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a b s t r a c t

Hev b 6.02 (hevein), identified as a major allergen from natural rubber latex (NRL), is involved in the
latex-fruit syndrome and also acts as a pathogenesis defense-related protein. Its 3D structure has been
solved at high resolution, and its linear epitopes have already been reported. However, information about
conformational epitopes is still controversial, even though it is relevant for an accurate diagnosis and
treatment, as well as for the study of allergen–antibody molecular interactions. We sought to analyze the
B-cell epitopes of Hev b 6.02 at a molecular and structural level, using specific recombinant antibodies. We
obtained a murine monoclonal antibody (mAb 6E7) and three human single chain fragments (scFvs A6, H8,
and G7) anti-Hev b 6.02 that were able to compete for hevein binding with serum IgEs from latex allergic
patients. In vitro assays showed that the mAb 6E7 and scFv H8 recognized the area of Hev b 6.02 where
ev b 6.02
uman scFv
atex allergy
onoclonal antibody

rotein–protein interaction

the aromatic residues are exposed; while the scFv G7 defined the amino and carboxy-terminal regions
that lie close to each other, as a different epitope. The structural modeling of the Hev b 6.02–scFv H8 and
Hev b 6.02–scFv G7 complexes revealed the putative regions of two conformational epitopes. In one of
these, the aromatic residues, as well as polar side chains are important for the interaction, suggesting that
they are part of a dominant conformational epitope also presented on the Hev b 6.02–IgE interactions.
Antibodies recognizing this important allergen have potential to be used to diagnose and ultimately treat

c
d
f
o
c
s

latex allergy.

. Introduction

It is now widely recognized that IgE-mediated reactions (type I
ypersensitivity) and contact dermatitis to NRL proteins are impor-
ant medical problems, particularly in countries that are striving
o attain higher technological standards (Wagner and Breiteneder,
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

005). The high-risk population includes individuals exposed to
roteins found in products manufactured with this material, such
s gloves and surgical devices (Bernstein et al., 2003). Hev b 6.02
hevein), one of the major NRL allergens existing in high con-

Abbreviations: ASA, accessible surface area; BSA, bovine serum albumin; CDR,
omplementary determining region; ELISA, enzyme-linked immunosorbent assay;
R, framework region; mAb, monoclonal antibody; NRL, natural rubber latex; RMSD,
oot mean square deviation; scFv, single chain variable fragment; VH, variable region
eavy chain; VL, variable region light chain.
∗ Corresponding author. Fax: +52 55 56 16 2217.

E-mail address: adela@servidor.unam.mx (A. Rodríguez-Romero).
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entration, is a 4.7-kDa lectin that also acts as a pathogenesis
efense-related protein (Yeang et al., 2006). Several analyses of dif-
erent plant-derived food allergens have also shown the presence
f this polypeptide chain as a chitin-binding domain in class I endo-
hitinases. This accounts for the cross-reactivity between latex and
ome fruits (Blanco, 2003).

The first mapping of the linear epitopes of Hev b 6.02, using
verlapping peptides in direct or inhibition ELISA was performed
y Beezhold et al. (1997) and Banerjee et al. (1997). They indepen-
ently confirmed that two peptides containing residues Ser19-Cys24

nd Gly25-Cys37, as well as Pro13-Cys24 and Glu29-Asn36, respec-
ively, were responsible for Hev b 6.02-specific IgE binding.
ubsequently, Drew et al. (2004) and Raulf-Heimsoth et al. (2004)
eported that the tertiary structure of this allergen was relevant
-cell epitopes from the allergen Hev b 6.02 revealed by using blocking

or IgE binding. In both works, the Cys residues were mutated
o Ser or Ala and, therefore, IgE antibodies did not recognize the

utants. Karisola et al. (2002, 2004), using chimeric-hevein and
evein mutants, reported that IgE conformational epitopes are in
he N-terminal and C-terminal regions and suggested that the inter-

dx.doi.org/10.1016/j.molimm.2008.08.282
http://www.sciencedirect.com/science/journal/01615890
mailto:adela@servidor.unam.mx
dx.doi.org/10.1016/j.molimm.2008.08.282
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cting residues are Arg5, Lys10, Glu29, Tyr30, His35 and Gln38. In
parallel study, our group used an alternative strategy that con-

isted in oxidizing the two solvent-exposed tryptophans (Trp21 and
rp23) through chemical modification (Reyes-López et al., 2004),
roducing a modified Hev b 6.02 that showed only 20% inhibition
f IgE binding. It was then suggested that these two residues were
mportant in the IgE–Hev b 6.02 interaction. Recently, we found

natural hevein isoform (Hev b 6.0202) with only one change
Asn14Asp) that showed reduced IgE-binding capacity using serum
ools of adult and pediatric patients (Reyes-López et al., 2006).
hese discrepancies suggested the presence of more than one con-
ormational epitope on this small allergen and, therefore, the way
n which IgEs recognize Hev b 6.02 remains an open question.

Hybridoma and phage display technology are the methods cur-
ently available to produce and isolate allergen-specific antibodies,
hich are able to inhibit the binding of serum IgE from allergic

ndividuals (Davies et al., 2000; Edwards et al., 2001). Blocking anti-
odies have been used to learn more about the specific residues that
re crucial to allergen–antibody interactions. Nonetheless, to date
here are only a few reports on the structure of antibody–allergen
omplexes (Mirza et al., 2000; Padavattan et al., 2007; Niemi et al.,
007; Li et al., 2008). Furthermore, it has been shown that allergen-
pecific IgG antibodies, which inhibit the IgE–allergen interaction,
ave been tested in specific immunotherapy (Flicker and Valenta,
003).

Laukkanen et al. (2003) obtained two hevein-specific recom-
inant IgE antibodies from a human scFv library, and proposed
hem as potential reagents for the analysis of latex allergens. Nev-
rtheless, these antibodies have not been used for the epitope
nalysis. Consequently, to gaining insights into the location and
haracterization of the conformational epitopes of this important
atex allergen, in the present study three scFvs and one mAb Hev
6.02-specific were selected. The purified antibodies were able to

ompete with the binding of sera IgEs from latex allergic patients.
dditionally, isoforms and chemically modified Hev b 6.02 were

ested with the recombinant antibodies. The structural modeling
f different Hev b 6.02–scFv complexes provided complementary
nformation on the Hev b 6.02–IgE interaction.

. Materials and methods

.1. Allergens

Hev b 6.02, Hev b 6.0202, pseudohevein (Hevea brasiliensis clone
V42) and chemically modified hevein were obtained following the
rocedures reported by Reyes-López et al. (2004, 2006).

.2. Characterization of allergenic patient and sera

Twenty adult and pediatric NRL allergic patients were character-
zed by positive clinical history and skin prick testing. Additionally,
era were tested for reactivity with Hev b 6.02 by direct ELISA.

.3. IgE ELISA

Hev b 6.02 diluted in 50 mM carbonate buffer, pH 9.6 was coated
n microtiter plate (Corning, NY, USA) at 3 �g/mL (100 �L/well)
nd incubated overnight at 4 ◦C. The wells were emptied, and the
emaining protein binding sites were blocked with 1% bovine serum
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

lbumin (Sigma, St. Louis, MO) in phosphate-buffered saline (PBS),
t 37 ◦C for 2 h. After rinsing, 100 �L of latex allergic patients serum
diluted 1:10 in PBS) were added and incubated at 37 ◦C for 3 h.
iotinylated mouse anti-human IgE (Zymed; diluted 1:1000) was
dded, followed sequentially by streptavidin conjugated peroxidase

a
t
s
w
s
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Zymed; diluted 1:2000) after washing. Produced color was read
t 490 nm by using an automated Dynatech MR 5000 ELISA reader
Dynatech Laboratories, Inc., Chantilly, Va.). The mean + 3 S.D. of the
ontrol individuals was chosen as the threshold value for a positive
esult.

.4. Hev b 6.02-specific monoclonal antibodies: production,
sotyping and purification

Four to eight-week-old female BALB/c mice were immunized
ntraperitoneally (i.p.) with Hev b 6.02-BSA conjugated, and emul-
ified in complete Freund’s adjuvant. Thirty and 45 days later,
ice were boosted with an identical amount of antigen in incom-

lete Freund’s adjuvant. The mAbs were derived by somatic cell
ybridization of Sp2 mouse myeloma cell line to 1.35 × 107 spleen
ells at a radio of 1:10 in the presence of polyethylene glycol
PEG) 1500. Hybridoma cells were selected by Hypoxanthine-
minopterin-Thymidine (HAT) medium as previously described

Galfré and Milstein, 1981) and further selection of the secreted
ntibody to Hev b 6.02 were chosen by direct ELISA. Positive
ell cultures were cloned at least five times by limiting dilution.
sotype detection was done using a commercial kit (Bio-Rad Labo-
atories, CA, USA). For the production of ascites, hybridoma cells
ere i.p. injected into pristine-primed female BALB/c mice and

scites were collected 30 days after injection. Antibodies were
urified from hybridoma culture and ascitis fluid by affinity chro-
atography using a Protein G Column (Amersham Biosciences;
ppsala, Sweden). Protein concentration was measured assuming

hat A1 mg/mL
280 = 1.40 or εM

279 = 140 000 M−1 cm−1 corresponds to a
urified antibody solution with a concentration of 1 mg/mL.

.5. Hev b 6.02-specific human scFvs phage display selection

A human combinatorial library of scFvs, prepared by Riaño-
mbarila et al. (2005) with diversity close to 1.2 × 108, was
isplayed in filamentous phages and used for the selection of
ntibodies that recognized Hev b 6.02. Rescue of phagemid par-
icles was done as described by Marks et al. (1991). Before the
iopanning, 1 mL of the library (1 × 1013 phage antibodies) in PBS
as incubated for 90 min in the presence of different blocking

gents (BSA and gelatin). Biopanning was performed by adding the
re-blocked phages to immunotubes (Maxisorp; Nunc, Roskilde,
enmark) and microplates (Covalink; Nunc, Roskilde, Denmark)
oated with purified Hev b 6.02 and Hev b 6.02-BSA at the con-
entrations of 10 �g/mL (cycle 1) and 5 �g/mL (cycles 2–4), then
ashing 20 times with PBST (PBS with 0.1% Tween 20) and 20

imes with PBS. The bound phage antibodies were recovered by
he addition of one mL of E. coli strain TG1 (A600 = 0.7) for 30 min
ithout agitation and then 30 min with agitation (37 ◦C). Finally

he cells were plated on agar ampiciline for overnight growth.
he panning procedure was repeated twice. In the third round,
he selection was performed using a Surface Plasmon Resonance
nstrument (BIAcore X, Uppsala, Sweden). Twenty-five micrograms
f Hev b 6.02 were covalently bound onto a CM5 sensor chip
sing an equimolar mix of N-hydroxysuccinimide and N-ethyl-N-
dimethyl-aminopropyl) carbodiimide in 10 mM acetate buffer pH
.0. Approximately 370 resonance units (RU) were coupled. The
hage antibodies were injected and eluted with different concen-
rations of NaOH (2.5–25 mM) and were recovered as explained
-cell epitopes from the allergen Hev b 6.02 revealed by using blocking

bove. In the fourth round, the selection was performed in immuno-
ubes and microplates, with some variations. After the washing
teps, one mL of 100 mM triethylamine (Pierce, Rockford, IL, USA)
as added followed by a 10 min incubation, to remove the less

table phage antibodies. The remaining phage antibodies were

dx.doi.org/10.1016/j.molimm.2008.08.282
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ig. 1. Amino acid sequence alignment of three Hev b 6.02-specific scFvs selected
-terminal tag followed by a hexameric His tag. CDRs and FRs are indicated in agree

eutralized with 1 M Tris–HCl, pH 7 and recovered as explained
bove. After each round of panning, supernatants of single phage
ntibody clones were analyzed for specific binding to Hev b 6.02
nd Hev b 6.02-BSA in microtitre ELISA plates (Corning, NY, USA)
oated at 3 �g/mL in 50 mM bicarbonate buffer. The phage binding
as revealed by incubation with horseradish peroxidase (HRP)-

onjugated anti-M13 (Amersham Pharmacia Biotech).

.6. Affinity maturation by error-prone PCR

Selected clones from the scFv library were subjected to mutage-
esis by error-prone PCR with high, medium and low mutagenesis
ate (Cadwell and Joyce, 1992). PCR products were mixed and
igested with SfiI and NotI (New England Biolabs, Beverly, MA,
SA), gel purified and then ligated into the phagemid pSyn2. Lig-
ted DNA was electroporated into E. coli strain TG1 cells and the
ibrary variability (mutation rate) was determined. Each new library
as subjected to three or four rounds of biopanning using immuno-
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

ubes. Three cycles of evolution were performed. The sequences of
he clones were determined with the primers forward (5′ATA CCT
TT GCC TAC GCC 3′) and reverse (5′TTT CAA CAG TCT ATG CGG
′) in the Applied Biosystems 3100 Gene Analyzer (Foster City, CA,
SA).

5
b
p
s
t

able 1
omparison of the DNA sequences of the VH and VL regions (scFv clones A6, H8 and M8) w

lone Germline V, D, J (hc), V, J (hl) Complete
variable region
n Per

6 hc IGHV1-18*01, IGHD3-10*01, IGHJ6*01 42/369 bp 11
8 hc IGHV3-21*01, IGHD3-10*01, IGHJ6*01 20/357 bp 6
8 hc IGHV5-51*01, IGHD6-19*01, IGHJ3*02 30/372 bp 8

6 lc IGKV1-39*01, IGKJ1*01 24/324 bp 7
8 lc IGKV1-39*01, IGKJ5*01 25/324 bp 8
8 lc IGLV3-1*01, IGLJ1*01 56/333 bp 17
human repertoire, and the matured clone G7. These sequences include the c-myc
with Kabat definition (http://www.bioinf.org.uk/abs/).

.7. Soluble single chain antibodies expression and purification

The scFv inserts from the selected clones were ligated into
he expression vector Psyn1. This vector allows E. coli periplasmic
xpression of the scFv fused to cmyc epitope tag and hexahis-
idine (His)6 tag under the control of the lac promoter. Soluble
cFv was produced as described elsewhere (Nielsen et al., 2006).
inally, the monomers were separated from dimers and higher
ggregates by applying the samples onto a Superdex 75 column
Amersham Biosciences, England). Protein concentrations were
etermined spectrophotometrically using extinction coefficients
stimated individually for each clone. Typically, 0.6 mg of purified
cFv was obtained from 500 mL of culture of E. coli TG1.

.8. Binding sites analysis using natural variants of Hev b 6.02 by
LISA inhibition assay

ELISA plates were coated with 3 �g/mL Hev b 6.02 diluted in
-cell epitopes from the allergen Hev b 6.02 revealed by using blocking

0 mM carbonate buffer, pH 9.4 (100 �L/well; Costar) and incu-
ated overnight at 4 ◦C. Wells were blocked with 1% BSA in
hosphate-buffered saline, at 37 ◦C for 2 h. Afterwards, human
ingle chain antibodies were co-incubated with different concen-
rations (0.005–33 �g/mL) of the inhibitors (Hev b 6.02, Hev b

ith their closest related germline sequences (IMGT/V-QUEST).

CDRs FRs

cent n Percent n Percent

25/114 bp 21 17/255 bp 7
20/102 20 0/255 bp 0
16/114 bp 14 14/258 bp 5
11/81 bp 14 13/243 bp 5
15/81 bp 19 10/243 bp 4
29/93 bp 31 27/240 bp 11

dx.doi.org/10.1016/j.molimm.2008.08.282
http://www.bioinf.org.uk/abs/
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Table 2
Inhibition percentage of IgE binding from natural rubber latex positive sera to native Hev b 6.02 by recombinant antibodies.

Individual scFv M8 scFv G7 scFv A6 scFv H8 mAb 6E7 scFvs and mAb 6E7

Inhibition percentage
1 32.6 28.5 22.6 19.0 9.5 24.3
2 14.4 18.5 8.0 6.1 18.8 20.2
3 20.7 18.9 51.3 42.7 9.6 13.2
4 24.9 6.9 – 55.1 20.6 63.4
5 22.0 26.5 8.3 35.7 12.9 15.0
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ean 19.3 22.3 20.9

.0202, modified Hev b 6.02, and pseudohevein) in PBS for 3 h and
ere added to the wells for 45 min at 37 ◦C. The colorimetric reac-

ion was revealed as mentioned above. Results were expressed as
ercentage of inhibition using the following formula: [(absorbance

n the absence of inhibitor X − absorbance in the presence of
nhibitor X)/absorbance in the absence of the inhibitor] × [100].

.9. IgE inhibition assay using recombinant antibodies

ELISA plates were coated with 3 �g/mL Hev b 6.02 overnight
t 4 ◦C. The plates were blocked with 1% Casein (Sigma, St. Louis,
O) in PBS and incubated 2 h at 37 ◦C with the human scFvs or
onoclonal antibodies (diluted 1:100). After washing, the plates
ere incubated with 1:10 diluted sera from natural rubber latex

llergic patients for 2 h at 37 ◦C and bound human IgE antibodies
ere detected as explained before. We use a toxin-specific human

cFv like negative control.
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

.10. Fluorescence measurements

Fluorescence experiments were carried out on a fluorescence
pectrometer PerkinElmer BL50 (USA) in a 1 cm quartz cell, with

n
f
u
n
d

ig. 2. ELISA inhibition assays. The average inhibition of IgE (A), scFv H8 (B), scFv G7 (C) an
odified hevein and two natural mutants. The inhibition curve with Hev b 6.02 as the inh
37.3 30.6 33.6
45.3 40.6 71.5

34.5 20.4 34.5

he FL Winlab software for collecting data. All measurements were
one at an excitation of 295 nm and an emission of 320–440 nm,

n a cell thermostated at 25 ◦C. The excitation slit was set to 2.5
nd the emission slit to 3.5. The buffering system was PBS pH 7.4,
37 mM NaCl. Hev b 6.02 concentration was 2.11 × 10−6 M for all
xperiments. Antibodies were prepared in different molar ratios
ith respect to the allergen. Spectral centers of mass of intrinsic
uorescence (intensity-weighted average emission wavelengths,
CM) were calculated as SCM = ˙�I (�)/˙I (�), where � is the emis-
ion wavelength and I (�) represents the fluorescence intensity at
avelength.

In fluorescence quenching experiments aliquots of 3.0 M acry-
amide (Aldrich, St. Louis, MO) were added directly to the sample
p to a total concentration of 200 mM, with 10 mM increments. The
ev b 6.02 samples were allowed to equilibrate with acrylamide

or 5 min before each measurement. For those experiments with
ev b 6.02 in the presence of different molar ratios of recombi-
-cell epitopes from the allergen Hev b 6.02 revealed by using blocking

ant antibodies, Hev b 6.02 was incubated with these antibodies
or 12 h before adding the acrylamide solution. Fluorescence val-
es were corrected for dilution by the titrant. Fluorescence was
ot observed in control titrations with buffer and acrylamide. The
ecrease in fluorescence intensity is described by the Stern–Volmer

d mAb 6E7 (D) binding to solid-phase Hev b 6.02 was determined using chemically
ibitor is shown for comparison.

dx.doi.org/10.1016/j.molimm.2008.08.282
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Fig. 3. Tryptophan fluorescence in the identification of Hev b 6.02 epitopes. (A)
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quation F0/F = 1 + Ksv [Q], where F0 and F are the corrected flu-
rescence intensities in the absence and presence of acrylamide,
espectively, Ksv is the collisional Stern–Volmer constant, and [Q]
s the molar concentration of acrylamide. All measurements were
erformed in at least triplicate series.

.11. Sequence alignment and homology modeling of the
ecombinant antibodies

The three-dimensional structure models of scFvs were built by
sing the web-based antibody modeling program WAM (Whitelegg
nd Rees, 2000), ESyPred3D server (Lambert et al., 2002), as well
s the program suite Modeller 9v2 (Šali and Blundell, 1993). The
ramework regions were generated by using homologous antibody
emplates according to the sequence alignments obtained with
LAST (Protein Data Bank). The best alignments were selected
ccording, not only to the alignment score, but also to the
election of the template structures solved at the highest res-
lution. CDRs from the light and heavy chains, except CDRH3,
ere built from homologous loops of the same canonical class.

he antibodies were modeled in the form of scFv, with the
ight and heavy chains connected by a flexible linker segment.
he minimization of the structures was performed with UCSF
himera software (www.cgl.ucsf.edu/chimera) through the MMTK
outines.

.12. Simulated docking of scFv–Hev b 6.02 complexes

The rigid-body docking approach of GRAMM-X (Tovchigrechko
nd Vakser, 2006) was used to construct models of two scFvs with

ev b 6.02, using the crystal structure obtained at 1.5 ´̊A resolu-
ion (PDB code 1Q9B) (Reyes-López et al., 2004). To perform the
otation and translation searches of the allergen around the sur-
ace of the antibody-binding region we used RosettaDock (Gray
t al., 2003). In the high-resolution refinement step, where the
onte Carlo minimization procedure was applied, the side-chain

egrees of freedom were optimized simultaneously, in the con-
ext of a detailed all-atom energy function, where short-range
ydrogen bonding, van der Waals interactions, and desolvation
ere the greatest contributors. The search procedure was repeated

rom different random starting orientations to create 1000 struc-
ures. The RMSD values were calculated over the scFv molecules
fter superposition of the ligand (Hev b 6.02) with the starting
odel. To rank the results we used Fnat (fraction of native con-

acts), defined as the residue–residue correct contact number of
he predicted complex divided by the number of contacts in the
arget complex, and the L rms value defined as the main-chain
isplacement of the predicted ligand against the target structure.
olar contacts were analyzed with the PISA server (Krissinel and
enrick, 2007) and the apolar ones with the PIC server (Tina et
l., 2007). The models were visualized with Pymol v1.0r2 (DeLano,
002).

. Results

.1. Selection of Hev b 6.02-specific murine monoclonal
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

ntibodies

After immunization with Hev b 6.02 purified from natural rub-
er latex and covalently bound to BSA, a panel of murine mAbs was
btained. Direct ELISA using Hev b 6.02 in the solid phase screened
ll the hybridoma candidates. mAb 6E7 (IgG1 �) presented a high
egree of recognition.

V
t
a
(
b
f
1

ryptophan intrinsic fluorescence of the complexes Hev b 6.02-recombinant anti-
odies at different molar ratios. (B) Stern–Volmer plots for acrylamide quenching
ffects on Hev b 6.02 and on its complexes with recombinant antibodies.

.2. Selection and molecular analysis of the Hev b 6.02-specific
uman scFvs

A human random combinatorial phage library (Riaño-Umbarila
t al., 2005) was screened with immunotubes and microplates
oated with Hev b 6.02 and Hev b 6.02-BSA at a low density. Three
lones were found to express Hev b 6.02 binding activity, scFv
ntibodies M8, A6 and H8 (Fig. 1). A sequence alignment of the
hree light chains (VL) showed an identity ranging from 39% to
5%, whereas for the three heavy chains (VH) it ranged from 41% to
9%. Framework regions (FRs) and one complementary determin-

ng region of the light chain (VL-CDR2) were of equal size; CDRL1
nd CDRL3 were of different sizes for M8 only. Concerning the VHs,
DRH3 of different sizes were observed for the three scFvs with 12
H8), 16 (A6) and 17 (M8) residues, respectively.

The DNA sequences of these scFvs (GenBank accession
os. EU934735, EU934736 and EU934737) were compared with
ermline sequences deposited in the IMGT database (Lefranc,
003). The heavy chains of A6 and H8 are related to VH1 and VH3
amilies, respectively, while M8 is related to VH5. The light chains
f A6 and H8 belong to the Vk1 family, whereas M8 is related to
�3. Notably, there were more variations in the VL-CDRs (14–31%)

han in the FRs (5–11%). In the VH-CDR regions, the variation level
ccounts for 14% to 21%, while for the FRs, it ranged from 0% to 7%
-cell epitopes from the allergen Hev b 6.02 revealed by using blocking

Table 1). It was very interesting to observe that the rate and distri-
ution of somatic mutations were comparable with those observed
or two important human antibodies anti-allergen; IgG anti-Bet v
(Denepoux et al., 2000) and IgE anti-Phl p 1 (Flicker et al., 2006).

dx.doi.org/10.1016/j.molimm.2008.08.282
http://www.cgl.ucsf.edu/chimera
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.3. Affinity maturation

To determine whether the increase in the affinity of the scFv
ould improve the IgE–Hev b 6.02 inhibition, three cycles of
irected evolution were carried out with the clone M8. In the
rst cycle, the library (7.3 × 106 variants; mutation rate 1.1%) was
valuated by phage display against Hev b 6.02 by three rounds of
iopanning. The improved recognition of the variant F6 was deter-
ined by three mutations in the frameworks of the heavy chain:
et48Val, Ile76Phe and Gly90Ser. This variant was subjected to a sec-
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

nd maturation cycle, where the library size was 2.4 × 106 variants
nd the mutation rate 1%. In this case, the clone F7 was selected. The
hanges were located at VH-CDR3: (Ile102Lys) FRVH, (Met121Val),
RVL; (Ser208Thr), FRVL; (Ser252Gly) and FRVL (Als255Gly). For the
hird cycle (2.3 × 106 variants and mutation rate 1%), the clone G7

s
t
s
o
n

t views of hevein (violet)-scFv G7 (green) and hevein-scFv H8 (yellow), respectively.
surface when interacts with scFv G7, and with H8, respectively. The four views are
es. Hydrogen bonds are colored black.

as chosen and its DNA sequence showed only two changes with
espect to clone F7, FRVL (Gln180His) and VL-CDR2 (Ser196Tyr).

.4. Inhibition of IgE binding to Hev b 6.02 by recombinant
ntibodies

ELISA inhibition assays were performed to verify whether the
n vitro selected anti-hevein murine mAb (6E7) and human scFvs
M8, G7, A6 and H8) had epitopes in common with the IgEs from
atex allergic patients (Table 2). Sera from seven allergic individuals
-cell epitopes from the allergen Hev b 6.02 revealed by using blocking

howed that the binding of each recombinant antibody inhibited up
o 55% of the IgE–Hev b 6.02 interaction. The combination of the four
cFvs and the mAb 6E7 inhibited more than 70% for the sera of two
ut of the seven patients. These results demonstrate the polyclonal
ature of the Hev b 6.02-specific IgE response. Analyzing the results

dx.doi.org/10.1016/j.molimm.2008.08.282
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Table 3
Antibody interface residues.

Hev b 6.02-scFv G7 Hev b 6.02-scFv H8

Number of residues

16 15

Buried surface area ( ´̊A)
787.7 613.8
P-value

0.415 (Hev b 6.02), 0.515 (scFv G7) 0.533 (Hev b 6.02), 0.459 (scFv H8)

Residues involved in polar interactions

Hev b 6.02-scFv G7 (CDRs) Hev b 6.02-scFv H8 (CDRs)
Gln2-His109 (H3) Arg5-Gly103 (H3)
Lys10-Tyr196 (L2) Gln6-Gly103 (H3)
Leu11-Gln193 (L2) Ser19-Tyr228 (L3)
Cys12-Ser175 (L1) Gln20-Tyr228 (L3)
Asn14-Tyr52 (H2), Asp111 (H3) Trp21-Tyr168 (L1)
Asn15-Tyr52 (H2), Arg59 (H2), Trp234 (L3) Trp23-Tyr168 (L1), Tyr228 (L3)
Ser26-Asp55 (H2) Gln29-His163 (L1)
Asn40-Asp235 (L3) Pro33-Tyr59 (H2)
Lys42-Asp55 (H2) Asp34-Tyr59 (H2)

A contact is made when two side chains have at least one nonhydrogen atom pair
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btained for the matured G7 compared with M8, we observed only
slight improvement in the percentage of inhibition.

.5. Mapping of the binding sites of the recombinant antibodies
sing natural and chemically modified variants of Hev b 6.02

For identification and comparison of the Hev b 6.02 regions rec-
gnized by scFvs, mAb and native IgE, two of its natural isoforms
nd one chemically modified variant were used. Hev b 6.0202 has
single mutation in the position N14D (Reyes-López et al., 2006),
hile pseudohevein presents six mutations Trp21Tyr, Thr27Ser,
lu29Asp, Asp34Ser, His35Lys and Asp43Gly. For the chemically mod-

fied hevein both, Trp21 and Trp23 were oxidized as described
reviously (Reyes-López et al., 2004). Increasing concentrations of
he proteins were added to each recombinant antibody and the
esidual binding activity to Hev b 6.02 was measured as a per-
entage of inhibition by ELISA (Fig. 2). The inhibitory effect of Hev
6.0202 (86%), pseudohevein (50%) and modified hevein (20%)

t the highest concentration in the IgE–Hev b 6.02 interaction is
hown (Fig. 2A). This establishes the importance of the tryptophans’
olvent-accessible surface area (ASA), and some residues located in
he carboxy-terminal region, to be recognized by IgEs. In the scFv
8–Hev b 6.02 interaction, only the modified allergen (60%) and
seudohevein (37%) showed changes in the percentage of inhibi-
ion (Fig. 2B). For the scFv G7–Hev b 6.02 interaction, the isoform
ev b 6.0202 inhibited 70%, while pseudohevein inhibited 48.5%

Fig. 2C). The highest concentration of pseudohevein and modified
evein showed reduced mAb 6E7-binding capacity, 36% and 58%,
espectively, whereas Hev b 6.0202 only reduced it by 15% (Fig. 2D).

.6. Fluorescence measurements

Two different experiments were performed to analyze the inter-
ction of hevein with the recombinant antibodies. We used the
ntrinsic fluorescence of the tryptophan residues Trp21 and Trp23

ASA of 165.9 and 112.1 Å2, respectively) and, the acrylamide-
ependent quenching. In the first case, the binding of H8 and mAb
E7 to Hev b 6.02 promotes an emission shift from 358 to 348
nd 345 nm, respectively (Fig. 3A). These results are explained by
decrease in the polarity of the environment of the tryptophans’

rea (Lakowicz, 1986). In the second case, acrylamide was used to
uench the fluorescence of hevein and the antibodies either alone
r while in a complex. Fig. 3B shows a Stern–Volmer analysis of the
crylamide-dependent quenching of hevein–antibody complexes,
here important differences are observed. The Hev b 6.02–mAb

E7 complex showed a substantial decrease in the Ksv value
12.1 ± 0.15 M−1) compared to that of Hev b 6.02 (17.68 ± 0.4 M−1);
he Hev b 6.02–scFv G7 and Hev b 6.02–scFv H8 complexes pro-
uced a slightly decrease, and Hev b 6.02–scFv A6 did not affect
he Ksv value (Fig. 3B). These results indicated that in addition to
change in the polar nature of the environment of the tryptophan

esidues, they also became less accessible to acrylamide. There-
ore, it may be concluded that at least one Trp is in fact involved in
nteractions with the mAb 6E7 and the scFv H8.

.7. Homology modeling, simulated docking of scFvs–Hev b 6.02
omplexes and epitope analysis

For the homology modeling, we compared all the models
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

btained as described in Section 2, and selected the best results
or each scFv. To further elucidate the structural characteristics of
evein bound to the scFvs, the described filter and selection proce-
ure yielded a final model for the docking complex Hev b 6.02–scFv
7 and one for the Hev b 6.02–scFv H8 complex (Fig. 4). In the

o
o
i
A
r

ithin 4 Å.
he P-value is a measure of interface specificity. A value of P > 0.5 means that the
nterface is less hydrophobic. On the other hand, P < 0.5 indicates that the interface
an be interaction-specific (Krissinel and Henrick, 2007).

rst case, the buried accessible surface area was 1485 ´̊A2, involv-
ng 26 residues of the paratope, and 16 residues of the epitope
Fig. 4A, C and E). Asparagine 14 establishes three hydrogen bonds
ith residues located in the deep cavity of the antibody, validating

he in vitro assays (Fig. 2C). This complex reveals a slightly more
ydrophilic interface than the average found in antibody–antigen

nterfaces (Lo Conte et al., 1999). Table 3 lists the interface residues
f the resulting models and their interactions. Comparatively, H8
stablished ten hydrogen bonds with the CDRs, including more
ydrophobic residues that made contact with the two aromatic
esidues (Trp21 and Trp23) in hevein (Fig. 4B, D and F).

For comparison, the coordinates of Hev b 6.02 were submitted
o several servers for the prediction of conformational epitopes
Ponomarenko and Bourne, 2007). The server PPIPRED (Bradford
nd Westhead, 2005) predicted three discontinuous epitopes; the
rst involved Gln2, Ser19, Trp21, Trp23-Ser26 and Glu29 and Tyr30,
he second Gly9, Leu11-Asn15, Ser39 and Asn40; and the third con-
ormational epitope involved the residues Pro13-Cys17, Cys24-Thr27

nd Lys42, which are in accordance with our docking results.

. Discussion

It is well recognized that the latex allergen Hev b 6.02 is an
mportant cause of type I hypersensitivity in latex gloves users,
articularly health care workers, children submitted to multiple
perations, and more recently laboratory scientists. The fact that
everal studies have associated Hev b 6.02 sensitization with the
atex-fruit syndrome highlights the importance of this small and
table allergen. Such associations establish cross-reactivity as a
onsequence of the presence of hevein-like domains in some fruits
Blanco, 2003). In this study, we present a structural characteri-
ation based on molecular modeling and in vitro experiments, of
utative B-cell epitopes of Hev b 6.02, using three human scFv
ntibody fragments and one murine monoclonal antibody. We
-cell epitopes from the allergen Hev b 6.02 revealed by using blocking

bserved that these recombinant antibodies inhibited the binding
f human IgEs to Hev b 6.02, to a varying degree depending on each
ndividual, with a maximum value of 55% for scFv H8, 51% for scFv
6, 37% for scFv G7, and 41% for mAb 6E7. Similar results have been
eported for different monoclonal antibodies anti-allergens (Mirza

dx.doi.org/10.1016/j.molimm.2008.08.282
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t al., 2000; Padavattan et al., 2007; Naik et al., 2008; Flicker et al.,
006). Notably, in our case, a synergic effect was observed when a
ixture of all the recombinant antibodies was able to inhibit the

gE binding to the allergen, up to 71% in some patients (Table 2).
t is evident that this battery of antibodies recognizes different
egions of the Hev b 6.02 surface, thus resembling the IgE polyclonal
esponse from allergic patients and allowing for the individual anal-
sis of each B-cell epitope. The overlapping between IgE and IgG
pitopes could be useful for the identification of immunodominant
egions that are essential for diagnostic and therapeutic studies
van Neerven et al., 2006). For these reasons, the hevein-specific
ntibodies might be used as potential blocking antibodies, as well
s diagnostic and research tools.

Concerning the primary structure, the three scFv anti-hevein
btained in this work, display CDR loops of the VH and VL chains
hat are, surprisingly, highly identical to those regions of a few avail-
ble sequences of IgE antibodies raised against different allergens.
he BLAST analysis showed that the VLs of A6 and H8 presented a
equence identity of 81–83%, respectively, with VLs of scFv antibod-
es against Phl p 5 (Persson et al., 2007). CDRL3 showed the highest
equence variation, as expected; however, the aromatic residues
emained. For the VH different results were obtained: The H8 VH
ad an 85% identity with one εVH from antibodies of grass pollen
llergic patients (Andréasson et al., 2006), while the A6 VH pre-
ented a 74% sequence identity with another εVH obtained from
llergic patients antibodies (Coker et al., 2005). CDRH1 and CDRH2
oops were quite conserved and the largest differences were found
n the CDRH3 regions. In accordance with our results, Niemi et al.
2007) reported a high identity among VLs of anti-grass pollen, anti-
atex and anti-bovine milk antibodies, suggesting the presence of
imilar epitopes on these allergens. It is worth mentioning that the
gEs anti-hevein reported by Laukkanen et al. (2003) present an
dentity of 63% when compared to H8, with the highest similarities
etween CDRL1 and CDRL3.

To further analyze the epitope regions, we performed ELISA inhi-
ition experiments testing two natural isoforms and the allergen
hemically modified at the tryptophan residues. These isoforms are
olymorphic variants of the same allergen, which present small
ariations in the discontinuous epitopes that could translate in
mportant changes in the binding strength. We found that each
ecombinant antibody recognized in a different way the isoaller-
ens tested. The local change in charge distribution present in Hev b
.0202 might explain why the scFv G7 binding ability was reduced,
eaning that Asn14 is part of the epitope recognized by this anti-

ody. On the contrary, when the milieu of the aromatic residues
Trp21 and Trp23) was changed, the scFv H8 and mAb 6E7-binding
bilities were decreased, suggesting their participation in another
mmunodominant region. Lastly, pseudohevein that includes muta-
ions at the C-terminal region and at the aromatic area (Trp21Tyr)
howed a reduction in the binding capacity for all the antibodies,
hus suggesting the participation of those residues in the antibod-
es recognition (Fig. 2). Comparatively pseudohevein and modified
evein presented the lowest IgE recognition, indicating that the
esidues Trp21, Trp23, Thr27, Glu29, Asp34, His35, and Asp43 are rel-
vant for this interaction.

In agreement with the results presented above, when intrinsic
uorescence spectra were recorded in the presence of increasing
oncentrations of scFv H8 and mAb 6E7, it was observed that the
elative emission of the two tryptophans in hevein shifted. The
ose-dependent shift in fluorescence emission could be mediated
Please cite this article in press as: Pedraza-Escalona, M., et al., Analysis of B
antibodies. Mol. Immunol. (2008), doi:10.1016/j.molimm.2008.08.282

y a conformational change in the protein once the antibodies
ere bound, or by a change in the local environment of the two

ryptophans, reflected as polarity. With regard to the fluorescence
uenching with acrylamide, the presence of the two antibodies
rovoked a decrease in the accessibility to at least one of the

B

B
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ryptophans. This is consistent with our previous report, where
e established the importance of the aromatic residues exposed

o the solvent for Hev b 6.02–IgE interaction (Reyes-López et al.,
004).

The crucial event for triggering an allergic response is the
llergen–antibody interaction; therefore, determining the struc-
ure of these complexes is a way to identify relevant epitopes. These

olecular determinants can be predicted by molecular modeling,
sing suitable software. For this purpose, we obtained two docked
odels using the scFvs H8 and G7 with hevein. They suggested

wo putative discontinuous epitopes, the first comprising a patch of
xposed aromatic residues surrounded by polar ones, and the latter
ncluding the amino and carboxy-terminal ends. These results are
n agreement with the experimental assays presented above, and
re consistent with some characteristics of antigen–antibody com-
lexes from crystallographic data (Table 3) (Lo Conte et al., 1999;
ollis et al., 2003).

It is increasingly evident that aromatic patches on the surface of
llergens are important. For example, a common putative IgE epi-
ope present in cysteine protease allergens shows a conserved Tyr
ocalized in the center of the epitopes (Furmonaviciene et al., 2000).
n another case, one Trp is a critical residue, recognized by mono-
lonal antibodies, in the serine protease allergens (Lee et al., 2007).
urthermore, the epitope of albumin 2S, from sunflower seeds, con-
ists of a hydrophobic patch including one Trp and five methionines
Pantoja-Uceda et al., 2004). Recently, the crystal structure of the
omplex Api m 2–Fab reported by Padavattan et al. (2007) pre-
ented an epitope formed by a central hydrophobic patch, which is
urrounded by charged and polar residues. Two aromatic residues,
Trp and one Phe, establish six apolar contacts with the Fab. All

hese results support the idea that aromatic residues participate in
etworks of co-operative interactions with not only hydrophobic,
ut also charged and hydrogen bond donor and acceptor groups in
he IgG and IgE–allergen interactions.

In summary, the use of oligoclonal antibodies (i.e. mixtures
f monoclonal antibodies or human scFvs) proved useful in this
ind of studies. The identification of Hev b 6.02 B-cell epitopes
ill allow for a structure-based rational modification of these

egions aimed at producing allergen variants with low IgE-binding
ctivity.
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