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Nuclear Magnetic Resonance Structure-Based Epitope
Mapping and Modulation of Dust Mite Group 13 Allergen as
a Hypoallergen'

Siew Leong Chan, Seow Theng Ong,”> Su Yin Ong, Fook Tim Chew, and Yu Keung Mok?

IgE-mediated allergic response involves cross-linking of IgE bound on mast cells by specific surface epitopes of allergens. Struc-
tural studies on IgE epitopes of allergens are essential in understanding the characteristics of an allergen and for development of
specific allergen immunotherapy. We have determined the structure of a group 13 dust mite allergen from Dermatophagoides
farinae, Der f 13, using nuclear magnetic resonance. Sequence comparison of Der f 13 with homologous human fatty acid-binding
proteins revealed unique surface charged residues on Der f 13 that may be involved in IgE binding and allergenicity. Site-directed
mutagenesis and IgE binding assays have confirmed four surface charged residues on opposite sides of the protein that are
involved in IgE binding. A triple mutant of Der f 13 (E41A_K63A_K91A) has been generated and found to have significantly
reduced IgE binding and histamine release in skin prick tests on patients allergenic to group 13 dust mite allergens. The triple
mutant is also able to induce PBMC proliferation in allergic patients with indices similar to those of wild-type Der f 13 and shift
the secretion of cytokines from a Th2 to a Thl pattern. Mouse IgG serum raised using the triple mutant is capable to block the
binding of IgE from allergic patients to wild-type Der f 13, indicating potential for the triple mutant as a hypoallergen for specific
immunotherapy. Findings in this study imply the importance of surface charged residues on IgE binding and allergenicity of an

allergen, as was also demonstrated in other major allergens studied. The Journal of Immunology, 2006, 176: 4852—4860.

ust mites have been one of the major causes of allergy
D and asthma in the world. To date, >20 groups of aller-

genic proteins have been identified and characterized
from dust mites. The group 2 allergen from dust mites is one of the
most well studied allergens, and its three-dimensional structure has
been well studied by using x-ray crystallography and nuclear mag-
netic resonance (NMR)* spectroscopy (1, 2). The group 13 aller-
gen belongs to the fatty acid binding protein family and has been
cloned and characterized from a number of dust mites, namely
Blomia tropicalis (3), Acarus siro (4), Lepidoglyphus destructor
(5), and Tyrophagus putrescentiae (6). Prevalence studies have
revealed that ~11% of the patients’ sera tested have shown IgE
binding to Blo t 13, the first characterized group 13 allergen from
dust mites (3). We have cloned the group 13 allergen from Der-
matophagoides farinae, Der f 13, by using expressed sequence tag
approach (our unpublished data; GenBank accession no.
AY283293) and used it as the target allergen for this study.
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The primary response of the human body to an allergen is sen-
sitization, which involves the differentiation of CD4™ T cells into
Th2 cells. Th2 cells are responsible for producing Th2 cytokines
that are necessary for the Ig class switching to IgE in B cells (7).
Immediate symptoms of allergy require cross-linking of the high
affinity receptor, FceRI, by allergen-bound IgE to induce the re-
lease of inflammatory mediators (7, 8). Recent research in the
treatment of allergies has mainly focused on immunotherapy by
modulating allergen-specific T cells to shift the cytokine response
from the Th2 to the Th1 pattern. Immunotherapy with bee venom
has resulted in a reduction of Th2 cytokines like IL-4 and IL-5 but
an increase in the secretion of a Thl cytokine such as IFN-vy (9).
Cytokines such as IL-4 and IL-5 play a critical role in the devel-
opment of Th2 cells, whereas Th1-type cytokines (IFN-vy, TNF-a,
and IL-12) play negative regulatory roles in the development of
Th2 cells. IL-4 and IL-13 cytokines are able to promote differen-
tiation of CD4™ T cells to Th2 cells and stimulate the Ig class
switching of B cells to IgE (7). By reversing the response to the
Thl-type cytokines, the production of blocking IgG Abs will be
induced while giving rise to non-IgE-mediated allergy immune
response. Studies have shown that blocking IgG Abs induced in
immunotherapy were able to block IgE from binding to its epitope
on the allergen in both the mouse model and clinical studies (10—
12). Therefore, by blocking the cross-linking of the IgE receptor
on mast cells, the release of biological mediators such as histamine
and leukotrienes can be impeded.

Previous immunotherapy attempts were conducted by adminis-
trating increasing dosages of allergens in the form of allergen ex-
tracts, peptides, or recombinant allergen proteins. However, direct
usage of allergen extracts or recombinant allergens in immuno-
therapy might cause local and systemic effects such as anaphylac-
tic shock and asthma attacks (7). Immunotherapy with birch pollen
extract has been found to sensitize patients to develop IgE against
new allergenic components (13), casting doubt on the use of the
allergenic extract as a safe vaccine. These side effects can be
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avoided by other strategies such as the use of a T cell epitope-
containing peptide or mutated recombinant allergens that lack
epitopes necessary for binding to IgE (12). Similar studies (10)
conducted recently on a major pollen allergen, Bet v 1, have shown
that mutation of surface residues involved in IgE binding can gen-
erate hypoallergens with reduced IgE binding that retain the ability
to induce Thl rather than Th2 cell-type responses.

Fatty acid-binding proteins (FABPs) are small cytosolic proteins
that facilitate the transport and solubility of fatty acids. In humans
they are highly tissue specific and have been characterized from at
least eight different tissues (14). Three-dimensional structures of
these different FABPs have been extensively studied and found to
be highly conserved, although their sequence similarities could
vary between 20 and 70%. These proteins adopt a mixed a-£ struc-
ture, with a typical (3 barrel made up of 10 antiparallel 8 strands
and covered with a pair of « helices at one end (15-17).

As human FABP are nonallergenic and can be found abundantly
in humans, we have conducted a structural analysis of Der f 13 and
compared its structure and sequence with those of human FABP to
identify putative IgE binding epitopes. Cross-comparison of hu-
man FABP and several group 13 allergens has identified several
key surface residues of Der f 13 that are mostly conserved among
group 13 allergens but are vastly different from their corresponding
positions in human FABP. Further mutagenesis studies have con-
firmed that four of these residues are essential for IgE binding and
cross-linking. In the present study, we report the structural study
and IgE epitope mapping of Der f 13 as well as the generation of
a Der f 13 triple mutant as a hypoallergen that has reduced IgE
binding but retained T cell reactivity. By comparing the sequence
and structure of allergen with nonallergenic homologous proteins
in humans, we can identify key residues that are involved in IgE
binding and generate vaccine candidates that can be used for al-
lergen-specific immunotherapy.

Materials and Methods

Subcloning and site-directed mutagenesis

A DNA insert of Der f 13 was generated by PCR using an upstream oli-
gonucleotide primer containing a BamH I restriction site and a downstream
oligonucleotide primer containing a stop codon and a Xhol restriction site.
The DNA insert was ligated into a modified pET-32a plasmid (Novagen)
and transformed into DH5-a competent cells. Colonies were screened by
PCR, and the sequence of the insert was verified by DNA sequencing (Big
Dye v3.1; Applied Biosystems). Mutant constructs were prepared by PCR-
based overlap extension using designed oligonucleotide primers (1%
BASE) with mismatches (18). A mutated DNA insert was subcloned into
the same expression vector as described above. For GST-tagged proteins
used in ELISA experiments, constructs were subcloned using a similar
method into pGEX-4T1 plasmid (Amersham Biosciences).

Expression and purification of recombinant Der f 13

Plasmid containing the DNA insert of Der f 13 or its mutants was trans-
formed into Escherichia coli strain BL21 (DE3) for protein expression.
Overnight cultures of the transformed bacterial cells were grown in 1 liter
of Luria broth containing 100 pwg/ml ampicillin, and protein expression was
induced with a 0.3 mM final concentration of isopropyl B-p-thiogalactoside
at 37°C. The protein was expressed as a His-tagged soluble protein and
purified using a Ni-NTA resin (Qiagen). The His tag was cleaved by throm-
bin (5 U/mg protein; Sigma-Aldrich), and the protein was further purified
using a HiLoad 16/60 Superdex 75 prep grade (Amersham Biosciences)
size exclusion chromatography column on the AKTA fast protein liquid
chromatography system (Amersham Biosciences) in Tris-Cl buffer (50 mM
Tris-Cl (pH 7.9) and 500 mM NaCl). Protein concentration was determined
by UV absorption at 280 nm in a Hitachi spectrophotometer. GST-tagged
proteins were expressed as described above and purified using glutathione-
Sepharose 4B column (Amersham Biosciences).

Circular dichroism (CD) spectropolarimetry

CD experiments were conducted with 10 uM protein in 50 mM acetate
buffer (pH 4.5) at room temperature. The spectra were acquired with a
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J-810 spectropolarimeter (Jasco) using a quartz cuvette with 1-mm path-
length (Hellma). The spectra were recorded at a wavelength region from
190 to 260 nm with 0.1-nm resolutions using a scan speed of 50 nm/min
and averaged for 10 scans.

NMR experiments

Purified Der f 13 protein was concentrated to ~1 mM using Centriprep
YM-3 (Millipore) and exchanged into buffer containing 50 mM acetate
buffer (pH 4.5) with 10% deuterium oxide. NMR experiments were per-
formed at 298 K on a Bruker Avance 500 MHz NMR spectrometer
equipped with a cryoprobe. Backbone assignments were conducted by
HNCACB (19) and CBCA(CO)NH (20) experiments using uniformly la-
beled '*N and '*C protein sample. Side chain proton assignments were
obtained from H(CCO)NH, (H)CC(CO)NH (21), and HCCH-total corre-
lation spectroscopy (22) experiments. Stereo-specific assignments of
methyl groups were obtained by 'H-'>C heteronuclear single quantum co-
herence of a 10% '*C-labeled protein sample (23). Proton distance con-
straints were obtained from three-dimensional '*N-edited nuclear Over-
hauser effect spectroscopy (NOESY) and '*C-edited NOESY with 100-ms
mixing time. Hydrogen bond restraints were determined by recording 'H-
>N heteronuclear single quantum coherence of uniformly '°N labeled pro-
tein exchanged into 100% deuterium oxide buffer for 4 h. NMR data was
processed using NMRPipe (24) and analyzed by NMRView (25).
Structures were solved by using the software CYANA (26) with nuclear
Overhauser effect restraints from '"N-NOESY and '*C-NOESY experi-
ments, hydrogen bond restraints, and dihedral angle restraints predicted by
the program TALOS (27). Structures were calculated by DYANA using
standard torsion angle dynamics protocol, and 10 conformers with the low-
est target function values were selected for further energy minimization in
AMBER 7.0 (28). The final 10 structures were checked with Procheck-
NMR (29) and deposited in the Protein Data Bank (accession code 2A0A).

Specific IgE binding ELISA experiment

For ELISA experiments, all proteins used were GST-tagged fusion proteins
for maximum binding on the ELISA plate. The volumes of all samples and
reagents used in ELISA experiments were 100 ul, whereas the washing
steps were conducted three times with 200 ul of PBS plus 0.05% Tween
20 (PBS-T) each. Sera from patients were diluted 1/3 with 1% BSA in PBS
and preabsorbed with a 0.5 mg/ml final concentration of GST protein over-
night at 4°C in a 1000-ul reaction. Wild-type Der f 13 or mutants were
coated overnight at 4°C onto Maxisorp ELISA plate (Nunc) at 1 ug of
protein per well. Plates were washed with PBS-T and blocked with PBS
plus 1% BSA for 30 min at room temperature. The plates were washed
again with PBS-T and incubated with preabsorbed sera for 2.5 h at room
temperature. After washing with PBS-T, biotin-conjugated anti-human IgE
mADb (mouse IgG isotype, lot no. M075594; BD Pharmingen) diluted 1/250
in PBS plus 1% BSA was added and incubated for 2 h. Following washing
with PBS-T, avidin-conjugated HRP (BD Pharmingen) diluted 1/1000 in
PBS with 1% BSA was added and incubated for another 30 min. The plates
were then thoroughly washed with PBS-T, and 100 ul of 3,3',5,5'-tetra-
methylbenzidine substrate (Sigma-Aldrich) was added. The color reaction
was observed through absorbance measurements at 655 nm using an
ELISA plate reader. An assay on each sample was conducted in duplicate,
and result was reported as the mean value.

Inhibition ELISA experiment

Maxisorp ELISA plate (Nunc) was coated with a GST-Der f 13 protein (1
ng in 100 ul) overnight at 4°C. Sera (final dilution of 1/3) were preab-
sorbed with a 0.5 mg/ml final concentration of GST protein and various
amounts (0.01, 0.1, 1, 10, and 50 pug) of Der f 13 or the
E41A_K63A_K9I1A triple mutant of Der f 13 (henceforth designated the
3A mutant) in a 100-ul reaction. After overnight incubation, plates were
washed three times with 200 wl of PBS-T and blocked with 100 ul of PBS
plus 1% BSA for 30 min at room temperature. The plates were washed
again with PBS-T and incubated with the preabsorbed sera for 2.5 h at
room temperature. Subsequent Abs incubation and colorimetric develop-
ment were done as described above. The result was reported as mean value
from two separate assays.

Skin prick test

Written consents were obtained from allergic patients before the skin prick
tests. The tests were conducted with 2 ul of recombinant protein (0.02
mg/ml) in PBS buffer containing 50% glycerol. All proteins and buffer used
in these experiments were filter sterilized with a 0.22-um filter membrane.
Skin prick was conducted with sterile lancet, and measurement of wheal
and erythema was conducted after a 20-min interval. Histamine (10 mg/ml)
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Table 1. Structural statistics for the NMR solution structure of Der f 13

Data Collection Statistics

Restraints Used for Calculation

Total NOE“ restraints 2299

Intraresidue 832

Sequential 604

Medium range 303

Long range 560

Hydrogen bond distance restraints 92

Dihedral angle constraints 132
CYANA target function 1.55 = 0.48

Maximum violation for upper limits (A) 0.32 £0.09

Maximum violation for torsion angles (degree) 2.75 £0.84
AMBER energies (kcal/mol)

Total energy —4817 = 40
Ramachandran statistics (%)

Most favored 71.8

Additionally allowed 22.6

Generously allowed 4.3

Disallowed 1.3
Root mean square deviation from mean structure (A)

Backbone atoms (residues 6-131) 0.59 = 0.08

All heavy atoms (residues 6-131) 1.13 = 0.09

“ Nuclear Overhavser effect.

was included as positive control, and PBS buffer was included as a negative
control.

PBMC proliferation and cytokine expression

PBMCs were isolated from fresh blood by using a general Ficoll-Hypaque
gradient centrifugation technique. PBMCs were cultured in 100 ul of
RPMI 1640 and 10% FBS medium in 96-well plates at 1 X 10° cells per
well. One hundred microliters of wild-type Der f 13 or 3A mutant was
added to the cells at a final protein concentration of 100 wg/ml. PBMCs
were incubated for 6 days in a 5% CO, incubator at 37°C. Cells were tested
for proliferation by using the 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,
4-disulfophenyl)-2H-tetrazolium salt (WST-1) colorimetric method ac-
cording to standard manufacturer’s protocol (BioVision). Absorbance was
measured at a 450-nm wavelength with a reference wavelength of 650 nm.
Proliferation was reported as the stimulation index using the formula (S —
C)/C X 100, with S as the absorbance of stimulated cells and C as the
absorbance of control nonstimulated cells. For the measurement of cyto-
kines, supernatants of the cell cultures at day 6 were harvested. Cytokine
concentrations were determined by using human Th1/Th2 BioPlex cyto-
kine assay (Bio-Rad) according to the standard protocols from manufac-
turer for Th1 and Th2 cytokines. Assay on each sample was conducted in
duplicate, and the result was reported as mean value.

Mouse immunization

Mouse immunization experiments were conducted to compare the abilities
of the wild-type and the 3A mutant of Der f 13 to induce IgG Abs specific
for Der f 13. Eight-week-old female BALB/c mice were used in our stud-
ies. Groups of 5 mice were each injected i.p. with 200 ul of Ag containing
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15 pg of purified Der f 13 or the 3A mutant conjugated with 1.25 mg/ml
aluminum hydroxide gel (Sigma-Aldrich) every 2 wk. Buffer containing
adjuvant aluminum hydroxide was similarly injected into another mouse as
buffer control. Preimmune and postimmune blood samples after the sixth
injection were drawn by orbital bleeding, and sera were kept at —20°C
until analysis. Animals were maintained in the Animal Holding Unit of the
Faculty of Medicine, National University of Singapore, according to local
guidelines.

Inhibition of human IgE binding to Der f 13 by specific mouse
1gG antibodies

The volumes of all samples and reagents used in ELISA experiments were
100 wl, whereas the washing steps were conducted three times with 200 ul
of PBS-T each time. GST-tagged Der f 13 was coated overnight at 4°C
onto a Maxisorp ELISA plate (Nunc) at 1 ug of protein per well. Plates
were washed with PBS-T and blocked with PBS plus 1% BSA for 30 min
at room temperature. The plates were washed again with PBS-T and pre-
incubated with 1/10 diluted mouse serum from control mouse or from mice
immunized with either Der f 13 or 3A mutant. The wells for control were
incubated with PBS plus 1% BSA alone. Plates were incubated for 2.5 h at
room temperature. After incubation, plates were washed with PBS-T and
incubated with 1/5 diluted pooled sera (from patients D2 and H3) in PBS
plus 1% BSA for 2.5 h. After washing with PBS-T, biotin-conjugated
anti-human IgE mAb (mouse IgG isotype, lot no. M075594; BD-Pharm-
ingen) diluted 1/250 in PBS plus 1% BSA was added and incubated for 2 h.
Following washing with PBS-T, avidin-conjugated HRP (BD Pharmingen)
diluted 1/1000 in PBS plus 1% BSA was added and incubated for another
30 min. The plates were then thoroughly washed with PBS-T, and 100 ul
of TMB substrate (Sigma-Aldrich) was added. The color reactions were
observed through absorbance measurements at 655 nm. Assay on each
sample was conducted in duplicate, and the result was reported as mean
value. Percentages of inhibition of human IgE binding to Der f 13 after
preincubation with mouse sera were determined with the following for-
mula: percentage of inhibition of IgE binding = 100 — (OD,/OD) X 100.
OD, and OD represent absorbance values after preincubation with mouse
sera and BSA control, respectively.

Approval

The human studies involved in this report have been reviewed and ap-
proved by the Institutional Review Board of the National University Hos-
pital and the Hospital Ethics Committee of the Kandang Kerbau Women’s
and Children’s Hospital.

Results
Three-dimensional structure of Der f 13 and its site-directed
mutagenesis

Der f 13 protein was expressed as a His-tagged fusion protein and
purified using Ni-NTA affinity chromatography. The His tag was
cleaved away using thrombin, and the protein was subjected to
further purification by size exclusion chromatography. Typically,
~30 mg of protein can be obtained from 1 liter of bacterial culture.
The purified wild-type and mutant Der f 13 proteins appeared as a
single band with an approximate size of 15 kDa when viewed by
SDS-PAGE. Der f 13 is a highly soluble protein, and the structure

Glu-41

Solution structure and IgE binding epitope residues of Der f 13. A, Ribbon diagram showing locations of epitope residues found on

Der f 13. The four charged surface residues that are involved in IgE binding are show in wire frame models. B, Surface diagrams of Der f 13 show

that the four charged residues, Glu*', Lys®®, Lys®', and Lys'®?

, are located on two opposite sides of the protein and form two separate regions of

the IgE epitope on Der f 13. Negatively charged residues are colored red, and positively charged residues are colored blue.



The Journal of Immunology

4855

Table II. Analysis of charged amino acids compositions of major allergens and their human homologs®
Lys Arg Basic (%) Asp Glu Acidic (%) Epitope Residues
Der f 13 18 6 18.3 9 15 18.3 E41,K63,K91,K103
FABP1 15 2 133 4 13 133
FABP2 14 7 15.9 8 13 15.9
FABP3 14 4 135 11 8 14.2
FABP4 14 6 15.1 11 9 15.1
FABP5 14 6 14.8 8 12 14.8
FABP6 12 2 10.9 5 11 12.5
FABP7 12 5 12.8 10 10 15.1
FABPS 18 7 18.9 5 9 10.6
Der p 2 (Ref. 32) 14 2 12.4 9 7 12.4 H30,R31,K33,557,K96,197,E102
NPC2 12 1 8.6 6 6 8.0
Equ c 1 (Ref. 31) 11 9 12.5 13 18 19.4 R26,E82,K129,E148
Lipocalin 9 7 10 9.6 8 13 11.9
Bet v 1 (Refs. 10, 33) 15 3 11.3 9 14 144 E42,N43,144,E45,G46,N47,G48,G49,P50,G51
Hev b6.02 (Ref. 30) 2 1 6.9 3 2 11.6 R5,K10,E29,Y30,038

“The contents of positively and negatively charged amino acid residues in selected major allergens are compared with their human homologs. The allergenic proteins are
italic and boldfaced. Der f 13 is compared with human FABPs (see Fig. 2 for abbreviations), whereas Der p 2 and Equ ¢ 1 are compared with the homologous human NPC2
and lipocalin 9, respectively. All of the allergens listed are found to have a higher overall percentage of charged residues compared to their homologous human proteins. The
residues identified as IgE binding epitopes in these allergens are listed and found to be mostly charged and polar residues.

was solved by using NMR spectroscopy to a high resolution (Table
I). The NMR chemical shift and structure coordinates were depos-
ited in the BioMagResBank (accession number 6724) and the Pro-
tein Data Bank (accession code 2A0A), respectively. The solution
structure of Der f 13 closely resembles the typical fold of a FABP
family protein. A 3 strand at the N-terminal region of the protein
is followed by a helix-turn-helix motif and then another nine an-
tiparallel B strands (Fig. 1A). The 10 B strands form a 3 barrel,
with the two « helices situated at one end of the barrel. When
compared with other human FABPs, Der f 13 has a much higher
percentage composition of both positively and negatively charged
residues (Table II). In total, Der f 13 consists of 18.3% positively
charged residues and 18.3% negatively charged residues.
Selection of amino acid residues for site-directed mutagenesis
was based on the amino acid sequence alignment of Der f 13 and
its isoforms with eight known human FABPs (Fig. 2). Residues
that have distinctly different properties (e.g., charged vs hydropho-
bic residues) in Der f 13 and nonallergenic human homologues
were selected for mutation. Of the 18 residues selected in Der f 13,
17 of them were either positively or negatively charged residues,

whereas most of their corresponding residues in human FABP
were either hydrophobic or polar or have opposite charges. The
other residue, Asn*®, is a polar residue, whereas its corresponding
residue is a glycine residue in human FABP. All of these residues
were surface-exposed as confirmed by the three-dimensional struc-
ture of Der f 13. Each of the 18 residues was individually mutated
to alanine residues to determine the effect of mutation on IgE bind-
ing to Der f 13 using sera from patients allergic to group 13 dust
mite allergens.

Reduced binding to serum IgE

All of the wild-type and mutant Der f 13 proteins used for the
ELISA experiments were GST tagged, because the untagged Der
f 13 proteins did not bind well on microtiter plate surface. The
patient sera used in all ELISA experiments were blocked with GST
protein, and all experiments were conducted with the GST protein
being the negative control. Sera from four Singaporean and two
South African patients who were allergic to group 13 allergens
were used for the IgE binding assays. The 18 single mutants of Der

FABP1 ———-MSFSGKYQLOSQENFEAFMKAIGLPEELIQKGKDIKGVSE|JIVONGKHFKFTIT-AG 55
FIGURE 2. Sequence alignment FABP2 ——--MAFDSTWKVDRSENYDKFMEKMGVNIVKRKLAAHDNLKL{IJI TQEGNKFTVKES-SA 55
of Der f 13 with other group 13 dust FABP3 --MVDAFLGTWKLVDSKNFDDYMKSLGVGFATROVASMTKPTT{I|I EKNGDILTLKTH-ST 57
mite allergens and human FABPs. FABP4 --MCDAFVGTWKLVSSENFDDYMKEVGVGFATRKVAGMAKPNMIIT SVNGDVITIKSE-ST 57
Residues shaded gray are surface res- FABP5 MATVQQLEGRWRLVDSKGFDEYMKELGVGIALRKMGAMAKPDCHI|I TCDGKNLTIKTE-ST 59
. . FABP6 —---MAFTGKFEMESEKNYDEFMKLLGISSDVIEKAHNFKIVTENQQODGODFTWSQHYYG 56
idues found to have different proper-  pappq --MVEAFCATWKLTNSQNFDEYMKALGVGFATRQVGNVTKP TVl SQEGDKVVIRTL-ST 57
ties between Der f 13 and human FABPS --MSNKFLGTWKLVSSENFDDYMKALGVGLATRKLGNLAKPT SKKGDIITIRTE-ST 57
FABPs and have been selected for Lepdl3 ——-MANIAGQYKLDKSENFDQFLDKLGVGFLVKTAAKTVKPTLEVAVDGDTY IFRSL-ST 56
mutagenesis studies. Boxed residues Blotl3 -==-MP-IEGKYKLEKSDNFDKFLDELGVGFMVKTAAKTLKPT DVQGDTYVFRSL-ST 55
are found to have significantly lower Tyrpl3 ---MVQLNGSYKLEKSDNFDAFLKELGVNFVTRNLAKSASPTVEVIVDGDSYTIKTS-ST 56
IgE binding when mutated to alanine Derfl13 ——-MASTEGKYKLEKSEKFDEFLDKLGVGFMVKTAAKTLKPTFEVATENDQY IFRSL-ST 56
residues. FABP1, liver FABP;
FABP2, intestinal FABP; FABP3,  pppp; [F TVGEECELETMTGEKVKTVVQLEGDNHLYTT- - ——— FKNIHSVTELNGDIIT 110
muscle and heart FABP; FABP4, adi- FABP2 MFELGVTFNYNLADGTELRGTHS LEGNKI|T GKFKRTDNGNE VREIIGDELV 115
pocyte human FABP; FABP5, psori- FABP3 KLGVEFDETTADDRKVKS IVTLDGG—HLVHLOKWDG-QETLVRELIDGKLI 115
asis-related FABP; FABP6, ileal FABP4 ILGQEFDEVTADDREKVEKSTITLDGG-VLVHVQKWDG-KSTIIIKRKREDDELV 115
FABP: FABP7. brain FABP: and FABPS TLGEKFEETTADGRKTQTVCNFTDG—LVOHQEWDG-KES|III TRKLKDGKLYV 117
. FABP6 4F TVGKESNTOTMGGKTFKATVQUEG-GIILVVN-- ——- FPNY[HOTSEIVGDKLV 110
FABPS, myelin FABP. Lepdl3, FABP7 QLGEEFDETTADDRNCKSVVSLDGD—JKLVHIQKWDG-KETMFVREIKDGKMV 115
Blot13, Tyrpl3, and Derfl3 are  pappg F K LGOEFEETTADNRKTKS IVTLORG ~H{LNQVORWDG-KET{T KRKLVNGKMY 115
group 13 dust mite allergens from L. Lepdl3 FKLGEEFEEDRADGKRVKTVIVKDGDMHFVOTOYGD-~KEVIQVVREFKGDEVE 114
destructor, B. tropicalis, T. putres- Blotl3 KLGEEFEEDRADGKRVKTVVNKEGDNKF IQTQYGD--KEV{IVRDFQGDDVV 113
centiae and D. farinae, respectively. Tyrpl3 KLGEEFEEDRADGKKVQTSVTKEGDNKLVQVQKGD--KPVIIIIVREFSEEGLT 114
Derfl13 KLGEEFEEDRADGKRVKTVIQKEGDNEFVOTQFGD--KEV{I IREFNGDEVV 114
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FIGURE 3. IgE binding assay of wild-type and mutant Der f 13. For all patients, except S1, there were significant reductions in IgE binding for the two

double mutants, E41A_K63A and K91A_K103A, and the 3A triple mutant, E41A_K63A_K91A, compared with single mutants. Patients D2, H3, S1, and
S2 are Singaporeans, whereas patients 4Y and 21Y are South Africans. Note that the y-axes are of different scales and upper limits.

f 13 were tested for IgE binding in our preliminary ELISA screen-
ing using serum from patient H3, which showed the highest level
of IgE binding, and serum from patient D2, which is among the
sera with the lowest IgE binding levels (Fig. 3).

IgE binding ELISA experiments have shown that E41A, K63A,
KO91A, and K103A are four of the 18 single mutants that have
significantly lower IgE binding compared with the wild-type pro-
tein (Fig. 3), whereas the other mutations did not affect IgE binding
(data not shown). These four residues, coincidentally, are all
charged residues and are exposed on the surface of the protein.
They are located on the 32 strand, the 34 strand, the 37 strand, and
the B8 strand, respectively (Fig. 1B). The four residues can be
grouped into two patches based on their proximity to each other,
with Glu*' and Lys®® on one side and Lys®' and Lys'®* on the
opposite side of the 3 barrel. The inter-residue distance between
Glu*!' and Lys®® is ~7.8 A, whereas that of Lys®' and Lys'%* is
11.5 A. The two double mutants, E41A_K63A and K91A_K103A,
of Der f 13 showed further reductions in IgE binding (Fig. 3),
suggesting that these residues are essential for IgE binding and
may form two separate groups of IgE epitope on opposite sides of
the protein. A similar trend of reduction in IgE binding was also
observed when these mutant Der f 13 proteins were tested against
sera from the other two Singaporean (S1 and S2) as well as the two
South Africans (4Y and 21Y) (Fig. 3). IgE binding on the 3A
mutant of Der f 13 was also determined and found to be the lowest
among all the mutants tested. When sera from patients D2, H3, 4Y,
and 21Y were used, IgE binding was reduced to <15% for the 3A
mutant as compared with wild-type Der f 13. The IgE binding was
reduced to 43 and 21%, respectively, when sera from patients S1
and S2 were used (Fig. 3). These data show that the three mutated
residues are common IgE epitopes among most of the patients
tested irrespective of their varied degrees of IgE binding for Der f
13, but small discrepancies in the exact IgE epitopes does exist
between different patients. Identities of the IgE epitopes are further
verified by inhibition ELISA studies showing that preincubation of
the sera from patients D2 and H3 with 3A mutant, but not wild-

type Der f 13, failed to sequester IgE that remained available to
bind on Der f 13 (Fig. 4).

Skin prick test

To determine the abilities of the wild-type and 3A mutant of Der
f 13 to cross-link IgE in vivo to release inflammatory mediators,
we conducted skin prick tests on patients D2 and H3, who are
allergic to group 13 dust mite allergens. Wild-type Der f 13 and 3A
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FIGURE 4. Inhibition IgE binding assay of wild-type and mutant Der f

13. IgE binding to Der f 13 was inhibited in both patients with wild-type
Der f 13 (H). The 3A triple mutant (A) was unable to inhibit IgE binding
to Der f 13 for both patients.
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mutant proteins were both tested, and histamine and PBS were
used as positive and negative controls, respectively. Both patients
showed strong reactions to the wild-type Der f 13 similar to the
level produced by the histamine control, although the 3A mutant
showed a negative skin prick result with wheal diameter of <2 mm
(Table III). To verity that the 3A mutant of Der f 13 has lost its IgE
binding and cross-linking abilities due to disruption of the specific
IgE binding epitope rather than its overall structure, we compared
the CD spectra of wild-type and mutant Der f 13 to monitor their
structural changes. The far-UV CD spectrum of Der f 13 showed
a typical B-sheet structure with a single minimum peak at ~218
nm and another maximum at ~195 nm. The overall secondary
structure of the 3A mutant remained unchanged and resembled that
of the wild-type Der f 13 protein (Fig. 5A). The elution volume of
the 3A mutant remained the same as that of the Der f 13 in the size
exclusion chromatography, suggesting that the 3A mutant protein
did not aggregate or oligomerize under the buffer conditions used
(Fig. 5B).

T cell reactivity and shifted cytokine release profile

Immunogenicities of wild-type and 3A mutant of Der f 13 were
determined by measuring T cell proliferation in the PBMCs of
patients when challenged with either of these proteins. PBMCs
were isolated from fresh blood samples from allergic patients us-
ing the standard Ficoll-Hypaque gradient centrifugation method.
Mixed T cell populations in PBMCs were stimulated with 100
png/ml wild-type or the 3A mutant of Der f 13. The degree of T cell
proliferation was measured after 6 days of incubation by deter-
mining mitochondrial dehydrogenase activity using the WST-1 re-
agent. Similar degree of proliferation was observed between cul-
tures stimulated with either the wild-type or the 3A mutant of Der
f 13 (Fig. 6). Overall, patient H3, who showed a higher degree of
IgE binding for Der f 13, also had a higher PBMC stimulation
index than patient D2. In the PBMC culture of patient D2, stim-
ulation indexes for the wild-type and the 3A mutant of Der f 13
were 22.5 and 23.6%, respectively, whereas the stimulation in-
dexes for wild-type and 3A mutant of Der f 13 were 53.8 and
52.1% respectively in the PBMC culture of patient H3.

Although the degrees of T cell proliferation stimulated by the
wild-type and the 3A mutant of Der f 13 are similar, the prolifer-
ation could follow either a Thl or a Th2 pattern. The pattern of T
cell proliferation can be determined by measuring the amount of
different cytokines being produced and released into the superna-
tant of the stimulated PBMC cultures after 6 days of incubation
with the respective proteins. The level of IL-13 was used as a
marker for the Th2 pattern, whereas that of IFN-y was used as
indicator for the Thl pattern (Fig. 7). The level of each cytokine
was compared between PBMC cultures stimulated with the wild-

Table III. Skin prick tests for wild-type Der f 13 and 3A mutant”

Patient
D2 H3
Wheal Erythema Wheal Erythema
PBS - - - -
Der f 13 ++ ++ + ++
3A mutant - - - -

< Patients D2 and H3 were skin pricked with 0.02 mg/ml wild-type Der f 13 and
3A mutant. One plus sign (+) represents a marginal positive reaction (wheal and
erythema diameter of at least 4 mm and 20 mm, respectively, whereas two plus signs
(++) refer to a reaction similar to that observed for histamine control. Negative sign
(—) denotes negative reaction with wheal diameter of 2 mm or less and erythema
diameter of <15 mm.
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FIGURE 5. CD spectra and size exclusion chromatography elution pro-
files of the wild-type and the 3A mutant of Der f 13. A, Far-UV CD spectra
of the wild-type (M) and the 3A mutant (A) of Der f 13. Both proteins
showed a spectrum typical of a B-sheet protein with minima at ~218 nm.
Spectra shown were averages of 10 scans and were recorded at room tem-
perature. B, Size exclusion chromatography elution profiles of Der f 13
(solid line) and 3A mutant (broken line). The peaks corresponding to the
active fractions are labeled.

type and then 3A mutant of Der f 13 for patients D2 and H3.
PBMC cultures from both patients showed a Th2 pattern of T cell
proliferation when stimulated with wild-type Der f 13, with an
increased level of IL-13 compared with the 3A mutant. Increased
levels of IFN-vy were observed in both patients when their PBMC
cultures were stimulated with the 3A mutant of Der f 13 compared
with the wild-type protein, indicating a Th1 pattern of T cell pro-
liferation. Major differences were observed, especially in patient
D2, with the levels of IL-13 cytokine almost completely sup-
pressed in PBMC cultures stimulated with the 3A mutant, while
the level of IFN-y was notably increased. In patient H3, total sup-
pression of IL-13 was not observed when PBMCs were stimulated
with the 3A mutant, but a significant decrease in the level was
detected compared with that in PBMCs stimulated with wild-type
Der f 13. The secretion level of IFN-y was enhanced when the
PBMC:s of patient H3 were stimulated with the 3A mutant com-
pared with wild-type Der f 13. These data suggest that patient D2,
who had lower IgE binding to Der f 13, can be switched more
effectively from a Th2 to a Th1 cytokine profile upon hypoallergen
treatment as compared with patient H3.

Blocking of IgE binding by mice 1gG induced from 3A mutant

Strong and specific IgG responses were induced in both groups of
mice immunized with the wild-type or the 3A mutant of Der f 13.
To measure the inhibitory effect of the IgG raised on IgE binding,
mouse antisera were assessed with inhibition ELISA using pooled
human sera from patients D2 and H3. Mouse sera from both im-
munization groups were able to inhibit the IgE binding to Der f 13
at a percentage >60%, whereas a couple of the immune sera from
each group were able to inhibit IgE binding to >80% (Fig. 8).
Serum from the control mouse (immunized with buffer and adju-
vant) was unable to block the binding of patient IgE to Der f 13.
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Discussion

FABP plays an important role in the trafficking and transport of
fatty acids in human tissues. It has been proposed that members of
the FABP family are involved in the cellular uptake of lipids and
their transport to sites of metabolism. A group of allergens (group
13) isolated from the dust mite that causes allergenic response and
pathological effect in humans is identified as part of the FABP
family. Studies on the allergenic properties of the dust mite FABP
are still lacking due to its lower prevalence of allergenicity as
compared with that of other major groups of allergens from dust
mites, such as group 1 and group 2 allergens. The group 13 dust
mite allergen Der f 13 shares a medium high sequence homology
with human FABPs, with the closest one being human brain FABP
having 39.1% amino acids identity and 58.6% homology. The so-
lution structure obtained in our study revealed that Der f 13 adopts
the typical 3 barrel fold of a FABP very similar to that of other
human FABPs. Human FABP, however, could neither bind to se-
rum IgE from patients allergic to Der f 13 nor elicit skin prick
reactions in those patients (data not shown). Based on the solution
structure of Der f 13, we can identify those exposed amino acid
residues that are distinctly different from human FABPs but con-
served among group 13 allergen by analyzing their sequences.
These residues are likely to be the IgE epitopes and may even be
the key residues that gave rise to the allergenicity of FABP in dust
mites.

Initial sequence alignment with human FABPs has revealed 18
surface residues on Der f 13 that were subsequently mutated to
alanine residues individually via site-directed mutagenesis (Fig. 2).
IgE binding studies by ELISA shown that four of these residues,
Glu*', Lys®, Lys®!, and Lys'®, were essential for IgE binding by
Der f 13. These four identified IgE binding epitope residues all
happen to be charged amino acids and are situated at two separate
sites on opposite sides of the protein (Fig. 1B). These residues are
also conserved among other group 13 allergens, including Blo t 13
(3), Lep d 13 (5), and Tyr p 13 (6), except for residue Lys'®?,
which is replaced by a threonine in Tyr p 13. Additional experi-
ments on the 3A mutant showed that mutation of all three residues,
E41A, K63A, and K91A, can abolish almost entirely the binding
of Der f 13 to IgE from both of our patients, D2 and H3. Similar
reductions in IgE binding for the Der f 13 mutants were also ob-
served when tested on sera from another four Singaporean and
South African patients. Among all six patients, except patient S1,
significant reductions in IgE binding were detected when the two
double mutants and the 3A mutant of Der f 13 were tested, indi-
cating that the epitope residues identified are common epitopes for
the binding of IgE from different patients. The triple mutant 3A has
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FIGURE 7. Profiles of cytokine secretion induced by the wild-type and
the 3A mutant of Der f 13. PBMCs from patients D2 and H3 were stim-
ulated with the wild-type (striped bar) or the 3A mutant (empty bar) of Der
f 13. Cytokine IFN-vy is used as a marker for Thl type proliferation,
whereas IL-13 secretion represented a Th2 type proliferation. Both patients
showed an increased level of IFN-y secretion and, at the same time, a
reduced secretion of IL-13 when stimulated with the 3A mutant of Der f 13.
Stimulation with wild-type Der f 13 showed a typical allergenic response
with much higher level of IL-13 compared with IFN-vy.

also shown reduced skin prick reactivity for patients D2 and H3 in
vivo, demonstrating that the IgE epitopes on Der f 13 have been
brought down, reducing IgE cross-linking and, thus, the amount of
the inflammatory mediators being released.

To substantiate the feasibility of using the 3A mutant as a hy-
poallergen in a specific allergen vaccination, PBMC proliferation
and cytokine profile assays were conducted. PBMCs from allergic
patients showed similar proliferations when stimulated with either
Der f 13 or the 3A mutant, indicating that the 3A mutant of Der f
13 still retained its immunogenicity and T cell epitope. As antic-
ipated, PBMCs from group 13 allergic patients released an in-
creased level of IL-13, a Th2 cytokine, upon stimulation with wild-
type Der f 13. In contrast, stimulation with the 3A mutant
increased the level of Thl cytokines such as IFN-y with a simul-
taneous reduction in the level of IL-13. These observations indi-
cated that the 3A mutant was able to switch T cell proliferation
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FIGURE 8. Percentage of inhibition of human IgE binding to Der f 13
after preincubation with immunized mouse serum. Sera were used from
two separate groups of five mice immunized with either wild-type Der f 13
(WT1-5) or 3A mutant (3A1-5). Serum from mouse immunized with
buffer was included as control.
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from a Th2 to a Thl pattern, which is a critical criterion for im-
munotherapy using hypoallergens. The mutations not only dis-
rupted the IgE binding epitopes but also altered the allergenic
property of Der f 13. This kind of switch in cytokines pattern upon
hypoallergen treatment, however, seems to be more effective in
patients who show a weaker IgE binding to the allergen.

The 3A mutant retains the ability to induce Der f 13-specific IgG
even after the removal of the IgE binding epitopes, as demon-
strated in the mice immunization experiments. Antisera from mice
immunized with the 3A mutant were able to inhibit the binding of
human serum IgE to Der f 13, indicating the potential of this hy-
poallergen to induce blocking IgG. The blocking ability of the
induced IgG is critical for competing with IgE for the epitope
binding sites on the allergen (7). Despite the fact that the epitope
residues have been removed in the 3A mutant, the induced IgG still
retains a blocking effect comparable to that of IgG from mice sera
immunized with wild-type Der f 13. This result is likely due to IgG
raised against the 3A mutant targeted to adjacent regions around
the IgE binding epitopes that produces a steric hindrance effect
blocking IgE binding to Der f 13. Other than the blocking effect,
it has also been shown in other studies (7, 11) that the IgG Abs
raised are able to reduce Th2 activation by preventing the IgE-
mediated presentations of allergens to T cells.

Combining NMR solution structure and sequence comparison
analysis, we have identified potential residues that are essential for
IgE binding and allergenicity of Der f 13. By disrupting the spe-
cific binding epitopes of IgE while maintaining its overall protein
structure and T cell epitopes, we have generated a potential group
13 dust mite hypoallergen that in the future may be used for vac-
cination against dust mite allergy. In addition to the group 13 dust
mite allergen, other studies have also used a similar approach to
generating hypoallergens by mutating specific surface residues on
allergens, including Bet v 1 (10), Hev b 6.02 (30), and Equ ¢
1 (31).

IgE epitope mapping studies on major allergens such as Der p 2
(32), Bet v 1 (10, 33), Equc 1 (31), and Hev b 6.02 (30) have also
revealed the importance of charged and polar residues on IgE bind-
ing and cross-linking (Table II). In Equ ¢ 1, residues mapped to the
IgE binding epitopes all consist of charged residues like lysine,
arginine, and glutamic acid. The IgE binding epitopes of Hev b
6.02 have been mapped to the residues Arg>, Lys'®, Glu®®, Tyr*°,
and GIn*® by site-directed mutagenesis. Mutation of a single
charged residue, Glu*®, to Ser*> has completely abolished binding
of Bet v 1 to a mAb that cross-inhibits IgE binding to Bet v 1 (33).
The conserved residue Glu*® has also been implicated as an im-
portant IgE binding residue in other major pollen allergens from
trees of the Fagales order, as well as in cross-reactive food aller-
gens of the Bet v 1 family such as Pru av 1, Mal d 1, and Pyrc 1
(34, 35). Epitopes mapped on Der p 2 (32) using the hydrogen
exchange technique and mutagenesis studies are comprised of the
residues His*®, Arg®', Lys*?, Ser®’, Lys”®, Ile®”, and Glu'®. In this
study, we have mapped charged residues Glu*', Lys®?, Lys®!, and
Lys'® as IgE binding epitopes of Der f 13. When compared with
nonallergenic human FABPs, Der f 13 also showed a considerable
higher overall percentage (36.6%) of charged residues compared
with the average of 28.3% in human FABPs. A similar trend is also
observed in Der p 2, which is comprised of 24.8% charged resi-
dues and is significantly higher than the16.6% of charged residues
in the NPC2 protein (36), the most closely related human homo-
logue of Der p 2. Equ ¢ 1, a lipocalin from horse, has a total of
31.9% of charged residues compared with that of 21.5% in human
lipocalin 9 (37). The abundance of charged residues found in major
allergens, especially when compared with their homologs in hu-
man, gives a strong indication that charged residues could play an
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important role in IgE binding and allergenicity of these allergens.
The abundance of charged residues on allergens may imply that a
higher solubility could favor their allergenic properties, or it could
simply mean that charged residues are more preferable epitopes for
IgE recognition. There are still no known structural features or
conserved sequences that allow us to identify an allergen. Our
findings, however, strongly suggest that the abundance of surface
charged residues is highly related to the allergenicity of a protein.
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CORRECTIONS

Sanchez-Guajardo, V., J. A. M. Borghans, M.-E. Marquez, S. Garcia, and A. A. Freitas. 2005. Different competitive
capacities of Stat4- and Stat6-deficient CD4™ T cells during Lymphophenia-driven proliferation. J. Immunol. 174:
1178-1187.

In Figure 3, the blot representing Stat4 phosphorylation was duplicated by mistake in panels A and C. This correction
does not affect the validity of the study or its conclusions. The corrected figure is shown below.
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Liu, R., A. La Cava, X.-F. Bai, Y. Jee, M. Price, D. I. Campagnolo, P. Christadoss, T. L. Vollmer, L. Van Kaer, and F.-D.
Shi. 2005. Cooperation of invariant NKT cells and CD4*CD25" T regulatory cells in the prevention of autoimmune
myasthenia. J. Immunol. 175: 7898 -7904.

The sixth author, Shamsher S. Saini, was inadvertently omitted from the author line. The corrected author and affiliation
lines are shown below.

Ruolan Liu,* Antonio La Cava,’ Xue-Feng Bai,* Youngheun Jee,* Mary Price,* Shamsher S. Saini,¥ Denise 1.
Campagnolo,* Premkumar Christadoss,¥ Timothy L. Vollmer,* Luc Van Kaer," and Fu-Dong Shi**

*Barrow Neurological Institute, St. Joseph’s Hospital and Medical Center, Phoenix, AZ 85013; "Division of Rheu-
matology, David Geffen School of Medicine, University of California, Los Angeles, CA 90095; “Department of Pathol-
ogy, The Ohio State University Medical Center, Columbus, OH 43210; SDepartment of Microbiology and Immunology,
University of Texas Medical Branch, Galveston, TX 77555; and "Vanderbilt University School of Medicine, Nashville,
TN 37232

Copyright © 2006 by The American Association of Immunologists, Inc. 0022-1767/06/$02.00
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Cudrici, C., F. Niculescu, T. Jensen, E. Zafranskaia, M. Fosbrink, V. Rus, M. L. Shin, and H. Rus. 2006. C5b-9 terminal
complex protects oligodendrocytes from apoptotic cell death by inhibiting caspase-8 processing and up-regulating FLIP.

J. Immunol. 176: 3173-3180.

The third author’s last name is misspelled. The correct name is Timothy Jansen.

Kersseboom, R., V. B. T. Ta, A. J. E. Zijlstra, S. Middendorp, H. Jumaa, P. F. van Loo, and R. W. Hendriks. 2006.

Bruton’s tyrosine kinase and SLP-65 regulate pre-B cell differentiation and the induction of Ig light chain gene
rearrangement. J. Immunol. 176: 4543—4552.

In Figure 4A, the label for the bottom row of histograms was duplicated by mistake in the label of the row above it.

The label for the bottom row should read “Counts versus c-SLC” as stated in the figure legend. The corrected figure is
shown below.
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Chan, S. L., S. T. Ong, S. Y. Ong, F. T. Chew, and Y. K. Mok. 2006. Nuclear magnetic resonance structure-based epitope
mapping and modulation of dust mite group 13 allergen as a hypoallergen. J. Immunol. 176: 4852—4860.

In Table II, the epitope residues cited for Equ c 1 are incorrect. The corrected table is shown below.

Table II. Analysis of charged amino acids compositions of major allergens and their human homologs®

Lys Arg Basic (%) Asp Glu Acidic (%) Epitope Residues

Der f 13 18 6 18.3 9 15 18.3 E41,K63,K91,K103

FABP1 15 2 13.3 4 13 13.3

FABP2 14 7 15.9 8 13 15.9

FABP3 14 4 13.5 11 8 14.2

FABP4 14 6 15.1 11 9 15.1

FABP5 14 6 14.8 8 12 14.8

FABP6 12 2 10.9 5 11 12.5

FABP7 12 5 12.8 10 10 15.1

FABP8 18 7 18.9 5 9 10.6
Der p 2 (Ref. 32) 14 2 12.4 9 7 12.4 H30,R31,K33,557,K96,197,E102

NPC2 12 1 8.6 6 6 8.0
Equ ¢ 1 (Ref. 31) 11 9 12.5 13 18 19.4

Lipocalin 9 7 10 9.6 8 13 11.9
Bet v 1 (Refs. 10, 33) 15 3 11.3 9 14 14.4 E42,N43,144,E45,G46,N47,G48,G49,P50,G51
Hev b6.02 (Ref. 30) 2 1 6.9 3 2 11.6 R5,K10,E29,Y30,038

“The contents of positively and negatively charged amino acid residues in selected major allergens are compared with their human homologs. The allergenic proteins are italic
and boldfaced. Der f 13 is compared with human FABPs (see Fig. 2 for abbreviations), whereas Der p 2 and Equ ¢ 1 are compared with the homologous human NPC2 and lipocalin
9, respectively. All of the allergens listed are found to have a higher overall percentage of charged residues compared to their homologous human proteins. The residues identified
as IgE binding epitopes in these allergens are listed and found to be mostly charged and polar residues.

In Discussion, in the last sentence of the fifth paragraph, inclusion of Equ c¢ 1 and the respective citation (Ref. 31) are
incorrect. The second sentence of the sixth paragraph has also been revised. The corrected sentences are shown below.

In addition to the group 13 dust mite allergen, other studies have also used a similar approach to generate hypoallergens
by mutating specific surface residues on allergens, including Bet v 1 (10) and Hev b 6.02 (30).

In Equ c 1, regions of the protein mapped as IgE binding epitopes consist mostly of charged and polar residues.
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