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ABSTRACT:

Cyclophilins are structurally conserved pan-
allergens showing extensive cross-reactivity. So
far, no precise information on cross-reactive IgE-
epitopes of cyclophilins is available. Here, an 18
kDa IgE-reactive cyclophilin (Rhi o 2) was
purified from Rhizopus oryzae, an indoor mold
causing allergic sensitization. Based on LC-
MS/MS-derived sequences of natural Rhi o 2, the
full-length cDNA was cloned, and expressed as
recombinant (r) allergen. Purified rRhi o 2
displayed IgE-reactivity and basophil
degranulation with sera from all cyclophilin-
positive patients. The melting curve of properly-
folded rRhi o 2 showed partial refolding after heat
denaturation. The allergen was monomeric
functional peptidyl-prolyl cis-trans isomerase
(PPlase) activity. In IgE-inhibition assays, rRhi o
2 exhibited extensive cross-reactivity with various

other cyclophilins reported as allergens from
diverse sources including its homologous human
autoantigen. By generating a series of deletion
mutants, a conserved 69 residues (N®-N%)
fragment at C-terminus of Rhi o 2 was identified
as crucial for IgE-recognition and cross-reactivity.
Grafting of the N®*-N'° fragment within the
primary structure of yeast cyclophilin CPR1 by
replacing its homologous sequence resulted in a
hybrid molecule with structural folds similar to
Rhi o 2. The IgE-reactivity and allergenic activity
of the hybrid cyclophilin were greater than that of
CPR1. Therefore, N®-N'° fragment can be
considered as the site of IgE recognition of Rhi o
2. Hence, Rhi 0 2 serves as candidate antigen for
the molecular diagnosis of mold allergy and
determination of a major the cross-reactive IgE-
epitope has clinical potential for the design of
next-generation  immunotherapeutics  against
cyclophilin-induced allergies.
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The prevalence of IgE-associated allergy caused
by fungal allergens is increasing worldwide at an
alarming rate (1-4). Immunological cross-
reactivity among taxonomically unrelated fungal,
plant, and even animal species is often observed
due to the presence of structurally conserved
allergens such as cyclophilin, profilin, arginine
kinase, and tropomyosin (5-8). The allergenic
proteins showing a broad range of cross-reactivity
are popularly known as pan-allergens. The
similarity in sequence features and structural folds
among the pan-allergens from diverse taxonomic
groups gives rise to shared antigenicity, which in
turn leads to immunological cross-reaction with
patients’ IgE-antibodies. In a particular group of
patients, the cross-reactivity of pan-allergens can
trigger an added IgE-mediated immune response
that contributes to polysensitization leading to
multiple symptoms like oral allergy syndrome
(OAS), food allergy and respiratory allergy (9).
Hence, the structural characterization of new
cross-reactive allergens and their systematic
inclusion into the list of pan-allergens are
clinically relevant to elucidate the underlying
mechanism of the disease.

Cyclophilins (or, rotamases) are a group of
cyclosporine A binding chaperones that assist
intracellular protein folding through cis-trans
isomerization of prolyl bond and are therefore
named as peptidyl-prolyl cis-trans isomerase or
PPlase (10, 11). Cyclophilins are considered as a
group of highly cross-reactive allergens that
causes multivalent allergy in atopic individuals
(12). Till now, 10 different cyclophilins have been
reported from diverse sources such as carrot, birch
pollen, dust mite, and Aspergillus spp.. Most
impressive about these allergens is the presence of
a high level of sequence conservation across
different taxonomic groups leading to IgE-
mediated cross-reactivity (12). An earlier report
showed that due to molecular mimicry of B cell
epitopes, the native cyclophilin of human origin
could also act as autoallergen and cross-react with
environmental cyclophilins in atopic dermatitis
patients (13, 14). Asp f 11 from Aspergillus
fumigatus (15), Bet v 7 from birch pollen (16), and
Mala s 6 from skin colonizing yeast (17) are three
major cyclophilin allergens showing a high
frequency of sensitization worldwide. Hence,
these cyclophilin allergens have potential to be

used in molecular diagnosis. It is noteworthy to
mention that the plant cyclophilins are not yet
properly investigated and deserve attention, in
particular those from the grass pollen. In addition,
cyclophilins from house dust mites could also be
very important for tropical countries.

According to the epidemiological data, the fungal
cyclophilins such as Mala s 6, and Asp f 11 are
considered as most prevailing among various
cyclophilin allergens and are therefore well
characterized (12). In the present study, we report
a new cyclophilin allergen (MW. 18 kDa) from
Rhizopus oryzae (mucormycosis mold), which
showed frequent IgE sensitization within the
mold-allergic population and broad range of cross-
reactivity with other reported cyclophilin
allergens. This cyclophilin is designated as Rhi o0 2
by WHO/IUIS (18). We also report the possible
antigenic determinant of the Rhi o 2 structure
through sequence deletion and epitope grafting
experiments that may describe the molecular basis
of cross-reactivity among cyclophilin sensitive
patients.

RESULTS

Isolation of an IgE-antibody reactive cyclophilin
from R. oryzae — To characterize the major
allergen of R. oryzae, an 18 kDa IgE-binding
protein was first purified by ion-exchange
chromatography and was then identified as a
cyclophilin by  mass  spectrometry.  For
purification, the resuspended pellet fraction
obtained after 50% ammonium  sulfate
precipitation of the fungal crude protein extract
was incubated with DEAE Sephacel gel. The
resulting supernatant was found to have an
enriched amount of the 18 kDa protein. The
proteins in this supernatant were then fractionated
in a carboxymethyl cation exchange column. The
second fraction that eluted at around 450 mM
NaCl concentration (Fr-2 in Fig 1a) was found to
contain the desired 18 kDa protein with >90%
purity. The purified protein displayed IgE
reactivity when immunoblotted with sera from two
mold allergic patients sensitized to R. oryzae (Fig
1b). In LC-MS/MS, the trypsinized protein was
identified as a peptidyl-prolyl cis-trans isomerase
from Rhizopus delemer (Synonym R. oryzae) in
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UniProt database with accession number POC1H7.
The 4 matched peptides observed in mass spectra
are shown in Fig 1c, which together accounted for
21% sequence coverage. The amino acid sequence
of POC1H7 was searched against the R. oryzae
genome database using tBLASTn program which
identified its corresponding 495 bp long ORF.The
sequence information of the allergen was
deposited in NCBI under the accession number
KT734861. The allergen was assigned with the
official designation as Rhi o 2 by the allergen
nomenclature subcommittee of International
Union of Immunological Societies (IUIS). The
full-length Rhi 0 2 cDNA was amplified by gene-
specific PCR and was then cloned into pET15b+
vector for expression in E. coli with N-terminal
6xHis tag. Upon IPTG induction, the recombinant
Rhi 0 2 (rRhi o 2) was found to be present in the
soluble fraction of the cell lysates and
approximately 10 mg of rRhi o 2 could be purified
from 1 L culture by Ni-NTA affinity
chromatography (Fig 2a). The purified rRhi o 2
reacted with IgE-antibody in western blots (Fig
2b) with sera from 8 patients allergic to R. oryzae
and 2 atopic asthma patients sensitized to
Aspergillus fumigatus.

Rhi o 2 induced basophil activation — In addition
to IgE-reactivity, the allergenic activity of rRhi o 2
was tested by its ability to stimulate mediator
release from a rat basophil leukemic (RBL) cell
line expressing the human high affinity receptor
for IgE as shown in Fig 3. In this assay, the RBL-
2H3 cell line expressing the receptor of human
IgE-antibody (FceRI) was first passively sensitized
with IgE-antibodies from patient serum followed
by challenge with increasing concentrations of
purified rRhi o 2 that resulted in degranulation.
The release of P-hexosaminidase started at 10
ng/ml concentration of the allergen, and the
highest percentage of release took place at a
concentration of 100 ng/ml. At this concentration,
the percentage of release was found within a range
from 26% to 48% among the 12 sera tested. After
further increasing the rRhi o 2 concentrations, a
decrease in degranulation was observed as evident
from the typical bell-shaped dose-response curve.
In addition to 10 Rhi o 2-reactive sera, 2
Aspergillus-positive sera (E1 and E2) were tested
where rRhi o 2 was also able to induce

degranulation. In the control experiments, the
percentage of release from RBL cells was below
5% as shown in supplementary Fig S1.

rRhi o 2 is a folded and monomeric cyclophilin—
The folding pattern of rRhi 0 2 was determined by
analyzing a far-UV circular dichroism (CD)
spectrum (Fig 4a), which upon deconvolution in
CAPITO software indicated a folded protein with
39% o-helices, 37% p-sheets, and 24% of
turns/coils. The minimum was obtained 223 nm
along with a shoulder around 213 nm and a
characteristic rise towards the maximum below
205 nm. The thermal denaturation and refolding
patterns of rRhi o 2 were studied by a step-scan
procedure in which the CD spectra were taken to
record the molar ellipticity [6] signals at 223 nm
during an ascending scan (from 20 to 90 °C) as
shown in the melting curve of Fig. 4b.Transition
temperature (T,,) was observed at 62°C at which
the protein unfolding took place. At 90°C, rRhi 0 2
displayed a sigmoidal unfolding transition to a
complete random coil conformation. After cooling
down the system (descending scan), a noticeable
increase in the molar ellipticity signal at 223 nm
was observed indicating a partial refolding of rRhi
0 2 to regain 61% of its native conformation upon
cooling. The aggregation status of the purified
rRhi o 2 was studied by employing size exclusion
chromatography. In the chromatogram shown in
Fig. 4c, it was observed that under physiological
condition, purified rRhi o 2 was eluted as a
monomer of desired molecular weight. It was
reconfirmed in non-reducing SDS-PAGE, where
the purified rRhi o 2 protein migrated as a single
band at a region corresponding to its theoretical
molecular mass. The functional activity of rRhi o
2 was determined by rotamase enzyme assay, as
shown in Fig. 4d. It was observed that the
presence of rRhi 0 2 caused 1.75 folds increases in
the cleavage rate of the substrate peptide (N-Suc-
Ala-Ala-cis-Pro-Phe-p-nitroanelide) by a
proteolytic enzyme (chymotrypsin) as compared to
the enzyme-blank (uncatalyzed) control set, which
showed thermal isomerization of the substrate
peptide. The higher rate of proteolytic cleavage in
the presence of rRhi o 2 reflected an accelerated
cis to trans isomerization of the Ala-Pro peptide
bond due to PPlase activity. The results confirmed
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that the recombinant allergen is an enzymatically
active cyclophilin.

rRhi o 2 shows a broad range of cross-reactivity
with other cyclophilin allergens — The IgE-cross
reactivity of purified Rhi o 2 with 8 different
cyclophilins  reported from various allergy-
eliciting sources was studied by competitive IgE-
inhibition assays. In IgE-immunoblot inhibition
(Fig. 5a), the overnight pre-incubation of patient
serum pool with 5 pg/ml of rRhi 0 2 resulted in a
substantial inhibition of IgE-reactivity to each of
the 4 recombinant cyclophilins (Asp f 11, Asp f
27, Mala s 6, and human CypA) on PVDF
membrane as compared to the uninhibited control
without pre-incubation. Complete IgE-inhibitions
were observed when the inhibitor concentration
was doubled. The result of immunoblot inhibition
was in agreement with the results of ELISA
inhibition assay (Fig 5b) in which each of the 4
recombinant cyclophilins in fluid phase inhibited
binding to the plate-bound rRhi o 2 up to different
extents. Maximum (71%) and minimum (48%)
inhibition were observed for rMala s 6 and human
CypA respectively at their highest concentration
(i.e., 10 mg/ml) in the reaction mix. The
normalized ICsy values (minimum concentration
required for 50% inhibition of IgE-antibody
binding to the immobilized antigen) were
calculated to be 1.587 pg/ml for rMala s 6, 2.032
pg/ml for rAsp f 11, 2.581 pg/ml for rAsp f 27,
and 5.887 pg/ml for human CypA. In addition to
these 4 recombinant cyclophilins, we also selected
the crude antigenic extracts of house dust mite,
carrot, tomato, and Indian birch pollen which have
been reported to contain allergenic cyclophilins.
As illustrated in Fig 5c, the addition of rRhi 0 2 to
patient sera containing specific IgE against
cyclophilin led to the partial inhibition of IgE-
binding to the ~18 kDa allergen present in the
corresponding extracts.

Mapping the IgE-epitope of Rhi 0 2 by amino
acid deletion — In this study, we attempted to
identify the IgE-binding region of cyclophilin
through strategic mutagenesis of the Rhi o 2
primary structure. Total five different deletion
mutants of Rhi o 2 were generated as
schematically illustrated in Fig 6a. Four truncated
versions of Rhi 0 2 (TV-1 to TV-4) were created

by stepwise removing 10 amino acids from each of
the N- and C-terminal sides and a fifth truncated
version was generated by removing a conserved
internal stretch of 69 amino acids (ARhi o 2). The
molecular weights of all the 5 truncated Rhi o 2
variants were verified in 15% reducing SDS-
PAGE as shown in Fig 6b-c. First, the IgE-
reactivity of TV-1 to TV-4 was checked by
immuno-dot blot with sera from cyclophilin
allergic patients. As shown in Fig 6d, the IgE-
binding was retained by Rhi o 2 derived TV-3
[Q%*-E™*] after removal of up to 30 amino acids
from each of either terminus of the allergen.
Further removal of terminal amino acids from Rhi
0 2 resulted in a complete loss of IgE-antibody
binding as observed in TV-4 [T*-G'*]. Hence, in
this strategy of terminal truncation, TV-3 can be
considered as the minimal fragment of Rhi o 2
responsible for IgE-binding. However, none of
these 3 IgE-reactive fragments (TV-1 to TV-3)
was able to induce basophil degranulation
(Supplementary Fig S2). Hence, TV-3 fragment
was not considered as having an intact IgE-epitope
and rather its IgE-reactivity was thought to be
mediated by the presence of the remaining
fractions of IgE-epitope left after truncation.
Hence, sequence-based in silico analyses followed
by experimental validations were performed to
identify the intact IgE-epitope of Rhi o 2. A
multiple sequence alignment (Supplementary Fig
S3) of Rhi o 2 with six other allergenic
cyclophilins revealed the presence of a highly
conserved stretch of 69 amino acids (N®-N'*
fragment), which was found to have a high degree
of antigenic propensity values and solvent
accessibility suggesting the possible presence of
immunodominant B cell epitopes as analyzed in
DNASTAR Lasergene version 7.2. (DNASTAR
Inc., Madison, WI, USA). The C-terminus of TV-3
was 15 residues shorter than that of the N®-N'*
fragment. This additional stretch of 15 residues
was not only conserved among cyclophilins but
also highly surface exposed as shown in
Supplementary Fig S4. Hence, we anticipated the
N®-N'* fragment as the possible site of Rhi 0 2,
where a functional IgE-epitope was formed. This
was confirmed by generating a fifth mutant ARhi o
2 with deleted N*-N**° fragment. The ARhi o 2
was found to have no reactivity with IgE-
antibodies from any of the 10 patients’ sera in the
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non-denaturing RAST-based immuno-dot blot
shown in Fig 6e. Moreover, the polyclonal rabbit
IgG antibodies raised against ARhi o 2 were
unable to inhibit IgE-binding (~22.3%) to rRhi 0 2
in a competitive ELISA inhibition assay shown in
Fig 7. In contrast, ani-TV-3 rabbit IgG was able to
inhibit ~79.4% of patients’ IgE-binding to plate-
bound rRhi o 2. Highest level of IgE-inhibition
(~86.3%) was observed with rabbit 1gG raised
against the intact Rhi 0 2 in which the N®-N*¥
stretch remained intact. A similar pattern of IgE
inhibition was observed when these 1gG antibodies
in rabbit antisera were used against 4 other
recombinant cyclophilins in parallel experiments.
The findings demonstrated that the conserved N®-
N fragment of Rhi o 2 represented the
antigenically  active molecular ~ domains
responsible for IgE-recognition. Hence, we
selected N®-N'° fragment for the next epitope
grafting experiment.

Increasing IgE reactivity and allergenic activity
of yeast cyclophilin by replacing the conserved 69
amino acid residue of Rhi 0 2 — Yeast cyclophilin
CPR1 (UniProt: P14832) is considered as a non-
allergenic member of cyclophilin family. Despite
having 67.9% and 72.84% sequence identities with
Rhi 0 2 and Mala s 6 respectively, CPR1 was
never reported to show IgE-mediated allergic
inflammation in atopic individuals. Here, we
selected CPR1 as a scaffold in which the
conserved N®-N'* fragment of Rhi o 2 was
grafted by replacing the native homologous region
of CPR1 protein as illustrated in Fig 8a. This
epitope grafting resulted in the creation of a hybrid
cyclophilin ~ (Hybrid_Cyp) which showed a
structural fold similar to Rhi o 2 (RMSD 0.368).
On the other hand, the alignment of Rhi o 2
homology model with the crystal structure of
CPR1 (PDB: 1IST) resulted in an RMSD value
0.425 (Fig 8b). Recombinant CPR1 and hybrid
cyclophilin were cloned, expressed in E. coli and
purified, as shown in Fig 8c for subsequent
analysis. CD spectra of the Hybrid_Cyp showed a
properly folded protein with secondary structural
elements similar to that of the Rhi o 2 than to
CPR1 (Fig 9a), which was also evident from the
structural alignment analysis. In ELISA inhibition
assay shown in Fig 9b, Hybrid_Cyp displayed 12
folds higher IgE-binding than CPR1 (inhibition

percentage of Hybrid Cyp at ICs; i.e. 50%:
inhibition percentage of CPR1 at the same
concentration; i.e. 4.2%). Hybrid_Cyp at its
highest concentration of 10 mg/ml as a fluid phase
inhibitor resulted in 78% IgE-binding inhibition to
plate-bound WT rRhi 0 2 (ICsp; 0.1501 pg/ml). In
addition to IgE-reactivity, Hybrid_Cyp was found
to gain allergenic activity after epitope grafting.
As shown in Fig 9c, 100 ng/ml of Hybrid_Cyp
was able to induce degranulation from IgE-
sensitized basophils at a level comparable to that
of the WT rRhi o 2. CPR1 could not release
significant level (<5%) of B-hexosaminidase, and
it was 18 folds (ratio between the mean release by
Hybrid Cyp and CPR1 at 100 ng/ml) lower than
that of the Hybrid_Cyp.

DISCUSSION

Patients sensitized to cyclophilins, a family of
highly conserved chaperones, may show allergic
reactions to fungi (12), pollens (19, 20), mites
(21), and foods (22, 23) of diverse taxonomic
origins. In the present study, we report a new
cross-reactive cyclophilin allergen Rhi o 2, which
showed IgE-reactivity within a mold-allergic
population suffering from broad cross-reactivity.
Based on an earlier immunoproteomic report on R.
oryzae allergens (24), the present study was
initiated with purifying the Rhi o 2 allergens in
natural form and then as recombinant form. rRhi o
2 displayed IgE-reactivity and allergenic activity
with the patient sera tested. rRhi o 2 was obtained
in properly folded monomeric form displaying
functional PPlase activity characteristics of most
of the reported cyclophilins except Asp f 11,
which forms dimer by 3D domain swapping (15).
Therefore, Rhi o0 2 can be considered as a marker
allergen for molecular diagnosis of mold allergy
prevalent in India and other tropical countries (24-
27). The percentage of sequence similarity of Rhi
0 2 with 4 other cyclophilins was in agreement
with the respective degree of cross-reactivity
between Rhi o 2 and these allergens. Mala s 6
(69%) and human CypA (52%) displayed the
maximum  and minimum IgE-inhibition
respectively against the immobilized Rhi o 2.
Presence of the similar antigenic determinants
commonly shared by Rhi o 2 and its human
homolog CypA increase the chances of allergen-
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homologous autoantigen mediated perpetuation of
atopic diseases in sensitized individuals (28). In
IgE-inhibitions with allergen extracts, weak IgE-
binding signals were still visible in inhibited blots.
This can be explained as either the presence of
cyclophilins in these extracts that are more potent
than Rhi o 2 or the presence of another allergen of
similar MW. Further detailed study is warranted to
determine the original source of sensitization
among the cross-reactive cyclophilins in this group
of patients. Some previous reports exist on the
putative IgE-epitopes of cross-reactive
cyclophilins (20, 29). However, those findings
were not experimentally validated. Another study
on Bet v 7 suggested the 7 residue loop specific
for plant cyclophilins as the possible mediator of
IgE-cross reactivity (19). However, a later study
on periwinkle pollen allergen Cat r 1 ruled out this
hypothesis by generating a loop-deletion mutant
that was still capable of IgE-binding (20). In the
present study, a protein engineering approach was
undertaken to identify the conserved IgE-binding
region of Rhi o 2 responsible for cross-reactivity.
Sequential 10 residues truncation on either side of
Rhi o 2 identified TV-3 as the smallest
polypeptide unit of the allergen capable of IgE-
binding. However, TV-3 represented partial but
not the entire IgE-epitope as TV-3 was unable to
induce degranulation. The sequence analyses of
cyclophilins revealed substantial degree of
sequence conservation throughout the length of the
protein. But we focused on the N®-N'* fragment
as the possible antigenic region of Rhi 0 2 due to
its high level of surface exposure and antigenic
propensities. Certain earlier reports (20, 29) also
suggested the possibility of putative IgE-epitopes
in this region. N®-N'* fragment was found to
have an additional stretch of 15 solvent accessible
residues at its C-terminal end and the rest of its
sequence overlapped with the C-terminal part of
TV-3. It was observed that the interference in IgE-
binding by polyclonal 1gG against Rhi o 2
containing the entire N®-N"* fragment was higher
than that of the TV-3. Moreover, the 1gG against
ARhi o 2 containing a complete deletion of N®'-
N fragment did not significantly hamper IgE-
binding to Rhi o 2. Taken together, these
observations suggested that the IgE-epitope of Rhi
0 2 had more overlaps with N®-N** fragment than
with TV-3. Hence, N*-N**° fragment was selected

for epitope grafting experiment. Epitope grafting
seemed to be a powerful tool as it previously
helped to identify the crucial residues responsible
for cross-reactivity between Bet v 1 (birch pollen)
and Mal d 1 (apple fruit) leading to OAS (30). In
another similar study, grafting of the IgE-specific
N-linked glycosylation from plant glycoallergen
into non-allergenic horse heart myoglobin
conferred IgE-reactivity to the non-allergen (31).
In line with the findings of these previous reports,
here we took an attempt to verify the possibility of
N®-N* fragment as the antigenic determinant of
Rhi o 2 by epitope grafting approach. Yeast
cyclophilin CPR1, a close homolog of Rhi o0 2 and
Mala s 6, was previously found to react with IgE-
antibodies from cyclophilin positive sera (12);
however, no clinical pieces of evidence exist on
the allergenic activity of CPR1. Here, the grafting
of the antigenic N®-N**° fragment by replacing the
homologous region from CPR1 primary structure
was found to convert CPR1 into a degranulation-
inducing protein with enhanced IgE-binding. The
results are in agreement with the presence of
higher structural similarity of Hybrid_Cyp with
Rhi o 2 than that with CPR1. Hence, it can be
ascertained that N*-N'*° fragment is the primary
site of IgE-epitope formation, which is thought to
be directed by the overall conformational folds of
the protein. The conformational nature of IgE-
epitope of Rhi o 2 is supported by two
observations emerged from the present study.
Firstly, the Rhi o 2-derived TV-1 to TV-3 mutants,
despite having IgE-reactivity, didn’t induce
basophil degranulation suggesting the truncation
induced conformational changes in the epitope
structure. Secondly, the TV-4 mutant after the
fourth round of truncation was found to abolish
IgE-binding capacity, albeit it retained 70% of
amino acids of the N®*-N'° fragment. The
refolding behavior of Rhi o 2 as observed in its
melting curve also corroborates the possibility of
conformational epitope mediated IgE-binding in
immunoblot under denaturing conditions. Taken
together, the present study not only reports a
comprehensive characterization of the new fungal
cyclophilin Rhi o0 2 as a diagnostic antigen for
mold allergy but also generates structural
information on cyclophilin cross-reactivity. It is
therefore tempting to speculate that this cross-
reactive IgE-epitope information can be rationally
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utilized for a future paradigmatic approach to
construct genetically engineered
immunotherapeutics against atopic diseases caused
by a broad range of cyclophilin allergens from
various sources.

EXPERIMENTAL PROCEDURES

Human Subjects — The residual sera were
obtained in a reciprocated and anonymous manner
from 10 fungal allergic patients (P1 to P10) with
respiratory symptoms visiting the OPD of B. R.
Singh Hospital and Center for Medical Education
and Research, Kolkata, India. These patients were
selected on the basis of their clinical history of
allergy and seropositive IgE-level against R.
oryzae antigen. Sera of 2 atopic asthma patients
sensitized to A. fumigatus (E1 and E2), and non-
atopic sera from 2 healthy volunteers (N1 and N2)
were also collected. The entire study was approved
by the Bose Institute human ethics committee
(Reference no. BIHEC/2014-15/4) following the
declaration of Helsinki principles and informed
written consents were taken from the participants.
Patients with chronic parasitic infections were
excluded. Clinical and demographic details of the
participants are given in Supplementary Table S1.

Column chromatography — About 20 gm of the
lyophilized spore-mycelial mat of R. oryzae was
homogenized in 20 mM sodium phosphate buffer
(pH 7.8) containing 5% glycerol, 1 mM EDTA
and 0.5 mM PMSF (buffer A). The lysate was
saturated with 50% ammonium sulfate followed
by resuspension of the pellet fraction in buffer A.
The resuspended fraction was then incubated with
DEAE Sephacel gel (Sigma-Aldrich, USA)
equilibrated in the same buffer and the resulting
supernatant was loaded onto HiTrap™ CM FF
column (GE Healthcare, Sweden). The column
bound proteins were eluted in 0.5 ml fraction with
0-1 M NacCl gradient at a flow rate of 0.2 ml/min.
Fractions were checked in reducing SDS-PAGE
for the presence of the desired allergen.

IgE western blot and Immuno dot blot —
Immunoblots were performed with 1:10 viv
diluted patient sera as already described in (32).
Bound IgEs were detected either with monoclonal
anti-human IgE with AP conjugate (Sigma, USA)

and NBT BCIP (Abcam) or with '*I labeled anti-
human IgE 1:10 v/v followed by autoradiogram
(33).

LC-MS/MS — The desired protein band was gel
excised and trypsin digested (34). Peptides were
fractionated in 1.8 um CSH C18 300 um X 100
mm NanoEase analytical column fitted with
ACCQUIITY UPLC M-Class and then subjected
to Xevo® G2-XS QTof mass spectrometry
(Waters Corporation, Milford MA, USA) in ESI
(+ve) platform at 2.5 kV (35). Raw MS/MS
spectra were processed and analyzed in Progenesis
QI search engine (Waters Corporation, Milford
MA, USA) against the UniProt database using the
standard search parameters.

cDNA cloning and recombinant proteins — The
full-length Rhi o 2 cDNA was PCR amplified
from the first-strand cDNA synthesized from the
TRIzol™ (Invitrogen, Germany) extracted RNA of
R. oryzae using iScript™ kit (Bio-Rad, USA). The
cDNA was cloned into pET15b vector (Novagen,
EMD Millipore, USA) with N-terminal hexa-
histidine tag (36). After sequence confirmation,
the recombinant protein was expressed in E. coli
BL21(DE3)Rosetta cells with 0.5 mM 1-thio-p-d-
galactopyranoside for 12 h at 20°C. The Rhi 0 2
protein was purified in native form using Ni-NTA
beads (Qiagen, Germany) as already described
(37). rMala s 6 was expressed in E. coli and
purified as described in (38). cDNA cloning,
bacterial expression, and recombinant protein
purification strategies of the other 11 cyclophilin
constructs used in this study are illustrated in
Table 1. Full-length ORFs of Asp f 11, Asp f 27,
and yeast CPR1 were amplified from the first-
strand cDNA preparations of the corresponding
mold species. Yeast first-strand cDNA preparation
was a kind gift from Dr. Nandini Ghosh,
Vidyasagar University, Midnapore, India. Codon-
optimized synthetic G-blocks were purchased
from IDT Inc., 1A, USA. Recombinant proteins
(TV-3 and TV-4) expressed in inclusion bodies
were purified under denaturing condition using
7M urea buffer and then made soluble by rapid
dilution method as described in (39).

Allergen extracts — Glycerinated aqueous (1:20
w/v) extracts of dust mite (Dermatophagoides
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farinae), birch, tomato, and carrot were purchased
from Creative Diagnostic Medicare Private
Limited, Mumbai, India. The birch pollen extract
was purchased from HollisterStier Allergy, WA,
USA. The extracts were concentrated by UPPA™-
I & Il Pack (G-Biosciences®, USA) to achieve a
protein concentration 5 - 7 mg/ml and dissolved in
SDS-loading buffer.

Basophil activation test (BAT) — BAT was
performed with RBL-2H3 cell line (ATCC CRL-
2256) using 1:10 v/v diluted sera and increasing
concentrations (1-1000 ng/ml) of rRhi o 2. The
percentage of release was calculated as described
(40).

Gel filtration — About 1 mg of rRhi 0 2 was run
through Superdex 75 Increase 10/300 GL (GE
Healthcare, Sweden) column as described (41)
with 0.5 mg of bovine cytochrome c as standard.

CD spectroscopy — About 4.8-5.0 uM of the
dialyzed purified protein was buffer exchanged
with 5 mM NaH,PO, (pH 7.8) and 1% glycerol.
CD spectra were recorded as described in (42).
The raw data in millidegree were converted into
molar ellipticity, and the folding patterns of the
proteins were analyzed in CAPITO server (43).

Rotamase assay — As described in (44), 1 ml of
reaction mixture containing 20 nMrRhi 0 2, and 80
MM N-succinyl-ala-ala-cis-pro-p-nitroanilidine in
assay buffer (50 mM HEPES, pH 8; 150 mM
NaCl; and 0.05% Triton-X) was incubated for 360
seconds at 15°C. Cleavage of the trans isomer of
the chromogenic substrate peptide by 300 ug/ml
chymotrypsin was monitored by recording the
absorbance at 390 nm in a Peltier controlled UV-
250 spectrophotometer (Shimadzu, Japan). A
control reaction mixture was prepared without
rRhi o 2 to record the spontaneous thermal
isomerization of the peptide.

Immunoblot inhibition and ELISA inhibition —
About 5 pg/lane of each of the 5 recombinant
cyclophilins or 100 pg/lane of each of the 4
allergen extracts was transferred onto PVDF
membrane. The membranes were then exposed to

either a pool of 3 sera (P2, P5, and P6) with high
titer (4 folds higher than non-atopic sera) of
specific IgE against Rhi o 2 (uninhibited) or a
serum pool pre-incubated separately with 5 and 10
pg/ml of rRhi o 2 (inhibited) for overnight. For
ELISA inhibition, plate-bound (1 ng/ul) rRhi o 2
was exposed to sera pool preincubated with
gradually increasing concentrations (0.001-10000
pg/ml) of various cyclophilins. Bound IgEs were
detected with anti-human IgE-AP 1:1000 v/v
(Sigma, USA, A3076) and pNPP (Abcam). The
percentage of IgE-inhibition was calculated as
described earlier (40).

Rabbit antisera and competitive ELISA -
Polyclonal antisera against rRhi o 2, TV-3 and
ARhi o 2 were generated in New Zealand white
rabbit by Biobharati Lifesciences Pvt. Ltd.,
Kolkata, India. For competitive ELISA with rabbit
IgG, polystyrene plates were coated with 5 ng/ul
of recombinant cyclophilins and incubated with
either preimmune sera or antisera at 1:100 v/v
dilutions for 8 h at room temperature. Plates were
then washed 5 times and then exposed to 1:10 v/v
diluted patient sera (n = 8) for overnight at 4°C.
Bound IgEs were detected and the percentage of
IgG mediated IgE-inhibition was calculated for
each patient using the following formula —

A405 of antisera (with specific IgG)

% of IgE inhibition = |1 —
% of IgE inhibition A405 of preimmune sera (without specific IgG)

x 100

Bioinformatics study — The energy minimized
homology models of Rhi o 2 and Hybrid
Cyclophilin were built using SwissModel server
(45) as described earlier (36). The 3D models were
then aligned with the crystal structure of yeast
CPR1 using PyMol (The PyMOL Molecular
Graphics System, Version 2.0 Schrodinger, LLC)
to calculate the RMSD. Sequence alignments were
performed in Clustal Omega online tool (46).

Statistical analyses — GraphPad Prism v8 was
used to calculate (i) the significance of difference
between IgE inhibition by anti-Rhi o 2 versus anti-
TV-3 (p<0.05) and versus anti-ARhi o 2 (p<0.001)
IgG using paired Students’ t test and (ii) the ICs
values of the cross-reactive allergens using
nonlinear regression analysis.

6T0Z ‘0 Joqwea uo 1senb Aq /B10-0og - mmm//:dny wouy papeojumoq


http://www.jbc.org/

Characterization and epitope analysis of Rhi o0 2 allergen

Acknowledgement: Authors would like to thank Jadab Kumar Ghosh, Kaberi Ghosh, and Soumyo
Shubhra Gupta for providing technical assistance. We also acknowledge Souvik Roy of mass
spectrometry facility of Bose Institute for rendering help in LC-MS/MS analysis.

Conflict of interest: The authors declare that they have no conflicts of interest with the contents of this
article. Rudolf Valenta has received research grants from Biomay AG, Vienna, Austria and Viravaxx,
Vienna, Austria and serves as a consultant for Viravaxx.

6T0Z ‘0 Joqwea uo 1senb Aq /B10-0og - mmm//:dny wouy papeojumoq


http://www.jbc.org/

Characterization and epitope analysis of Rhi o0 2 allergen

References

1. Simon-Nobbe, B., Denk, U., Pdll, V., Rid, R., and Breitenbach, M. (2008) The spectrum of
fungal allergy. International archives of allergy and immunology. 145, 58-86

2. Agarwal, R., Denning, D. W., and Chakrabarti, A. (2015) Estimation of the burden of chronic and
allergic pulmonary Aspergillosis in India. PLoS ONE. 9, 114745

3. Twaroch, T. E., Curin, M., Valenta, R., and Swoboda, I. (2015) Mold allergens in respiratory
allergy: from structure to therapy. Allergy, asthma & immunology research. 7, 205-220

4. Bongomin, F., Gago, S., Oladele, R., and Denning, D. (2017) Global and multi-national
prevalence of fungal diseases—estimate precision. Journal of fungi. 3, 57

5. Pomés, A., and Schulten, V. (2019) Cross- reactivity in allergy: a double-edged sword. Allergy.
doi: 10.1111/all.13993

6. Valenta, R., Duchene, M., Ebner, C., Valent, P., Sillaber, C., Deviller, P., Ferreira, F., Tejkl, M.,
Edelmann, H. and Kraft, D. (1992) Profilins constitute a novel family of functional plant pan-
allergens. Journal of Experimental Medicine. 175, 377-385.

7. Valenta, R., Duchene, M., Pettenburger, K., Sillaber, C., Valent, P., Bettelheim, P., Breitenbach,
M., Rumpold, H., Kraft, D. and Scheiner, O. (1991) Identification of profilin as a novel pollen
allergen; IgE autoreactivity in sensitized individuals. Science. 253, 557-560.

8. Ruethers, T., Taki, A.C., Johnston, E.B., Nugraha, R., Le, T. T., Kalic, T., McLean, T.R.,
Kamath, S.D., and Lopata, A. L. (2018) Seafood allergy: a comprehensive review of fish and
shellfish allergens. Molecular immunology. 100, 28-57

9. Ciprandi, G., Comite, P., Bruzzone, M., and Fontana, V. (2017) Can pan-allergens affect the
sensitization pattern?. Immunobiology. 222, 726-729

10. Adams, B., Musiyenko, A., Kumar, R., and Barik, S. (2005) A novel class of dual-family
immunophilins. Journal of Biological Chemistry. 280, 24308-24314

11. Wang, P., and Heitman, J. (2005) The cyclophilins. Genome biology. 6, 226

12. Fluckiger, S., Fijten, H., Whitley, P., Blaser, K., and Crameri, R. (2002) Cyclophilins, a new
family of cross- reactive allergens. European Journal of Immunology. 32, 10-17

13. Crameri, R., Faith, A., Hemmann, S., Jaussi, R., Ismail, C., Menz, G., and Blaser, K. (1996)
Humoral and cell-mediated autoimmunity in allergy to Aspergillus fumigatus. Journal of
Experimental Medicine. 184, 265-270

14. Mittermann, |., Aichberger, K.J., Biinder, R., Mothes, N., Renz, H., and Valenta, R. (2004)
Autoimmunity and atopic dermatitis. Current opinion in allergy and clinical immunology. 4, 367-
371

15. Limacher, A., Kloer, D.P., Fluckiger, S., Folkers, G., Crameri, R., and Scapozza, L. (2006) The
crystal structure of Aspergillus fumigates cyclophilin reveals 3D domain swapping of a central
element. Structure. 14, 185-195

16. Cadot, P., Diaz, J.F., Proost, P.J.V.D., Van Damme, J., Engelborghs, Y., Stevens, E.A.M., and
Ceuppens, J. L. (2000) Purification and characterization of an 18-kd allergen of birch
(Betulaverrucosa) pollen: identification as a cyclophilin. Journal of allergy and clinical
immunology. 105, 286-291

17. Glaser, A.G., Limacher, A., Flickiger, S., Scheynius, A., Scapozza, L., and Crameri, R. (2006)
Analysis of the cross-reactivity and of the 1.5 A crystal structure of the Malassezia sympodialis
Mala s 6 allergen, a member of the cyclophilin pan-allergen family. Biochemical Journal. 396,
41-49

18. Pomés, A., Davies, J.M., Gadermaier, G., Hilger, C., Holzhauser, T., Lidholm, J., Lopata, A.L.,

Mueller, G.A., Nandy, A., Radauer, C., and Chan, S. K. (2018) WHO/IUIS Allergen
Nomenclature: Providing a common language. Molecular Immunology. 100, 3-13

10

6T0Z ‘0 Joqwea uo 1senb Aq /B10-0og - mmm//:dny wouy papeojumoq


http://www.jbc.org/

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Characterization and epitope analysis of Rhi o0 2 allergen

Cadot, P., Nelles, L., Srahna, M., Dilissen, E., and Ceuppens, J. L. (2006) Cloning and expression
of the cyclophilin Bet v 7, and analysis of immunological cross-reactivity among the cyclophilin
A family. Molecular immunology. 43, 226-235
Ghosh, D., Mueller, G.A., Schramm, G., Edwards, L.L., Petersen, A., London, R. E., Haas, H.,
and Bhattacharya, S. G. (2014) Primary identification, biochemical characterization, and
immunologic properties of the allergenic pollen cyclophilin Cat r 1. Journal of Biological
Chemistry. 289, 21374-21385
An, S., Chen, L., Long, C., Liu, X., Xu, X., Lu, X., Rong, M., Liu, Z., and Lai, R. (2013)
Dermatophagoides farinae allergens diversity identification by proteomics. Molecular & Cellular
Proteomics. 12, 1818-1828
Welter, S., Doélle, S., Lehmann, K., Schwarz, D., Weckwerth, W., Worm, M., and Franken, P.
(2013) Pepino mosaic virus infection of tomato affects allergen expression, but not the allergenic
potential of fruits. PloS ONE. 8, 65116
Fujita, C., Moriyama, T., and Ogawa, T. (2001) Identification of cyclophilin as an IgE-binding
protein from carrots. International archives of allergy and immunology. 125, 44-50
Sircar, G., Chakrabarti, H.S., Saha, B., and Gupta-Bhattacharya, S. (2012) Identification of aero-
allergens from Rhizopus oryzae: an immunoproteomic approach. Journal of proteomics. 77, 455-
468
Dey, D., Ghosal, K. and Bhattacharya, S.G. (2019) Aerial fungal spectrum of Kolkata, India,
along with their allergenic impact on the public health: a quantitative and qualitative evaluation.
Aerobiologia. 35, 15-25.
Chowdhary, A., Agarwal, K., Kathuria, S., Gaur, S.N., Randhawa, H.S. and Meis, J.F. (2014)
Allergic bronchopulmonary mycosis due to fungi other than Aspergillus: a global overview.
Critical reviews in microbiology. 40, 30-48.
Dey, D., Mondal, P., Laha, A., Sarkar, T., Moitra, S., Bhattacharyya, S., Saha, G.K. and Podder,
S. (2019) Sensitization to common aeroallergens in the atopic population of West Bengal, India:
an investigation by skin prick test. International archives of allergy and immunology. 178, 60-65.
Roesner, L.M., Heratizadeh, A., Wieschowski, S., Mittermann, I., Valenta, R., Eiz-Vesper, B.,
Hennig, C., Hansen, G., Falk, C.S., and Werfel, T. (2016) a-NAC-Specific Autoreactive CD8+ T
Cells in Atopic Dermatitis Are of an Effector Memory Type and Secrete IL-4 and IFN-y. The
Journal of Immunology. 196, 3245-3252
Roy, D., Ghosh, D., and Gupta-Bhattacharya, S. (2003) Homology modeling of allergenic
cyclophilins: IgE-binding site and structural basis of cross-reactivity. Biochemical and
biophysical research communications. 307, 422-429
Holm, J., Ferreras, M., Ipsen, H., Wirtzen, P.A., Gajhede, M., Larsen, J.N., Lund, K., and
Spangfort, M. D. (2011) Epitope grafting, re-creating a conformational Bet v 1 antibody epitope
on the surface of the homologous apple allergen Mal d 1. Journal of Biological Chemistry. 286,
17569-17578
Gattinger, P., Mittermann, 1., Lupinek, C., Hofer, G., Keller, W., Stojkovic, U.B., Korosec, P.,
Koessler, C., Novak, N., and Valenta, R. (2019) Recombinant glycoproteins resembling
carbohydrate-specific IgE epitopes from plants, venoms and mites. EBioMedicine. 39, 33-43
Dey, D., Saha, B., Sircar, G., Ghosal, K., and Bhattacharya, S.G. (2016) Mass spectrometry-
based identification of allergens from Curvularia pallescens, a prevalent aerospore in India.
Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics. 1864, 869-879
Linhart, B., Focke-Tejkl, M., Weber, M., Narayanan, M., Neubauer, A., Mayrhofer, H., Blatt, K.,
Lupinek, C., Valent, P., and Valenta, R. (2015) Molecular evolution of hypoallergenic hybrid
proteins for vaccination against grass pollen allergy. The Journal of Immunology. 194, 4008-4018
Ghosh, N., Sircar, G., Saha, B., Pandey, N., and Bhattacharya, S. G. (2015) Search for allergens
from the pollen proteome of sunflower (Helianthus annuus L.): a major sensitizer for respiratory
allergy patients. PloS ONE. 10, 0138992

11

6T0Z ‘0 Joqwea uo 1senb Aq /B10-0og - mmm//:dny wouy papeojumoq


http://www.jbc.org/

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Characterization and epitope analysis of Rhi o0 2 allergen

Williams, B.J., Ciavarini, S.J., Devlin, C., Cohn, S.M., Xie, R., Vissers, J.P., Martin, L.B.,
Caswell, A., Langridge, J.1., and Geromanos, S. J. (2016) Multi-mode acquisition (MMA): An
MS/MS acquisition strategy for maximizing selectivity, specificity and sensitivity of DIA product
ion spectra. Proteomics. 16, 2284-2301

Sircar, G., Saha, B., Mandal, R.S., Pandey, N., Saha, S., and Bhattacharya, S. G. (2015)
Purification, cloning and immuno-biochemical characterization of a fungal aspartic protease
allergen Rhi o 1 from the airborne mold Rhizopus oryzae. PloS ONE. 10, 0144547

Binder, M., Mahler, V., Hayek, B., Sperr, W.R., Schéller, M., Prozell, S., Wiedermann, G.,
Valent, P., Valenta, R., and Duchéne, M. (2001) Molecular and immunological characterization
of arginine kinase from the Indianmeal moth, Plodia interpunctella, a novel cross-reactive
invertebrate pan-allergen. The Journal of Immunology. 167, 5470-5477

Mittermann, 1., Wikberg, G., Johansson, C., Lupinek, C., Lundeberg, L., Crameri, R., Valenta, R.
and Scheynius, A. (2016) IgE sensitization profiles differ between adult patients with severe and
moderate atopic dermatitis. PLoS One. 11, p.e0156077.

Kawano, S., lyaguchi, D., Okada, C., Sasaki, Y., and Toyota, E. (2013) Expression, purification,
and refolding of active recombinant human E-selectin lectin and EGF domains in Escherichia
coli. The protein journal. 32, 386-391

Sircar, G., Jana, K., Dasgupta, A., Saha, S., and Bhattacharya, S. G. (2016) Epitope mapping of
Rhi o 1 and generation of a hypoallergenic variant A CANDIDATE MOLECULE FOR
FUNGAL ALLERGY VACCINES. Journal of Biological Chemistry. 291, 18016-18029

Saha, B., Sircar, G., Pandey, N., and Bhattacharya, S. G. (2015) Mining novel allergens from
coconut pollen employing manual de novo sequencing and homology-driven proteomics. Journal
of proteome research. 14, 4823-4833

Biswas Sarkar, M., Sircar, G., Ghosh, N., Das, A.K., Jana, K., Dasgupta, A., and Bhattacharya, S.
G. (2018) Cari p 1, a Novel Polygalacturonase Allergen from Papaya Acting as Respiratory and
Food Sensitizer. Frontiers in plant science. 9, 823

Wiedemann, C., Bellstedt, P., and Goérlach, M. (2013) CAPITO—a web server-based analysis and
plotting tool for circular dichroism data. Bioinformatics. 29, 1750-1757

Kaur, G., Singh, S., Singh, H., Chawla, M., Dutta, T., Kaur, H., Bender, K., Snedden, W.A.,
Kapoor, S., Pareek, A., and Singh, P. (2015) Characterization of peptidyl-prolyl cis-trans
isomerase-and calmodulin-binding activity of a cytosolic Arabidopsis thaliana cyclophilin
AtCyp19-3. PloS ONE, 10, 0136692

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., Heer, F.T., de
Beer, T.A.P., Rempfer, C., Bordoli, L., and Lepore, R. (2018) SWISS-MODEL.: homology
modelling of protein structures and complexes. Nucleic acids research. 46, W296-W303

Sievers, F., Wilm, A., Dineen, D., Gibson, T.J., Karplus, K., Li, W., Lopez, R., McWilliam, H.,
Remmert, M., Séding, J., and Thompson, J.D. (2011) Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal Omega. Molecular systems biology. 7, 1-6

12

6T0Z ‘0 Joqwea uo 1senb Aq /B10-0og - mmm//:dny wouy papeojumoq


http://www.jbc.org/

Characterization and epitope analysis of Rhi o0 2 allergen

FOOTNOTES

The work is supported by grant from Wellcome trust/DBT India Alliance (Grant No. IA/E/17/1/503696)
through Early Career Fellowship to GS as well as exchange fellowship from European Academy of
Allergy and Clinical Immunology (EAACI) awarded to GS. SGB received funding from Department of
Science and Technology, Govt. of India through Institutional Plan Project—1. Supported in part by grant
F4605 from the Austrian Science Fund (FWF) (Grant No. P29991). RV is a recipient of a Megagrant of
the Government of the Russian Federation, grant No 14.W03.31.0024.

Abbreviations used are: PME, beta mercaptoethanol; MW, molecular weight; kDa, kilodalton;
WHO/IUIS, World Health Organization/International Union of Immunological Societies; HSA, Human
Serum Albumin; BSA, Bovine Serum Albumin; CD, Circular dichroism.

13

6T0Z ‘0 Joqwea uo 1senb Aq /B10-0og - mmm//:dny wouy papeojumoq


http://www.jbc.org/

Characterization and epitope analysis of Rhi o0 2 allergen

Table 1 — Cloning, bacterial overexpression, and purification strategies of the various cyclophilin
constructs used in the present study. Full-length cDNA was obtained either by PCR amplification from
first-strand cDNA preparation (FSCP) or by Gene synthesis (GS) or by deletion mutagenesis on Rhi o0 2
construct (DMRC). Recombinant protein was expressed either in native soluble (S) form or in inclusion
bodies (IB).

Cyclophilin | cDNA Vector 6xHis Expression parameters Protein
constructs from tag state
E. colistrain | IPTG | Time | Temp.
(mM) | (h) (°C)
Aspfll FSCP pET21d N- BL21(DE3) 0.5 12 20 S
Asp f 27 FSCP pET22b N- BL21(DE3) 0.5 12 16 S
Hum. CypA GS pET28a N- BL21(DE3) | 1.0 3 37 S
TV-1 DMRC pET15b N- Rosetta 0.5 12 20 S
TV-2 DMRC pET15b N- Rosetta 0.5 12 20 S
TV-3 DMRC pET15b N- Rosetta 0.5 12 16 IB
TV-4 DMRC pET15b N- Rosetta 0.5 12 16 IB
ARhi o0 2 DMRC pET15b N- BL21(DE3) 0.5 12 20 S
CPR1 FSCP pHisTEV N- Rosetta 1.0 3 37 S
Hybrid Cyp GS pHISTEV N-Cand BL21(DE3) 1.0 3 37 S
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Peptide Mass (Da) lon Score Avg. Norm. Abundances
VVPQTAENFR 1159.6035 2997 3.78e+004
KVFFDVSANSKPLGR 1663.9007 1302 4.51e+005
TAENFR 736.3526 3751 1.87e+005
ESLGSPNGTPR 1113.5414 2793 9740.14

Fig 1: Purification and identification of natural nRhi o 2. (a) Chromatogram of fractions eluted from
HiTrap™ CM FF column using NaCl gradient. Crude R. oryzae extract after ammonium sulfate cut was
incubated with DEAE Sephacel gel and the supernatant was loaded onto Carboxymethyl cation exchange
column. Absorbance of eluted fractions was read at 280 nm (y axis; left) as a function of time in hour (x
axis) and using NaCl concentration gradient in mM (y axis; right). (b) The second fraction (lane Fr-2) was
found to contain the desired 18 kD an Rhi 0 2 in 12% SDS-PAGE (labeled with an arrow), which was
immunoblotted with two patient sera (P2 and P8). (c) Results of LC-MS/MS analyses of nRhi o 2
showing the sequences of 4 matched peptides, their MW in Dalton, the peptide ion scores, and the
average normalized abundance in the MS/MS spectra.
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Fig 2: Recombinant rRhi 0 2. (a) 12% SDS-PAGE showing Ni-NTA purification of 6xHis tagged rRhi o
2. After IPTG induction, the crude E. coli lysate (lane T) in lysis buffer containing 10 mM imidazole was
loaded onto Ni-column and the flow through (lane FT) was collected. The Ni-column was then washed
twice with wash buffer containing 40 mM imidazole (lanes W1 and W2) to remove non-specific E. coli
proteins. Column bound rRhi o 2 was then eluted with 250 mM imidazole (lane EL). (b) IgE-reactivity of
rRhi 0 2 was tested by immunoblot using sera from 8 R. oryzae-sensitized patients (P1-P8) and 2 sera
from A. fumigates-sensitized patients (E1, E2). Negative control blots using 2 sera from non-allergic
subjects (N1, N2), 1 serum from an Alternaria alternate-reactive patient (ARS), and the buffer control
(BC) without any serum.
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Fig 3: Allergenic activity of rRhi o 2: Increasing concentrations of rRhi o 2 (x axes) were used to
stimulate the RBL cell line passively sensitized with IgE-antibodies from sera from 10 R. oryzae
sensitized patients (P1-P10) and sera from 2 A. fumigatus allergic patients (E1, E2) resulted in a dose-
dependent B-hexosaminidase release (y axes: percentages of total B-hexosaminidase release) from RBL

cells.
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Fig 4: Biophysical and functional characterization of rRhi o 2: (a) CD spectra of 5 uM rRhi o 2 showing
molar ellipticity (y axis) at various wavelength (x axis) at 25°C. (b) Melting curve of rRhi o 2 showing the
refolding behavior of the allergen by recording molar ellipticities at 223 nm (Amax) plotted in the y axis at
various temperatures in x axis. With increasing temperature (Ascending scan) rRhi o 2 displayed a non-
linear sigmoidal transition from folded to unfolded state. After cooling down (Descending scan), rRhi o 2
displayed partial refolding. (c) Chromatogram of rRhi o 2 eluted from Gel filtration column as a
monomer. Absorbance of eluted fractions were read at 280 nm (milli Abs. unit at y axis) and plotted as a
function of elution time from the column (x axis). Bovine cytochrome ¢ (MW 12.3 kDa, was used as
standard. No aggregation of rRhi o 2 was observed when run in 13% SDS-PAGE under reducing
condition with BPME versus non-reducing condition without BME. (d) PPlase activity of rRhi o 2 in
rotamase assay showing increased cis-trans isomerization of ala-pro bond of the substrate peptide
followed by chymotrypsin cleavage and concomitant increase in Asgo (y axis) plotted as a function of time
(x axis). Enzyme blank control showing spontaneous thermal isomerization (uncatalyzed).
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Fig 5: Cross-reactivity of rRhi 0 2. (a) Immunoblot showing that 4 different purified cyclophilins (lanes
1-4; amino acid lengths are mentioned in right panel) reacted with IgE-antibodies from a pool of 3 Rhi o
2-allergic sera (1:10 v/v) and immunoblot inhibition when the serum pool was mixed separately with 5
pg/ml and 10 pg/ml of rRhi o 2 for overnight. rRhi 0 2 on membrane (lane 5) used as positive control for
auto-inhibition. (b) ELISA inhibition in which plate-bound rRhi 0 2 was exposed to pooled sera (1:10 v/v)
incubated with exponentially increasing concentration (x axis) of either 4 cyclophilins or rRhi o 2 (auto-
inhibition) or HSA (negative control) or sera only (uninhibited). Cross-reactivity of each test antigen was
plotted as the percentage (y axis) of inhibition of IgE-binding to immobilized rRhi o 2. (¢) Immunoblot
inhibition (1) showing inhibition of IgE-reactivity to cyclophilins present in crude extract of 4 allergenic
sources when exposed to a pool of 3 Rhi o 2-allergic sera (1:5 v/v) mixed with 10 pg/ml rRhi 0 2. In
uninhibited blots (U), the proteins corresponding to inhibited bands showed IgE-reactivity with sera not
mixed with rRhi o 2.
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Fig 6: Mapping of Rhi o 2 IgE-epitopes. (a) Schematic representation of the design of 5 deletion
constructs of Rhi 0 2 and their 15% SDS-PAGE profile in (b) after silver staining and (c) after CBB-R250
staining. Following Ni-NTA purification, these proteins were purified by a second round of gel filtration
to remove the impurities. (d) IgE-immunodot blot of 200 ng of each of the 4 truncated versions (TV-1 to
TV-4) of Rhi 0 2 or intact rRhi o 2 with either 10 patient sera (P1 to E2) or buffer control (B) or healthy
sera (N1). (e) Autoradiogram of RAST based IgE-immunodot blot of 200 ng of each of either rRhi 0 2 or
ArRhi 0 2 or cross-reactive rMala s 6 using 10 patient sera. For detection, '*I labeled anti-human IgE was
used. An unrelated allergen Alt a 1 and HSA were used as negative control antigens in the dot blots.
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Fig 7: Inhibition of patient IgE by IgG in rabbit antisera. Competitive ELISA in which 5 different
recombinant cyclophilin allergens were separately pre-incubated with IgG from either anti-Rhi 0 2 or
anti-TV-3 or anti-ARhi o 2 1gG from rabbit antisera (1:100 v/v) and then exposed to sera (1:10 v/v) from
cyclophilin-allergic patients (n = 8). Corresponding preimmune rabbit sera were used for control purposes
to calculate the percentage of IgE-binding inhibitions (y axis). Box-whisker plots with medians and
minimum to maximum ranges. *, p<0.05 for IgE-inhibition by anti-TV-3 versus anti-Rhi 0 2 and **, p<
0.001 for IgE-inhibition by anti-ARhi o 2 versus anti-Rhi o 2 IgG, a- refers to anti-.
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Rhio2 MSNPKVFFDVSANSKPLGRIVMELRADVVPQTAENFRALCTGEKGEFGYKGCSFHRVIPEF 60
CPR1 ——-MSQ*Y***E*DGQ* I * *VXFRK*XYN* I **Kx*kkkkkkkkkkkxk*kkx A*GPk*****xD* 58

Rhio2 MLQGGDFTNHNGTGGKSIYGNKFRDENFTLKHTGPGDLSMANAGPNTNGSQFFITTIKCS 120
CPR1 *hkhkkhkkhkXAGh Ak hkkhk kA kQhk kP **k *KKHADR**Lk*kkkkhkkkkkkkkkk*x**x*VP*P 118

Rhio2 WLDGKHVVFGRVTEGMDVVQNIESLGSPNGTPRAKIIIDNCGQL 164
CPR1  ****x**x***xEXVD*Y* I *KKV* ***** SkATK*R*VVAKS*E* 162
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Fig 8: Epitope grafting. (a) Alignment of Rhi 0 2 sequence with yeast CPR1 showing the identical
residues as asterisks and gaps as dashes. N®-N**° fragment on Rhi 0 2 shown in red and its homologous
stretch in CPR1 in pink. (b) Surface representation of front and back views (turned 180° on horizontal
axes) of the homology model of Rhi 0 2, crystal structure of yeast CPR1 (PDB: 1IST). A third energy-
minimized homology model was built for the Rhi o 2:CPR1 hybrid cyclophilin (Hybrid_Cyp) in which
N®-N**° fragment of Rhi o 2 was grafted in CPR1 by replacing its homologous stretch G*-S'*'. (c) 15%
SDS-PAGE profile of Hybrid_Cyp (N and C-terminal 6x His tags) and recombinant CPR1 (N-terminal 6x
His tag) after Ni-NTA purification followed by gel filtration. MW maker is on the left margin.
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Fig 9: Increasing IgE-reactivity and allergenic activity of CPR1 by epitope grafting. (a) CD spectra of 5
UM each of rRhi o 2, rCPR1, and rHybrid Cyp at 25°C showing molar ellipticities (y axis) against
wavelengths (nm in x axis). (b) ELISA inhibition showing IgE-binding capacity of CPR1 and
Hybrid_Cyp. rRhi o 2 was incubated with a pool of 4 patients’ sera inhibited with increasing
concentrations of test antigens (x axis) and percentages of inhibition of IgE-binding (y axis) to
immobilized rRhi o 2 was calculated. Sera mixed with rRhi 0 2 and HSA for auto-inhibition and negative
control respectively. (c) RBL-assay showing allergenic activity of Hybrid-Cyp versus CPR1 in which
increasing concentrations of test antigens or rRhi o 2 as positive control (x axis) were used to stimulate
RBL cell line passively sensitized with patients’ IgE-antibodies. Bar graph represents means with SDs
(error bars) for sera from six patients’ sera
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Fig S1: Control sets for the RBL assay. The RBL cells were either sensitized with non-atopic sera (N1
and N2) followed by challenge with rRhi o 2 or sensitized with IgE-antibodies of sera from 2 Rhi 0 2-
reactive patients (P4 and P7) followed by challenge with an unrelated fungal allergen rAlt a 1. In all the
cases, the percentage of release (y-axis) was below 5%.
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Fig S2: Comparison of allergenic activity of rRhi o 2-derived truncated versions. Increasing
concentrations of either rRhi 0 2 or each of its’ IgE-reactive truncated versions (TV-1 to TV-3) (x axis)
were used to stimulate the RBL cell line passively sensitized with IgE-antibody from 3 R. oryzae reactive
sera to compare the B-hexosaminidase release (y axis) from stimulated RBL célls.
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Rhi o 2 = =-==—= MSNPKVFFDVSA=—=——-— NSKPLGRIVMELRADVVPQTAENFRALCTGEKGEG--- 47

Asp £ 11 FHQTPSAMSQV* **VEYAPVGTAETKV*RIVFN* FDEDV*KTAK* **E* *KRPA*E*-—— 57

Bet v 7 ====MASNPKV* ¥ *MEV==—=—= GGQPV*RIVME*YADTT*RTAE***A**TEGEK*N* RSG 5

Sar i1 0 eee== MPNPRV* **M5V====— GGQPA*RIVME* FADTT*RTAE***A**TGEK*T* RSG 50

Sola: 1 & «  eeses MANPEKV***[ T ————— GGAPA*RVVME* FADTT*KTAE* **A**TGEK*V* KMG 50

Der £ 29 = ===== MALPRV*** AL ————— DNQPL*RIVIE*RSDVV*KTAE* **A**TGEK*F*——— 47

Bap £ 29 2 ommmms MV VKT *** [T =m——= DGQPA*RITFK*FDEVV*KTVE* **A* * TGEK*F*-—— 46

Mala s 6 = = =————=—- MENVF*¥* TTK====—= NGAPL*TIKFK* FDDVV*KTAR***A*x*TGEK* F'* ——— 45

Rhi o 2 ————YKGCSFH%yIPE@E}Q?GDFTNHNGTGGKSIYGNKFRDENFTLKHTGPGDLSMANA 103
Asp f 11 —===YREST*** I ¥ *N** T#kk kA kRG* %k %k Rk k% & DR* Bk k SRK* DKK* TL* %% % 113
Bet v 7 KPLHYKKSS** ¥ VX ¥ G* 4 Ch**kk k AGA ¥ kA F % 4k AKH Pk * %k TKKH TGP* TL** % %+ 111
Cat r 1 KPLHYKDSS * * # V* % G ¥ Ck ki ok k k AGH* %% %k Edh ok ok QKK P+ k TKK* TGP+ TL* # % * % 110
Scla 1 5 KPLHYKGST % % % %% Gk TRk s ek i (ke sk s o okododeose AROR Noe ke ek PRKK* TEP* T L% ks 110
]:]er f 29 ____FKSSS***z'k*N**I**'\k***NH***'\k*K*'\k‘k*NK*Ai***TLQ*TGP*IM***** 103
Asp £ 27 === YKGSS* * kT, Qb k[ khkk kA KGHk k kX Kk k kA DRI P* kk QT K* DEKP* LL* ** * ok 102
Mala 5 6 ____YAGSH-:**V**D**L******AG*****K***tAK*A****QLK*NKP*LL***** 101
Rhi o 2 GPNTNGSQFEITTIKCSE&PGKEYVFGRVTEG——MDVVQNIESLGSPNGTPR--AKIIID 159
Asp £ 11 APN***kkk kA Tk AYTSkFDIRKF kX FF ANEKSYSV*F*E* *AT**S5* SYRSNTRPKIV 173
Bet h7s 7 *PG********C*AKTE**D*K*****Q*VEG_-LDI**A**KV**SS*RTS__KPMA 16?
Cat r 1 FPN* ¥+ k¥ A CHAKTE* *DAK* * ¥ % ¥ Q* VEG--MDV* *A* *KV* * SS*RTA--KKVVVE 166
Sola 1 5 *PEEAE AR A I ACE R TE*F * N R * * * kO F VEG——MOYV* *K* *AV*F +* 55*RCS—-KPVVIA 166
Der £ 29 APN**dkdok R TP T, DRK**wdk GrPEG—-MDI**K**3Y**QS*KPS--KKVTIA 159
Asp £ 27 AEN* Fodkkk ke k kTP Sk A Drpddkk B PDG~—MDL* *K**5Y**AS* TPK--KKITIA 158
Mala s 6 *¥PN**kkdkkk dToJYTS*k*DrK****k *kEx TDG-=MNV**A**AF** 5S*KPR--SRIEIA 157
Rhi o 2 NCGQL- 164

Asp £ 11 N**EL- 178

Bet v D**QLS 173

Cat r 1 D**QLS L72

Sola 1 5 D**QL- 171

Der f 29 N**QL- 164

Asp £ 27 D**QL- 163

Mala s 6 K**VC~ 162

Fig S3: Multiple Sequence Alignment of Rhi 0 2 with 7 other cyclophilinssuch as Asp f 11 and Asp f 27
from Aspergillus fumigatus, Bet v 7 from birch pollen, Cat r 1 from periwinkle pollen, Sola | 5 from
tomato, Der f 29 from house dust mite, and Mala s 6 from skin colonizing yeast. All these cyclophilins
are reported as allergens and enlisted in WHO/IUIS allergen database. Identical residues in the aigned
seguences are shown as asterisks and gaps as dashes with respect to the reference sequence Rhio 2 in the
top. N¥-N'*fragment of Rhi 0 2 is shown in red. The 7 residue loops specific for plant cyclophilins are
in green. The active site residues responsible for PPlase activity are underlined.
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C

MSNPKVEFFDVSANSKPLGRIVMELRADVVPOQTAENFRALCTGEKGEGYKGCSF
HRVIPEFMLQGGDFTNHNGTGGKSIYG
NKFRDENFTLKHTGPGDLSMANAGPNTNGSQFFITTIKCSWLDGKHVVEGRVT
EGMDVVONIESLGSPNGTPRAKITIIDNCGQL

Fig S4: Rhi o 2 tertiary structural model and location of N®-N** fragment. (a) Ribbon diagram and (b)
Surface representation of Rhi 0 2 homology model shown in green. The C-termina 15 solvent-accessible
residues (G"**-N**) of the N®-N**° fragment are shown in orange while rest of the N®-N**° fragment isin
magenta. (c) For convenience of understanding, the amino acid sequence of Rhi o 2 and N*-N'¥

fragment is shown using the same color code as used in the structura models. Sequence of TV-3 is
underlined.
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Table S1: Clinical and demographic details of human subjects participated in the study.

Subject | Age/Sex tIge slgE for RCE | sigE for rRhi 02 | Symptoms | Other major sensitizers
ID (1u/ml) (kU/ml) (As05) in ImmunoCAP

P1 32/M 652.00 17.80 0.854 BA HDM+AF+SF

P2 41M 365.88 12.80 0.603 BA HDM+AF+TM

P3 28/M 1874.00 60.20 1.241 BA+AR HDM+AF

P4 32/F 581.06 24.90 0.678 BA HDM+AF+SF

P5 52/F 453.88 17.35 0.570 BA HDM+AS+MK

P6 62/M 1280.23 57.80 0.998 BA HDM+LG+EG+CK

P7 38/M 453.69 36.00 0.791 BA HDM+AF+CK

P8 36/F 872.00 47.05 1.109 BA+AR HDM+SF+PO

P9 55/M 367.00 19.35 0.587 BA+AR HDM+AF

P10 25/F 635.20 23.88 0.594 BA HDM+AF

El 26/F 792.30 2541 0.608 BA HDM+SF+AS+GP

E2 23/IM 803.20 48.90 1.184 BA HDM+CT+LG

N1 24/F 51.00 0.08 0.118 ns No

N2 28/M 64.10 0.04 0.103 ns No

ARS nk 341.08 0.09 0.121 BA Only Alternaria spp.

FOOTNOTE for table S1
tIgE was estimated by Human IgE sandwich ELISA kit (Abcam) and sIgE by direct ELISA as aready

described earlier (References 33 and 36 of the main manuscript).

Abbreviations used: tIgE, total IgE; sIgE, specific IgE; RCE, Rhizopus crude extract; A,qs, absorbance of
ELISA plate at 405 nm; nk, not know; ns, no symptoms; BA, bronchial asthma; AR, atopic rhinitis;
HDM, house dust mite; AF, A. fumigatus;, SF, sea food; TM, tomato; MK, milk; LG, legumes, CK,
cockroach; PO, Penicillum oxalicum; AS; Altstonia scholaris pollen; GP, grass pollen; CT, cotton;
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