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Characterization and Gene Cloning of
an Acidic Thaumatin-Like Protein
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Fruit (Manilkara zapota)
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ABSTRACT

Background: Allergy to sapodilla (Manilkara zapota) fruit ingestion is rare. An independent study from our
group has identified a basic thaumatin-like protein (TLP 2) as the major allergen. The present study was aimed
at identifying and characterizing additional allergens from sapodilla.

Methods: Allergic subjects were identified by case history, skin prick test (SPT) and allergen-specific IgE.
Sapodilla extract was fractionated using SP-Sepharose into 3 components (SP1, SP2 and SP3) which were
analyzed by native/SDS-PAGE, IgE-immunoblot, isoelectric focusing (IEF) and N-terminal sequencing. The
conserved regions of plant TLPs and the N-terminal sequence were used to design primers for PCR.

Results: SPT and ELISA confirmed a subject with oral allergy syndrome (OAS) to sapodilla and custard apple.
Two proteins (26.9 and 24.5 kDa; reducing conditions) were detected as allergens, of which the latter in SP2
has already been identified as basic TLP (TLP 2). The 26.9 kDa protein present in SP1 was identified as an
acidic TLP based on native PAGE, IEF and N-terminal sequencing. Presence of a basic -1,3-glucanase in
SP3 was inferred by zymography. Sequence analysis of the genomic clone of the acidic TLP gene revealed
that it is intronless and non-glycosylated. Evolutionary relatedness to olive, grape and kiwi fruit allergenic TLPs
were inferred by phylogenetic analysis.

Conclusions: An acidic TLP (TLP 1) was identified as a new allergen in sapodilla. TLP 1 is a single polypep-
tide (207 residues) belonging to the thaumatin family of the GH64-TLP-SF superfamily. Clinically, sapodilla
should be considered in the list of fruits causing OAS.

KEY WORDS
acidic TLP, exotic fruit, food allergen, Manilkara zapota, oral allergy syndrome

for table purpose. Sapodilla is cultivated in the tropi-

INTRODUCTION

Sapodilla (Manilkara zapota syn. Achras zapota), also
known as sapota, chikoo and by various other names,
yields delicious fruits that are round, ovoid, ellipsoid
or conical, flattened at the stem end, 5 to 10 cm
wide.1.2 The fruit is highly perishable and sensitive to
cold storage; hence, the bulk of the produce is used

cal parts of the world with India being the largest
grower. Commonly available varieties in India are the
round cricket ball variety and the oval Kalipatti vari-
ety. The fruits are rich in sugars (10.2%) and fiber
(11.5%); however, the protein content is very low
(~0.4-0.7%).

Fruits and vegetables form a major part of the food
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pyramidal system. The importance of regular con-
sumption of fruits and vegetables in the prevention of
cancer and cardiovascular diseases has been widely
acknowledged.? WHO recommends daily intake of
approx. 400 g of fresh fruits and vegetables per per-
son. Though uncommon, fruits and vegetables elicit
allergic reactions in sensitized individuals; fruit al-
lergy may increase in future due to increased con-
sumption.3-> Although several common fruits (apple,
banana, citrus, grape, and other Rosaceae fruits) have
been studied with respect to their allergenicity, some
exotic fruits, consumed commonly in a particular re-
gion have not been well studied in terms of oral al-
lergy syndrome (OAS) and cross-reactive fruits.6

Generally, fruits cause allergic reactions confined
to the oropharyngeal region, and is referred to as
OAS or pollen-food allergy.”-®8 With import of several
tropical fruits in many countries, sensitization to
many uncommon fruits may occur more commonly.
However, allergy to sapodilla is very rare, and only
three cases of OAS have been reported; a 21 kDa al-
lergen has been identified from sapodilla pulp.® Fur-
ther, it has been shown that this allergen from sapo-
dilla pulp is a basic thaumatin-like protein (TLP 2)
based on its amino acid composition, isoelectric point
and N-terminal sequence (Hegde VL et al., unpub-
lished observations).

During the course of investigation of the basic TLP
from sapodilla for further biochemical and immu-
nological studies, we detected another protein with a
similar molecular mass which eluted earlier to the ba-
sic TLP by SP-Sepharose cation-exchange chroma-
tography of sapodilla extract. Therefore, it appeared
interesting to purify this acidic protein from sapodilla
fruit and characterize it in relation to fruit allergy with
the objective of identifying additional allergens. The
present study describes the characterization of the
biochemically purified acidic TLP from sapodilla pulp
and its genomic clone. Further, a comparative phylo-
genetic analysis has been carried out on acidic TLPs
which have been identified as food allergens till date.

METHODS

MATERIALS

Sapodilla (cv. cricket ball) saplings were obtained
from Indian Institute of Horticultural Research (Ban-
galore, India), and maintained at the nursery of this
institute (CFTRI, Mysore, India). Round and oval
sapodilla fruits were purchased from local market. In-
sTAclone™ PCR Cloning Kit was procured from Fer-
mentas International (Burlington, ON, Canada).
Primers were synthesized at Eurofins Genomics In-
dia Pvt. Ltd., Bangalore, India. Cetyltrimethylammo-
nium bromide (CTAB), 3-(cyclohexylamino)-1-
propanesulfonic acid (CAPS), laminarin (from Lawmi-
naria digitata), laminarinase (from 7T7ichoderma sp.;
100-400 units/g solid), mouse monoclonal anti-human
IgE-alkaline  phosphatase (ALP) conjugate,

Immobilon-PSQ@ PVDF membranes, SP-Sepharose
Fast Flow and JumpStart™ AccuTaq™ LA DNA Po-
lymerase Mix were purchased from Sigma-Aldrich
Chemical Co., St. Louis, MO, USA. 2,3,5Triphenyl-
tetrazolium chloride (TTC, A.R. grade) was a product
of Reanal, Budapest, Hungary. Ultrafiltration mem-
brane (PLGC, 10000 NMWL, 44.5 mm diameter) was
purchased from Millipore Corporation, Bedford, MA,
USA.

DIAGNOSTIC TESTS FOR SAPODILLA AL-
LERGY

This study was undertaken following approval by the
Institutional Ethics Committee. Informed consent
was obtained from normal and allergic subjects prior
to collection of blood for in wvitro tests. Diagnostic
tests for confirming allergy to sapodilla included case
history, skin prick test (SPT), and allergen-specific
IgE by ELISA; these were carried out as described
previously for diagnosis of allergy to the ingestion of
sapodilla,’ pomegranate, mango, a chewable drug
containing excipient mannitol, and eggplant.10-14 A to-
tal of 300 subjects in the age range 1860 y were
screened at random. A 22-year-old female always ex-
perienced allergy whenever she ate sapodilla fruit or
custard apple (sweetsop; Annona squamosa of family
Annonaceae). She first noticed itching, swelling and
redness (mainly confined to the oropharyngeal area)
to these fruits at the age of 10, within 15 min of inges-
tion of sapodilla or custard apple. Since then, she has
avoided eating these fruits.

PURIFICATION OF AN ACIDIC THAUMATIN-LIKE
PROTEIN

Pulp from round ripe sapodilla fruits (250 g) was ho-
mogenized in an equal volume (250 mL) of extraction
buffer (20 mM KH2PO4, pH 7.4 containing 3 mM
EDTA, 0.9% NaCl, and 0.02% NaN3). The homogenate
was clarified by cheese cloth filtration and centri-
fuged at 7000 x g at 4C for 10 min. The supernatant
was dialyzed against the same buffer using 12-14 kDa
cut-off dialysis tubing to remove low molecular
weight substances. Proteins were precipitated by 75%
ammonium sulfate saturation, and the precipitate was
resuspended in a minimum volume of the starting
buffer (20 mM sodium acetate buffer, pH 4.0) and
dialyzed against the starting buffer using 12-14 kDa
cut-off tubing. The dialyzed solution was loaded onto
a cation-exchange column (SP-Sepharose FF, 1.4 x
6.5 cm; 10 mL bed volume) which had been pre-
equilibrated with the starting buffer. After loading,
the column was washed with the starting buffer to re-
move unbound proteins. The bound proteins were
step-eluted as follows: (a) 20 mM sodium acetate
buffer, pH 5.0, (b) buffer in step (a) + 0.1 M NaCl, (c)
buffer in step (a) + 0.2 M NaCl, and (d) buffer in step
(@ + 1 M NaCl. The eluted protein fractions were
pooled, desalted and concentrated using a 10 kDa
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mol. wt. cut-off membrane in an Amicon stirred-cell
ultrafiltration system. Protein quantitation was per-
formed by the dye-binding method using BSA as
standard.15

NATIVE PAGE, SDS-PAGE AND ELECTROFO-
CUSING

The chromatographic components from SP-
Sepharose chromatography of sapodilla extract were
analyzed by 12% SDS-PAGE (dimensions: 14 cm
width x 16 cm length for long gel, and 8 cm width x 6
cm length for mini gel) according to Laemmlilé under
both reducing and non-reducing conditions. PAGE at
alkaline and acidic pH under native conditions were
carried out using Tris-glycine buffer, pH 9.5 (pH 8.9
system or Davis system) and B-alanine-acetic acid
buffer, pH 4.3 (pH 4.3 system or Reisfeld system), re-
spectively.l? Isoelectric point was evaluated by ana-
lytical electrofocusing in an immobilized pH gradient
containing ampholyne covering the pH range 3.5-9.5
using a Multiphor II unit (Amersham Biosciences,
Uppsala, Sweden). An isoelectric focusing (IEF) cali-
bration kit (Amersham Pharmacia Biotech, Pis-
cataway, NJ, USA) containing 11 proteins of known
isoelectric points (pI) was used as reference. The pro-
teins were allowed to focus initially at 500 V for 20
min, and then at 1500 V for 1 h.

ZYMOGRAPHY FOR (-1,3-GLUCANASE ACTIV-
ITY

B-1,3-Glucanase activity on native polyacrylamide gels
was carried out according to Stahmann et al..18 After
the native PAGE run, the gel was washed 3 times
with distilled water and equilibrated in 0.5 M sodium
acetate buffer, pH 4.5. The gel was then incubated in
the same buffer containing laminarin (6.7 mg/mL) at
37C for 2 h. After washing 3 times in distilled water,
the gel was immersed in a solution containing 0.15 g
TTC in 100 mL of 1 M NaOH, and placed in a boiling
water bath until red bands on a clear background ap-
pear. The gel was then immediately transferred to a
solution of 7.5% acetic acid to conserve the clear back-
ground.

B-1,3-GLUCANASE ASSAY

B-1,3-Glucanase activity for the SP-Sepharose chroma-
tographic components was analyzed using laminarin
as the substrate as per the protocol described by
Sigma Chemical Co., St. Louis, MO, USA (I-5272 -
Enzyme Assay). The assay mixture consisting of 100
mM sodium acetate buffer, pH 5 (0.6 mL), 2.5% lami-
narin in water (0.2 mL), and 5 pg test protein in water
(0.2 mL) was incubated at 37°C for 60 min. Release of
reducing sugars was measured as glucose by dini-
trosalicylic acid (DNS) method.1® Briefly, 0.2 mL of
DNS reagent and 0.2 mL of sample (test), or distilled
water (blank), were taken in test tubes. The tubes
were placed in a water bath at 100C for 10 min, and
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then allowed to cool to room temperature. After the
addition of 0.8 mL distilled water to each tube and
mixing, the absorbance of the solutions was meas-
ured at 540 nm. Appropriate controls were used (BSA
as negative control and laminarinase as positive con-
trol), and a calibration curve was prepared using D-
glucose as standard in the range 0-200 pg. The pro-
tein content of laminarinase was determined by Brad-
ford assay.1®

N-TERMINAL SEQUENCING

Protein components from SP-Sepharose chromatog-
raphy were subjected to SDS-PAGE (12%, reducing).
Multiple lanes of a sample were run; after electropho-
resis, one half of the gel was stained using 0.3 M
CuCl220 for visualization of protein bands. The bands
of interest were located on the gel based on molecu-
lar mass, and the corresponding regions in the other
half of the gel were excised. The protein band of in-
terest was transferred on to an Immobilon-PSQ PVDF
membrane by wet transfer in 10 mM CAPS buffer
with 20% methanol overnight. After transfer, the
membrane was transiently stained using 0.2% Pon-
ceau S in 10% acetic acid for the visualization of the
protein band; after excising the band, it was
destained using water. The membrane was then sub-
jected to N-terminal sequencing by Edman degrada-
tion on a PROCISE Protein Sequencer, Model 491
(Applied BioSystems, Foster City, CA, USA) at the
Protein Sequencing Facility (Indian Institute of Sci-
ence, Bangalore, and CSIR-CFTRI, Mysore, India).

CLONING OF A GENE ENCODING THE ACIDIC
THAUMATIN-LIKE PROTEIN FROM SAPODILLA
Genomic DNA from the fresh leaves of sapodilla plant
(cv. cricket ball) was prepared according to the
method described by Saghai-Maroof et al..2! Fresh
leaves (1 g) were homogenized using an autoclaved
mortar and pestle in 20 mL of extraction buffer (50
mM Tris-HCI1 buffer, pH 8, containing 0.7 M NaCl, 10
mM EDTA, 1% CTAB, 0.1% 2-mercaptoethanol) and
incubated at 60C for 1 h with occasional mixing by
gentle swirling. Ten milliliters of chloroform-isoamyl
alcohol (24:1 v/v) were added and the solution was
mixed by inversion to form an emulsion that was cen-
trifuged at 6000 x g at 25C for 10 min. The aqueous
phase was removed, and two-thirds volume of isopro-
panol was added and mixed 2-4 times by quick gentle
inversions. The precipitated DNA was lifted out with
a bent glass rod, transferred to a tube containing 20
mL of 76% ethanol/10 mM ammonium acetate, kept
for 20 min, and then dissolved in 1.5 mL of 10 mM
ammonium acetate/0.25 mM EDTA.

All the primers designed and used for cloning
sapodilla acidic TLP gene are listed in Supplementary
Table 1 available online. Two sets of nested degener-
ate primers were designed. N-Terminal sequence of
the 26.9 kDa sapodilla acidic allergen (ATFDV
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Table 1 Results of SPT and ELISA for diagnosis of sapo-
dilla allergy

ELISA units #
Whealfflare (A405 nm)
Sample diameter * Normal  Allergic
(mm) serum serum
(pooled)
Negative control § 1/0 n.a. n.a.
Positive control 1 5/25 n.a. n.a.
Sapodilla extract 6/20 0.206 0.408
Custard apple extract 7/25" 0.188 0.359

TSPT is considered positive if the wheal diameter is 3 mm or more.

#Mean of triplicate analysis; n.a., not applicable.

§50% glycerinated phosphate-buffered saline.

11.66 mg/mL histamine. 2HCI equivalent to 1 mg/mL histamine
base.

"With pseudopods.

VNQCT FTVWA GASPG GGKQL-; identified as
thaumatin-like protein) was used to design forward
primer for set 1 (SAP2: 5' CAGTGTACCTTCACCGT
CTGGGC 3". Also, this sequence was used as a
query to retrieve gene sequences and their respective
protein translations from NCBI Database (Genbank
ID: Nicotiana tabacum P07052.1, Olea europaea ACZ
57583.1, Vitis vinifera AAB61590.1, Camellia sinensis
ABEO01396.1, Solanum tuberosum AAU95244.1, Sam-
bucus nigra AAK59278.1 and Nepenthes rafflesiana
ACU31848.1). Multiple sequence alignment was per-
formed using DIALIGN (http://bibiserv.techfak.uni-b
ielefeld.de/dialign/submission.html) for these gene
and protein sequences. A highly conserved region
was identified from the protein sequences’ alignment
(mamed conserved region A representing the se-
quence -CNNPCTV-) and a degenerate reverse
primer was designed (SAP4: 5' TGTAACAACCCCTG
TACCGTG 3"). Primers were analyzed using Inte-
grated DNA Technologies (IDT) oligo analyzer soft-
ware (http://www.idtdna.com/analyzer/Application
s/OligoAnalyzer/). PCR amplification was then car-
ried out using JumpStart™ AccuTaq™ LA DNA Po-
lymerase Mix according to the manufacturer’s in-
structions.

PCR product formation was confirmed by 1% aga-
rose gel electrophoresis and then cloned using
InsTAclone™ PCR Cloning Kit and sequenced at
Eurofins Genomics India Pvt. Ltd., Bangalore, India.
The sequence of the product was used to design for-
ward primer for set 2 (SAP5: 5' CGACATATCTCTGG
TTGACGG 3'). Further, the sequence was also used
as a query to retrieve sequences from NCBI Data-
base (Genbank ID: Camellia sinensis ABE01396.1, Vi-
tis vinifera AAB61590.1, Olea europaea ACZ57583.1,
Sambucus nigra AAK59278.1, Solanum tuberosum
AAU95246.1, Sambucus nigra AAK59276.1, Coffea
arabica ABW76503.1 and Actinidia deliciosa ABQ

42566.1). Multiple sequence alignment was per-
formed. A highly conserved region was identified at
the C-terminus of plant TLPs and a reverse primer
was designed (SAP9: 5' GGTTGTCTTCTGCCCTTGA
AATTG 3'). Primer analysis and synthesis, PCR am-
plification and vector sequencing were carried out as
described above.

NUCLEOTIDE SEQUENCE AND THE DEDUCED
PROTEIN SEQUENCE ANALYSES

The two nucleotide sequences obtained were assem-
bled using DIALIGN, and BLAST search was per-
formed against NCBI database (http://blast.ncbi.nlm.
nih.gov/). The cloned nucleotide sequence was trans-
lated into the protein sequence using ExPASy trans-
late tool (http://web.expasy.org/translate/). The pro-
tein sequence was then analyzed for conserved do-
mains using NCBI Conserved Domain Database
(CDD) search (http://www.ncbi.nlm.nih.gov/Structu
re/cdd/wrpsb.cgi). The physical and chemical char-
acteristics of the deduced protein sequence were de-
termined using ProtParam tool of ExPASy (http://we
b.expasy.org/protparam/). Phylogenetic relationship
between sequences was analyzed using Phylogeny.fr
one click mode (http://www.phylogeny.fr/). Putative
N-glycosylation site prediction was analyzed using
the NetNGlyc algorithm available online at http://ww
w.cbs.dtu.dk/services.

RESULTS

IDENTIFICATION OF A SUBJECT HAVING AL-
LERGY TO SAPODILLA AND CUSTARD APPLE
The allergic subject showed a wheal/flare diameter
(SPT response) of 6/20 mm for 50% sapodilla extract
and 7/25 mm with pseudopods for 50% custard apple
extract (Table 1); during the SPT, the allergic subject
experienced irritation at the prick points. When
allergen-specific IgE was carried out by ELISA using
the allergic-subject’s serum, there was a 2-fold in-
crease in the absorbance for specific IgE compared to
pooled normal sera for both these fruit extracts.
These results indicate the confirmation of allergy to
both sapodilla and custard apple fruits.

PURIFICATION OF THE ALLERGEN FROM
SAPODILLA EXTRACT BY CHROMATOGRAPHY
An extract of sapodilla pulp followed by dialysis at
neutral pH resulted in a protein yield of 95 mg from
250 g sapodilla pulp. After ammonium sulfate precipi-
tation, reconstitution and dialysis at acidic pH, ap-
prox. 22 mg protein was recovered as a clear solution.
The precipitated proteins at pH 4 amounting to ~77%
of proteins in sapodilla extract could be resolubilized
at neutral pH, and contained mainly high molecular
weight proteins as analyzed by SDS-PAGE,; further,
the precipitated protein pool did not contain any low
molecular weight proteins (<30 kDa) described here-
inafter.
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Fig. 1 Chromatographic profile of sapodilla extract on SP-Sepharose FF. Column

size: 1.4 x 6.5 cm; protein load: 22 mg of 75% (NH4)2SO4 precipitated sapodilla extract,
reconstituted and dialyzed against 20 mM sodium acetate buffer, pH 4; flow rate: 20
mL/h. Component SP1 (1.7 mg): elution with 20 mM sodium acetate buffer, pH 5; com-
ponent SP2 (1.4 mg): elution with 20 mM sodium acetate buffer, pH 5 + 0.1 M NaCl;
component SP3 (1.9 mg): elution with 20 mM sodium acetate buffer, pH 5 + 0.2 M
NaCl. Elution with 1 M NaCl in 20 mM sodium acetate buffer, pH 5 did not elute any
protein (data not shown). Inset: 12% SDS-PAGE (reducing, long gel) pattern of sapodil-
la extract that was used for chromatography.

Table 2 Analysis of SP-Sepharose components of sapodil-
la extract for allergen-specific IgE by ELISA

ELISA units ¥ (A405 nm)

Sample Normal serum

Allergic serum#

(pooled) #
Sapodilla extract 0.197 0.419
SP-1 component 0.187 0.297
SP-2 component 0.183 0.258
SP-3 component 0.176 0.175

TMean of triplicate analysis.
#Serum dilution, 1 : 3.

The chromatographic profile of sapodilla protein
fractionation is shown in Figure 1. The protein com-
ponents eluted using 20 mM sodium acetate buffer,
pH 5 is labeled as SP1 (1.7 mg); similarly, the protein
components eluted using 20 mM sodium acetate
buffer, pH 5 with 0.1 and 0.2 M NaCl are labeled as
SP2 (1.4 mg) and SP3 (1.9 mg), respectively. When 1
M NaCl in 20 mM sodium acetate buffer, pH 5 was
used, no protein was detected in the eluted pool.
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The SP-Sepharose components were analyzed by
ELISA for detection of the allergens using sapodilla-
allergic subject’s serum. The results are shown in Ta-
ble 2. In comparison to the values obtained for nor-
mal serum, the sapodilla-allergic serum showed in-
creased ELISA values for both SP1 and SP2 indicat-
ing the presence of allergenic proteins.

ANALYSES BY GEL ELECTROPHORESIS AND
ELECTROFOCUSING

Upon analysis by SDS-PAGE under reducing condi-
tions (Fig. 2, panel A), SP1 showed a major band of
26.9 kDa (band ‘a@’). SP2 showed two distinct bands -
one of 24.5 kDa, (band ‘b’) and another of 28.2 kDa
(band ‘c’). Only a single protein band of 37.4 kDa
(band ‘d’) is evident in SP3. Under non-reducing con-
ditions (Fig. 2, panel A), the mobility of band ‘a’
shifted to 18.6 kDa, and that of band ‘b’ shifted to 19.9
kDa. However, the mobilities of the other two protein
bands (‘¢ and ‘d’) did not alter much under non-
reducing conditions (27.3 and 38.2 kDa, respec-
tively). It should be noted here that in order to in-
crease the resolution of the protein bands, a long
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Fig. 2 Panel (A): SDS-PAGE (12% long gel) pattern of SP-Sepharose chromato-
graphic components under reducing (R) and non-reducing (NR) conditions. Lane M,
molecular weight markers; lanes 1 and 4: SP1 component; lanes 2 and 5: SP2 compo-
nent; lanes 3 and 6: SP3 component. Protein bands labeled as ’a, b, ¢ and d’ in differ-
ent components are for easy referral throughout the text. Protein load: 5 ug in all cas-
es. Stain: Coomassie blue. Panel (B): 12% SDS-PAGE (mini gel, Coomassie stain)
showing chromatographic pools from Figure 1. Lane numbers and other details are as
shown in panel (A). Panel (C): IgE-immunoblot of SP-Sepharose pools with sapodilla-
allergic serum (serum dilution, 1: 3; secondary antibody conjugate dilution, 1 : 2000).

SDS-PAGE gel was used; the protein bands ‘a’ and ‘b’
normally appear at 20-22 kDa position in the regular
mini gel (Fig. 2, panel B). Only the protein bands ‘a’
in SP1 and ‘b’ in SP2 were detected in IgE-
immunoblotting using sapodilla-allergic serum (Fig.
2, panel C); no bands were detected in SP3 pool.

Upon examining the protein components on native
PAGE under basic system (Fig. 3, panel A), only
band ‘a’ moved through the gel indicating its acidic
nature, whereas bands ‘b’, ‘c’, and ‘d’ did not enter the
gel, indicating their basic nature. On the other hand,
when these components were subjected to native
PAGE under acidic system (Fig. 3, panel B), band ‘a’
did not enter the gel, whereas bands ‘b’ and ‘c’ re-
solved as two closely spaced protein bands and band
‘d’ resolved as a single band indicating that all of
them are basic proteins.

Electrofocusing analysis (Fig. 3, panel C) revealed
that SP1 component showed 4 proteins of pl values
3.9, 4.1, 4.3 and 5.5 out of which the first three protein
bands appear to represent variants of band ‘a’ shown

in Figure 3 (panel A), since band ‘a’ runs as a single
intense band in SDS-PAGE gels. The protein band
with a pl of 5.5 is likely to be a different co-eluting
protein in SP1. On the other hand, the protein bands
in SP2 and SP3 components do not resolve in the
electrofocusing gel and appear as a single protein
band having a pI >9.5 (Fig. 3, panel C).

N-TERMINAL SEQUENCING AND IDENTIFICA-
TION OF THE ALLERGENS AS THAUMATIN-
LIKE PROTEINS

SP1 component was blotted onto PVDF membrane;
upon N-terminal sequencing of the major band ‘a’ by
Edman degradation, the sequence was found to be
ATFDVVNQCTFTVWAGASPGGGKQL- (UniProt Ac-
cession No. B3EWXS; TLP 1b). BLAST search
against protein sequence database picked up
thaumatin-like protein sequences (Supplementary Ta-
ble 2). Also, on another occasion, a separate purifica-
tion was carried out using commercial sapodilla fruits
and the purified SP1 component was sequenced. The
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Fig. 3 Native (non-denaturing) PAGE (12%) of SP-Sepharose chro-
matographic components. Panel (A): native PAGE using basic system
(Tris-glycine buffer system which runs at pH 9.5). Panel (B): native PAGE
using acidic system (B-alanine-acetic acid buffer system which runs at
pH 4.3). Protein bands labeled as ’a, b, ¢ and d’ correspond to the identi-
cal bands shown in Figure 2, panel A. Protein load: 5 pg in all cases;
stain: Coomassie blue. Panel (C): isoelectric focusing of SP-Sepharose
chromatographic components of sapodilla extract. The pl markers are in-
dicated on the left. The 3 closely spaced bands grouped as ‘a’ have pl
values of 3.9, 4.1 and 4.3. The band marked X’ represents the position
where sample strips are placed for IEF analysis.
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5th residue was found to be Ile rather than Val. Based
on these results, it can be inferred that there are at
least two acidic TLP genes encoding the two isoforms
of acidic TLP (1a and 1b).

The 24.5 kDa protein band ‘b’ present in SP2 com-
ponent was also sequenced and the N-terminal se-
quence was found to be ATFDIQNNC- (UniProt Ac-
cession No. B3BEWEDS; TLP 2). The isolation and char-
acterization of the basic TLP (TLP 2) are described in
a separate study (Hegde VL et al., unpublished obser-
vations).

N-Terminal sequencing of band ‘c’ present in SP2
component resulted in the sequence DVSXFA- which
did not yield any significant matches upon BLAST
search. In the case of sequencing of band ‘d’ present
in SP3 component, no amino acids were released
right from the first cycle indicating the presence of a

Table 3 [-1,3-Glucanase activity of SP-Sepharose chro-
matographic components of sapodilla extract

Protein sample Enzymic activity (Units/mg protein) ¥

SP1 1.6
SP2 1.6
SP3 10.8
Laminarinase 26.0
BSA 0.0

TOne unit liberates 1 mg of reducing sugar (measured as glu-
cose) from laminarin per min at pH 5.0 at 37 °C.

A B
SP1 SP1 SP2
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blocked N-terminus.

ANALYSIS OF 3-1,3-GLUCANASE ACTIVITY
Table 3 shows the results of the 3-1,3-glucanase assay
performed on the SP-Sepharose chromatographic
components of sapodilla extract. Since both SP1 and
SP2 components showed significantly higher en-
zymic activity than the negative control (BSA), it was
inferred that these components exhibit [3-1,3-
glucanase activity. On the other hand, SP3 shows B-
1,3-glucanase activity which is significantly higher
than the activity displayed by either SP1 or SP2.
Laminarinase, which hydrolyzes both B-1,3 and B-1,4
glycosidic bonds, was used as a positive control in
this assay. Since laminarin contains B-1,3 and B-1,6
linkages in the ratio 3:1, it appears that the protein
present in SP3 component is likely to be [B-1,3-
glucanase.

Analysis of SP1 component for B-1,3-glucanase ac-
tivity by zymography on native basic PAGE demon-
strated detectable enzymic activity by acidic TLP
shown as band ‘a’ (Fig. 4, panel A). In addition to the
B-1,3-glucanase activity seen for acidic TLP, one can
also observe a marked glucanase activity exhibited by
a less acidic or a neutral protein (not detectable by
Coomassie staining in Fig. 4, panel A) which appears
to have co-purified with acidic TLP in SP1 compo-
nent; this protein is likely to be an acidic or neutral -
1,3-glucanase in sapodilla pulp. Similarly, SP2 compo-
nent shows detectable B-1,3-glucanase activity by zy-

SP3 SP2 SP3

Fig. 4 Zymogram of SP-Sepharose chromatographic components of sapodilla extract. B-1,3-Glucanase
activity staining of SP1, SP2 and SP3 components was carried out using laminarin as substrate. In each
panel, the left half represents Coomassie-stained gel and the right half represents the zymogram. Protein
load: 5 ug in all cases. Panel (A): native PAGE (12%), basic system. The band labeled ‘a’ shows acidic
TLP having weak -1,3-glucanase activity and the solid arrow shows an acidic or neutral protein with
strong B-1,3-glucanase activity. Panel (B): native PAGE (12%), acidic system. SP2 component has 2
closely spaced bands (‘b’ and ‘c’) which are identical to the corresponding bands in Figure 2, 3 based on
Coomassie staining intensity. SP3 component shows a single protein (band labeled ‘d’) which displays

strong 3-1,3-glucanase activity.
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Fig. 5 The complete amino acid sequence of sapodilla acidic TLP (TLP 1). Residues 8 to 207 represent the deduced se-
quence of sapodilla acidic TLP gene cloned from genomic DNA (JN624813.1). The top line shows the nucleotide sequence
(italicized numbers) and the bottom line represents the deduced amino acid sequence (non-italicized numbers). The stop
codon (TAG) is indicated by an asterisk. The sequence of residues 1 to 7 taken from the N-terminal sequence of acidic
TLP (SP1 component, band ‘@’) is underlined up to 25t residue (UniProt Accn. BSEWXS8; sapodilla acidic TLP 1b). The 5th
position is an lle in another N-terminal sequence analysis up to 12 residues (UniProt Accn. BBEWSO0; sapodilla acidic TLP
1a). Residues 56-71 shown in double underline represent the thaumatin family signature (PROSITE PS00316). The boxed
regions of the sequence were used for designing the primers in 2 sets: boxes with solid line (set 1); boxes with broken line
(set 2). The acidic TLP sequence does not contain an N-glycosylation sequon. Cysteine residues are shown in italics.
Based on analogy with thaumatin (thaumatin-1, UniProt ID P02883; thaumatin-2, P02884), the disulfide bond pairing are
as follows: 9-202, 50-60, 65-71, 117-191, 122-174, 130-140, 144-153, 154-161.

mography on native acidic PAGE (Fig. 4, panel B) in-
dicating that the basic TLP (the more intense band ‘b’
in Coomassie staining) has weak B-1,3-glucanase ac-
tivity. SP3 (protein band ‘d’) displays significant 3-1,3-
glucanase activity (Fig. 4, panel B) indicating that it is
most likely a basic B-1,3-glucanase in sapodilla pulp;
this seems to parallel the enzymic activity seen in the
test tube assay (Table 3).

SEQUENCE ANALYSIS OF THE DEDUCED
SAPODILLA ACIDIC TLP

The partial nucleotide sequence of the acidic TLP
gene has 603 bp including the stop codon, and has
been deposited at NCBI GenBank sequence reposi-
tory (JN624813.1). BLAST search identified the de-
duced protein sequence (AEP84104.1) as belonging
to TLP. CDD search revealed that the sapodilla acidic
allergen has domains which fit into the superfamily
glycoside hydrolase family 64 (GH64) and thaumatin-
like proteins (TLP). The deduced partial protein se-
quence (200 residues) lacks the N-terminal 7 resi-
dues as well as the signal peptide. The composite se-
quence of sapodilla acidic TLP based on the N-
terminal sequence (residues 1-25) and the deduced
sequence (residues 8-207) is shown in Figure 5. The
calculated molecular mass is 21922.4 with a theoreti-
cal pl of 4.44. Notably, the protein lacks histidine and
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contains only one methionine at position 107; the 3
highly conserved tryptophans are present at positions
14, 31 and 45. Sapodilla acidic TLP is rich in glycine
(10.6%), threonine (9.7%), alanine (8.7%), cysteine/
proline (7.7% each) and aspartic acid (7.3%), and lacks
a putative N-glycosylation site (-N-X-S- or -N-X-T-).

The alignment of the complete sequence of sapo-
dilla acidic TLP with the sequences of the top 10
matches from BLAST search and their percent identi-
ties are annotated in Figure 6. The residue numbers
given henceforth refer to the residue numbers of
sapodilla acidic TLP. The salient features of this anno-
tation include the high degree of conservation of all
the 16 cysteine residues and the 3 tryptophans. How-
ever, there is an additional Trp at position 74 in castor
bean TLP, and two additional tryptophans at positions
34 and 74 in soybean and chickpea TLPs. The single
Met at position 107 is highly conserved in all the se-
quences shown except in olive TLP. The thaumatin
family signature2?? is clearly evident from the se-
quence stretch of -G-X-[G/F]-X-C-X-T-[G/A]-D-C-X
(1,2)-[G/Q]-X(2,3)-C- which represents amino acid
residues -GQGKCQTGDCNGLLQC- from 56-71 in
the mature sapodilla acidic TLP.
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------------------------- ATFDVVNQCTFTVWAGASPGGGKQL

MSFPKSLTILFPLLFT-LLIPFTNAATFAVLNKCTYTVWAAASPGGGMRL
MRFTTTLPILIPLLLS-LLFTSTHAATFDILNKCTYTVWAAASPGGGRRL
MNFSKNLPLLVSLWAI -TFFAYTHAATFDIVNQCTYTVWAAASPGGGRRL
MHFLKFFPLFVFLYFGQYYLYVTHAATFDITNRCTYPVWAGASPGGGRRL
MSLVNILPTILSL-AL-LFITSTHAATFDVVNRCTYTVWAAASPGGGRRL
MHFLKFFPLFVFLYFGQYYLYVTHAATFDITNRCTYPVWAAASPGGGRRL
MNFLKSFPFFAFLYFGQYFVAVTHAATFDIVNKCTYTVWAAASPGGGRRL
MSITKNLPILLSTLSC-LYFTFSHGATFDIVNRCSYTVWAAASPGGGRRL
MVYLALCSLLT---LA-LSLATTHAANFEIVNNCPYTVWAAASPGGGRRL

TRSILTITLCS---LL- FLLTPSQAANFEIVNNCPYTVWAAASPGGGRRL
DQGQTWT | TVAPGSTKAR IWGRTGCNFDANGQGKCQTGDCNGLLQCQGYG
DPGQSWTVNVNPGTTQAR IWGRTNCNFDANGNGQCQTGDCNGLLQCQGYG
DSGQSWT I TVNPGTTNARIWGRTSCTFDANGRGKCETGDCNGLLECQGYG
DQGQSWNINVAPGTTQARIWGRTNCNFDANGRGQCETGDCNGLLECQGYG
DSGQTWN INVNPGTTQAR IWGRTNCNFDGSGRGKCETGDCNGLLECQGYG
DQGQTWTFDVAQGTNMAR IWGRTNCNFDANGQGRCETGDCTGGL VCQGWG
DSGQTWNLNVNPGT I QAR IWGRTNCNFDGSGRGKCETGDCNGLLECQGYG
DSGQSWS INVNPGTVQAR IWGRTNCNFDGSGRGNCETGDCNGMLECQGYG
DQGQSWSLNVNPGTTNARIWGRTNCNFDASGRGQCQTGNCNGGLECQGYG
DRGQTWNLWVNPGTAMAR IWGRTGCNFDGSGRGRCQTGDCTGGLNCQGWG
DRGQTWNLWVNAGTSMARIWGRTGCNFDGSGRGRCETGDCTGGLQCTGWG
SPPNTLAEFSLNQPNNLDYVDISLVDGFN|PMDFSPAAAGVCKD | RCATD
KAPNTLAEFALNQPNNLDFVDISNVDGFNIPMDFSPTT-AVCKSLRCAAN
SPPNTLAEFALNQPNNLDYIDISLVDGFNIPMDFS- - - - - GCRG 1QCSVD
RPPNTLAEFALNQPNNLDFVDISNVDGFNIPLEFSPTT-NVCRRLVCNAP
SPPNTLAEFALNQPNNLDFVDISLVDGFNIPMEFSPIN-GGCRNLLCNAP
SPPNTLAEFKLDTGNNNDFIDISLVDGFNIPMDFSPTT-GACRG | RCAAD
SPPNTLAEFALNQPNNLDFVDISLVDGFNIPMEFSPIN-GGCRNLLCNAP
KAPNTLAEFALNQPN-QDFVDISLVDGFNIPMEFSPTN-GGCRNLRCTAP
SPPNTLAEFALNQPNNLDYVDISLVDGFNIPMDFTGIN---CRSIVCSAP
VPPNTLAEFALNQFGNQDFYDISLVDGFNIPMDFYPLN-GGCHKISCSAD
VPPNTLAEFALNQYGNLDFYDISLVDGFNIPMDFFPIN GGCHKISCTAD
| TAQCPAELQAPGGCNNPCTVYKTNEYCCTNGQGTCGPTALSKFFKDRCP
I VGECPAELQTPGGCNNPCTVYKTNQYCCTDGPGTCGPTPLSKFFKDRCP
INGQCPSELKAPGGCNNPCTVFKTNEYCCTDGPGSCGPTTYSKFFKDRCP
I VQQCPSELRTPGGCNNPCTVFNTNEYCCTNGPGSCGPTPLSRFFKERCP
INDQCPNELRAPGGCNNPCTVFKTNEFCCTNGPGSCGPTDFSRFFKQRCP
INGQCPAELKAPGGCNNPCTVFKTNEYCCTNGQGSCGPTTFSKFFKDRCP
INDQCPNELRTPGGCNNPCTVFKTNEFCCTNGPGSCGPTDLSRFFKQRCP
INEQCPAQLKTQGGCNNPCTVIKTNEYCCTNGPGSCGPTDLSRFFKERCP
INQECPAELRAPGGCNNPCTVFPRNEYCCTDGPGSCQPTDFSRFFKTRCP
INGQCPGPLRAPGGCNNPCTVFKTNEYCCTNGQGSCGPTNYSRFFKDRCH
INGQCPNELRAQGGCNNPCTVYKTNEYCCTNGQGSCGPTNFSTFFKDRCH
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Fig. 6 Sequence alignment of sapodilla acidic TLP (Man z TLP1) with other plant TLPs. Alignments were created
using T-Coffee multiple sequence alignment program. Symbols: (*), complete identity; (:), strongly similar; (.), weakly
similar; no symbol, different. The region denoting thaumatin family signature is underlined. UniProt ID and the taxo-
nomic name are shown below (the common name, percent identity with Man z TLP1 and theoretical pl of the mature
sequence are shown in parentheses): A2T1L9 - Camellia sinensis (tea, 80%, 4.59); 004708 - Vitis vinifera (grape,
79%, 4.76); E3SU11 - Olea europaea (common olive, 78%, 4.76); KADFXO0 - Solanum lycopersicum (tomato, 78%,
4.76); BORC64 - Ricinus communis (castor bean, 78%, 4.73); Q5XUG9 - Solanum tuberosum (potato, 76%, 4.76);
Q5DJS5 - Nicotiana tabacum (common tobacco, 75%, 4.94); Q93XD1 - Sambucus nigra (European elder, 74%,
4.85); B6ZHCO - Glycine max (soybean, 72%, 6.19); 081926 - Cicer arietinum (chickpea, 73%, 5.05). The TLPs with
pl <6 is arbitrarily considered as acidic and shown as underlined in the first segment.
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SEQUENCE COMPARISON AND PHYLOGE-
NETIC ANALYSIS OF SAPODILLA ACIDIC TLP
WITH KNOWN ALLERGENIC TLPs
The alignment of the complete sequence of sapodilla
acidic TLP with those of allergenic (food and pollen)
acidic TLPs along with their percent identities are
shown in Figure 7. Met-107 is conserved in Cry j 3.4,
Mal d 2, Pru av 2.0101, Pru p 2.0201 and Pru p 2.0301,
whereas in all the other allergenic acidic TLPs it is re-
placed by Leu. Trp-45 is conserved in all the TLPs
listed except Pru p 2.0201 which has Phe. The miss-
ing Trp-31 in some acidic TLPs (Cry j 3.5, Mal d 2,
Pru av 2.0101, Pru p 2.0201, Pru p 2.0301 and Pyr py
2) appears to be compensated by Trp-40; these 6
TLPs also have a longer sequence which may provide
them with additional structural or functional features.
The phylogenetic analysis of sapodilla acidic TLP
with known allergenic acidic and basic TLPs from
several food sources (olive, kiwi fruit, bell pepper, ap-
ple, pear, peach and sweet cherry) is shown in Sup-
plementary Figure 1. It is readily seen that sapodilla
acidic TLP is closely related to the TLPs from olive,
grape, kiwi, bell pepper and tobacco; among these, to-
bacco TLP (osmotin) is an inhalant allergen. Further,
it is apparent that sapodilla acidic TLP is evolutionar-
ily related to the TLPs from olive and kiwi fruits, both
of which belong to the same subclass as sapodilla
(subclass Asterids). Interestingly, this order also in-
cludes families which produce several edible berries
(blueberry, cranberry and bilberry) and fruits (per-
simmon, date plum, star apple and sapote).

DISCUSSION

Allergic reactions to ingestion of sapodilla fruit are
rare; only 3 cases of sapodilla allergy displaying oral
allergy syndrome has been described earlier.® The
major allergen in sapodilla causing OAS has been
identified as a basic TLP in an extended study
(Hegde VL et al., unpublished observations). An im-
portant caveat of that study is the non-detection of an
acidic TLP in sapodilla extracts. In the present study,
we have described an additional case of sapodilla al-
lergy based on allergy diagnostic tests, and found
that an acidic protein also reacted with the serum
from the sapodilla-allergic subject. The allergic sub-
ject experienced symptoms of oral allergy to the in-
gestion of sapodilla as well as custard apple, another
exotic fruit commonly consumed in India. Several re-
ports of allergy to custard apple have appeared in the
literature;23-25 in one study, a 20-25 kDa protein was
identified as the allergen by IgE-immunoblotting,23
which may likely be TLP. An important constraint in
the present study is the non-availability of sera from
earlier sapodilla-allergic subjects to address the issue
of prevalence of sapodilla allergy.

Biochemical purification of the acidic allergen
eluting at pH 5 (band ‘a’) from SP-Sepharose chroma-
tography of sapodilla extract, and N-terminal se-
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quencing up to 12 or 25 residues identified this pro-
tein as a TLP by BLAST search. Upon native PAGE
using basic system, the TLP in SP1 moves as a single
protein band indicating its acidic nature; conversely,
this protein cannot be detected in native PAGE using
acidic system. By N-terminal sequencing of the band
‘a’ on two occasions, it was found that the amino acid
at position 5 can be either isoleucine or valine indicat-
ing that there are at least 2 variants of sapodilla acidic
TLP (TLP 1la and 1b, respectively). Further, IEF
analysis showed that TLP 1 resolves into 3 variants
which differed in their pl values by ~0.2 units. Fur-
ther, both TLP 1 and TLP 2 show a remarkable differ-
ence in electrophoretic mobility between reducing
and non-reducing conditions of SDS-PAGE. A similar
observation has been made for TLP from kiwi fruits.26
This anomalous behavior of the protein indicates that
it is highly rich in disulfide bonds which contribute to
the stability of the protein. Purified acidic TLP has
been obtained in a yield of 6.8 mg per kg sapodilla
fruit.

Many TLPs have been identified as allergens in
plant foods and pollens in the last decade.2? Aller-
genic TLPs have been described from kiwi, apple,
grape, sweet cherry, peach, bell pepper and al-
mond.26:28-33 Palomares et al.34 have shown that occu-
pational asthma can be caused by TLP from olive
fruit. Many of these allergenic TLPs have been
cloned and expressed as recombinant proteins for de-
tailed studies on allergenicity in relation to protein
structure and allergy diagnosis.

Since very little information is available on the pro-
teins of sapodilla pulp, it appeared important to clone
the gene coding for acidic TLP for allergological stud-
ies. A partial acidic TLP gene, found to be intronless,
has been obtained by genomic cloning which codes
for 200 amino acid residues. The deduced protein
lacked the N-terminal heptapeptide as the primer was
designed from the 8th residue in order to avoid the
high degeneracy. Functional primers could not be de-
signed for up to the 7th residue. Moreover, attempts
with various combinations of primers (Supplementary
Table 1) and temperatures were unsuccessful. Based
on the position of the first cysteine occurring at resi-
due 9 in TLPs, it was inferred that the deduced se-
quence of the partial acidic TLP represented residues
8-207 of the mature sapodilla acidic TLP. Residues 8
to 25 of the deduced sequence matched completely
with the corresponding sequence obtained by N-
terminal sequencing of biochemically purified acidic
TLP from sapodilla pulp. As expected, the deduced
protein sequence contains 16 highly conserved cyste-
ines which are involved in disulfide bonding for pro-
viding structural stability in TLPs.35

TLPs occur in all organisms including fungi, ani-
mals and plants.35 Although TLPs are known to be ex-
pressed by specific stress, non-specific general stress
conditions as causative factors have also been consid-
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--------------------------- ATFDVVNQCTFTVWAGASP -GGG
MATVSDLALLLVAGLVAISLHMQEAGAVKFELKNQCEYTVWAAGLP -GGG
RAIGV--WIALVAA-LSVFLHGMEVRAATFDI TNQCPYTVWAAASP -GGG
MARAI LWVLLTVMA-VSLLLH-AGVEGVNFDIENQCPYTVWAAGTPFGGG
MASLR-LATL--AM-MVL -FGSCRAGATVFTLVNKCSYTVWPGTLS -GSG
GSIPF--WIALIAS-FSVFLQGVKVKAPTFEITNKCPYTVWAAAFP -GGG
MATVSDLALLLVAGLVAISLHMQEAGAVKFELKNQCEYTVWAAGLP -GGG
MAKVSDLALLLVAG-MAISLYIQETGAVKFDIKNQCGYTVWAAGLP -GGG
--------------------------- VKFD I KNQCGYTVWAAGLP -GGG
MARVSELALLLVAT-SAISLHMQEAGAVKFDIKNQCRYTVWAAGLP -GGG
MARVSELALLLVAT-LAISLHMQEAGAVKFDIKNQCGYTVWAAGLP -GGG
MARVSELAFLLAAT-LAISLHMQEAGVVKFDIKNQCGYTVWAAGLP -GGG
MARVSELALLLVAT-LAISLHMQEAGAVKFDIKNQCGYTVWAAGLP -GGG
MARVSELALLLVAT-LAISLHMQEAGAVKFDIRNQCGYTVWAAGLP -GGG
MMKSQ-VASLLGLT-LAI -LFFSGAHAAKITFTNNCPNTVWPGTLT -GDQ
MNFSKNLPLL-VSL-WAITFF-AYTHAATFDIVNQCTYTVWAAASP -GGG
MMKTL -VVVL-SLS-LTI -LSFGGAHAATISFKNNCPYMVWPGTLT -SDQ
MMKSQ-AALLGLTT-LAI -LFFSGAHAAKITFTNKCSYTVWPGTLT -GDQ
MMKTL -VAVL-SLS-LTL-LSFGGAHAATMSFKNNCPYTVWPASFG-NP -
MKFEA-LIGL--VL-VFL-SEHAGVYSAKFTFTNKCPNTVWPGTLT -GGG

-------- KQLDQGQTWT I TVAPGSTKARIWGRTGCNFDANGQGKCQTGD
-------- QQLDQGQTWPVEVPAGTKGARFWGRTGCSFDASGRGTCKTGD
-------- QQLDQGQTWT IQVAAGTTQARIWARTGCSFDGSGRGTCQTGD
-------- | ELKRGQSWRVNVPG-GARGRFWGRTGCSFDGNGRGRCNTGD
SSVLGEGGFTLAPGQSVPLTASS - RWSGRFWGRTDCSFDASGKGSC I TGD
-------- KQLAQGQSWSVQPDAGTSTGRIWGRTDCSFDGSGRGTCQSGD
-------- QQLDQGQTWPVEVPAGTKGARFWGRTGCSFDASGRGTCKTGD
-------- QQLTQGQTWTVNLAAGTQSARFWGRTGCSFDASGKGTCQTGD
-------- KEFDQGQTWTVNLAAGTASARFWGRTGCTFDASGKGSCRSGD
-------- KRLDQGQTWTVNLAAGTASARFWGRTGCTFDASGKGSCRSGD
-------- KRLDQGQTWTVNLAAGTASARFWGRTGCTFDASGKGSCRSGD
-------- KRLDQGQTWTVNLAAGTASARFWGRTGCTFDASGKGSCQTGD
-------- KRLDQGQTWTLNLAAGTASARFWGRTGCTFDASGKGSCKTGD
-------- KRLDQGQTWTLNLAAGTASARFWGRTGCTFDASGKGSCKTGD
KPQLSLTGFELASKASRSVDAPS - PWSGRFWGRTRCSTDAAGKFTCETAD
-------- RRLDQGQSWN INVAPGTTQARIWGRTNCNFDANGRGQCETGD
KPQLSTTGFELASQASFQLDTPV-PWNGRFWARTGCSTDASGKFVCATAD
KPQLSLTGFELATGISNSVDAPS-PWSGRFFGRTRCSTDASGKFTCATAD
--QLSTTGFELASQASFQLDTPV - PWSGRFWARTRCSTDASGKFVCETAD
GPQLLSTGFELASGASTSLTVQA-PWSGRFWGRSHCS IDSSGKFKCSTGD

CN-GLLQCQGYGSP-PNTLAEFSLNQPNNLDYVDISLVDGFNIPMDFSPA
CN-SQLSCQVSGGV-PTTLAEYTLNGDGNKDFYDVSLVDGFNVPLSINPT
CN-GMLSCQGYGQV-PATLAEYALNQYMNLDFYDISLVDGFNVPLSMTPT
CG-GLLNCQGSGGV-PSTLLEYALNQYQNLDFYDISLVDGFNLRMTVVLS
CG-NVLNCAQAGGTPPVSLAEFTL- - -GDKDFYDVSLVDGYNVPLSI|AAV
CN-GTLNCQGDASA-PVTLVEYTHNPSMNLDFYDISLLDGFNLPLSITPT
CN-SQLSCQVSGGV-PTTLAEYTLNGDGNKDFYDVSLVDGFNVPLSINPT

CG-GQLSCTVSGAV-PATLAEYTQ---SDQDYYDVSLVDGFNIPLSINPT
CG-GQLSCTVSGAV-PATLAEYTQ---SDQDYYDVSLVDGFNIPLAINPT
CG-GQLSCTVSGAV-PATLAEYTQ---SDQDYYDVSLVDGFNIPLAINPT
CG-GQLSCTVSGAV-PATLAEYTQ- - -SDKDYYDVSLVDGFNIPLAINPT
CG-GQLSCTVSGAV-PATLAEYTQ---SDQDYYDVSLVDGFNIPLAINPT
CG-GQLSCTVSGAV-PATLAEYTQ---SDQDYYDVSLVDGFNIPLAINPT
CG-GQLSCTVSGAV-PATLAEYTQ---SDQDYYDVSLVDGFNIPLAINPT

CGSGQVACNGAGAVPPATLVEITIAANGGQDYYDVSLVDGFNLPMSVAPQ
CN-GLLECQGYGRP-PNTLAEFALNQPNNLDFVDISNVDGFNIPLEFSPT
CASGQVMCNGNGA IPPATLAEFNIPAGGGQDFYDVSLVDGFNLPMSVTPQ
CGSGQVSCNGNGAVPPATLVEITIAENGGQDFYDVSLVDGFNLPMSVAPQ
CDSGQLMCNGKTGIPPATLAEFT I AAGGGQDFYDVSLVDGFNLPMSVTPQ
CGSGQISCNGAGASPPASLVELTLATNGGQDFYDVSLVDGFNLP IKLAPR

-k % * . ox A

A-AGVCKD- IRCATDI TAQCPAELQAPG- - - - - - GCNNPCTVYKTNEYCC
N--SQCFA-PACKADVNAACPAQLKVDG- - - - - - GCNSACTVFQTDEYCC
STDPNCKGRIACLSDINSQCPSDLKVTG- - - - - - GCKSACARYNTPEYCC
N--TNCKR-1ACNSDINSKCPGELKVVD- - - - - - GCRSACAAFNTPAYCC
GGTGDCRT-AGCVSDLRTSCPAELSVTSN-GQVIACKSACAAFSTPEYCC
STNPNCKGI ITCLSDINSQCPNELKVSG- - - - - - GCLSACVKYNTDDHCC
N--SQCFA-PACKADVNAACPAQLKVDG- - - - - - GCNSACTVFQTDEYCC
N--AQCTA-PACKADVNAVCPAELKVDG- - - - - - GCKSACAAFQTDQYCC

Allergology International Vol 00, NoO, 0000 www.jsaweb.jp/

22
49
46
48
44
46
49
48
22
48
48
48
48
48
46
46
45
46
44
44

64
91
88
89
93
88
91
90
64
90
90
90
90
90
95
88
94
95
91
93

112
139
136
137
139
136
139
135
109
135
135
135
135
135
145
136
144
145
141
143

154
180
180
178
187
180
180
176



Cupa3
Cups3.0101
Cups3.0102
Juna3.0101
Junr3.1
Junr3.2
Mald2
Olee13
Pruav2.0101
Prup2.0201
Prup2.0301

Pyrpy2

ManzTLP1
Cryj3
Cryj3.3
Cryj3.4
Cryj3.5
Cryj3.6
Cryj3.7
Cryj3.8
Cupa3
Cups3.0101
Cups3.0102
Juna3.0101
Junr3.1
Junr3.2
Mald2
Oleel3
Pruav2.0101
Prup2.0201
Prup2.0301

Pyrpy2

ManzTLP1
Cryj3
Cryj3.3
Cryj3.4
Cryj3.5
Cryj3.6
Cryj3.7
Cryj3.8
Cupa3
Cups3.0101
Cups3.0102
Juna3.0101
Junr3.1
Junr3.2
Mald2
Olee13
Pruav2.0101
Prup2.0201
Prup2.0301
Pyrpy2

Acidic Thaumatin-Like Protein is a Sapodilla Allergen

N--TKCTA-PACKADINAVCPSELKVDG- - - - - - GCNSACNVLQTDQYCC
N--TKCTA-PACKADINAVCPSELKVDG- - - - - - GCNSACNVLQTDQYCC
N--TKCTA-PACKADINAVCPSELKVDG- - - - - - GCNSACNVLQTDQYCC
N--AQCTA-PACKADINAVCPSELKVDG- - - - - - GCNSACNVFKTDQYCC
N--AQCTA-PACKADINAVCPSELKVEG- - - - - - GCNSACNVFQTDQYCC
N--AQCTA-PACKADINAVCPSELKVEG- - - - - - GCNSACNVFQTDQYCC
GGTGECKP-SSCPANVNKVCPAPLQVKAADGSV |ISCKSACLAFGDSKYCC
T--NVCRR-LVCNAPIVQQCPSELRTPG- - - - - - GCNNPCTVFNTNEYCC

GGTGDCKT-ASCPANVNAVCPSELQKKGSDGSVVACLSACVKFGTPQYCC
GGTGECKA-STCPADINKVCPAELQVKGSDGSV I ACKSACLALNQPQYCC
GGTGTCKM-GSCAANVNLVCPSELQKIGSDGSVVACLSACVKFGEPQYCC
GGSGDCNS-TSCAANINTVCPAELSDKGSDGSV IGCKSACLALNQPQYCC
TNGQ- - -GTCGPTALSKFFKDRCPDAYSYPQDDPTSLFTCPAG-TNYKVV
RGTH- -VDNCSPSSYSMI FKNQCPQAYSYAKDDSSSTFTCPSGTTDYS IV
TGAS - -ENTCGPTDYSKFFKGQCPQAYSYAKDDATSTFTCPSG- TNYKVV
TGSF - -LDNCPPTGYSQFFKRECPLAYSYAKDDPTSTFTCPGG-SDYKI |
TGDHGSPQTCSPSKYSQVFKSACPTAYSYAYDDATSTFTCS-N-ADYTIT
RGA- - - - - NCNQTLYSRFFKEQCPQAYSYAKDDVTSAFTCPSG-TDYKIV
RGTH- -VDNCSPSSYSMI FKNQCPQAYSYAKDDSSSTFTCPSGTTDYS |V
TGTY - -ANSCPATNYSMI FKNQCPQAYSYPKDD-TATFACPSG-TDYS |V
RNAY - -VNNCPATNYSK I FKNQCPQAYSYAKDD-TATFACASG-TDYS |V
RNAY - -VDNCPATNYSK I FKNQCPQAYSYAKDD-TATFACASG-TDYS |V
RNAY - -VDNCPATNYSK I FKNQCPQAYSYAKDD-TATFACASG-TDYS |V
RNAY - -VDNCPATNYSK I FKNQCPQAYSYAKDD -TATFACASG-TDYS |V
RNAY - -VDNCPATNYSK I FKNQCPQAYSYAKDD-TATFACASG-TDYS |V
RNAY - -VDNCPATNYSK I FKNQCPQAYSYAKDD -TATFACASG-TDYS |V
TPPNNTPETCPPTEYSE I FEKQCPQAYSYAYDDKNSTFTCSGG-PDYVIT
TNGP - - -GSCGPTPLSRFFKERCPDAYSYPQDDPTSLFTCPAG-TNYRVV
TPPQNTPETCPPTNYSE | FHNACPDAYSYAYDDKRGTFTCNGG-PNYAIT
TPPNDKPETCPPTDYSKLFKTQCPQAYSYAYDDKSSTFTCSGR-PDYLIT
TPPQETKEKCPPTNYSQI FHEQCPDAYSYAFDDNKGLFTCSGG-PNYLIT
TGAYGTPDTCPPTDFSKVFKNQCPQAYSYAYDDKSSTFTCFGG-PNYEIT
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222
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Fig. 7 Alignment of the complete sequence of sapodilla acidic TLP (Man z TLP1) with known acidic TLPs currently
identified as pollen and food allergens. Alignments were created using T-Coffee multiple sequence alignment. Symbols:
(*), complete identity; (:), strongly similar; (.), weakly similar; no symbol, different. The region denoting thaumatin family
signature is underlined. Common name, allergome ID, percent identity with Man z TLP1 and theoretical pl of the mature
sequence are shown in parentheses following the taxonomic name. Pollens: Cryptomeria japonica (Japanese cedar,
Cry j 3, 54%, 4.62; Cry j 3.3, 65%, 4.63; Cry j 3.4, 53%, 5.47; Cry | 3.5, 42%, 4.54; Cry j 3.6, 53%, 4.80; Cry j 3.7, 54%,
4.62; Cry j 3.8, 53%, 4.43); Cupressus sempervirens (Mediterranean cypress, Cup s 3.0101, 53%, 5.32; Cup s 3.0102,
53%, 5.32); Cupressus arizonica (Arizona cypress, Cup a 3, 52%, 4.82); Juniperus ashei (mountain cedar, Jun a
3.0101, 55%, 4.79); Juniperus rigidus (Japanese juniper, Jun r 3.1, 54%, 4.82; Jun r 3.2, 54%, 4.82). Foods: Malus do-
mestica (apple, Mal d 2, 39%, 4.72); Olea europaea (common olive, Ole e 13, 78%, 4.76); Prunus avium (cherry, Pru av
2.0101, 41%, 4.57); Prunus persica (nectarine/peach, Pru p 2.0201, 40%, 4.80; Pru p 2.0301, 42%, 4.58); Pyrus pyrifo-
lia (apple pear, Pyr py 2, 43%, 5.01).
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ered.36 Because of their pathogen-induced expres-
sion, TLPs are classified under group 5 of the
pathogenesis-related proteins (PR-5 family of
PRPs),37 which includes cysteine-rich proteins shar-
ing a sequence similarity with thaumatin (THN), an
intensely sweet-tasting protein from the fruit of a west
African shrub Thaumatococcus daniellii, commonly
known as miracle fruit or katemfe.38 PR-5 proteins
have a clearly recognizable structure and are anno-
tated in protein databases as the THN domain which
belongs to the thaumatin family (PROSITE PS00316).

Several TLPs have been shown to exhibit antifun-
gal activity,39 while others possess B-1,3-glucanase ac-
tivity.4041 Some TLPs have also been shown to bind
B-1,3-glucans.42 Although our results are indicative of
a weak [3-1,3-glucanase activity by zymography for
both acidic and basic TLPs, it cannot be ruled out that
the weak enzymic activity is due to the presence of
contaminating B-1,3-glucanases in our purified prepa-
rations of SP1 and SP2 components. Further work on
obtaining highly purified acidic or basic TLPs as well
as recombinant sapodilla TLPs should help to resolve
the ambiguity of whether sapodilla TLPs possess in-
herent weak 3-1,3-glucanase activity or not.

The major protein in SP3 component (~37 kDa) ex-
hibits strong B-1,3-glucanase activity. Most basic B-
1,3-glucanases are approx. 35 kDa in size and an ex-
amination of their N-terminus shows that Gln is pre-
sent in most cases, and Glu in one case, viz., Nico-
tiana plumbaginifolia (Supplementary Fig. 2). Pyro-
glutamic acid formation occurs when the N-terminal
residue of a protein is either glutamine or glutamic
acid,?3 resulting in a blocked N-terminus. In view of
the blocked N-terminus of SP3 component and strong
enzymic activity, SP3 component has been suggested
to be a basic 3-1,3-glucanase.

A comparison of the complete sequence of sapo-
dilla acidic TLP (207 residues) with other plant TLPs
(BLAST search results) indicated 109 out of 207 resi-
dues are identical (52.7%). On the contrary, a similar
comparison with food and pollen allergenic acidic
TLPs revealed that only 47 out of 207 residues are
identical (22.7%). This indicates that allergenic acidic
TLPs seem to have more variation than plant TLPs
that have not been identified as allergens till date.
Phylogenetic analysis of the allergenic TLPs from
foods indicated that sapodilla acidic TLP is closely re-
lated to the TLPs from olive, grape, kiwi, bell pepper
and forms one cluster; this cluster is distinct from the
other cluster containing allergenic acidic TLPs of the
Rosaceae family. A recent study on the involvement
of TLPs in plant food cross-reactivity using specific
protein microarray indicated that TLPs are significant
allergens in plant food allergy and should be consid-
ered when diagnosing and treating pollen-food al-
lergy.44

In conclusion, an acidic form of TLP (TLP 1) has
been isolated from sapodilla fruit which causes oral
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allergy syndrome in a sapodilla-allergic individual.
Sapodilla TLP 1 is a single polypeptide occurring as at
least two variants and exhibits weak B-1,3-glucanase
activity. The intronless gene coding for sapodilla
acidic TLP representing 97% of the mature sequence
has been cloned. The complete sequence of sapodilla
TLP 1 comprises of 207 residues stabilized by 8 disul-
fide bonds and lacks an N-glycosylation site. Phyloge-
netic analysis indicates close relationship with TLPs
from olive, grape, kiwi fruit and bell pepper. The iden-
tification of an allergic subject experiencing oral al-
lergy to sapodilla and custard apple may indicate co-
sensitization to TLP among fruits.
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NOTE ADDED IN PROOF

The sapodilla 28 kDa protein (band ‘c’ in SP2 compo-
nent), upon analysis by LC-MS/MS of its tryptic di-
gest, matched with class I chitinase from tall fescue
grass (Festuca arundinacea) and basic chitinase from
cocoa (Theobroma cacao), and the results are shown
in Supplementary Fig. 3. Hence, the 28 kDa protein
in sapodilla fruit is likely to be a basic chitinase. The
study describing the basic TLP as an important aller-
gen in sapodilla (Hegde VL et al., unpublished obser-
vations) is now accepted for publication, and its full
citation is as follows: Hegde VL, Ashok Kumar HG,
Sreenath K, Hegde ML, Venkatesh YP. Identification
and characterization of a basic thaumatin-like protein
(TLP 2) as an allergen in sapodilla plum (Manilkara
zapota). Mol Nutr Food Res. In press. DOI: 10.1002/
mnfr.201300261.

SUPPLEMENTARY MATERIALS
Supplementary Table 1, 2 and Supplementary Figure
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Supplementary Fig. 1 Phylogenetic analysis of sapodilla acidic TLP with known allergenic TLPs from
foods. In this phylogenetic tree, the branch length is proportional to the number of substitutions per site.
Allergens were retrieved from Allergome database (www.allergome.org). Each TLP is denoted by its Al-
lergome name and its isoelectric point (pl); the protein sequences used here represent the truncated form
of the mature polypeptides as described in ‘Methods’. Allergens used for analysis: kiwi (Actinidia delicio-
sa, Act d 2); bell pepper (Capsicum annuum, Cap a 1); plum, prune (Prunus domestica, Pru d 2); peach
(Prunus persica, Pru p 2); cherry (Prunus avium, Pru av 2); almond (Prunus dulcis, Pru du 2); grape (Vitis
vinifera, Vit v TLP); apple (Malus domestica, Mal d 2); olive (Olea europaea, Ole e 13); pear (Pyrus pyri-
folia, Pyr py 2); sapodilla (Manilkara zapota, Man z TLP1).
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-M- - --STSHKHNTPQVAAITLLGLLLVAS -SIDIAGAQSIGVCYGMLGNNLPNHWEVIQ 54  P23546
MS - - - -TSSHKHNTPQVAAITELGLLLVAS -SIDIAGAQSIGVCYGMLGNNLPNHWEVIQ 55  P15797
------------------------------------------------------------ 0 Q41181
-M----STSDKHNTPQVAAITLLGLLLVAS -TIEIAGAQSIGVCYGMLGNNLPNHWEVIQ 54  P27666
——————————— MATSQIANVELGLELY -AT-NIHIT-EAQIGVCYGMMGNNLPSHSEVIQ 46 Q01413
—N- - - -STEHKANTPQVAAITELGELEVAS -SIEIAGAESIGVCYGMLGNNLPNHWEVIQ 54  P23431
———————————————————————————————————————— LGVCYGMMGNNLPSHSEVIQ 20  P52400
——————————— MATSQIAVIVEEGLELY - AT-NIHIT-EAQLGVCYGMMGNNLPSHSEVIQ 46 P52401
————————————————————————————————————————————————— NNLPSHSEVIQ 11 P52402
--------------------------------------- QIGVCYGMMGNNLPSANEVIN 21 P23535
MAISSSTSGTSSSFPSR-TTVMLLLFFFAA-SVGIT-DAQVGVCYGMQGNNLPPVSEVIA 57  P52407
MTKSNS - SSVGRLLSLELSIVELIGOQLVVGSEATKQHTGAPIGVCNGMVGDDLPPQAEVVA 59 P52408

Supplementary Fig. 2 Signal peptide and N-terminal sequences of plant basic 3-1,3-glucanases (glucan en-
do-1,3-beta-glucosidase). The signal peptide regions are highlighted in blue. The N-terminal residue of the ma-
ture polypeptides is GIn (Q) in all cases with the exception of Nicotiana plumbaginifolia (Glu or E) and Prunus
persica (Thr or T). Alignments were created using UniProt BLAST tool. UniProt ID: P23546, P15797, P27666,
Q41181-basic vacuolar isoforms Nicotiana tabacum (common tobacco); Q01413-B isoform Solanum lycopersi-
cum (tomato); P23431-basic vacuolar isoform Nicotiana plumbaginifolia (leadwort-leaved tobacco, Tex-Mex to-
bacco); P52401, P52400, P52402-basic isoform 2 Solanum tuberosum (potato); P23535-basic isoform Phaseo-
lus vulgaris (kidney bean, French bean); P52407-basic vacuolar isoform Hevea brasiliensis (para rubber tree);
P52408-basic isoform Prunus persica (peach). Note that in three cases (Q41181, P52400 and P52402), the
sequences shown are from the partial mMRNA transcripts and hence information on the N-terminus is missing.
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MAIRX. MASCOT Search Results
(A)

Protein : Class I chitinase |Festuca arundinaceal, gi 212283658
Database: NCBInr

Theoretical MW: 34189

Theoretical pI: 8.25

Matched peptides shown in bold red.

1 MMRGLSVVAI LAARAFAVSAH RAQQCGSQAGG ATCANCLCCS QYGYCGSTISA

51 YCGAGCQSQC NGCGGIPTPT PSGGVSSIIS QSLFDQOMLLH RNDAACPRKG
101 FYNYNAFIAR ANFFSGFATT GSTDVRKREV AAFLAQTSHE TTGGWATAPD
151 GPYSWGYCFK QEQGATSDYC SPSSQWPCAZL GKXYYGRGPI QISYNYNYGP
201 AGKARIGSDLL GNPDLVATDA TVSFKTALWEF WMTPQSPXPS SHNVITGRWS
251 PSARDKAAGR VPGYGVITNI INGGLECGKG QDNRVADRIG FYKRYCDLLG
301 VSYGDNLDCY SQRPFA

(B)

Protein : Basic chitinase [Theobroma cacaol, gi|508698810
Database: NCBInr

Theoretical MW: 29325

Theoretical pI: 5.91

Matched peptides shown in bold red.

1 MRFLTLLVAC ILASLSRALZ DITPLISRDL FNEMLKHRND ANCPGNGEFYT

51 YDGFIAARRNS FCGAFGITGDV DIRKREIAAF LAQTSHETIG GWATAPDGPY

101 AWGYCEFVQEQ GNPGDYCVAS QEWPCVEPGKK YFGRGPIQIS YNYNYGPAGK

151 AINVDLLNNP DAVARDPTIS FKTALWFWMTI PQSPKPSCHD VITGQWKPSA

201 QDTAAGRVPG YGVITNIING GIECGKGSNP QVEDRIGFYK RYCDILQVSY

251 GDNLDCYNQR PFA

Supplementary Fig. 3 LC-MS/MS results of tryptic digest of sapodilla 28 kDa protein band (band ‘c’ in SP2
component). Panel (A) shows the matching peptide sequences (in red) of class | chitinase from tall fescue grass
(Festuca arundinacea of family Poaceae). Panel (B) shows the matching peptide sequences (in red) of basic chi-
tinase from cocoa (Theobroma cacao of family Malvaceae). In both cases, the score for matches was 145 indi-

cating significant results. Both the chitinases have glycoside hydrolase family 19 chitinase domain (NCBI
¢d00325); family 19 chitinases are found primarily in plants (classes I, Ill, and IV).
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Supplementary Table 1

Primers designed for use in cloning sapodilla acidic TLP gene

Primer name Primer sequence (5'— 3’) Region of plant TLP
SET-1
Forward (from 8t aa residue)
SAP1 CAGTGTACCTTCACCGTTTGGGC N-terminus #
TSAP2 CAGTGTACCTTCACCGTCTGGGC N-terminus #
Reverse
SAP3 ACCAACTACCG(AT)GTCGT(GCT)TTCTGTCC C-terminus
T SAP4 TGTAACAACCCCTGTACCGTG Conserved region A§
SET-2
Forward
TSAP5 CGACATATCTCTGGTTGACGG Conserved region B#§
SAP6 CTGTAACAACCCCTGTACCGTG Conserved region A
Reverse
SAP7 CGTTTTGCCCTTGAAAGTTG C-terminus
SAP8 GCTATTACCTTCTGCCCTTGA C-terminus
TSAP9 GGTTGTCTTCTGCCCTTGAAATTG C-terminus
SET-3
Forward from 1st aa residue
SAP10 AYGCCGCCACCTTCGACG N-terminus #
Reverse
SAP9 GGTTGTCTTCTGCCCTTGAAATTG C-terminus

All primers were used in different combinations at various temperatures as described in ‘Methods’.

TIndicates the primers which were functional in PCR.

#Refers to the N-terminal sequence of sapodilla acidic TLP (UniProt Accession No. BSEWX8; TLP 1b).

§Conserved region A represents -CNNPCTV- in the plant TLP sequences.
§Conserved region B represents -DISLVD- in the plant TLP sequences.
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Supplementary Table 2 Homology of N-terminal sequence (25 residues) t of sapodilla acidic TLP as analyzed by BLAST

ID Description ;I’:(;?‘Ie c OQV:?% e
P07052.1 Thaumatin-like protein E2 (Nicotiana tabacum) 70.2 100%
ACZ57583.1 Allergenic thaumatin (Olea europaea) 66.0 100%
XP_002509748.1 Osmotin precursor, putative (Ricinus communis) 63.8 100%
P13046.1 Thaumatin-like protein E22 (Nicotiana tabacum) 61.3 100%
BAC15614.1 Thaumatin-like protein (Cryptomeria japonica) 61.3 100%
AAK59278.1 Thaumatin-like protein (Sambucus nigra) 58.7 100%
ACU31849.1 Thaumatin-like protein (Nepenthes singalana) 58.7 100%
ADB97926.1 Thaumatin-like protein L2 (Pinus monticola) 58.3 100%
XP_002282910.1 PREDICTED: pathogenesis-related protein R major form (Vitis vinifera) 57.5 100%
XP_002874708.1 ATOSM34 (Arabidopsis lyrata subsp. Lyrata) 56.6 100%
1Z3Q Allergenic and antifungal banana fruit thaumatin-like protein 55.4 100%
ACV83333.1 Pathogenesis-related protein 5 (Panax ginseng) 54.9 100%
AAB82777.1 Ripening-associated protein (Musa acuminata AAA Group) 541 100%

TThe sequence ATFDVVNQCTFTVWAGASPGGGKQL (UniProt Accn. BBEWX8) was used as the query for this analysis.
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