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a  b  s  t  r  a  c  t

Bla  g  1  is  a major  allergen  from  Blatella  germanica  and  one  of  the  primary  allergens  used  to  assess  cockroach
allergen  exposure.  The  epitope  of an  anti-Bla  g 1 scFv  was mapped  in  order  to better  understand  cross
reactivity  with  other  group  1  cockroach  allergens  and  patient  IgE  epitopes.  X-ray  crystallography  was  used
to  determine  the  structure  of the  scFv.  The  scFv  epitope  on  Bla  g  1  was  located  by alanine  scanning  site-
directed  mutagenesis  and  ELISA.  Twenty-six  rBla  g 1-GST  alanine  mutants  were  evaluated  for  variations
in  binding  to  the  scFv  compared  to the  wild  type allergen.  Six  mutants  showed  a significant  difference
in  scFv  binding  affinity.  These  mutations  clustered  to form  a discontinuous  epitope  mainly  comprising
two  helices  of  Bla  g 1.  The  allergen-scFv  complex  was  modeled  based  on  the  results,  and  the  epitope
region  was  found  to have  low sequence  similarity  with  Per  a 1, especially  among  the  residues  identified
ockroach
pitope

as  functionally  important  for the  scFv  binding  to  Bla  g  1. Indeed,  the scFv  failed  to  bind  Per a  1  in  American
cockroach  extract.  The  scFv  was  unable  to inhibit  the binding  of IgE  antibodies  from  a highly  cockroach
allergic  patient  to Bla  g  1.  Based  on  the  surface  area  of  Bla  g  1 occluded  by  the  scFv, putative  regions  of
patient  IgE–Bla  g  1 interactions  can  be  inferred.  This  scFv  could  be best  utilized  as  a  capture  antibody  in
an  IgE  detection  ELISA,  or to differentiate  Bla  g 1 from  Per  a 1 in environmental  exposure  assays.

Published  by  Elsevier  Ltd.
. Introduction

Allergic sensitization to cockroach-derived molecules is a risk
actor for the development of asthma (Matsui et al., 2010; Salo et al.,
008). There are currently ten groups of cockroach allergens to
hich patients commonly become sensitized (www.allergen.org).

n comparison to cat or dust mite for which a few allergens dom-
nate most of the IgE response, the IgE response to cockroach
llergens can be highly variable (Pomés et al., 2007). The three most
ommonly recognized allergens produced by the cockroach Blat-
ella germanica are Bla g 1, Bla g 2, and Bla g 5, but the prevalence
f IgE in patients in the U.S. is only 26%, 54%, and 37%, respectively
Satinover et al., 2005).
Bla g 1 and Bla g 2 are the most commonly used allergens for the
ssessment of cockroach allergen exposure. The threshold dose of
la g 1 exposure established as a risk factor for sensitization is 2 U/g

∗ Corresponding author. Tel.: +1 919 541 3872; fax: +1 919 541 5707.
E-mail address: mueller3@niehs.nih.gov (G.A. Mueller).

ttp://dx.doi.org/10.1016/j.molimm.2014.02.003
161-5890/Published by Elsevier Ltd.
of dust, and 8 U/g is considered to be a risk factor for asthma morbid-
ity (Eggleston et al., 1998; Rosenstreich et al., 1997). Allergen levels
are commonly measured with antibodies raised against cockroach
extracts (Pollart et al., 1991a). The cockroach extracts used to stan-
dardize these assays were initially assigned an arbitrary value based
on a fixed volume of extract (Pollart et al., 1991b). The amount of
Bla g 2 in 1 Unit was determined to be 80 ng, subsequent to cloning
and characterization (Arruda et al., 1995; Gustchina et al., 2005).
Whereas Bla g 2 is a stable globular protein, Bla g 1 is a more com-
plex allergen, and has a fragmentation pattern on SDS-PAGE that
made standardization difficult for a long time. It was only recently
that 1 Unit of the allergen Bla g 1 was standardized to be 104 ng
(Mueller et al., 2013). This will facilitate a better comparison of
allergen exposure levels. The need for strict molecular standards
instead of arbitrary units is best reflected in a study of 6 commercial
cockroach extracts in which there was up to a 200 fold difference

in the Bla g 1 levels (4.7–1085 U/ml) (Patterson and Slater, 2002).

Bla g 1 is a unique allergen that is composed of multiple tandem
repeats of two  distantly related core sequences termed � and �
(Helm et al., 1996; Pomés et al., 1998; Randall et al., 2013). In other

dx.doi.org/10.1016/j.molimm.2014.02.003
http://www.sciencedirect.com/science/journal/01615890
http://www.elsevier.com/locate/molimm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molimm.2014.02.003&domain=pdf
http://www.allergen.org/
mailto:mueller3@niehs.nih.gov
dx.doi.org/10.1016/j.molimm.2014.02.003
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Table 1
Crystallographic data table.

Unit cell a = 102.5 Å, b = 51.1 Å, c = 44.9 Å
˛ = � = 90◦

 ̌ = 105.0

Space group C2
Resolution (Å) 50.0–1.8
No. of observations 66,691
Unique reflections 19,780
Rsym (%) (last shell)a 4.8 (17.6)
I/�I (last shell) 18.1 (4.5)
Mosaicity range 0.39–0.59
Completeness (%) (last
shell)

94.6 (72.0)

Refinement statistics
Rwork (%)b 16.5
Rfree (%)c 19.1

No. of waters 157
Overall mean B value (Å)

Protein 27.5
Solvent 37.9

r.m.s. Deviation from
ideal values

Bond length (Å) 0.011
Bond angle (◦) 1.36
Dihedral angle (◦) 11.5

Ramachandran
statisticsd

Residues in:
Favored (98%)

regions (%)
97.4

Allowed (>99.8%)
regions (%)

100

a Rsym =
∑

(|Ii − <I>|)/
∑

(Ii) where Ii is the intensity of the ith observation and
<I> is the mean intensity of the reflection.

b Rwork =
∑

||Fo| − |Fc||/
∑

|Fo| calculated from working data set.
c Rfree was calculated from 5% of data randomly chosen not to be included in

refinement.
d Ramachandran results were determined by MolProbity.

Table 2
Bla g 1 mutatations and ��G compared to wild type measured by ELISA.

Mutation ��G

Q41A −0.05
V49A *

D50A 0.06
I53A 0.09
T57A *

L60A 0.00
D76A −1.10
E79A −1.20
T80A −1.70
V83A −0.33
N93A 0.31
N96A 0.33
N104A 0.40
D107A 0.13
H113A 0.09
H129A −0.38
V133A −0.08
D141A *

D151A 0.15
E161A 0.33
L167A *

N171A −0.14
E177A −0.11
Q183A 0.33
T184A −0.25
E190A −0.62
N193A −2.10
G.A. Mueller et al. / Molecula

nsect species, up to 7 copies of � and � are present on a single
olypeptide chain (Randall et al., 2013). The two core sequences
ach form a pentagon of alpha helices with a sixth helix displaced
bove the plane of the pentagon (Mueller et al., 2013). The two
entagons of � and � interact via the rim, creating a large inter-
al hydrophobic cavity that can bind various lipids (Mueller et al.,
013). The unstructured loops between � and � are frequently pro-
eolyzed, leading to the mistaken impression on SDS-PAGE analysis
hat the protein is highly fragmented and therefore there is a conse-
uent loss of antibody epitopes. It has been demonstrated that even
ith variable fragmentation patterns, antibody recognition of the

llergen was consistent, indicating that the core structure remains
ntact (Mueller et al., 2013).

In order to better understand antibody epitopes on Bla g 1, we
ought to characterize the interaction between an avian derived
cFv and recombinant Bla g 1 (deVore et al., 2010; Finlay et al.,
005; Khurana and Slater, 2013). This particular scFv is proposed
o be part of a multiplex assay that is under development to study
he composition and potency of B. germanica extracts used in clin-
cal settings. Knowledge of the particular epitope may  be useful
n understanding the cross-reactivity of the scFv with other cock-
oach species allergens, and may  be useful in mapping patient IgE
pitopes.

. Materials and methods

.1. Structure determination

The anti-Bla g 1 scFv was expressed in E. coli as a maltose
inding protein (MBP) fusion (pDEST vector 566, provided to the
IEHS Protein Expression Core Facility by Dominic Esposito, SAIC,
CI Maryland), purified by amylose affinity chromatography fol-

owed by removal of the His-tagged-MBP by cleavage with TEV
rotease. The His-tag facilitated removal of the MBP  and TEV with a
ickel column. For ELISA experiments, the scFv was  further purified
y size exclusion chromatography. For crystallography, the scFv
as combined with rBla g 1-EC purified as previously described

Mueller et al., 2013), followed by size exclusion chromatogra-
hy. The eluted protein corresponding to the scFv–Bla g 1 complex
as concentrated to 30 mg/ml  in 25 mM Tris pH 7.5 and 75 mM
aCl for crystallization screening. Crystals of the complex were not
btained, but crystals of the scFv alone were obtained by hanging
rop vapor diffusion in a mother liquor of 1.8 M ammonium sulfate,
00 mM NaCl, 50 mM Tris pH 7.5–8.5 at 20 ◦C. Glycerol was added as

 cryo-protectant at 15% (v/v), and the crystals were flash frozen in
iquid N2. The data were collected at the Southeast Regional Collab-
rative Access Team (SER-CAT) 22 ID beamline at Advanced Photon
ource and were processed with HKL2000 (Otwinowski and Minor,
997). The structure was solved by molecular replacement using
he coordinates of an anti-interferon scFv (3UX9) (Ouyang et al.,
012) as the starting model, followed by multiple rounds of model
uilding and refinement in COOT and PHENIX (Emsley and Cowtan,
004; Zwart et al., 2008). Data collection and refinement statistics
re presented in Table 1. The final model contains scFv residues
1-L107 and A115-V231.

.2. Alanine scanning mutagenesis and ELISA

Thirty alanine mutants of rBla g 1-EC (Table 2) were cre-
ted by site-directed mutagenesis using QuikChange II (Agilent).
wenty-six constructs expressed sufficient soluble protein for fur-
her testing. The mutants were purified by glutathione affinity and

udged better than 95% pure by SDS-PAGE. The GST-tag was  not
emoved for the ELISA experiments.

ELISA plates were coated overnight at 4 ◦C with 10 �g/ml scFv
n coating buffer: 0.84% NaHCO3 (w/v), 0.356% Na2CO3 (w/v), pH

K197A −1.40
E200A −0.02
D206A −0.01

* Failed to express.
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Fig. 1. Crystal structure of scFv and analysis. Panel A shows a diagram of the two
polypeptide chains of the scFv molecules (molecules 1 and 2), with colors corre-
sponding to the ribbon diagram shown in panel B. The distances between the visible
termini are indicated in angstroms. The abbreviations are LC (derived from light
02 G.A. Mueller et al. / Molecula

.5. The plates were washed with PBS-Tween (0.05%, v/v) and
ere blocked with PBS saturated with casein. Incubation was typi-

ally 1 hr at room temperature. Wild-type or mutant rBla g 1-EC
as added in serial dilutions. After washing, bound rBla g 1-EC
as detected with an avidin-conjugated anti-GST mAb followed

y streptavidin-horse radish peroxidase (HRP) and TMB  as the
olorometric reagent. The data (in duplicate or triplicate) were
east-squares fit to a sigmoidal curve. The IC50 of wild-type versus

utant was used to calculate ��G according to Eq. (1).

�G  = −RT ln
(

IC50WT

IC50mutant

)

.3. Molecular modeling

Initial models of the Bla g 1-scFv complex were created with
ADDOCK (Dominguez et al., 2003). One thousand initial models
ere generated and the 200 lowest energy structures were further

efined in explicit solvent. The aligned structures were clustered
nto four groups based on similar orientations of Bla g 1 relative to
he scFv. Further refinement of the best model from each cluster
nd computational evaluations of ��G were performed according
o previous published methods (Massova and Kollman, 1999).

.4. Capture of Per a 1 and Bla g 1 from extracts using
ead-coupled anti-Bla g 1 scFv

Purified scFv antibody was coupled to polystyrene carboxyla-
eled beads (Bio-Rad Laboratories). Primed beads (2.5 × 106) were
oupled with purified antibody (10 �g), washed and stored in PBS
ith 0.1% BSA, 0.02% Tween (v/v), and 0.05% sodium azide (w/v).

or the bead-based assay, 96-well filter bottom plates (Millipore)
ere rinsed twice with wash buffer (PBS containing 1% BSA, w/v).
ntibody-coupled beads were incubated in the presence of serially
iluted German cockroach (E6Cg) and American cockroach extracts
ACr) for 1 hour at room temperature with gentle mixing. Bound
llergen was detected by sequential incubation with polyclonal
abbit anti-E6Cg serum (1:500), biotinylated anti-rabbit IgG (H + L)
1:1000), and streptavidin-R-phycoerythrin (RPE) (1:250). All the
eagents were diluted in the wash buffer. After the final incuba-
ion, the beads were resuspended in wash buffer and the median
uorescence intensities (MFI) were measured using a BioPlex 200
uorimeter. The data were exported to Graph Pad Prism v5.0 for
nalysis.

.5. Testing inhibition of IgE antibody binding to Bla g 1 by
nti-Bla g 1 scFv

Serum was kindly provided by Dr. Robert Wood as part of
 collaboration with the National Institute of Allergy and Infec-
ious Diseases-funded Inner City Asthma Consortium (Oseroff et al.,
012). The patient was recruited under an Institutional Review
oard protocol from Johns Hopkins University (National Institute
f Allergy and Infectious Diseases protocol ICAC-18), and had a his-
ory of allergic rhinitis and/or asthma, as well as a strong sensitivity
o cockroach (Total IgE 1852 kU/l; cockroach IgE >100 kU/l; and
llergen-specific IgE of 29.6, 9.03, 23.0, 94.5, 69.6 kU/l to Bla g 1,
la g 2, Bla g 4, Bla g 5 and Per a 7, respectively).

A microtiter plate was coated with rBla g 1 at 1 �g/well and
ncubated overnight at 4 ◦C. The plate was blocked with PBS-Tween
ontaining 1% BSA. Antibodies or anti-Bla g 1 scFv were added and
ixed with serum at a final dilution of 1:6 in the plate wells and
ncubated at room temperature for 2.5 h. Final concentrations of
he mAbs were 0.67 �M (100 �g/ml) and three consecutive 1:10
ilutions. The concentrations of scFv tested were double that of
he mAbs (highest value 1.33 �M,  equivalent to 32 �g/ml of scFv)
chain), HC (derived from heavy chain). Panel C shows an electrostatic rendering of
the surface of the scFv. The dashed black ellipse indicates the antibody-combining
site.

to take account of the fact that one binding site is present in scFv
versus two in a monoclonal antibody, each corresponding to one
Fab. A rabbit anti-Bla g 1 polyclonal Ab (1:4 and 1:10) and an anti-
Bla g 1 mAb  were used as positive controls, and an anti-Der p 1
mAb  was used as a negative control. After washing the plate, per-
oxidase conjugated goat anti-human IgE (KPL, Gaithersburg, MD)
was added to the wells (1:1000) and incubated for 1 h. ABTS/H2O2
was added (1:1000) and absorbance was read at 405 nm.

3. Results

3.1. Analysis of the scFv structure

In order to better understand the interactions of antibodies with
allergens, the complex structure of an avian scFv with the cockroach
allergen Bla g 1 was sought using crystallography. As a first step,
one set of conditions produced crystals that diffracted at better than
1.8 Å resolution, which were found to contain only scFv. The crystal
structure of the scFv is presented in Fig. 1.

The scFv construct is a fusion of the immunoglobulin domains

from the heavy chain and light chain of the original antibody against
Bla g 1 that together form the antibody-combining site. The Bla g 1
scFv crystallized as a domain-swapped dimer where the N-terminal
immunoglobulin light chain domain of one monomer forms an
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Fig. 2. Representative ELISA data. The four curves shown correspond to Wild type
(blue), E79A (red), T184A (green), and D76A (purple). The lines are the best least-
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Fig. 3. ELISA results mapped to the structure of Bla g 1. Residues on the structure
of  Bla g 1 are color coded according to the results of the ELISA experiments listed in
Table 1. Magenta indicates residues with a significant difference in ��G compared
to  WT,  yellow indicates no significant change, and green indicates the mutation was
quares fit to a sigmoidal function (For interpretation of the references to color in

his  figure legend, the reader is referred to the web  version of this article.).

ntibody-combining site with the C-terminal heavy chain domain
f the other (Fig. 1A). In the crystal structure there is no den-
ity for the seven residue linker region (108–114) connecting the
mmunoglobulin domains. The connectivity between the domains

as determined based on distances. The separation as annotated is
6.8 Å which is possible with a seven residue loop (Fig. 1B). To con-
ect the two domains forming the antibody combining site with
ne polypeptide would require covering a distance of 35.0 Å with

 residues, which is physically impossible.
Consistent with the dimeric nature of the scFv in the crystal,

he Bla g 1-scFv complex eluted with a 2:2 stoichiometry in the
ize exclusion chromatography used for purification. If the com-
lex contained one Bla g 1 and one scFv it would be approximately
0 kDa and if there were two of each the complex will be ∼80 kDa.
y comparison with Bla g 5 (∼50 kDa dimer in solution) the Bla g
-scFv peak eluted prior to Bla g 5, which suggested that a dimeric
omplex was forming (data not shown).

An analysis of the scFv structure revealed that basic residues
ominated the antibody-combining site (Fig. 1C). This was  not sur-
rising since Bla g 1 has an unusually low pI of 4.5, and there are
umerous acidic residues on the surface. This suggested that elec-
orstatic interactions are likely important in Bla g 1 binding to the
cFv. With this information, additional low ionic strength crystal-
ization conditions were screened but did not produce any new
rystals of the complex of sufficient quality. As an alternative to
apping the epitope via crystallography, alanine scanning muata-

enesis in combination with ELISA was used to identify functionally
mportant residues for the interaction.

.2. ELISA

Since acidic residues were considered likely to be important, we
ocused primarily on mutating acidic and other charged residues
ispersed on the surface of Bla g 1 in the first round of mutants
repared and screened by ELISA. Originally, only the D76A mutant
ad a markedly decreased ��G of binding compared to the WT  in
he first round of screening. Based on this result, additional adjacent
esidues were mutated to alanine and compared to WT  for relative
ffinity via ELISA. In total 30 mutants were tested; examples of the

LISA data are given in Fig. 2. Four failed to express sufficiently for
ssays, and six had a substantially different ��G, as judged by a
hift in the binding curve of at least one serial dilution, or a factor of

 in concentration (��G = −0.41) (Mueller et al., 2001). A summary
created but failed to express (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

of the mutations studied and the corresponding changes in �G are
presented in Table 2. The six residues determined to be functionally
important are highlighted on the structure in Fig. 3: D76, E79, T80,
E190, N193, K197. These residues are positioned in one region of
the protein surface, but are located on helices 4 and 5’, defining a
discontinuous epitope.

3.3. Molecular modeling and analysis of epitope

Using the ELISA data and the structures of the unbound scFv and
Bla g 1, molecular models were created of the allergen-scFv com-
plex using the program HADDOCK (Dominguez et al., 2003). This
program generated 1000 possible structures, and further refined
the 199 lowest energy structures in explicit solvent. The refined
structures were clustered into 4 groups according to structural sim-
ilarity: 127 in the first group, 50 in the second group, 12 in the
third group, and 6 in the fourth group. Primarily the same residues
are involved in the interface in all four groups (Table 3), but the
orientation of Bla g 1 relative to the scFv changes. In groups 1
and 2, which account for 89% of the low energy structures, Bla g
1 is rotated approximately 140 degrees about an axis that inter-
sects the center of mass of the two proteins as shown in Fig. 4.
Groups 3 and 4 are similar in orientation, approximately orthog-
onal to the first two  groups rotated about the same axis (data not
shown).

In order to see if one group of models should be favored over the
others, we carefully examined the interacting residues. The charge
on the scFv paratope is dominated by three basic residues K65,
R90, and K219 (Fig. 1C). In all the models buried acidic residues
on Bla g 1 compensate the basic residues on the scFv includ-
ing the important residues for binding listed in Table 2. However
there is an acidic residue, D147, positioned to one side of the
scFv epitope that forms an electrostatic interaction with K197 of
Bla g 1 only in cluster 2. In the other three clusters K197 does
not appear to significantly interact with the scFv, which is unsat-
isfactory given the observation that it contributes substantially
to the binding energy (��G = −1.4 kCal/mol). In further molec-
ular modeling studies designed to mimic  the reduction of the

side chain to alanine, we found that only group 2 predicted a
negative ��G for the alanine substitutions of all six residues:
D76, E79, T80, E190, N193, K197 (data not shown). Hence, we
suggest that group 2 contains the most probable orientation of
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luster  1 and panel B represents cluster 2. Bla g 1 helices are rendered as colored cyl

 and B. Bla g 1 subunit � is colored magenta and subunit � is colored tan. Cluster 2

la g 1 because it provides the best agreement with the ELISA
ata.

Since all of the models predict very similar residues on Bla g 1 to
e involved in the epitope with the scFv (Table 3) any of the mod-
ls should be useful in determining what other residues would be
ccluded from a second antibody interacting with Bla g 1. From the

owest energy structure of group 2, we simulated the interaction

ith a second antibody by rolling different sized spheres around the
omplex structure, up to the size of a typical epitope radius of 17 Å.

able 3
umber of structures in each cluster showing an interaction between specific Bla g

 residues and the scFv.

Bla g 1 Residue Cluster 1 Cluster 2 Cluster 3 Cluster 4

64 0 0 0 3
65  0 0 0 1
67  0 0 0 3
68  3 33 2 6
70  0 0 0 1
71  19 50 2 4
72  51 50 8 3
74  126 48 12 5
75  123 50 12 6
76  127 50 12 6
77  126 50 12 6
79  127 48 12 6
80  127 50 12 6
81  2 1 0 0
82  5 0 10 0
83  126 49 12 6
84  126 46 6 0
86  14 15 8 0
87  124 34 3 0
88  75 4 0 0
110  0 0 4 0
113  16 0 7 1
184  91 29 0 0
187  113 41 0 0
188  126 49 0 0
189  127 50 6 5
190  127 50 10 6
192  0 32 0 2
193  95 50 12 6
196  6 8 0 4
197  111 50 11 6
198  0 3 0 0
200  7 23 0 6
201  1 33 0 6
f the two major clusters from the docking results are displayed: panel A represents
 and the scFv is rendered with a solid, gray surface and oriented the same in panels

judged more likely based on the residue interactions in the epitope.

In Fig. 5 Bla g 1 is colored based on this evaluation, with residues
colored green highly likely to be accessible, yellow likely to be
accessible, orange possibly occluded, and red completely occluded
from interactions with the second antibody. In broad terms, helices
3, 4, 4’, and 5’ are mostly occluded while helices 1, 2, 5, 6, 1’, 2’, and
3’ would be mostly accessible to other antibodies.

3.4. scFv binding of cockroach group 1 allergens from extract
It was previously noted that residues in the vicinity of helix 4
are significantly different in Bla g 1 versus Per a 1 (Mueller et al.,
2013). This suggested that an antibody (like the scFv) that interacts
with helix 4 should be able to differentiate between the group 1

Fig. 5. Simulation of occluded regions of Bla g 1 by the scFv. The scFv is rendered
as  a ribbon diagram with a semitransparent surface and colored gray. Bla g 1 is
rendered as a ribbon diagram and a semi transparent surface. The surface is colored
as scFv epitope residues (red), likely occluded (orange), likely accessible (yellow),
and  accessible (green) (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.).
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ig. 6. Binding of Bla g 1 and Per a 1 with anti-Bla g 1 scFv. Beads coupled with an
la  g 3 (B) in E6Cg and their homologs (Per a 1 and Per a 3) in American cockroach e
sing  GraphPad Prism 5 by least squares fit method.

llergens from B. germanica versus Periplaneta americana.  To test
his hypothesis, the chicken derived anti-Bla g 1 scFv was  used in

 bead based assay for binding to group 1 allergen of B. germanica
nd P. americana.  The scFv was able to capture Bla g 1 present in B.
ermanica extract (E6Cg) but Per a 1 from P. americana extract (ACr)
as not able to bind this scFv (Fig. 6A). As a positive control for the

uality of the extracts, an anti-Bla g 3 scFv successfully captured
la g 3 and Per a 3 from the respective extracts (Fig. 6B). This result

s consistent with helix 4 containing important residues of the scFv
pitope.

.5. Lack of inhibition of IgE antibody binding to Bla g 1 by scFv

No significant inhibition of IgE antibody binding to Bla g 1 was
bserved with the anti-Bla g 1 scFv up to a concentration of 1.33 �M
32 �g/ml). The scFv showed an equivalent behavior to an anti-Der

 1 monoclonal antibody used as negative control up to 0.67 �M
100 �g/ml), whereas an inhibition of up to 40% was observed with
n anti-Bla g 1 specific mAb, used as positive control. A second
ositive control, consisting of a polyclonal rabbit antiserum raised
gainst recombinant Bla g 1, inhibited IgE antibody binding to Bla

 1 by 58% at a 1:4 dilution.

. Discussion

.1. Antibody epitopes

Thirty years ago, Benjamin et al. (1984) published a milestone
eview paper stating that “. . . most of the accessible surface of any
lobular protein is potentially immunogenic.  . .”. This has been sup-
orted by numerous studies and recently refined in a review article
y Aalberse and Crameri (2011) covering IgE epitopes. This review
ypothesizes that “. . . all epitopes can induce IgE antibodies, but
ome are more likely to do so than others.” They further advocate
hat in order to better understand allergy, detailed structural infor-

ation on the allergen epitope and the antibody combining site
nteraction needs to be correlated with clinical and epidemiologi-
al data. In this paper we sought to describe the antibody-allergen
nteraction between a model scFv and the cockroach allergen Bla

 1 in order to better understand the species specificity of the scFv
nd determine if the recognized epitope was relevant for patient

gE interactions.

Antibody epitopes can be mapped by a number of methods
Dall’antonia et al., 2013). The most elegant and precise are co-
tructures determined either by X-ray crystallography or NMR
 1 and anti Bla g 3 scFv were mixed and analyzed for binding with Bla g 1 (A) and
s (ACr). The binding is presented as 4 Parametric logistic sigmoidal curve generated

spectroscopy (Chruszcz M et al., 2012; Li et al., 2008; Wilkinson
et al., 2009). Despite numerous attempts, we  were unsuccessfully
in obtaining a co-structure of the scFv and Bla g 1 by crystal-
lography. In data not shown, the complex tended to precipitate
rapidly at room temperature, and the quality of the Bla g 1 NMR
spectra was very poor, which suggested that determining the
structure of the complex by NMR  might be unfeasible. These prop-
erties would also make it difficult to perform other indirect yet
high-resolution methods such as measuring H–D exchange in a
protection assay to map  the epitope (Mueller et al., 2001; Paterson
and Englander, 1990). Nevertheless, the structure of the scFv alone
was determined and with the previously determined Bla g 1 struc-
ture, we were able to generate hypotheses regarding the nature
of the epitope. Based on these hypotheses, we adopted a shotgun
approach of alanine-scanning-mutagenesis, focusing primarily on
acidic residues scattered around the surface, and testing by ELISA
their importance in binding to the scFv. From these results, we
employed a guided molecular modeling approach to propose a
high-resolution epitope and paratope.

4.2. scFv–Bla g 1 interactions

The buried surface area between Bla g 1 and the scFv average
∼900 Å2 in the most likely cluster of HADDOCK structures. This
value is in line with many protein-antibody interactions, which
usually buried 600–900 Å2 per partner (Benjamin et al., 1984). As
predicted, the epitope involved several acidic residues including
E190, E79, E77, and D76 that interact with scFv residues K219,
R90, and R211. The most surprising result from the ELISA data
was the importance of K197 from Bla g 1, which we  suggest must
interact with the only acidic residue in the paratope D147. This
asymmetric interaction allowed us to differentiate the suggested
orientations of the Bla g 1 structure with respect to the scFv. Due
to the highly symmetric nature of Bla g 1, this discovery was fortu-
itous.

While much of the analysis has focused on the readily apparent
electrostatic interactions, there are other important contributions
to the epitope and paratope. For example, in cluster 2 the side chain
of Bla g 1 N193 putatively makes a hydrogen bond with the hydroxyl
of Y172 on the scFv. Similarly, E79 of Bla g 1 is proposed to make

hydrogen bond interactions with either N49 or N52 of the scFv in
different models in cluster 2. Therefore, while the suggested elec-
trostatic interactions guided our initial alanine scanning, the overall
importance is possibly overstated.
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.3. Species specific cross-reactivity and environmental
ssessment

The observation that the scFv did not bind Per a 1 from P. amer-
cana extract further confirmed that helix 4 was involved in the
pitope. A structural alignment indicated that this surface region
as noted to differ significantly between Bla g 1 and Per a 1 (Mueller

t al., 2013). In combination with other non-species-specific anti-
odies, this could be useful in differentiating allergen exposure to
latella germanica from other cockroach species. A commonly used
ntibody currently is the mAb  10A6, which was raised against Ger-
an  cockroach extracts but recognized the group 1 allergens from

 of 14 cockroach species, including the genera Blattella, Periplan-
ta, Blatta,  Leucophea,  and Supella sp. (Pollart et al., 1991b; Melen
t al., 1999). On the other hand, the anti-Bla g 2 mAb  7C11 is B.
ermanica specific. Although it has not been tested on a purified
la g 2-homolog from Periplaneta, none of the five main residues

nvolved in the allergen-mAb 7C11 interaction are present in Per
 2. These residues were identified in the X-ray crystal structure
f Bla g 2 in complex with Fab’ fragments of mAb  7C11 (Li et al.,
008). Their relevance in antibody recognition was  confirmed by
utagenesis analysis (Glesner et al., 2011). We  suggest that simi-

ar to testing with mAbs 7C11 and 10A6, this scFv could also be used
n combination with 10A6 to measure total cockroach environmen-
al exposure, and differentiate B. germanica specific exposure. For
he purpose of evaluating the potency of clinical extracts, it is also
xtremely useful to know how and why this scFv does not detect
er a 1.

.4. Patient IgE

In order to better understand the allergic IgE response, we
ttempted to block patient IgE binding with the scFv. In the one
ighly allergic patient tested, there was no significant difference in

gE binding with increasing concentrations of the scFv. Returning
o our analysis of the possible occlusion of other antibodies by the
cFv–Bla g 1 interaction (Fig. 5), we suggest that the green shaded
esidues are the most likely sites of IgE interactions, which include
elices 1, 2, 5, 6, 1’, 2’, and 3’. It remains to be determined whether
his result can be generalized to other patients. Several studies with
rass pollen allergens suggested that IgE epitopes tend to cluster
Flicker et al., 2002; Vanree and Aalberse, 1995), so by elimination,
he non-occluded areas in Fig. 5 may  contain IgE antibody binding
pitopes recognized by other cockroach allergic patients.

.5. Summary

The interactions of an scFv with Bla g 1 were mapped using a
ombination of X-ray crystallography, scanning alanine mutagen-
sis, ELISA, and molecular modeling. From the lack of inhibition of
atient IgE by the scFv, regions of allergy-associated epitopes can
e inferred. The results provided confirmation that helix 4 can be
sed to differentiate Bla g 1 from Per a 1, in assays of environmental
xposure and extract potency.
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