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Chenopodiaceae pollens such as those from Salsola kali and Chenopodium

album are important causes of allergy in Mediterranean areas because

of the progress of desertification in European countries. Among the vari-

ous allergenic protein families, profilins constitute a group of pan-aller-

gens that are involved in polysensitization and pollen-food allergy

syndrome. Two-dimensional electrophoresis analysis of S. kali profilin

highlighted a polymorphic pattern, with several isoforms that have differ-

ent molecular features (isoelectric point and molecular mass) and immu-

nological features. Two isoforms have been cloned and sequenced.

Sal k 4.02 and Sal k 4.03 displayed non-conservative amino acid changes

in critical positions of the IgE epitopes. Both isoforms were produced in

Escherichia coli and structurally and spectroscopically characterized.

Changes in the electrophoretic mobility and in their IgG and IgE immu-

nological behavior were observed in comparison with Che a 2, their

counterpart from C. album. The IgE-binding ability of Sal k 4.03 is simi-

lar to that of Che a 2, whereas Sal k 4.02 showed a 35% reduction in

IgE binding in 86% of patients, suggesting a hypoallergenic character.

Three-dimensional modeling allowed us to propose which amino acid res-

idues are involved in those immunological changes based on epitope

mapping studies previously performed in other profilins. These profilin

isoforms constitute suitable candidates for specific immunotherapy with

recombinant allergens.

Introduction

Type I allergy is a generalized health problem in

industrialized countries, affecting ~ 20–25% of the

general population [1,2]. Among the most frequent

allergies, those induced by pollens, commonly

named pollinosis, are one of the most widespread

[3]. In this immunological disorder, whose prevalence

has significantly increased in the last years, over-

production of IgE antibodies is the starting point

triggering symptoms such as rhinitis, conjunctivitis

or asthma [4].

Russian thistle (Salsola kali) belongs to the Cheno-

podiaceae family and constitutes a source of allergenic

pollen. The ubiquitous distribution of this plant in

temperate areas such as middle eastern countries, the

USA and southern Europe means that this weed has

become an important allergy-inducing agent in recent

years [5,6]. Moreover, the desertification process

observed in some regions, its use in greening programs

and the pollution derived from oil industries have

increased the presence of S. kali in certain areas. This
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weed produces large amounts of easily propagated

anemophilous pollen that is responsible for a high

incidence of allergy.

Specific allergenic markers, such as Sal k 1, a pectin

methyl esterase considered to be the major allergen of

S. kali pollen [7], and polysensitization markers such as

profilins from various Chenopodiaceae species have

been identified in the allergen profile of pollen of these

species [8]. Profilins are small proteins (12–15 kDa) that

are found in all eukaryotic cells. They stimulate ADP/

ATP turnover in actin filament assembly, and are

implicated in cellular signaling pathways through

phosphatidylinositol phosphates [9]. Plant profilins

have been shown to be allergens in pollen from

Chenopodium album, Betula verrucosa, Phleum pratense,

Phoenix canariensis, etc. [10–13], foods such as Cucum-

is melo, Citrullus lanatus, Arachis hypogae, etc. [14–16]
or in latex from Hevea brasiliensis [17]. Profilins are

proteins with high conserved amino acid sequences, with

usually more than 75% identity between species, and

they are pan-allergens due to marked IgE cross-reactiv-

ity among species [18,19]. Profilins are mainly involved

in airway, latex or food sensitization cross-reactivities.

Although previous studies have shown that various

profilins from plant sources bind IgE from profilin-sensi-

tized patients with similar affinity [20], the presence of

particular isoforms with low IgE-binding capability in

the natural sources cannot be discounted. These may be

useful tools to identify the critical amino acids involved

in IgE binding and to establish specific allergen epitope

therapies.

Due to the low amounts of profilin in S. kali pollen,

its recombinant production at high yields is essential

for clinical and biochemical purposes. The availability

of such recombinant proteins allows use of standard-

ized diagnostic protocols in arrays of hundreds of pro-

teins, and certain techniques may be applied to modify

their allergenicity to obtain hypoallergenic variants [21

–23]. In addition to classical treatments for allergy

such as antihistamines or immunosuppressive drugs,

immunomodulatory therapy may be performed using

such modified allergens [22,24].

In the study presented here, we have cloned,

sequenced and produced two profilin isoforms from

S. kali (Sal k 4.02 and Sal k 4.03) in Escherichia coli

in order to study their immunological and antigenic

properties. The isoforms exhibited different IgE-bind-

ing capacity, and identified the amino acid changes

responsible for these differences. According to the

immunological data obtained, the natural pollen

profilin Sal k 4.02 has reduced IgE-binding ability,

suggesting its potential utilization in desensitization

protocols.

Results

Identification of the profilin allergen in S. kali

pollen extract by 2D electrophoresis

The protein content of S. kali pollen extract was ana-

lyzed by 2D electrophoresis after silver staining

(Fig. 1A). Profilin was detected using an anti-profilin
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Fig. 1. Identification of profilin by 2D-PAGE analysis of Salsola kali

pollen extract. (A) Silver staining of the pollen extract. (B) Immuno-

staining of S. kali protein extract after transfer to nitrocellulose

membranes using a polyclonal antiserum specific to profilin (upper

panel), or a pool of five sera from sensitized patients to Chenopodiaceae

pollen (lower panel). Molecular massmarkers are indicated.
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polyclonal antiserum (Fig. 1B). This protein appears

as a group of defined IgG-binding spots between 14.1

and 15.9 kDa and with pI values of 4.4, 4.5 and 4.7.

The allergenic character of the protein was confirmed

using a pool of sera from patients sensitized to profilin

(Fig. 1C). The relative abundance of the isoforms and

the IgG-binding profile were very similar (Fig. 1A,B).

However, a different IgE-binding pattern was

observed, as the two less intense spots of high

molecular weight that display lower IgG recognition

were better recognized by the IgE of S. kali-sensitized

patients.

Cloning, recombinant production and purification

of the S. kali profilin isoforms

cDNA was synthesized from S. kali pollen total RNA

and used directly in two successive rounds of PCR to

clone S. kali profilin. The first round of PCR was per-

formed using a specific primer based on the N-termi-

nus amino acid sequence MSWQA/TYV obtained by

Edman degradation of the natural protein. After

sequencing the first-round PCR product, we obtained

the whole cDNA sequence using specific primers based

on the N- and C-terminal ends of S. kali profilin. We

obtained two isoforms, Sal k 4.02 and Sal k 4.03

(Fig. 2A). Sal k 4.02 showed 26 amino acid changes

compared with Sal k 4.03, and 33 amino acid differ-

ences compared with Che a 2 (the profilin from

C. album), 17 of which were non-conservative changes.

Eight of the non-conservative changes for Sal k 4.02

(A5, S39, N40, F68, E72, A83, C95 and T100) and

Sal k 4.03 (A5, A39, N40, H68, T72, Q83, C95 and

G100) were located in the IgE epitopes previously

described for the homologous plant profilin Cuc m 2

[25]. We also observed that Sal k 4.03 contains two
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MSWQAYVDEHLMCNIEDTGNHLTSSAIVGVDGSIWAQSSNFPQVKPQEIEAINKEFDGPNTLAPT   65
........D....E..G.N....AA..L.....V....A....F..D..S.VV....EAG.....   65

Che a 2     ....T...D....D..G--...S.A..L.H..TV....PS...L..E.VS..M.D.NE.GS....   63

Sal k 4.02  GLFLGGEKYMVIQGEPGAVIRGKKGPGGVCIKKTTQALIFGIYDEPVAPGQCNMVVERLGDYLIEQGL   133
Sal k 4.03  ..H...T........A.Q..........I.V...G............T......I.............   133
Che a 2     ..H...T..........D...........T....N....I...G..MT...............V...M   131

Fig. 2. Amino acid sequence alignment and 3D structure modeling of Salsola kali and Chenopodium album profilins. (A) Amino acid

alignment of Sal k 4.02, Sal k 4.03 and Che a 2. The four epitopes (E1–E4) identified in Cuc m 2 profilin [25] are boxed, and the amino acid

differences are highlighted in blue. Arrows indicate non-conserved amino acid changes inside the epitopes; dots indicates the same amino

acid as rSal k 4.02; hyphens indicate gaps. (B) 3D modeling of Sal k 4.02, Sal k 4.03 and Che a 2. The E1 epitope is shown in pale blue, the

non-conservative amino acid changes are indicated in red, and the conserved K73/71 amino acids are indicated in yellow. Cysteine residues

located outside the E1 epitope are shown in green.
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non-conservative changes inside the epitope E1 with

respect to Che a 2 (H68 and T72). Furthermore,

profilin isoforms from S. kali possess a third cysteine

residue at position 95 compared to Che a 2, which

contains threonine at this position (Fig. 2B).

We expressed both isoforms in E. coli to determine

whether the eight non-conservative changes in Sal k 4.02

at the E1, E2, E3 and E4 epitopes were responsible for

decreased IgE-binding capacity. The highest level

of recombinant proteins was observed after 4 h of

induction with 0.4 mM isopropyl thio-b-D-galactoside
(Fig. 3A). Recombinant proteins were observed in the

soluble fraction after cell disruption, and were detected

using a specific polyclonal antiserum against profilin

(Fig. 3B). Supernatant containing profilin was lyophi-

lized, and subjected to size-exclusion chromatography

followed by reversed-phase HPLC (Fig. 3C).

Molecular characterization of rSal k 4 isoforms

Molecular characterization of rSal k 4.02 and

rSal k 4.03 was performed in comparison with rChe a 2.

Molecular mass was determined by mass spectrometry.

The experimental values for the MS of rSal k 4.02 and

rChe a 2 are 138.4 and 123.7 Da lower, respectively,

than the theoretically estimated masses derived from the

cDNA sequences of the clones (14 340.3 and

14 099.1 Da, respectively) (Fig. 4A), suggesting that

these two proteins have lost their initial methionine by

translational processing. However, bacterial processing

of the N-terminus of rSal k 4.03 had not taken place as

the theoretical mass was 14 268.2 Da and a value of

14 213.7 Da was obtained experimentally by MS

(Fig. 4A). The amino acid compositions obtained by

acid hydrolysis of the three recombinant proteins agree

with those derived from the DNA sequences.

Secondary structure analyses were performed by far-

UV CD. Similar spectra and percentages of secondary

structure elements were obtained for rSal k 4.02,

rSal k 4.03 and rChe a 2 (Fig. 4B) as deduced by de-

convolution of the spectra (Fig. 4C), and corresponded

to the parameters obtained for the 3D structure of the

profilin from Arabidopsis thaliana [26]. These data

indicate that the recombinant proteins rSal k 4.02 and

rSal k 4.03 are properly folded.

The electrophoretic mobility of the three profilins

was assayed in the presence or absence of 2-mercapto-

ethanol (Fig. 4D). The mobility of rChe a 2, unlike

that of rSal k 4.02 and rSal k 4.03, was significantly

affected under reducing conditions. This effect was

probably due to the potential formation of a disulfide

bond in S. kali profilins between cysteines 95 and 117

instead of the disulfide bond observed in Che a 2

between cysteines 13 and 117. Disruption of this disul-

fide bond in S. kali profilins after reduction does not

induce a significant conformational change, and there-

fore the electrophoretic mobility is not affected.

Immunological characterization: rSal k 4.02

possess low IgE-binding ability

An ELISA was used to evaluate the IgE-binding ability

of rSal k 4.02 and rSal k 4.03, and to establish the

prevalence of these allergens in a population of 165

patients with Chenopodiaceae pollinosis. The preva-

lence of rChe a 2 and rSal k 4.03 was 29%, and that

of rSal k 4.02 was 24%. Moreover, 86% of the sera

that showed positive IgE-binding values for the three

profilins showed higher reactivity against rSal k 4.03

and rChe a 2 than to rSal k 4.02 (Fig. 5A). The same

sera showed significant differences in IgE-binding
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Fig. 3. Recombinant production of Salsola kali profilins. (A) SDS/

PAGE analysis of the time course of rSal k 4.02 expression. S,

soluble fraction; P, pellet. The same expression profile was obtained

for rSal k 4.02 and rSal k 4.03. (B) Time-course expression of

rSal k 4 in the soluble fraction was also analyzed by immunostaining

with profilin-specific polyclonal antiserum after SDS/PAGE. (C)

Reversed-phase HPLC purification profile of the recombinant profilins

and SDS/PAGE analysis of the fractions collected (inset). Molecular

mass markers are indicated.
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capacity when comparing rSal k 4.02 with rSal k 4.03

and rSal k 4.02 with rChe a 2, the median reduction of

rSal k 4.02 IgE-binding capacity being ~ 35%

(P < 0.05), but not when comparing rSal k 4.03 with

rChe a 2 (P = 0.72) (Fig. 5B).

We tested five randomly collected sera by immuno-

blotting against rChe a 2, rSal k 4.02 and rSal k 4.03

under reducing conditions (Fig. 5C). Similar differ-

ences in the IgE recognition pattern were observed for

both ELISA and immunoblotting. These data suggest

that rSal k 4.02 is not able to bind IgE antibodies as

well as rSal k 4.03 and rChe a 2.

Profilin-specific polyclonal antiserum allowed us to

evaluate the antigenic character of these allergens in

comparison with rChe a 2. In contrast to the decreased

IgE-binding observed for rSal k 4.02, inhibition assays

performed with anti-profilin polyclonal antiserum

against the three allergens showed a similar IgG-binding

behavior (Fig. 6A). An inhibition assay performed with

a pool of eight human sera showed a sharp decrease in

the inhibition capacity of rSal k 4.02 compared with

rSal k 4.03 and rChe a 2 (Fig. 6B). The IgE-binding

inhibition of rSal k 4.03 by rSal k 4.02 required 35

times as much inhibitor to reach the IC50 inhibition.

Moreover, to achieve the same inhibition to rChe a 2,

nine- and 100-fold increases in the inhibitors rSal k 4.03

and rSal k 4.02 over Che a 2 were required, respec-

tively. rChe a 2 and rSal k 4.03 were able to totally

inhibit IgE binding to rSal k 4.02. However, inhibition

reached similar values with all profilins used as inhibi-

tors when their concentration was ten times higher than

the antigen in the wells and IgE binding was saturated

with the inhibitors.

Thus these results indicate that rSal k 4.02 is a natu-

ral hypoallergenic profilin isoform in comparison to

rSal k 4.03 and rChe a 2, whose IgE-binding behavior

was almost equivalent.

Discussion

The production of hypoallergenic derivatives from

modified cDNA encoding allergens is an important

strategy that is currently used to obtain new molecules

with improved qualities for use as diagnostic and/or

therapeutic tools in clinical trials. Successful allergen-

specific immunotherapy is associated with an increase

in blocking IgG antibodies [27]. Many approaches

have been used to obtain allergenic variants with

decreased IgE-binding capacity that are able to induce

an IgG-associated response. Several strategies involve

disrupting the 3D structure and thus the conforma-

tional B-cell epitopes but maintaining the T-cell epi-

topes, such as deletion variants [28], fragments and

A

B

C

D

Fig. 4. Molecular characterization of rSal k 4.02 and rSal k 4.03 in

comparison with rChe a 2. (A) MS analysis of purified recombinant

proteins. m/z, mass/charge ratio. (B) CD spectra in the far-UV

range (195–250 nm). [h]MRW, mean residue weight ellipticity. (C)

Deconvolution values determined from CD spectra of each protein.

(D) Analysis of the mobility of rChe a 2, rSal k 4.02 and rSal k 4.03

proteins in the absence (�) or presence (+) of 2-mercaptoethanol

by SDS/PAGE and Coomassie Blue staining. Molecular mass

markers are indicated.
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allergen-tandem derivatives [29–32], mutants and

hybrid molecules [22]. Others are based on producing

allergens in which the IgE-binding residues have been

changed while preserving the correct folding of the

molecule [33–35]. Such strategies have had various lev-

els of success, but in all cases artificial molecules such

as chimeras or non-natural isoforms have been used.

The potential advantages of natural hypoallergenic

molecules over genetically modified ones are that they

are more likely to achieve a 3D fold identical to that

of the sensitizing allergen. Thus, the availability of

recombinant isoforms of an allergen with equivalent

antigenic but lower allergenic properties may enable

identification of the features that make an allergen a

molecule able to stimulate the immune system, in addi-

tion to its clinical potential.

The widespread distribution of S. kali in arid regions

and countries suffering from desertification means that

this weed is an important source of allergenic pollen.

Recently, an increase in sensitization to this plant has

been observed in several regions of Spain, with Sal k 1

being the only major allergen identified and a marker

for primary sensitization to this pollen [7].

The growing number of patients who are polysensi-

tized to various pollens has emphasized the importance

of pan-allergens. Many reports have focused on these

ubiquitous allergens because they are responsible for a

high number of polysensitization diagnoses, even

though these individuals may be sensitized to a single

allergen family [18,19,36]. Profilins are proteins that

have been identified in all analyzed eukaryotic cells

and show a highly conserved amino acid sequence,

explaining their frequent involvement in IgE polysensi-

tization. Indeed, profilins have been implicated in

cross-reactivity between pollens and fruits and in the

latex fruit syndrome [18,19,37–39]. The amount of the

natural protein in many biological sources such as

Chenopodiaceae pollen is quite low. As previously

described, 30 lg of pure profilin may be obtained per

gram of dried Chenopod pollen [10]. In addition, this

low amount of protein is often present in several iso-

forms with different allergenic features. To solve this

yield problem, heterologous expression systems may be

used to obtain reasonable amounts of recombinant

protein. High-scale production may improve structural

and immunological characterization, but limits study

to few or just one isoform of the allergen instead of

the multiple isoforms that frequently occur in the nat-

ural source. The availability of recombinant allergens

in diagnosis and treatment of allergic disease encour-

ages the production of modified genetically engineered

allergens.

The allergens Sal k 4.02 and Sal k 4.03 described

here were produced in E. coli and isolated using sev-

eral chromatographic steps. Purity of the final prod-

ucts was achieved by MS, reversed-phase HPLC and

SDS/PAGE. The molecular characterization and anal-

ysis of their amino acid sequences showed typical

properties of profilins, such as an acidic isoelectric

point close to 4.5, a molecular mass of ~ 14 kDa, and

A B

C

Fig. 5. Analysis of the IgE binding to rSal k 4.02, rSal k 4.03 and rChe a 2. (A) Specific IgE levels for each allergen in absorbance units for

25 representative individual sera in ELISA. (B) Median value and standard deviation of all sera tested in the assay. P values for all

comparisons were calculated. (C) Analysis of IgE binding to nitrocellulose-blotted samples after SDS/PAGE using sera from five allergic

patients and a non-atopic control (lane N). Molecular mass markers are indicated.
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a secondary structure content similar to other mem-

bers of the family. The recombinant profilins obtained

from S. kali pollen showed a notable degree of amino

acid sequence identity with other identified profilins.

To compare the immunological features of S. kali

profilin isoforms, rChe a 2 profilin from the botani-

cally related plant C. album was used as reference [8],

as rChe a 2 had been previously validated against the

natural allergen isolated from C. album pollen [10].

After immunological characterization, we determined

that the various isoforms of Sal k 4 show various IgE-

binding capabilities, and suggests a hypoallergenic nat-

ure for rSal k 4.02 in comparison to rSal k 4.03 and

rChe a 2 because it binds significantly lower levels of

IgE. Although the possibility cannot be discarded that

this response is due to a lower IgE cross-reactivity

of Sal k 4.02 to other primary sensitizing profilins in

other pollens of the environment, it should be taken

into account that S. kali pollen is a main source of

sensitization for the Zaragoza patient population [40],

A

B

Fig. 6. ELISA inhibition test with rSal k 4.02, rSal k 4.03 and rChe a 2. (A) Polyclonal antibody-binding inhibition to rSal k 4.02, rSal k 4.03

and rChe a 2-coated wells using the same allergens as inhibitors. (B) ELISA inhibition assay of a pool of sera from eight random sensitized

patients to rSal k 4.02, rSal k 4.03 and rChe a 2-coated wells, using the same allergens as inhibitors.
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and thus S. kali profilin is a primary sensitization

source. In the province of Jaén, S. kali co-exists with

olive tree cultivars, the main agriculture crop, and is

an important source of allergenic pollen.

The assayed profilins from S. kali and C. album show

a high amino acid sequence identity (73% between

rSal k 4.02 and rChe a 2, 75% between rSal k 4.03 and

rChe a 2 and 80% between rSal k 4.02 and rSal k 4.03)

and similarity (87%, 90% and 87%, respectively). Inter-

estingly, the previously reported profilin from S. kali,

Sal k 4.01 [41] shows higher identity and similarity to

rChe a 2 (78% and 91%, respectively) than rSal k 4.02

or rSal k 4.03 do, probably as a consequence of using

degenerate primers derived from comparisons with

other plant profilins, and highlighting the polymorphic

character of S. kali profilin. These data support the dif-

ferent allergenic character of rSal k 4.02, with the

immunological behavior of rSal k 4.01 being more simi-

lar to rChe a 2 [41].

The three profilins studied here share common IgG

and IgE epitopes because almost all the positive patients

recognizing rChe a 2 are also positive for S. kali profi-

lins, and near complete inhibition of the IgE-binding

signal to rSal k 4.02 and rSal k 4.03 is obtained when

rChe a 2 is used as inhibitor. However, as deduced from

inhibition assays using a pool of sera, 35- and 100-fold

increases in rSal k 4.02 were required to inhibit IgE

binding to rSal k 4.03 and rChe a 2, respectively. On

the other hand, only a ninefold increase in rSal k 4.03,

which shares some of the amino acid changes with

rChe a 2 (F68?H66 and E72?T70) and contains C95

in the E1 epitope as for rSal k 4.02, was required to

inhibit IgE binding to rChe a 2. Due to the high simi-

larity between these profilins (even higher in the epitopic

regions), and assuming that the secondary structure of

rSal k 4.02 obtained by CD analysis is that expected for

a well-folded state in this protein family, the decreased

immunological features are associated with several

amino acid replacements in the IgE epitope sequences.

Thus, the affinity changes produced by a few key amino

acid replacements are the main cause of alterations in

the immunological response. These alterations are miti-

gated at very high concentration of inhibitors that lead

to complete inhibition.

Thirty-three and 29 amino acid changes were

observed between Che a 2 and Sal k 4.02 and between

Che a 2 and rSal k 4.03 respectively, 17 of which were

non-conservative, of which eight were located within

the epitopes (comparing Che a 2 with Sal k 4.02). The

E1, E2, E3 and E4 epitopes show four, one, one and

two non-conservative changes, respectively (Fig. 2A).

However, all the changes present in the E2, E3 and E4

epitopes and the A at position 83 of the E1 epitope in

Sal k 4.02 are present in other allergenic profilins such

as those from Olea europaea, Betula pendula or Zea

mays [42], and thus are unlikely to be the cause of the

reduced allergenicity. However, the E1 epitope binds

IgE mainly through electrostatic interactions [43,44]

and shows two changes in charge in Sal k 4.02 (F68?
H66 and E72?T70) that are adjacent to K73 in

Sal k 4 and K71 in Che a 2, which is an amino acid

highly conserved in most allergenic profilins. Further-

more, the E1 epitope shows one additional non-conser-

vative amino acid change (C95?T93) that may result

in formation of a disulfide bond with C117, resulting

in a more compact structure in the surrounding region.

These changes may be enough to avoid IgE binding to

rSal k 4.02 throughout the E1 epitope, thus resulting

in a natural variant with reduced IgE-binding capacity

in comparison to rChe a 2. Thus, the results obtained

here indicate that some amino acid positions may be

critical for IgE binding but not IgG binding.

Although to date there are no immunotherapeutic

approaches based on profilin alone and its potential

use requires further study, we suggest that, based on

the results presented here, the isoform Sal k 4.02 may

be a good candidate for inclusion in desensitization

protocols using cocktails of recombinant allergens.

Experimental procedures

Protein extracts

Pollen from S. kali and C. album were obtained from

ALK-Abelló (Madrid, Spain). Pollen protein extracts were

obtained by saline extraction as described previously [45].

The protein extract concentration was determined as

described by Lowry et al. [46].

Cloning strategy

cDNA from S. kali pollen was synthesized from total RNA

using a SMART RACE cDNA amplification kit (BD Bio-

sciences/Clontech, Madrid, Spain) according to the manu-

facturer’s instructions, and used directly as a template for

PCR cloning. Amplification of S. kali profilin was per-

formed in two successive rounds of PCR. The sense oligo-

nucleotide was designed based on the N-terminus amino

acid sequence MSWQA/TYV, obtained by Edman degrada-

tion of the natural protein, including the NdeI restriction

site (underlined): 5′-atacatATGTCNTGGCARRCNTAY

GT-3′. A PCR reaction was performed using this oligonu-

cleotide and the universal primer mix contained in the

SMART RACE cDNA amplification kit to obtain the

S. kali profilin cDNA sequence. Then, the antisense oligo-

nucleotide 5′-cgctgaggatccTTAGAGGCCCTGTTCAAC

GAG-3′, containing a BamHI restriction site (underlined),
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was designed based on the sequence corresponding to the

C-terminus end (LVEQGL) of S. kali profilin obtained

from the first round of PCR. PCR products were cloned

into pCR2.1 plasmid (Invitrogen, Groningen, The Nether-

lands), and the DNA from several clones was sequenced.

The pCR2.1/Sal k 4 constructs were digested with NdeI

and BamHI restriction enzymes, and cDNA encoding the

Sal k 4 isoforms was sub-cloned into the pET 11b (Nova-

gen, Billerica, MA, USA) expression vector digested using

the same restriction enzymes. This construct was used to

transform E. coli BL21(DE3) cells to express Sal k 4.02

and Sal k 4.03 as non-fusion recombinant proteins.

Expression and purification of rSal k 4.02 and

rSal k 4.03

Overnight BL21 (DE3) cultures containing the recombinant

constructs were grown in LB medium containing 0.1 mg/ml

ampicillin to an attenuance at 600 nm of 1.0. Induction of

these cultures was performed by the addition of 0.4 mM

isopropyl thio-b-D-galactoside, and they were maintained

for 4 h at 37 °C. Then the cultures were centrifuged at

6000 g for 20 min at 4 °C. The pellet was reconstituted in

20 mM ammonium bicarbonate, pH 8.0, containing 1 mM

phenylmethanesulfonyl fluoride. After bacterial lysis by

three cycles of freezing and thawing at 42 °C, the material

was centrifuged at 12 000 g and the soluble fraction was

lyophilized. The recombinant protein was isolated as

described for rChe a 2 [10], and purified in three chromato-

graphic steps: size-exclusion chromatography using a

Sephadex G-50 medium column (39 9 5.75 cm) equili-

brated in 0.2 M ammonium bicarbonate, pH 8.0, size-exclu-

sion chromatography in a Sephadex G-50 superfine column

(42 9 2 cm) equilibrated in the same buffer, and finally

reversed-phase HPLC in a Nucleosil C18 column with an 0

–80% acetonitrile gradient in 0.1% trifluoroacetic acid.

Sera and antibodies

The Ethical Committee of the Complutense University

(Madrid, Spain) approved the protocols used for experi-

mental work with mice and all the methodology related to

the use of human sera in the study.

Sera were obtained from patients fulfilling the following

criteria: (a) seasonal rhinitis and/or asthma from April to

August during at least two consecutive years, (b) positive

prick test for S. kali and/or C. album pollens, and (c) IgE

values by ELISA against Che a 2 higher than 0.1 units of

absorbance at 492 nm for all sera. Sera were obtained from

165 patients recruited from Zaragoza (Spain), where S. kali

pollen is a main source of sensitization, and from Jaén

(Spain), where S. kali pollen is a significant allergenic pollen.

Written informed consent was obtained from all patients.

Rabbit polyclonal antiserum against the olive pollen

profilin (Ole e 2) was obtained by weekly injections of the

protein (100 lg) in complete Freund’s adjuvant. The use of

animals for experimental procedures was supervised by the

animal facility of the Fundación Jiménez Dı́az (Madrid,

Spain) to ensure that the experiments were performed in

accordance with legislation and the guidelines of Ethical

Committee of the Fundación Jiménez Dı́az and Complu-

tense University. Horseradish peroxidase-labeled goat poly-

clonal Ig against rabbit IgG was obtained from Bio-Rad

(Richmond, CA, USA). Mouse monoclonal Ig against

human IgE was kindly donated by ALK-Abelló. Horserad-

ish peroxidase-labeled goat polyclonal Ig against mouse

IgG was purchased from Pierce Chemical Co (Rockford,

IL, USA).

Edman degradation, MS analysis and CD

Edman degradation of the protein was performed using a

477A sequencer (PE Applied Biosystems, Foster City, CA).

MS of purified proteins was performed in a Bruker

Reflex IV MALDI-TOF apparatus (Bruker-Franzer Ana-

lytic, Bremen, Germany). The CD spectrum was recorded

in the far-UV range on a JASCO J-715 spectropolarimeter

(Japan Spectroscopic Co., Tokyo, Japan) at 200 lg�mL�1

protein concentration in 50 mM sodium phosphate, pH 7.5,

at room temperature. CDNN CD spectra deconvolution

software (Applied Photophysics, Leatherhead, UK) was

used to deconvolute the CD spectra recorded.

Analytical procedures

Amino acid analysis of pure recombinant proteins was per-

formed using a Biochrom 30 amino acid analyzer instrument

(Biochrom, Cambridge, UK) after hydrolysis with 6 N HCl.

SDS/PAGE was performed in 17% polyacrylamide gels.

Proteins were stained with Coomassie Blue R-250 (Sigma-

Aldrich, St Louis, MO). Molecular mass determinations

were performed using protein markers MW-SDS-70L

(Sigma-Aldrich). 2D electrophoresis was performed in a

PROTEAN IEF cell (Bio-Rad) using 7 cm long, pH 3-10,

linear ReadyStrip IPG strips (Bio-Rad) under reducing

conditions in the presence of tributylphosphine, dithiothrei-

tol and iodoacetamide, followed by 17% SDS/PAGE.

Proteins were visualized after silver staining.

The concentration of recombinant profilins was calcu-

lated by measuring the absorbance at 280 nm in a DU-7

spectrometer (Beckman, Barcelona, Spain) using the same

extinction coefficient (e0.1%) of 1.1 for the three proteins.

Immunological characterization

Proteins were transferred to nitrocellulose membranes

(Amersham Biosciences, Barcelona, Spain) after SDS/PAGE

under reducing (with 5% 2-mercaptoethanol) and non-

reducing conditions or after 2D electrophoresis under reduc-

ing conditions. Membranes were incubated with individual
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human sera (diluted 1 : 10), mouse monoclonal Ig against

human IgE (diluted 1 : 5000) and horseradish peroxidase-

labeled goat Ig against mouse IgG (diluted 1 : 2500), or

alternatively rabbit polyclonal antiserum raised against

Ole e 2 (diluted 1 : 10 000) followed by horseradish peroxi-

dase-labeled goat Ig against rabbit IgG (diluted 1 : 3000).

For immunoblotting inhibition assays, a pool of sera (n = 5)

(diluted 1:10) was pre-incubated with NaCl/Pi, and 1 or 5 lg
of rSal k 4.02, rSal k 4.03 or rChe a 2 as inhibitors. Chemi-

luminiscent signal was detected using ECL western blotting

reagent (Amersham Biosciences).

Indirect ELISA was performed in 96-well plates coated

with 0.1 lg purified recombinant protein or 20 lg pollen

extract. Assays were detected using individual human serum,

a pool of human sera (n = 5) (diluted 1 : 10) or anti-Ole e 2

polyclonal antiserum (diluted 1 : 10 000), previously

adsorbed to various concentrations of inhibitors ranging

from 1 ng to 10 lg. Binding of human IgE was detected by

mouse monoclonal Ig against human IgE (diluted 1 : 5000)

followed by horseradish peroxidase-labeled goat Ig against

mouse IgG (diluted 1 : 2500), and binding of polyclonal

antiserum against Ole e 2 was detected by horseradish

peroxidase-labeled goat Ig against rabbit IgG (diluted

1 : 3000). The signal was measured at 492 nm in an iMark

microplate absorbance reader (Bio-Rad). In ELISA assays,

absorbance values above 0.1 were taken as positive, and the

percentage inhibition was calculated according to the for-

mula: inhibition (%) = [1 � (absorbance at 492 nm with

inhibitor/absorbance at 492 nm without inhibitor)] 9 100.

Statistical analysis, modeling and alignment

For analysis of ELISA datasets, we used JMP 10 (SAS

Business Analytics) to calculate the mean, standard

deviation and P values. A two-tailed Student’s t-test was

performed assuming unequal variances to assess whether

the groups were statistically different from each other. All

P values were derived from a two-tailed statistical test.

P values < 0.05 were considered statistically significant. 3D

structure modeling of the allergens was performed using

SWISS-MODEL, the fully automated protein structure

homology-modeling server of the Swiss Institute of Bioin-

formatics (http://swissmodel.expasy.org/) [47]. The template

used for modeling Sal k 4.02, Sal k 4.03 and Che a 2 was

the profilin from Arabidopsis thaliana (Protein Data Bank

ID 3NUL) using to the comparative automated mode. The

model obtained was represented using VMD [48]. Align-

ment of sequences was performed using GeneDoc (http://

www.psc.edu/biomed/genedoc).
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