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Abstract
Using the systematic evolution of ligands by exponential enrichment (SELEX) method, we

identified oligonucleotides that bind to the first extracellular domain of the Orai1 protein with

high affinities and high specificities. These ligands were isolated from a random single-

strand DNA (ssDNA) library with 40 randomized sequence positions, using synthesized

peptides with amino acid sequences identical to the first extracellular domain of the Orai1

protein as the targets for SELEX selection. Seven aptamers were obtained after 12 rounds

of SELEX. An enzyme-linked oligonucleotide assay (ELONA) was performed to determine

the affinities of the aptamers. Aptamer Y1 had the highest affinity (Kd = 1.72×10−8 mol/L)

and was selected for functional experiments in mast cells. Using LAD2 cells with the human

high-affinity IgE receptor and Ca2+ release activation channel (CRAC), we demonstrated

that Aptamer Y1 blocked IgE-mediated β-hexosaminidase release from cells triggered by

biotin-IgE and streptavidin. A specific binding assay showed that Aptamer Y1 not only

bound the Orai1 peptide specifically but also that the Orai1 peptide did not bind significantly

to other random oligonucleotide molecules. Furthermore, Aptamer Y1 regulation of intracel-

lular Ca2+ mobilization was investigated by probing intracellular Ca2+ with a Fluo-4-AM fluo-

rescent probe. We found that Aptamer Y1 inhibits Ca2+ influx into antigen-activated mast

cells. These results indicate that the target of Aptamer Y1 in the degranulation pathway is

upstream of Ca2+ influx. Therefore, these oligonucleotide agents represent a novel class of

CRAC inhibitors that may be useful in the fight against allergic diseases.

Introduction
Mast cells are major effectors in allergic responses. Precise Ca2+ signalling and store-operated
Ca2+ entry (SOCE) are crucial for proper mast cell function [1,2]. The molecular basis underly-
ing SOCE consists of Ca2+ sensor proteins (the stromal interaction molecules STIM1 and
STIM2) in the endoplasmic reticulum (ER) and the Orai Ca2+ channels in the plasma mem-
brane [3,4]. The protein Orai1 was identified in 2006 and confirmed to be a key component of
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the Ca2+ release activation channel (CRAC) [5,6]. Orai1 is a plasma membrane protein with
four predicted transmembrane domains and intracellular N- and C-termini. It has been shown
that when either of the amino acid codons D110 and D112, which confer a negative charge in
the first extracellular loop of Orai1, are mutated to a codon for glycine and then this mutant
cDNA is transfected into HEK293 cells, Orai1 loses its calcium-channel function [5–8]. There-
fore, Orai1 calcium channel function may be inhibited by chemical compounds that bind
the first extracellular domain of the Orai1 protein and thus change the characteristics of the
domain’s charge. In the 1990s, aptamers screened by systematic evolution of ligands by expo-
nential enrichment (SELEX) were found to bind target molecules with high specificity, high
affinity and without immunogenicity [9,10]. In this study, peptides of the first extracellular
domain of Orai1 were utilized as bait to screen aptamers by SELEX, and the effects of the apta-
mers on the calcium entry and degranulation of mast cells were investigated. This work verifies
the potential of aptamers to become a new class of potent therapeutic agents in the fight against
mast cell-mediated diseases.

Materials and Methods

Reagents
The first extracellular domain of the Orai1 protein, whose sequence is DADHDYPPGLL [8], was
synthesized by Parkson Technology Co., Ltd. (Beijing, China), and this Orai1 peptide was used
as a target for SELEX selection. Two other short peptides, Cd1215 and IgEop, with sequences
of LIPTHTQPSY and GTYYCTGKVWQLDYE, respectively, were synthesized by the same com-
pany and were used separately in an aptamer-specific assay. A random ssDNA library and
primers were synthesized by the Yingjun Biotechnology Company (Shanghai, China). Three
random oligonucleotides, designated ONT1, ONT2 and ONT3, were synthesized by the same
company. The sequences of these three oligonucleotides are TCA AGC TTA TGA CCG AGC GCC
GCG TGC C, TAG GAT CCC CAG ACC TGC CCG CCA TGT, and GGT ACC GCA GAA TTG
GGA AGA GAT AGA, respectively. Biotinylated oligonucleotides were synthesized by Briggs
(Shanghai, China). The pGEM-T easy vector was obtained from TaKaRa (Dalian, China).
STEMPRO-34 SFM Complete Medium and the Ca2+ fluorescent probe Fluo-4-AM were pur-
chased from Invitrogen (Carlsbad, CA, USA). A DNA extraction kit was obtained from
Tiangen Biotech Co., Ltd. (Beijing, China). HRP-labelled streptavidin was purchased from
Biyuntian (Tianjin, China). Biotin-IgE was purchased from US Biologicals (St. Louis, MO,
USA). Human stem cell factor was purchased from Peprotech (Rocky Hill, USA). Streptavidin
was obtained from Sangon Biotech Co. Ltd. (Shanghai, China). Polystyrene microwell 96-well
detachable ELISA plates were purchased from Corning (Shanghai, China). The SELEX screen-
ing buffer liquid and Tyrode's solution were prepared according to the method described by
Pan Q et al [11]. The reagents for cell cultures were purchased from Sigma-Aldrich.

Methods
Construction of the single-stranded DNA (ssDNA) library. Single-stranded (ss) DNA

library construction was performed as previously described [11]. An oligonucleotide template
was synthesized as a single-stranded 81-mer fragment with the sequence 5’-CTTCTGCCCG
CCTCCTTCC(40N)-GGAGACGAGATAGGCGGACACT-3', in which the central N40 repre-
sents incorporated random oligonucleotides based on equal proportions of A, G, C and T. The
PCR amplification primers used to obtain the double-stranded DNA included the forward
primer, which was identical to the 5' flanking sequence of the library template (5'-CTTC
TGCCCGCCTCCTTCC-3'), and the reverse primer, which was complementary to the 3' flank-
ing sequence of the library template (5'-AGTGTCCGCCTATCTCGTCTCC-3'). The biotin-
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labelled downstream primer was 5'-biotin-AGTGTCCGCCTATCTCGTCTCC-3’. The
double-stranded products were separated into single-stranded DNA fragments via asymmetric
PCR.

System evolution of ligands by exponential enrichment (SELEX) selection. The selec-
tion of DNA aptamers with high affinities against the Orai1 peptide was performed as previ-
ously described [9,11]. ELISA plates (96-well) were coated with the Orai1 peptide (in 100 μL of
0.1 mol/L NaHCO3 buffer, pH 9.4) by incubating overnight at 4°C. Control wells were coated
with BSA. The wells were then rinsed four times each with washing buffer (PBS containing
0.05% Tween 20, pH 7.4; PBST) and incubated for 1 h at room temperature with 200 μL of
blocking buffer (PBS containing 3% BSA and 0.05% Tween 20, pH 7.2). The ssDNA pools were
denatured by heating at 90°C for 5 min in SHCMK binding buffer (20 mmol/L Hepes, pH 7.35,
120 mmol/L KCl, 1 mmol/L CaCl2, and 1 mmol/L MgCl2) and then cooled to room tempera-
ture for 15 min. The ssDNA library was first added to control wells and incubated at 37°C to
screen out ssDNA fragments that targeted BSA. The unbound ssDNA was then removed and
placed in the Orai1 peptide-coated wells for incubation at 37°C. Unbound ssDNA sequences
were removed by rinsing six times with washing buffer (SHCMK supplemented with 0.05%
Tween 20; SHCMKT). Then, the Orai1 peptide-bound ssDNA was recovered by incubating
with eluting buffer (20 mmol/L Tris–HCl, 4 mol/L guanidinium isothiocyanate, and 1 mmol/L
DTT, pH 8.3) at 80°C for 10 min. The eluates were mixed with phenol-chloroform and centri-
fuged at 12,000×g for 5 min at 4°C. The resulting supernatants were mixed with dehydrated
alcohol and NaAc (3 mol/L, pH 5.2) overnight at −20°C, followed by centrifugation at
12,000×g for 20 min at 4°C. The supernatants were discarded and the pellet was resuspended
in 75% alcohol and centrifuged for 10 min. The precipitate was then dissolved in 30 μL of TE
buffer (pH 8.0) and applied as a template for PCR amplification with biotin-labelled primers.
The amplification thermal cycling parameters were as follows: one cycle of 94°C for 5 min; 18
cycles of 94°C for 30 s, 65°C for 30 s, and 72°C for 30 s; and one cycle of 72°C for 5 min. Asym-
metric PCR with unequal molar concentrations of the forward and reverse primers was carried
out to separate the ssDNA. The asymmetric thermal cycling parameters were as follows: one
cycle of 94°C for 5 min; 35 cycles of 94v for 30 s, 65°C for 30 s, and 72°C for 30 s; and one cycle
of 72°C for 5 min. The ssDNA products were used as the enriched library for the next round of
selection.

Cloning and sequencing. After several rounds of aptamer selection, the PCR products
were purified individually from each round and cloned into a pMD 19-T vector using a TA
cloning kit. After transformation into E. coli DH5α cells, individual bacterial clones were cho-
sen from each of the aptamer selection rounds for sequencing.

Affinity and specificity determinations. To determine the affinities of the aptamers, an
enzyme-linked oligonucleotide assay (ELONA) was carried out according to a previous publi-
cation [12]. Polystyrene microwell plates were coated with Orai1 peptide (10 μg in 100 μL of
0.1 mol/L NaHCO3 buffer, pH 9.4) and saturated with blocking buffer. After six rinses with
PBST, the biotin-labelled aptamers (in SHCMK buffer) were added at 0.1 μg/well. The apta-
mers and the Orai1 peptide were allowed to react for 3 hours at 37°C. The wells were then
rinsed six times with SHCMKT buffer, and 100 μL of streptavidin-horseradish peroxidase
(HRP; 1:1000 in PBS) was added. The plates were incubated for 40 min at 37°C. After the wells
were rinsed six times with PBST, a mixture of 100 μL of 1 mmol/L tetramethylbenzidine (0.1
mol/L in citrate buffer, pH 4.25) and 2 mmol/L H2O2 (1:20 ratio) was added as substrate. The
enzymatic reaction was stopped 10 min later by adding 50 μL of 1 mol/L H2SO4, and the opti-
cal density (OD) at 450 nm was determined with a spectrophotometer.

Determination of the dissociation constant (Kd) values of individual ssDNA aptamers
[12]. The ssDNA aptamers were amplified with a biotin-labelled primer to generate biotin-
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labelled ssDNA aptamers. ELISA plates were coated with Orai1 peptide (0.01 mg/mL). Various
concentrations of biotin-labelled single aptamers were added and incubated at 37°C for 2 h.
HRP-conjugated streptavidin (1:1000) was added and incubated for 30 min at 37°C. After add-
ing substrate and stop buffer, the absorbance was determined at 450 nm using a microplate
reader. The apparent Kd values were determined by nonlinear regression for on-site binding
according to the equation Y = Bmax � X/(Kd + X), using GraphPad Prism version 5.0 (Graph-
Pad Software, Inc.). Non-specific targets to test specificity included Cd1215, IgEop and BSA.
Additional specificity testing was performed using different biotinylated oligonucleotides, spe-
cifically ONT1, ONT2 and ONT3. These oligonucleotides were used as probes to bind the
Orai1 peptide-coated wells.

Effects of nucleic acid aptamers on IgE-mediated β-hexosaminidase release [13,14].
LAD2 cells were provided by Dr. Michael D. Gershon from Columbia University. The cells
were cultured in 50-mL culture flasks with 5 mL of complete media in each bottle. The com-
plete media contained Stem Pro-34 Nutrient Supplement, 100 U/mL penicillin, 100 μg/mL
streptomycin, 2 mmol/L glutamine, and 100 ng/mL human stem cell factor. The cell density
was maintained at 0.5×106/mL, and half of the culture media was removed and replaced with
fresh culture media weekly. LAD2 cells were centrifuged at 3000 rpm (Hettich, Rotofix 32,
swing-out rotor), resuspended in Tyrode’s buffer at 2 × 106 cells/mL and primed overnight
with 500 ng/mL biotinylated human myeloma IgE. Cells were activated the following morning
with 500 ng/mL streptavidin and incubated for an appropriate length of time, and the reaction
was stopped by centrifuging the cells at 3000 rpm for 3 min. To evaluate the effects of oligonu-
cleotides on mast cell degranulation, the aptamers were dissolved in PBS to the appropriate
concentration and added to the cells 2 min prior to cell activation with streptavidin. β-Hexosa-
minidase release was assessed by measuring samples at 405 nm using a microplate spectropho-
tometer and expressed as a percentage of the total cellular β-hexosaminidase.

Effects of aptamers on calcium influx into LAD2 cells as determined by laser confocal
microscopy [13,14]. LAD2 cells were incubated with the Ca2+ fluorescent probe Fluo-4-AM
at 5 μmol/L for 30 min at room temperature. After washing with Tyrode’s solution three times,
the dye inside the cells was allowed to de-esterify for 30 min at 37°C. Fluorescent images of
Ca2+ were obtained using an Olympus 1000 confocal microscope with a 40× oil immersion
lens (NA 1.3) (Olympus, Japan). The Fluo-4-AM signal was excited at 488 nm and emitted
at> 505 nm. Frame-scan images were acquired at a sampling rate of 15 ms per frame and 20 s
per interval. Image data were analysed off-line using fv10-asw.2.1 software. A selected image
from each image set was used as a template to designate the region of interest (ROI) within
each cell. The integrated intracellular Ca2+ concentration was determined by calculating ΔF/F0.
F0 was defined as the mean basal fluorescence intensity of the dye recorded during the first
5–10 scanning frames, when the cells were under rest conditions. ΔF denotes (F-F0), where F is
the temporal fluorescence intensity. The ΔF/F0 values within each ROI were plotted as a func-
tion of time (typical time course of Ca2+ response to streptavidin stimulation in single LAD2
cells). The amplitude of the Ca2+ response within each cell was quantified as the highest ΔF/F0
level reached during the measurement period, which was averaged over all cells within each
group. The procedure was performed using a previously reported method with modifications
[14]. Observation of the cells by microscopy was conducted immediately after activation with
500 ng/mL streptavidin. During the observation process, an image was collected every 5 s. The
baseline was collected 1 min before the addition of streptavidin, and the observation period
lasted approximately 4 min after the addition of streptavidin.

Statistical analysis. SPSS 13.0 statistical software was used for data analysis, and the data
are expressed as �x ± s. Two-tailed Student’s t-tests and analysis of variance (ANOVA) were
used for comparisons, and P-values of 0.05 or less were regarded as statistically significant.
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Results

Optimization of the PCR amplification conditions
Optimization of the asymmetric PCR amplification conditions was important for the genera-
tion and screening of the ssDNA secondary library (ssDNA was amplified by symmetric PCR
to dsDNA, and then the dsDNA was amplified by asymmetric PCR to ssDNA). Visible bands
were obtained from PCR reactions performed with annealing temperatures of 53.3–65.3°C;
when the annealing temperature reached> 65°C, PCR product quantities began to decrease.
We chose 64.3°C as the most appropriate annealing temperature and performed 35 cycles of
amplification. Based on the appearance of the indirect asymmetric PCR products in agarose
gels, a molar concentration proportion of 1:50 for both the forward and reverse primers was
chosen to obtain a maximum number of specific PCR products with the formation of only a
minimal number of PCR by-products.

SELEX screening
To isolate aptamers that specifically bind to the Orai1 protein, we utilized the Orai1 peptide as
a selection target. BSA was used as a negative control target. The random ssDNA library was
used to screen ligands that bind to the Orai1 peptide. Different pools of aptamers that bind to
the Orai1 peptide were obtained through 12 rounds of SELEX selection. Each pool of aptamers
was examined on a 3% agarose gel. The aptamer pools migrated between the 100- and 150-bp
bands of the dsDNA ladder (Fig 1). The binding affinities, as evidenced by measured OD (opti-
cal density), increased gradually from 0.178 to 1.080. No further improvement in the binding
affinities was observed after 12 rounds of selection (Fig 2).

An aptamer pool from the 12th round of selection was amplified. After electrophoresis, the
recovered DNA was cloned into the pMD19-T vector and transformed into DH5α E. coli.
After bacterial culture and IPTG (isopropyl β-D-thiogalactoside) screening, several recombi-
nant plasmid DNAs from positive bacterial clones were extracted (Fig 3), and their insert

Fig 1. Agarose gel (3%) electrophoretic analysis of polymerase chain reaction (PCR) products of aptamer pools. Lanes A-G: aptamer
pool PCR products from the 1st, 3rd, 5th, 7th, 9th, 11th and 12th rounds of SELEX selection; lane M: DNA ladder.

doi:10.1371/journal.pone.0158223.g001
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fragments were amplified. Their PCR products migrated close to the 80-bp band of the dsDNA
ladder on a 3% agarose gel, which matched the designed length (Fig 4). The recombinants were
purified and analysed by sequencing. Seven aptamers were obtained, and their sequences are
shown in Table 1. The sequence of Aptamer Y1 was the same as Aptamer Y14. DNAMAN soft-
ware was used to analyse the secondary structures of the sequences. These seven aptamers rep-
resented the stem-loop or pocket structures with the appropriate structural characteristics for
binding to the target.

Six biotin-labelled individual aptamers, with the exception of Aptamer Y14, were synthe-
sized. The binding affinities between the individual aptamers and Orai1 were measured by
ELONA. The OD values ranged between 1.18 and 2.31 (Fig 5). Aptamer Y1 had the highest
affinity with an OD value of 2.31. Aptamer Y8 exhibited the lowest affinity. High-affinity Apta-
mer Y1 was selected for the next set of functional experiments in mast cells.

Effects of aptamers on human mast cell degranulation induced by IgE-crosslinking. β-
hexosaminidase release is a reliable marker for mast cell degranulation. LAD2 cells were sensi-
tized with biotin-IgE in the presence or absence of aptamers and then challenged with strepta-
vidin to stimulate degranulation. Fig 6 illustrates that the release of the degranulation product
β-hexosaminidase was inhibited by Aptamer Y1 at a final concentration of 2 μg/mL in LAD2
cells. At this concentration, Aptamer Y1 inhibited β-hexosaminidase release more than the
products of the first round of SELEX (P< 0.05). By contrast, the control oligonucleotide

Fig 2. Relative binding affinities of the ssDNA pools to the Orai1 peptide as determined by ELONA analysis.Orai1 peptide was coated onto a
96-well microplate, and biotin-labelled aptamer pools (from rounds 1, 3, 5, 7, 9, 11 and 12) were added into the wells individually. The absorbance was
determined at 450 nm. All data shown were calculated as the mean ± SEM, and data were obtained from three independent experiments. The highest
relative affinities of the aptamers are indicated by arrows.

doi:10.1371/journal.pone.0158223.g002
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ONT1 did not demonstrate any inhibition of degranulation (P> 0.05) as determined by β-hex-
osaminidase release from mast cells.

Dissociation constant (Kd) of Aptamer Y1. To determine the binding affinity Kd values
of Aptamer Y1, various concentrations of biotin-labelled Aptamer Y1 were added to the Orai1

Fig 3. Agarose gel (0.8%) electrophoretic analysis. Lanes 1–6: the recombinant plasmid DNA from six
positive clones. Lane M1: DNA ladder.

doi:10.1371/journal.pone.0158223.g003

Fig 4. Agarose gel (3%) electrophoretic analysis. Lanes 7–12: PCR products for the insert fragments from
the six recombinant plasmids; lane M2: DNA ladder.

doi:10.1371/journal.pone.0158223.g004
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peptide-coated wells, and the binding affinities were determined by ELONA. GraphPad Prism
software was used to perform nonlinear curve fitting analysis for Kd calculation. The Kd values
were determined to be 1.72 × 10−8 mol/L for Aptamer Y1 (Fig 7).

Specific binding assay. To test the specificity of the high-affinity interaction between
Aptamer Y1 and the Orai1 peptide, ELONA experiments were performed with the peptides
Cd1215, IgEop and BSA (Fig 8). The OD(450) value for the interaction between Aptamer Y1
and the Orai1 peptide was 1.86, whereas the OD(450) values for the interactions between Apta-
mer Y1 and Cd1215, IgEop, and BSA were 0.37, 0.29, and 0.18, respectively. Furthermore, we
verified that biotinylated ONT1, ONT2 and ONT3 did not significantly bind to the Orai1

Table 1. Sequence families after 12 rounds of SELEX.

Designation sequence

AptamerY1 CCAGTAGCCATACCGGTTTGTGGATGGGGTGTATGCGAGTGATGGTGGATTG

AptamerY2 GAGCTTGTCGCAAAGGGTTCACCACATT

AptamerY6 CGATGGCCTGCCCGATTTTCCGGAGGGGCGATCTGCACATGCCGCAACGGG

AptamerY8 TGCGAGCATCTCGCTATCAGAGTGAGGTGATTTGTGCATA

AptamerY11 CGATGGCCTGCCCGATTTTCCGGAGGGGCGATCTGCACATGCCGCAGCGGG

AptamerY14 CCAGTAGCCATACCGGTTTGTGGATGGGGTGTATGCGAGT

AptamerY22 GATGATGGATTGGAGCTTGTCGCAAAGGGTTCACCACATT

doi:10.1371/journal.pone.0158223.t001

Fig 5. Relative binding affinities of the individual aptamers from the 12th pool as determined by ELONA analysis. All data shown were
calculated as the mean ± SEM, and data were obtained from three independent experiments. The highest relative aptamer affinities are indicated by
arrows.

doi:10.1371/journal.pone.0158223.g005
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peptide compared with Aptamer Y1 (Fig 9). These results demonstrate that Aptamer Y1 not
only binds the Orai1 peptide specifically but also with high affinity, and the Orai1 peptide does
not bind significantly to other random oligonucleotide molecules.

Aptamer Y1 attenuated Ca2+ entry through SOCE in activated LAD2 cells. Mast cell
activation is dependent on an increase in cytosolic Ca2+ concentration, which is associated
with release from intracellular stores and influx of external Ca2+ through SOCE. The effect of
Aptamer Y1 on intracellular calcium mobilization in LAD2 cells was studied by monitoring
intracellular Ca2+ fluorescence intensity. When the cells were sensitized with biotin-IgE, strep-
tavidin dramatically induced intracellular Ca2+ elevation. The fluorescence intensity of the
degranulation model group reached a peak (88.3 ± 11.2 vs. Ctrl 43.8 ± 5.5) 150 s after the addi-
tion of streptavidin, whereas the fluorescence intensity exhibited no significant changes 150 s
after the addition of streptavidin in the Aptamer Y1 suppression group (P> 0.05). The fluores-
cence intensity of the OTN1 group reached its highest levels (79.5 ± 7.4) 150 s after streptavidin
was added. The value (ΔF/F0) was significantly reduced by treatment with 2 μg/mL Aptamer
Y1 in LAD2 cells (Fig 10). This result indicated that Aptamer Y1 had a direct suppressive effect
on SOCE activity, and another oligonucleotide, OTN1, had no this effect. This experiment
demonstrated the specific inhibitory effects of Aptamer Y1 on calcium influx and the specific
binding between Aptamer Y1 and Orai1 molecules on the mast cell surface.

Fig 6. Effects of the aptamers on humanmast cell degranulation induced by IgE-crosslinking. LAD2 were
sensitized with 500 ng/mL biotinylated human IgE overnight. Cells were washed and resuspended (2×105 cells/
200 μL) in HEPES-Tyrode’s buffer and stimulated with 500 ng/mL streptavidin in the presence or absence of the
indicated aptamers (final concentration of 2 μg/mL for 30 min. The cells were centrifuged, and the percent release of
β-hexosaminidase (β-HEX) into the supernatant was calculated. β-HEX release (%) is expressed as the mean ± SEM
for 3 separate experiments with LAD2 cells. * indicates p<0.05 compared with Group 2, and ** indicates P > 0.05
compared with Group 1 (0 nM aptamers) as determined by one-way ANOVA followed by Tukey's post-test. 1. No
aptamers; 2. round one products of SELEX; 3. Aptamer Y1; 4. the control oligonucleotide ONT1.

doi:10.1371/journal.pone.0158223.g006
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Discussion
Store-operated Ca2+ entry (SOCE) is an important Ca2+ influx pathway in many resting cells,
such as mast cells and T lymphocytes, that is regulated by the filling state of ER intracellular
Ca2+ stores [15,16]. Emptying of ER Ca2+ results in activation of plasma membrane Ca2+ chan-
nels that mediate sustained Ca2+ influx, which is required for mast cell activation as well as
refilling of Ca2+ stores [17,18]. The CRAC channel is the best characterized SOCE channel
with well-defined molecular properties that modulate mast cell degranulation reactions,
thereby playing an important role in mast cell-mediated diseases including allergies and
asthma [19,20].

Recently, several human diseases have been linked to abnormal CRAC channel activities. A
variety of small molecules able to block the CRAC channel have been identified, such as an
imidazole derivative (SKF96365), 2-aminoethyldiphenyl borate (2-APB), a pyrazole derivative
(YM58483), and Synta 66 [21–24]. SKF96365 can inhibit IL-2 production and activation in T
lymphocytes with an IC (Inhibitory concentration) 50 of approximately 4 μmol/L [21]. YM-
58483 potently inhibits store-operated sustained Ca2+ influx [23]. The compound Synta 66 was
confirmed to occupy a central role in CRAC channels for mediator release from primary
human lymphocytes and in airway inflammation and asthma symptoms in a preclinical model
system [24]. These compounds are not specific because they operate in a variety of other trans-
port processes. For example, SKF96365 blocked the transient receptor potential channel (TRP)
C and TRP M channels with a similar potency as the CRAC channels. Therefore, molecules
that specifically block Orai1 may be the focus and priority for CRAC channel research.

Fig 7. The binding affinities between Aptamer Y1 and different peptides. ELISA plates were coated with different
peptides (1. the Orai1 peptide; 2. Cd1215; 3. IgEop; 4. BSA). Biotin-Aptamer Y1 was added into the wells. The
absorbance was determined at 450 nm. All data shown were calculated as the mean ± SEM, and data were obtained
from three independent experiments. * indicates P < 0.05 compared with the Orai1 peptide group.

doi:10.1371/journal.pone.0158223.g007
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Fig 8. The binding affinities between theOrai1 peptide and different oligonucleotides. ELISA plates were coated
with the Orai1 peptide. Different biotin-oligonucleotides were added into the wells (1. Aptamer Y1; 2. ONT1; 3. ONT2; 4.
ONT3). The absorbance was determined at 450 nm. All data shown were calculated as the mean ± SEM, and data
were obtained from three independent experiments. * indicates P < 0.05 compared with the Aptamer Y1 group.

doi:10.1371/journal.pone.0158223.g008

Fig 9. Measurement of the Kd values of Aptamer Y1 by ELONA. Binding between the Orai1 peptide and
the biotin-labelled Aptamer Y1 was evaluated by measuring the absorbance at 450 nm. GraphPad Prism was
used to perform nonlinear curve fitting analysis for the Kd calculation. All of the data are shown as the
mean ± SEM, and data were from three independent experiments.

doi:10.1371/journal.pone.0158223.g009
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In this report, we describe the development of aptamers targeting an Orai1 peptide. ssDNA
aptamers that bind to the Orai1 peptide with high affinity and high specificity were screened
and identified from a random oligonucleotide library by SELEX. Through twelve rounds of
SELEX, six aptamers with different sequences were identified. After determining the Kd values
and estimating specificities, Aptamer Y1 with a Kd value of 1.72×10−8 mol/L was chosen as the
ideal aptamer for mast cell tests. In the study, Aptamer Y1 inhibited the release of β-hexosa-
minidase and the intracellular calcium influx of LAD2 cells as determined in mast cell activa-
tion tests and confocal microscopy analysis. These types of effects exerted by Aptamer Y1 may
result from the electric charges of its nucleotide. Aptamer Y1 binding with Orai1 may neutral-
ize the negative charges in the first extracellular loop of Orai1 and disturb its molecular

Fig 10. Aptamer Y1 reduced Ca2+ entry through SOCE in LAD2 cells. A 0.5-mL cell sample was prepared for each group at a concentration of
1×106/mL. The cells were sensitized with biotin-IgE, and incubated for 2 h, followed by centrifugation at 1000 rpm × 5 min. Then, Tyrode's solution was
added, and the cells were suspended and stained with 5 μmol/L Fluo-4-AM in the dark for 30 min, followed by centrifugation at 1000 rpm × 5 min. The
cells were resuspended in Tyrode's solution and transferred into confocal dishes. Before observation, each sample received streptavidin (100 ng/mL) for
activation. Experimental Group 1: No IgE group. In this group, the cells were not sensitized by IgE, and the other procedures were the same as those
described above. Group 2: Biotin-IgE + streptavidin group. The cells were sensitized by biotin-IgE, and the other procedures were the same as described
above. Group 3: Aptamer Y1 suppression group. After staining with Fluo-4-AM and resuspension, the cells were incubated with Aptamer Y1 (final
concentration of 2 μg/mL) for 5 min. The proceeding steps were the same as those for Group 2. Group 4: ONT1 control group. After staining with Fluo-
4-AM and resuspension, the cells were incubated with the oligonucleotide ONT1 (final concentration of 2 μg/mL) for 5 min. The proceeding steps were the
same as those for Group 2. Observation of the cells by microscopy was performed immediately after activation with 500 ng/mL streptavidin. The data
shown were calculated as the mean ±SEM, and data were from three independent experiments. (A) Fluorescent confocal images of LAD2mast cells
labelled with the Ca2+ indicator dye Fluo-4-AM. (B) Time-dependent antigen-stimulated increases in cytoplasmic Ca2+ detected by Fluo-4-AM
fluorescence. (C) Aptamer Y1 reduced the value (ΔF/F0) of Group 2 significantly. *P < 0.05 compared with Group 2, P > 0.05 compared with Group 2.

doi:10.1371/journal.pone.0158223.g010
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structure such that Orai1 molecules shut the gate in CRAC channels. To our knowledge, Apta-
mer Y1 is the first reported ssDNA aptamer specific to Orai1 and thus to CRAC channels.
With its specificity and sensitivity, this aptamer may hold great promise for application in
CRAC-related disorders.

Aptamers are single-stranded oligonucleotides with significant strategic properties in terms
of their design, development and applications, to a greater extent than monoclonal antibodies
[8]. One therapeutic aptamer specific to vascular endothelial growth factor, prescribed for age-
related macular degenerative disease, has been approved by the FDA [25]. There are several
aptamers currently in different phases of clinical trials. Almost all of these aptamers are specific
to clinically important peptides or protein targets. Aptamers are promising artificial biological
elements with broad ranges for application [26–28]. The aptamer developed in this study has
not yet been studied in vivo, and mechanistic studies and biological evaluations are currently
ongoing. The discovery of this novel Orai1-specific molecule represents a new strategy for the
further design and development of CRAC channel inhibitors.
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