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Background: The peach lipid transfer protein Pru p 3 has
been identified as a major allergen from this fruit. Homolo-
gous cross-reactive allergens have been found in several plant
foods and pollens. Recombinant Pru p 3 has been recently pro-
duced in the yeast Pichia pastoris.
Objective: We sought to evaluate the potential role of recombi-
nant Pru p 3 as a novel tool for the diagnosis of fruit allergy.
Methods: Circular dichroism analysis was used to compare the
protein folding of natural Pru p 3 and recombinant Pru p 3.
IgE binding by both molecular forms was quantified by means
of ELISA and ELISA inhibition assays, and their biologic
activity was estimated by using basophil activation, histamine
release, and sulphidoleukotriene production tests. Individual
sera or blood samples from patients with peach allergy (up to
17) were used in the assays.
Results: A nearly identical circular dichroism spectra was
shown by using natural Pru p 3 and recombinant Pru p 3,
indicating that both protein forms are similarly folded. No dif-
ference was detected in the IgE-binding capacity of the 2 mo-
lecular versions. Basophil activation and induction of sulphi-
doleukotriene production were positive in 9 of 10 patients, and
histamine release was induced in at least half of the patients,
with similar effects of the natural and recombinant forms in
the 3 assays.
Conclusion: Recombinant Pru p 3 shows a strong immunologic
activity equivalent to that of its natural counterpart, and
therefore it can be a useful tool for diagnosis (and future
immunotherapy) of fruit allergy. (J Allergy Clin Immunol
2003;111:628-33.)

Key words: Recombinant allergen, fruit allergy, lipid transfer pro-
tein, diagnosis, IgE binding, basophil activation, histamine
release, sulphidoleukotriene production

Allergy to fruits, usually associated with birch, grass,
or mugwort pollinosis, is on the increase.1 Most patients
with pollen-food syndrome present isolated oral symp-
toms (the oral allergy syndrome) caused by homologous
labile allergens in fresh fruits and pollens (ie, Bet v 1
homologues and profilins).1 In the Mediterranean area
Rosaceae fruits, mainly peach, are among the most fre-
quent causes of food allergy in adult subjects.2,3 These
patients are not allergic to birch pollen, and the main
reactions are not directed to Bet v 1 homologues or pro-
filins but to lipid transfer proteins (LTPs).2,4-6 Further-
more, allergic symptoms involving LTPs are more likely
to be severe, including systemic reactions, in addition to
the oral allergy syndrome. Interestingly, the strong resist-
ance of LTPs to heat and simulated gastric fluid treat-
ments7,8 point to LTPs as severe food allergens.

Plant LTPs constitute a family of 9-kd polypeptides
that is widely distributed in plant foods and pollens and is
involved in plant defense mechanisms against pathogens.9

Members of this family are folded in an all-α-type com-
pact structure, with 4 α-helices connected by 4 disulfide
bridges and a long C-terminal tail.9 LTPs have been iden-
tified as relevant allergens either in plant foods, such as
peach (Pru p 3), apple, apricot, cherry, maize, and chest-
nut,5,6,10-12 or in pollens, such as Parietaria and Artemisia
species.12,13 Cross-reactions of Pru p 3 with other aller-
genic homologues from foods and pollens have been
demonstrated both in vitro12 and in vivo.14 On the other
hand, the high rate (91%) of positive skin prick tests
(SPTs) to Pru p 3 in patients allergic to peach14 suggests
that it could be a useful tool for diagnosis of Rosaceae
fruit allergy. The cDNA coding for Pru p 3 has been iso-
lated, and the recombinant allergen (rPru p 3) is expressed
in the yeast Pichia pastoris to produce high amounts of
such a tool and to allow its future manipulation.15

Recombinant allergens can help to solve problems in
the diagnosis and potential therapy of food allergy. This
includes standardization of samples used in serologic and
cutaneous tests, development of diagnostic microchips,
and production of hypoallergenic variants by means of
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protein engineering to be used for safer treatments.16-18

Moreover, purified allergens are also essential tools in
basic research to elucidate the molecular mechanisms
underlying the allergic reactions. However, recombinant
allergens might be inaccurately processed and folded,
thus showing a different allergenic potency than its nat-
ural counterpart. Therefore a prerequisite for the use of
recombinant forms is to ensure that their physicochemi-
cal and immunologic properties are equivalent to those of
their natural counterparts. Unfortunately, studies directly
comparing the recombinant and natural forms of food
allergens in the context of allergenic properties are
rare.17 We summarize here such a study for the major
peach allergen Pru p 3.

METHODS

Patients and sera

Seventeen patients with allergy to peach (Table I) were selected
during prospective studies carried out at Hospital Virgen de la
Arrixaca, Murcia (patients 1-7), and Hospital de Basurto, Bilbao
(patients 8-17). All patients had immediate hypersensitivity to
peach according to their clinical history, specific IgE levels to peach
of greater than 1.5 kU/L, and positive SPT responses to peach
extract (70 µg/mL nPru p 3 in the final prick sample, ALK-Abelló).
All 17 patients had systemic reactions to peach, with a total of 33
accumulated systemic reactions (range, 1-4) in the patients studied.

Five healthy control subjects with negative SPT responses and no
specific IgE to peach were also selected. Written informed consent
from all subjects included in this study was obtained.

Total and specific IgE levels were determined by using the Phar-
macia CAP system FEIA (Pharmacia Diagnostics). SPTs were per-
formed with commercial glycerinated preparations (ALK-Abelló)
or with purified natural Pru p 3 (nPru p 3; 20 µg/mL) by using con-
ventional procedures. Histamine dihydrochloride (10 mg/mL) and
0.9% NaCl were used as positive and negative controls, respective-
ly. Wheal responses 7 mm2 greater than those produced by the
saline control were considered positive.

Physicochemical analysis

Natural and recombinant Pru p 3 were isolated by using the same
chromatographic methods and conditions described by Diaz-Perales
et al.15 The purified proteins were initially quantified by the method
of Bradford,19 and a more exact quantification was then carried out
by using amino acid analysis after acid hydrolysis. The purity of the
isolated proteins was checked with SDS-PAGE and matrix-assisted
laser desorption/ionization mass spectrometry (MALDI) analysis,
as previously described.5,15

MALDI analysis was carried out by using a Biflex III spectrom-
eter with delayed extraction (Bruker-Franzen).

Circular dichroism (CD) spectra were performed at 0.3 mg/mL
purified protein in 10 mmol/L sodium phosphate buffer (pH 7.0)
and recorded at 15°C with 0.1-cm path-length cells in an OLIS
DSM 10 spectropolarimeter. The content of secondary structure ele-
ments was estimated from CD data by using the CDNN neural net-
work analysis program.20

Specific IgE binding to Pru p 3 and ELISA

inhibition assays

A serum pool and individual sera from patients 1 to 7 (Table I)
were used in these assays. Specific IgE binding to nPru p 3 and rPru
p 3 was determined by using polystyrene 96-well microtiter plates
(Costar 3590, Corning) coated with 50 µL of purified protein at 2
µg/mL in PBS buffer (0.1 mol/L sodium phosphate [pH 7.0] and
0.15 mol/L NaCl) for 1 hour at 37°C. The coated wells were
blocked with 1% BSA in PBS buffer and then incubated with 50 µL
of 1:3 serial dilutions of the serum pool (range, 1:1-1:35 dilution)
for 14 hours at 25°C. After washing with 0.1% Tween-20 in PBS
buffer, wells were incubated with a peroxidase-labeled antihuman

Abbreviations used
CAST: Antigen-specific sulphidoleukotriene production

test
CD: Circular dichroism

FAST: Flow cytometric cellular allergen stimulation test
HRT: Histamine release test
LTP: Lipid transfer protein

MALDI: Matrix-assisted laser desorption/ionization mass
spectrometry

SPT: Skin prick test

TABLE I. Clinical data of the patients allergic to peach

Patient Age (y)/sex Symptoms Total IgE (kU/L) Specific IgE to peach (kU/L) SPT to peach (mm2)

1 19/F U, FA 69 9.2 22
2 27/F U, FA 294 3.7 26
3 24/F U, A 367 3.6 44
4 24/F U, FA 1656 39.5 56
5 17/M U 425 31.9 59
6 19/M U, A 138 10.6 51
7 24/M U, GE, V, AS 233 29.3 63
8 23/F U, A 161 57.0 42
9 28/F U, A 211 71.0 40

10 38/F U, A 537 9.2 234
11 37/M A 812 1.8 63
12 27/F U, A 261 2.3 176
13 34/F A 64 9.8 136
14 17/M U, OAS 221 3.7 42
15 24/F U 1000 4.1 100
16 28/F U, A 80 5.8 66
17 23/F U, A 192 7.3 156

U, Urticaria; FA, facial angioedema; A, angioedema; GE, glottis edema; V, vomiting; AS, asthma; OAS, oral allergy syndrome.
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IgE (Dako A/S) for 1 hour at 25°C. Plates were washed again and
then developed with 50 µL of peroxidase substrate buffer (Dako,
code S2045). After 30 minutes, the reaction was stopped with 50 µL
of 4N H2SO4, and the OD was measured at 492 nm. PBS buffer
with 1% BSA was tested as a negative control for each solid phase.
Additionally, a serum from a patient not allergic to peach showed an
OD of less than 0.05 units when tested with both Pru p 3 forms.
Individual sera were assayed by using a single (1:3) dilution. Tests
were performed in triplicate.

ELISA inhibition assays were carried out by using a procedure
similar to that described above, with 25 µL of the serum pool pre-
viously preincubated with 75 µL of serial dilutions of nPru p 3 or
rPru p 3 (range, 2-0.002 µg/mL) for 3 hours at 25°C. Inhibition val-
ues were determined as follows:

Inhibition (%) = 100 × (1 – [(OD – OD100%)/(OD0% – OD100%)],

with OD defined as the value with Pru p 3 as an inhibitor, OD100%
defined as the blank value of the assay, and OD0% defined as the
value with BSA as an inhibitor (negative control). All tests were
performed in triplicate.

Data on specific IgE binding to nPru p 3 and rPru p 3 were com-
pared by using a paired t test in the case of individual sera and by
using a 2-way ANOVA for the serum pool (factors: dilution of
serum pool and Pru p 3 form). ELISA inhibition results were eval-
uated by means of multiple regression, with percentage inhibition as
the dependent variable and concentration (log transformed) and the
Pru p 3 form as predictor variables in the model.

Flow cytometric cellular allergen stimulation

test

Blood from patients 8 to 17 (Table I) and from control subjects
were used for the flow cytometric cellular allergen stimulation test
(FAST), the antigen-specific sulphidoleukotriene production test
(CAST), and the histamine release test (HRT). A total volume of 10
mL of blood was used, with 5 mL for FAST and CAST and 5 mL
for HRT. The blood was stored at 4°C, and tests were carried out
within 24 hours of blood sampling.

FAST was performed essentially as previously described.21

Briefly, cells from the layer on top of the red blood cells were col-
lected by means of centrifugation and resuspended in HEPES calci-
um buffer (20 mmol/L HEPES, 133 mmol/L NaCl, 5 mmol/L KCl,
7 mmol/L CaCl2, 3.5 mmol/L MgCl2, and 1 mg/mL BSA [pH 7.4])
containing IL-3 (2 ng/mL) and 10 µL of heparin (5000 IU/mL).
Allergens and control solutions (50 µL) were added to the wells of
polystyrene microtiter U plates (Greiner Microlon) mixed with 50
µL of each patient’s cell suspension and incubated at 37°C for 40
minutes. The reaction was stopped by adding 100 µL of HEPES
buffer without Ca2+ or Mg2+ but containing 0.27 mmol/L EDTA
(washing buffer), and then plates were centrifuged. The basophils
from the pellet were double labeled with anti-CD63 phycoerythrin-
labeled and anti-IgE FITC-labeled antibodies (1:80 and 1:60 dilu-
tions, respectively; Caltag Laboratories) and incubated for 30 min-
utes at 4°C, and then 4 mL of erythrolytic reagent (Ortho Diagnostic
System) was added. Cell lysis was stopped with washing buffer, and
after centrifugation, supernatants were diluted with 500 µL of the
same buffer. Flow cytometric analysis of basophil surface markers
was performed at 488 nm on a FACScan flow cytometer equipped
with a 15-nW argon ion laser (Becton Dickinson) by using Cell
Quest Software. In each assay at least 500 basophils were assessed.
The parameters analyzed on the identified basophils were anti-IgE
labeled and anti-CD63 labeled.

Natural and recombinant Pru p 3 were tested at 10, 0.33, and
0.033 µg/mL. These final concentrations were selected after pre-
liminary assays with a pool of blood from control subjects to ascer-
tain the lack of unspecific activation. A monoclonal Le27 anti-IgE

antibody (1 µL/mL, Bühlmann) was used as a positive control, and
basal values without stimulation were evaluated with HEPES calci-
um buffer.

FAST responses were considered positive when both the stimu-
lation index (percentage of activated basophils with Pru p 3/per-
centage of activated basophils in basal conditions) was equal to or
greater than 2 at any of the 3 concentrations of Pru p 3 used and the
allergen-specific activation was greater than 10%.

Statistical analysis of FAST, as well as CAST and HRT, data was
carried out by using a nonparametric test for comparison of means:
the Mann-Whitney test for independent groups and the Wilcoxon
test for paired groups.

Antigen-specific sulphidoleukotriene

production

Allergen-induced sulphidoleukotriene ELISA quantification was
performed according to the instructions of the assay’s manufacturer
(CAST-ELISA, Bühlmann Laboratories). The amounts of nPru p 3
and rPru p 3 tested were the same as in the FAST. These concentra-
tions were selected after preliminary assays with a pool of blood
from control subjects to confirm the absence of nonspecific
leukotriene release.

Results were considered positive when both the stimulation
index (percentage of sulphidoleukotriene released after Pru p 3
stimulation/percentage of sulphidoleukotriene released without
stimulus) was greater than 2 at any of the 3 Pru p 3 concentration
tested and the antigen-specific sulphidoleukotriene production was
greater than 100 pg/mL.

Histamine release test

HRTs were performed according to the method of Siraganian22

with a Brän-Lubbe autoanalyser, according to the modifications for
whole blood previously described.23 Polyclonal anti-IgE antibodies
(Tago, Caltag) at 4.2 µg/mL were used as positive controls. Hista-
mine release was measured as follows:

Pru p 3–induced histamine release (%) = 100 × (Histamine in Pru
p 3 stimulated supernatant – Basal value)/(Total histamine – Basal
value),

with basal defined as spontaneous histamine release in super-
natant without stimulus and total defined as histamine content in the
blood sample measured after treatment with 2.5% perchloric acid.
Values of greater than 10% were considered positive.

RESULTS

Recombinant Pru p 3 was produced in P pastoris with
an added N-terminal glutamic acid residue for proper
extracellular expression of the protein.15 Previous evi-
dence, including an expected N-terminal amino acid
sequence and recognition by anti-nPru p 3 antibodies,15

suggested the correct processing of the recombinant
form. MALDI analysis of nPru p 3 and rPru p 3 showed
a single sharp peak in each case, with a molecular mass
of 9117 and 9251 d, respectively (not shown). The dif-
ference of 134 d between both allergen forms fully
agrees with the expected mass increase (138 d) produced
by the attachment of an N-terminal glutamic acid, thus
providing additional support for the proper processing of
rPru p 3. Furthermore, the recombinant form showed a
nearly identical CD spectrum as that of the natural aller-
gen (Fig 1), suggesting that rPru p 3 is correctly folded.
The spectra presented minimum values at approximately
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208 nm and a shoulder at 222 nm, which is indicative of
an ordered structure with dominating α-helix content
(49% and 54% for nPru p 3 and rPru p 3, respectively).

Direct ELISA assays were performed with a serum
pool (from patients 1-7 of Table I) and each individual
serum from patients with peach allergy (Fig 2) to com-
pare the IgE-binding capacity of both Pru p 3 forms.
Overlapping curves were found for nPru p 3 and rPru p 3
with the serum pool, and similar IgE-binding levels for
the 2 allergen forms were found with each individual
serum. The equivalence in IgE-binding capacity of both
Pru p 3 forms was further confirmed with ELISA inhibi-
tion experiments (Fig 3), which reflected the similar
inhibitory behavior of the natural and recombinant aller-
gen. No significant statistical differences were observed
in the binding of IgE to nPru p 3 and rPru p 3 in the direct
and ELISA inhibition assays.

The biologic activity of nPru p 3 and rPru p 3 was ana-
lyzed by using basophil activation (FAST), sulphi-
doleukotriene production (CAST), and HRTs. Blood
from 10 patients with peach allergy (patients 8-17 in
Table I) was used. All 10 patients had positive SPT
responses to nPru p 3 (20 µg/mL; median, 45 mm2).
Table II summarizes the results obtained with the aller-
gen concentrations that produced maximal basophil acti-
vation or mediator release in most blood samples. Nine
of 10 patients had positive FAST and CAST responses
both with nPru p 3 and rPru p 3. HRT responses were
considered positive in 5 and 7 patients for nPru p 3 and
rPru p 3, respectively. None of the control subjects had
positive results in any test at any of the concentrations
assayed. There were no statistically significant differ-
ences when comparing the results of FAST, CAST, or
HRT at the same concentration of nPru p 3 and rPru p 3.

DISCUSSION

The accurate diagnosis and safe immunotherapy of
food allergy is greatly constrained by the lack of stand-
ardization of the food extracts used in serologic or skin
tests. The identification and characterization of major
allergens and their production at high yields as recombi-
nant proteins can provide useful tools to circumvent the
diagnostic constraints.16,17 A previous step for the use of
recombinant allergens is to prove that their immunologic
properties are equivalent to those of their natural coun-
terparts. A recent revision by Lorenz et al17 has shown
that a very limited number of recombinant food allergens
have been “very well characterized” regarding their aller-
genic capacity, including not only specific IgE-binding
tests but also mediator release assays.

Pru p 3, the major allergen and LTP from peach, is a
good candidate as a diagnostic tool for allergy to this
fruit. Peach is a prominent agent causing allergic reac-
tions after ingestion of food in the European adult popu-
lation, and it reaches first place among plant foods in
Spain.2,3 Pru p 3 exerts greater than 90% of positive SPT
responses in Mediterranean patients with a well-estab-
lished clinical history of allergy to peach.14 However, it

should be stated that sensitization to Pru p 3 and other
Rosaceae fruit LTPs is rather rare among the Central and
Northern European population. On the other hand, aller-
genic Pru p 3 homologues are present in several foods
and pollens, and cross-reactions between members of
this allergen family have been demonstrated.8,12,14 Addi-
tionally, rPru p 3 has been produced and isolated.15

Spectrometric analysis (MALDI and CD) of nPru p 3
and rPru p 3 supported the equivalence of their structur-
al properties. The difference of molecular masses
between both forms indicates a correct processing of
rPru p 3 (see the “Results” section), and comparison of
their CD spectra (Fig 1) strongly suggests a similar fold-
ing. Interestingly, the high degree of α-helix content in
the secondary structures deduced from the spectra fully
agree with the 4-α-helix model shown by other LTPs,9

such as that from maize.24

Two different lines of evidence point to the close
immunologic similarity of nPru p 3 and rPru p 3. First,
direct IgE-binding determinations and ELISA inhibition
assays (Figs 2 and 3) with pooled and individual sera
from patients with peach allergy indicated that the 2 Pru
p 3 forms display the same specific IgE-binding capaci-
ty. Second, basophil activation, sulphidoleukotriene tests,
and HRTs (Table II) showed a high stimulatory activity
of both natural and recombinant allergens. Positive FAST
and CAST responses were obtained in nearly all patients
(9/10) either for nPru p 3 or rPru p 3. The lower number
of positive HRT responses (7/10 for rPru p 3 and 5/10 for
nPru p 3) can probably be explained because the hista-
mine release method is clearly less sensitive than FAST
and CAST under the experimental conditions and
restraints applied.21 The rPru p 3 and nPru p 3 forms dis-
played equivalent stimulatory activity in all 3 tests mea-
suring basophil activation and mediator-induced release.
These assays, performed for the first time with allergenic
LTPs, as far as we know, suggest that cell activation mod-
els are a valid alternative to human in vivo testing (SPT)
of recombinant allergens, which has strong legal restric-
tions and ethical limitations in basic research.

Together, the experimental evidence discussed above
strongly indicates that rPru p 3 and nPru p 3 have similar

FIG 1. CD spectra of nPru p 3 and rPru p 3.
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TABLE II. FAST, CAST, and HRT responses induced by nPru p 3 and rPru p 3 in blood from patients allergic to peach

FAST, % activated HRT, % induced

basophils (SI)†‡ CAST, pg/mL (SI)†‡ histamine release‡

nPru p 3 rPru p 3 nPru p 3 rPru p 3 nPru p 3 rPru p 3

Patients*

8 72.8 (34.6) 75.5 (35.9) 1438 (33.4) 1280 (29.7) 67.7 (+) 73.8 (+)
9 75.4 (3.2) 71.2 (3.1) 4727 (2.5) 4796 (2.6) 58.5 (+) 63.7 (+)

10 37.2 (33.8) 63.3 (26.8) 2270 (16.3) 3495 (25.4) 6.7 (–) 9.3 (–)
11 52.9 (5.6) 43.4 (4.6) 1014 (7.3) 1003 (7.2) 6.8 (–) 10.2 (+)
12 54.8 (49.8) 54.6 (49.6) 1681 (35.7) 1136 (24.1) 75.0 (+) 66.7 (+)
13 78.8 (20.2) 72.8 (18.6) 584 (4.2) 1353 (9.8) 8.2 (–) 19.7 (+)
14 21.1 (7.8) 18.8 (6.9) 2314 (15.4) 3875 (25.8) 0.0 (–) 0.0 (–)
15 73.5 (3.1) 65.9 (2.8) 574 (8.5) 8337 (124.4) 62.2 (+) 66.0 (+)
16 85.6 (4.8) 88.4 (5.0) 4852 (2.4) 4761 (2.4) 87.6 (+) 86.8 (+)
17 4.8 (3.2) 3.4 (2.2) 48 (–) 125 (–) 7.1 (–) 7.1 (–)

Control subjects (n = 5) 
Median 0.2 0.0 47 0.0 0.0 0.0
Range 0-0.5 0-0.6 0-272 0-182 0-1.1 0-1.1

SI, Stimulation index.
*Patient numbers are as shown in Table I.
†The stimulation index is shown as defined in the “Methods” section. FAST and CAST were performed at 0.33 µg/mL allergen and HRT at 1 µg/mL allergen.
‡The statistical analysis of data obtained with nPru p 3 and rPru p 3 resulted in a not significant difference in FAST (P = .386), CAST (P = .241), and HRT (P
= .161) responses.

FIG 2. IgE binding to nPru p 3 and rPru p 3 by using a serum pool (A) or each individual serum (B). Individ-
ual sera (1-7) were used at 1:3 dilution. Means (n = 3) and SEs (bars) are represented. The statistical tests
performed (see the “Methods” section) resulted in a not significant difference for the variable Pru p 3 form
(P = .447 in A and P = .572 in B).

A B

FIG 3. ELISA inhibition with nPru p 3 (A) or rPru p 3 (B) in the solid phase and nPru p 3 and rPru p 3 as
inhibitors. Means (n = 3) and SEs (bars) are represented. The statistical tests performed (see the “Methods”
section) resulted in a not significant difference for the variable Pru p 3 form (P = .139 in A and P = .903 in B).

A B
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physicochemical and allergenic properties, thus allowing
us to propose rPru p 3 as a useful tool for the diagnosis
of peach allergy, particularly among the Mediterranean
population.

We thank Dolores Lamoneda (ETSIA, UPM) for technical assist-
ance and Linda Puebla (ALK-Abelló) for language revision.
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