR. The N terminus and helices �1, �2,
and �3 are labeled in the diagram. B, a ribbon diagram of the lowest energy conformer of Blo t 21. C, two orientations of the surface diagram of Blo t 21 with
electrostatic potential as calculated by the program MOLMOL (32). D and E, superposition of Blo t 21 with Blo t 5 (D, Protein Data Bank code 2JMH) and Der p
5 (E, Protein Data Bank code 3MQ1) prepared using the TopMatch web service (28, 29). The query structure (Blo t 21) is colored blue, and the target sequences
(Blo t 5 or Der p 5) are colored green. Pairs of structurally equivalent residues are colored orange (Blo t 21) and red (Blo t 5 or Der p 5). The figures were generated
by the program PyMOL (33). N-term, N-terminal; C-term, C-terminal.

TABLE 1
Structural statistics for the NMR structure of Blo t 21

Data collection Statistics

Restraints used for calculation
Total NOE restrains 1729
Intraresidue 523
Sequential (�i � j� � 1) 454
Medium range (1 
 �i � j� 
 5) 416
Long range (�i � j� � 5) 216
Hydrogen bond restraints 120
Dihedral angle restraints (�, �) 171

Violations (means � S.D.)
Distance constraints (Å) 0.03 	 0.01
Dihedral angle constraints (°) 0.66 	 0.07

Deviations from idealized covalent geometry
Bond length (Å) 0.01 	 2.72e�4

Bond angles (°) 1.35 	 0.03
Impropers (°) 1.34 	 0.06

Average pairwise root mean square deviation
All backbone atoms (Å) 1.08 	 0.87
Well ordered backbone atoms (Å) 0.87 	 0.16
All heavy atoms (Å) 1.94 	 0.17
Well ordered heavy atoms (Å) 1.73 	 0.12

Ramachandran plot statistics
Most favored (%) 94.6 	 1.2
Additionally allowed (%) 4.2 	 1.2
Generously allowed (%) 0.6 	 0.8
Disallowed (%) 0.7 	 0.7

Energies
NOE (kcal/mol) 1.1 	 0.9
Dihedrals (kcal/mol) 9.3 	 2.0
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Site-directed Mutagenesis and IgE Epitope Mapping of Blo t
21—To identify novel IgE epitopes in Blo t 21, 13 charged res-
idues with distinct properties as compared with the residues in
Blo t 5were selected for site-directedmutagenesis using alanine
substitution (Fig. 1). In addition, the four previously identified
IgE epitope residues of Blo t 5 (corresponding to Glu-74, Asp-
79, Glu-84, andGlu-89 of Blo t 21) that are conserved in Blo t 21
were also targeted. Each of these Blo t 21 mutants were then
tested for their IgE binding capabilities. All of the ELISA exper-
iments were conducted using sera from 12 allergic patients,
labeled as P1–P12. Mutations were scored as significant if they
caused more than a 20% reduction in IgE binding as compared
with the wild-type Blo t 21. As shown in Fig. 3A, of the 17
residues mutated, five caused a significant reduction in IgE
binding in 50% or more of the patients’ sera. Mutation of resi-
dueGlu-89 to alanine (E89A) conferred themost significant IgE
reduction, as demonstrated in 11 of the 12 (91.7%) serum sam-
ples tested; this was followed by 8 of 12 (66.7%) for mutant
D79A, 7 of 12 (58.3%) formutantsD96A andK107A, and 6 of 12
(50%) for mutant E84A. Among these five residues, the corre-
sponding residues of Asp-79, Glu-84, andGlu-89 in Blo t 5were
also identified as three of the four essential IgE-binding
epitopes in Blo t 5 (Fig. 3A) (8). These data suggest that themain
IgE-binding epitope of Blo t 21 is located in similar region to
that observed in Blo t 5 and that these two allergens could share
at least some common IgE epitopes.
There are, however, some differences in the IgE epitope res-

idues observed between Blo t 5 and Blo t 21. In Blo t 5, alanine
substitution of the residue corresponding to Asp-79 demon-
strated themost drastic reduction in IgE binding (8), whereas in
Blo t 21, residueGlu-89 seemed to play amore important role in
IgE binding. We found that the four conserved residues, i.e.,
Glu-74, Asp-79, Glu-84, and Glu-89, in Blo t 21, and the corre-
sponding residues in Blo t 5 were oriented differently (Fig. 4, A
andB), suggesting that these residuesmay play different roles in
IgE binding in these proteins.
Asp-96 is a novel IgE-binding epitope residue, and it is

located in the vicinity of the previously identified IgE-binding
epitopes of Blo t 5 (Fig. 4A). In Blo t 5, the corresponding resi-
due of Asp-96 is replaced with an oppositely charged residue,
Lys-98 (Fig. 4B). Based on the structure of Blo t 21, Asp-96
could form a conformational IgE-binding epitope with Glu-
89; therefore, it was selected for preparation of mutants
together with other IgE-binding epitope residues of Blo t 21.
Mutation of Lys-107, on the other hand, caused a reduction
in IgE binding for a similar number of patient sera as Asp-96;
however, this residue is isolated and located further away
from the other IgE-binding epitopes of Blo t 21, so further
site-directed mutagenesis experiments were performed
without Lys-107.
ANovel Conformational Epitope in Blo t 21 That Is Absent in

Blo t 5—In Blo t 21, the four identified IgE epitope residues
(Asp-79, Glu-84, Glu-89, and Asp-96) and Glu-74 (one of the

FIGURE 3. Site-directed mutagenesis of Blo t 21 for determination of IgE-
binding epitopes. A, prevalence of IgE binding reduction as induced by sin-
gle site mutations on Blo t 21. The percentage of occurrence of significant
reduction (�20%) in IgE binding caused by each of the 17 mutations among
a total of 12 patients is determined. The five Blo t 21 mutants D79A, E84A,
E89A, D96A, and K107A that caused a significant reduction in IgE binding in
�50% of patients are highlighted in black. The Blo t 21 mutants that contain
a single mutation at the previously identified IgE-binding epitope residue of
Blo t 5 are marked with asterisks. B, percentage of IgE binding by wild-type
and mutant Blo t 21 using sera from individual patients. As compared with the
single mutants of Blo t 21, there was an overall further reduction of IgE bind-
ing with double mutants (2A, E74A/D79A; 2B, E74A/E84A; 2C, E74A/E89A; 2D,

D79A/E89A; and 2E, E89A/D96A), triple mutants (3A, E74A/D79A/E89A; and
3B, D79A/E89A/D96A), and the quadruple mutant (4A, E74A/D79A/E89A/
D96A). In all of the graphs, the averages of three independent experiments
with duplicates are plotted with their standard deviations.
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identified IgE epitope of Blo t 5) are arranged in two separate
patches, with Glu-74, Asp-79, and Glu-84 on one side and
Glu-89 and Asp-96 on the other side of the protein (Fig. 4A). In
Blo t 5, residues corresponding to Glu-74, Asp-79, Glu-84, and
Glu-89 of Blo t 21 were arranged as a linear epitope and in close
proximity to each other. Asp-96 is a unique IgE epitope in Blo t
21 that is replaced with Lys-98 in Blo t 5 (Fig. 4B). In Der p 5, a
hydrophobic Leu-73 residue corresponds with the Glu-74 in
Blo t 21 (Fig. 4C). To investigate the effect of these residues on
IgE binding, various double, triple, and quadruple point
mutants, encompassing these five charged residues, were gen-
erated in Blo t 21. Far UV CD spectra were acquired for each
mutant to ensure that the loss of IgE binding was due to the
removal of the IgE epitope rather than changes in the structure
of the protein. Only mutants that gave CD spectra closely

resembling that of the wild-type Blo t 21 will be included in the
IgE binding assay (supplemental Fig. S1). Five double mutants
(2A, E74A/D79A; 2B, E74A/E84A; 2C, E74A/E89A; 2D, D79A/
E89A; and 2E, E89A/D96A), two triple mutants (3A, E74A/
D79A/E89A; and 3B, D79A/E89A/D96A), and one quadruple
mutant (4A, E74A/D79A/E89A/D96A) were able to be used.
Thermal denaturation of the triple mutants 3A and 3B and the
quadruple mutant 4A showed that these mutants had similar
Tm as the wild-type Blo t 21 (supplemental Fig. S2). However,
the CD spectra of Blo t 21 mutants D79A/E84A, E74A/D79A/
E84A/D96A, and E74A/E84A/E89A/D96A were found to be
significantly different from that of the wild-type Blo t 21 and
were excluded from the IgE binding assay (supplemental Fig.
S1). In addition, other mutants including E84A/E89A, E74A/
D79A/E84A/E89A, and E74A/D79A/E84A/E89A/D96A were

FIGURE 4. Corresponding locations of the IgE-binding epitopes of Blo t 21 on the structures of Blo t 21, Blo t 5, and Der p 5. A, the mapped IgE-binding
epitope residues of Blo t 21 are showed as ball-and-stick models on the ribbon diagram of Blo t 21, in two different orientations. The surface diagram of Blo t
21 shows that residues Glu-74, Asp-79, and Glu-84 form a surface cluster on one side of Blo t 21, whereas residues Glu-89 and Asp-96 form another cluster on
the opposite side. B and C, the corresponding locations of the mapped IgE-binding epitope residues of Blo t 21 on the ribbon and surface diagrams of Blo t 5
and Der p 5, respectively. Positively charged, negatively charged, and hydrophobic residues are colored in blue, red, and yellow, respectively. Note that Asp-96
of Blo t 21 is replaced with Lys-98 in Blo t 5, whereas Glu-74 of Blo t 21 is replaced with Leu-73 in Der p 5. The figures were generated by the program Chimera
(34).
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found to be unstable during purification and were also not
included in the IgE binding assay (data not shown).
The suitable mutants of Blo t 21 were tested for their IgE

binding reactivity using sera from six patients with significantly
higher IgE titers. As shown in Fig. 3B, double mutants 2A, 2B,
and 2E showed a further reduction in IgE binding reactivity as
compared with those of the single mutants. In general, the
degree of reduction in IgE binding was higher for 2A as com-
pared with 2B and 2E. When compared with the double
mutants, further reductions in IgE binding were demonstrated
by both triplemutants, withmutant 3B showing a higher reduc-
tion than 3A; this suggests that Asp-96 ismore important in the
IgE-binding epitope than Glu-74 in Blo t 21. As expected, the
quadruple mutant, 4A, was able to even further reduce the IgE
binding as compared with the triple mutants (Fig. 3B). This
result indicates that residues Glu-74, Asp-79, Glu-89, and
Asp-96 account for most of the IgE binding in Blo t 21. The IgE
reactivity of mutant 4A ranged from 3.4 to 26.5% of the wild-
type Blo t 21, with an average of 17.8% for these six patients.We
expect that this reduction of IgE binding could be further
enhanced by including a Glu-84 mutation. However, it seems
that including this mutation renders the protein unstable, and
thus, data for the E74A/D79A/E84A/E89A/D96A mutant are
not available.
Low to Moderate Cross-reactivity between Blo t 21, Blo t 5,

andDer p 5—Toconfirm that Blo t 21 indeed represents a novel
group of dust mite allergens in B. tropicalis that is different
from the group 5 allergens, we investigated the cross-reactivity
of Blo t 21 with Blo t 5 and Der p 5 by cross-inhibition IgE
binding assay using sera from six allergic patients. Fig. 5 shows
that Blo t 21 inhibited, on average, 83.3% (range, 80.8–88.3%)
of IgE binding to itself but inhibited 42.3% (range, 14.3–74.7%)
of IgE binding to Blo t 5. In contrast, Blo t 5 inhibited an aver-
age of 80.1% (range, 70.2–89.2%) of IgE binding to itself,
whereas it could only inhibit 12.8% (range, 0.1–35%) of IgE
binding to Blo t 21. These results suggest that Blo t 21 can
moderately inhibit IgE binding toBlo t 5 but that Blo t 5 can only
inhibit IgE binding to Blo t 21 to a very low degree. Our results
are consistent with previous work showing that Blo t 21 and Blo
t 5 had only a low to moderate degree of cross-reactivity (5).
A similar trend of cross-reactivity was also observed between

Blo t 21 andDer p 5. Blo t 21 inhibited, on average, 40.4% (range,
0–68.7%) of IgE binding to Der p 5, but Der p 5 could only
weakly inhibit 25.7% (range, 11.4–33.5%) of IgE binding to Blo
t 21, even though it could inhibit an average of 65.2% (range,
38–83.5%) of IgE binding to itself (Fig. 5). These data suggest
that Blo t 21 has only a low to moderate degree of cross-reac-
tivity to Der p 5 and confirms that Blo t 21 represents a novel
group of allergens that is distinct from group 5 allergens from
both B. tropicalis (Blo t 5) and D. pteronyssinus (Der p 5).
Low to Moderate Cross-reactivity between Blo t 21 and Der f

21—Blo t 5 and Der p 5 are group 5 allergens from different
species of mites that have a relatively low sequence identity of
44.2%. Furthermore, they only cross-inhibit at a low or moder-
ate level, as determined by extensive in vitro and in vivo studies
(11–13, 31). Here, we confirm that Blo t 5 can inhibit moder-
ately, with an average of 66.7% (range, 42.6–87.2%) of IgE bind-
ing to Der p 5; by contrast, Der p 5 can only inhibit very weakly,

with an average of 10.6% (range, 1.5–29%) of IgE binding to Blo
t 5 (Fig. 5). These data agree with the low to moderate cross-
reactivity reported for these allergens. Because the sequence
identity between Blo t 21 and Der f 21 (sequence identity of
70.6% to Der p 21) is also relatively low at 38.1%, we sought to
investigate the degree of cross-reactivity for group 21 allergens
across different mite species.
Sera from five allergic patients were used for a cross-inhibi-

tion IgE binding assay between Blo t 21 and Der f 21. Based on
the data from an inhibitor concentration of 100 �g/ml, Blo t 21
could inhibit an average of 89.1% (range, 80.3–108%) of IgE
binding to itself, but it could only inhibit an average of 49.9%
(range, 10.7–92.3% for five patients) of IgE binding to Der f 21
(Fig. 6). On the other hand, Der f 21 could inhibit, on average,
87.1% (range, 68.8–105.2% for five patients) of IgE binding to
itself, whereas it only inhibited 36.0% (range, 24.2–47.6%) of
IgE binding to Blo t 21 (Fig. 6). In certain cases, e.g., in patients
P1 and P11, Blo t 21 could inhibit IgE binding to Der f 21 to a
similar degree as Der f 21 inhibiting IgE binding to itself. These
results suggest that, although both Blo t 21 and Der f 21 belong
to the group 21 allergen, they have only a low to moderate
degree of cross-reactivity because they are from different spe-
cies of dust mites.

DISCUSSION

Blo t 5 is a well characterized major allergen of B. tropicalis
(4), but because of gene duplication, a paralogue, Blo t 21, exists
(5). The occurrence of this paralogue in a group of allergens is
not common, and Blo t 21 is the first case to be reported.
Although both Blo t 5 and Blo t 21 are among the most aller-
genic groups of allergens in B. tropicalis (7), as yet, the exact
physiological function of these allergens is unknown. The mul-
timeric state ofDer p 5 in crystal contains a hydrophobic pocket
that may be involved in binding of ligand molecules (10);
whether binding of the ligandwill affect allergenicity remains to
be determined. More cases are needed to assess whether there
is a relationship between the allergenicity of a protein and the
chance occurrence of a paralogue.
Here, we report the first structure of a group 21 allergen from

dust mite. The three-dimensional NMR structure of Blo t 21
shows that it consists of three anti-parallel �-helices assembled
in a helical bundle resembling that of Blo t 5 (8, 30) and Der p 5
(10). Like many other allergens, both group 5 and 21 allergens
have a high percentage of charged residues. The sequence iden-
tities of Blo t 21 to group 5 allergens, such as Blo t 5 (40.7%) and
Der p 5 (44.4%), are low, suggesting that itmay represent a novel
group of allergens with disparate IgE epitope(s) compared with
group 5 allergens. It was previously reported that Blo t 5 andBlo
t 21 have only a low to moderate degree of cross-reactivity (5).
The sequence identity of Blo t 21 to other identified group 21
allergens, such as Der p 21 (38.1%) and Der f 21 (38.9%) from
Dermatophagoides mite, is also low. However, the sequence
identity between Der p 21 and Der f 21 is very high (70.6%),
suggesting that B. tropicalis and Dermatophagoides mites rep-
resent different major sources of dust mite allergens (4).
Despite the similar overall folding of Blo t 21 and Blo t 5, a

closer examination of their structures shows dissimilar local
arrangements of charged residues at the L2 loop region and on
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helix �3. The four identified, putative IgE epitope residues of
Blo t 5, i.e., Glu-76, Asp-81, Glu-86, and Glu-91, are also con-
served in Blo t 21, corresponding to residues Glu-74, Asp-79,
Glu-84, and Glu-89. These four residues are arranged in a con-
tinuous stretch in Blo t 5, forming a linear IgE-binding epitope
at this loop region. However, in Blo t 21, residues Glu-74, Asp-
79, and Glu-84 form a cluster on one side of the protein,
whereas residue Glu-89 is separated from these residues and
forms a new epitope with Asp-96 on the opposite side of the
protein. This arrangement may allow binding of two IgE anti-

bodies for cross-linking of the IgE receptors, Fc�RI. In Blo t 5,
residue Asp-96 of Blo t 21 is replaced with a residue of the
opposite charge, Lys-98, although in Der p 5, residue Glu-74 of
Blo t 21 is replaced with a hydrophobic residue, Leu-73. Blo t 21
andBlo t 5 seem to have conserved aswell as unique IgE epitope
residues located at the L2 loop region andhelix�3. These subtle
differences in composition and the distribution of charges in
this discrete regionmay determine the specificity of IgE binding
and may account for the difference in the IgE binding specific-
ities of Blo t 21, Blo t 5, andDer p 5. InDer f 21, all five of the IgE

FIGURE 5. Cross-inhibition of IgE binding among Blo t 21, Blo t 5, and Der p 5. End point cross-inhibition experiments of IgE binding were conducted using
sera from six patients preadsorbed with 100 �g/ml of inhibitor protein. The bars represent percentages of inhibition of IgE binding. Black, gray, and white bars
indicate the serum preadsorbed with GST-tagged Blo t 21, Blo t 5, and Der p 5, respectively. Specific IgE binding experiments were performed with plates
coated with Blo t 21, Blo t 5, or Der p 5 using the sera preadsorbed with different inhibitor proteins. The averages of two independent experiments with
duplicates were plotted with their standard deviations.
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epitope residues of Blo t 21 are conserved, with the exception of
residue Asp-96 of Blo t 21, which is replaced with residue
Glu-99 inDer f 21.We speculate that the discrepancy in the IgE

binding specificities of Blo t 21 and Der f 21 may be due to
differences in other residues adjacent to the charged residues in
this region. We also cannot rule out the possibility of other
potential IgE binding sites at other regions of the protein. A
detailed structure and IgE epitope mapping of Der f 21 will be
required to explain the variances in IgE binding between Blo t
21 and Der f 21.
Mutation of residue Lys-107 of Blo t 21 causes a significant

drop in IgE binding in more than 50% of patients. Residue Lys-
107 is well isolated from the charged residues at the L2 loop
region but lies very close to the region previously described as
the IgE epitope of Blo t 5 that was based on inhibition of IgE
binding using a monoclonal antibody targeting the L1 loop
region (30). IgE epitopes that are further apart may also allow
easier cross-linking of Fc�RI. Therefore, it would be reasonable
to suggest that Lys-107 and the residues around Lys-107 may
represent a common IgE-binding epitope between Blo t 21 and
Blo t 5. However, because Lys-107 is replaced with residue Gln-
109 in Blo t 5, this may in fact represent a unique IgE epitope in
Blo t 21. Cross-inhibition experiments between Blo t 5 and the
K107A mutant of Blo t 21 will be needed to answer this. The
combination of K107Amutationwith the 4Amutant of Blo t 21
may further reduce IgE binding and constitute a better hypoal-
lergen for immunotherapy, provided that the mutant is stable
for expression and purification.
In this study, we showed that Blo t 21 has only a low to mod-

erate cross-reactivity with Blo t 5 and could therefore represent
a novel group of major allergens in B. tropicalis. Another study
on the characterization of Der p 21 also showed that it lacks IgE
cross-reactivity with Der p 5 and represents a new allergen in
D. pteronyssinus (6). Both studies suggest that group 21 is a
novel group of allergens with only moderate sequence identity
to group 5 allergens, even though the overall structures are
highly similar. Other than the low to moderate cross-reactivity
between group 5 and group 21 allergens, the cross-reactivity of
the same group 21 allergens from B. tropicalis and Der-
matophagoidesmites that have moderate sequence identities is
also low to moderate, e.g., sequence identities between Blo t 21
and Der f 21. This low to moderate cross-reactivity among the
same group of allergens with moderate sequence identities
fromB. tropicalis andDermatophagoidesmites is also observed
between Blo t 5 and Der p 5 (12), between Blo t 1 and Der p 1
(14), andbetweenBlo t 10 andDerp10 (11).The results presented
in this study are in agreementwith the notion thatB. tropicalis is a
major source of dust mite allergens in the tropics and subtropics
that is distinct fromDermatophagoidesmites (4).
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