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A B S T R A C T

Mapping aptamer-protein interactions is important for characterization and applications of aptamers against
proteins. We describe here probing affinity interactions between aptamer and immunoglobulin E (IgE) with a
fluorescence anisotropy (FA) approach using a series of aptamer probes having single fluorescein (FAM) label at
individual nucleotide (A, C, T). Studies of binding between IgE and aptamer probes revealed several possible
close-contact sites, e.g., T9, T10, T11, T13, C15, and T17 of a 37-nt aptamer with a stem-loop secondary
structure. FAM labeling on these sites resulted in much higher FA values (higher than 0.230 for T10, T11, T13
and C15) of aptamer-IgE complexes than the distant sites (e.g., terminals) of aptamer probably because the
bound IgE close to these sites significantly restricted local rotation of FAM. Close-contact site labeled aptamer
probes with high affinity allowed to develop a more sensitive FA assay for IgE than distant site labeled aptamers.
The FA assay using T10-labeled aptamer with a dissociation constant (Kd) about 0.8 nM enabled selective de-
tection of IgE at 20 pM and large FA increase upon IgE addition. We also found A12, C14, A25, and T27 were
important for IgE-aptamer binding as FAM labeling at these sites significantly reduced aptamer affinity. FA study
showed the loop region of this stem-loop aptamer was crucial for affinity binding, and IgE bound to the loop.
This FA method will be helpful for understanding aptamer-protein binding and making a rational design of
aptamer affinity assays for proteins.

1. Introduction

Aptamers [1,2], artificial nucleic acid ligands, possess attractive
properties and show promise in biosensors, diagnostics, therapeutics,
and etc [3–11]. Profiling aptamer-protein interaction is important for
aptamer characterization and applications of the aptamers against
proteins in broad fields [3–9]. Understanding aptamer-protein binding
sites is desired for revealing interaction mechanisms and key region of
the aptamers involved in affinity recognition, and it is helpful for ra-
tional design of aptamer-based sensors and assays for proteins [4–7].
Though a variety of methods can determine aptamer-protein binding
affinity, such as surface plasmon resonance (SPR), fluorescence, elec-
trophoresis, isothermal titration calorimetry (ITC), and etc [3,12–14],
there are limited reports that systematically study aptamer-protein
binding sites. X-ray crystallography and nuclear magnetic resonance
(NMR) can provide three-dimensional structural information of ap-
tamer-protein complex at atom levels, but they face some challenges in

expensive facilities, time consuming procedures, complicated sample
preparation and data analysis, and so far only a few protein-aptamer
complexes have been characterized by these methods [15–17].

Fluorescence anisotropy (FA)/fluorescence polarization (FP) ana-
lysis is a powerful technique for molecular interaction study and target
detection, which measures polarized fluorescence emission of fluor-
ophores in horizontal and vertical directions under polarized excitation
light [18–21]. FA value reflects the rotation speed of fluorophore re-
lative to the fluorescence lifetime. FA analysis provides a simple, rapid,
and sensitive way to analyze nucleic acid-protein interaction. The
binding of the fluorophore-labeled nucleic acid or aptamer to a large-
sized protein usually causes FA/FP increasing because of molecular
volume increase and slowing-down rotation of the fluorescent ligand
[22–25]. Study has also shown that a rapid local rotation of the fluor-
ophore on the flexible DNA or aptamer probe can significantly reduce
the expected FA increase upon protein binding and cause insensitive FA
response [26–28]. When the fluorophore is adjacent to the bound
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protein during binding, such local rotation of fluorophore is restricted,
and the affinity complex generates higher FA/FP value [25,26,29–31].
Thus, measuring the FA/FP values of the fluorescently labeled ligand
bound with protein may reveal the space proximity of the labeling sites
to the bound protein, which provides a clue about the binding sites on
the affinity ligand [29–31]. The use of specific site fluorescently labeled
aptamer probe generating higher FA responses to protein binding and
having higher affinity will allow for a more sensitive detection of pro-
tein targets in FA assays, overcoming the possible limitation of con-
ventional terminal labeled aptamer probe that is not sensitive to protein
binding.

Immunoglobulin E (IgE) is an important immunoantibody and a
biomarker related with many diseases, such as allergy, atopic dermatitis
and asthma [32–34]. One 37-mer DNA aptamer (5′-GGG GCA CGT TTA
TCC GTC CCT AGT GGC GTG CCC C-3′) [35] against IgE shows po-
tential to intervene in IgE-mediated diseases as therapeutics, and this
aptamer can also be used as an affinity ligand to develop assays and
sensors for IgE detection [24,32,36–38]. The three dimensional struc-
tural information of the aptamer-IgE complex is not available yet. The
details of interaction between IgE and aptamer and the interaction sites
on the aptamer remain unknown, which are important for many ana-
lytical and therapeutic applications of this anti-IgE aptamer.

Here we explore a simple FA approach to probe aptamer-IgE in-
teraction in homogeneous solution by using a series of aptamer probes
that have single fluorescein (FAM) labeling at different individual nu-
cleotides (e.g., A, C, and T), to identify the binding nucleotide sites of
aptamer involved in affinity binding and to develop a sensitive FA assay
for IgE using the specific internal site labeled aptamer. Through a sys-
tematic FA study of binding between these fluorescently labeled ap-
tamer probes and IgE, we fully tested FA responses of aptamer probes to
IgE binding and determined their binding affinities. We found multiple
possible close-contact nucleotide sites of aptamer (e.g., T9, T10, T11,
T13, C15, and T17) in the aptamer-IgE complex, and the corresponding
fluorescent affinity complexes showed higher FA due to the confined
local rotation of FAM. The FAM label at T10 site greatly enhanced the
affinity of aptamer. Our study showed that A12, C14, A25, and T27
were important for formation of aptamer-IgE complex because the FAM
labeling at these sites significantly disrupted the aptamer affinity. We
also identified the crucial region of the aptamer for the strong binding
affinity. The use of close-contact site (e.g., T10) labeled aptamer probe
with high binding affinity enabled detecting IgE with larger FA increase
response and a detection limit of 20 pM. This work is helpful for un-
derstanding aptamer-IgE affinity binding, and it also provides a direc-
tion for designing aptamer probes in aptamer FA assays for IgE.

2. Materials and methods

2.1. Chemical and reagents

Human immunoglobulin E (IgE) and human immunoglobulin G
(IgG) from human plasma were ordered from Athens Research &
Technology (USA). Bovine serum albumin (BSA), lysozyme, and he-
moglobin (Hb) were purchased from Sigma. Human α thrombin was
ordered from Haematologic Technologies Inc. (Essex Junction, VT,
USA). Unlabeled oligonucleotides and the oligonucleotides with fluor-
escein (FAM)-labeled at specific sites (e.g., terminal and internal A, C,
or T) were synthesized by Sangon Biotech (Shanghai, China) and
Takara Biotechnology (Dalian) Co., Ltd. (Dalian, China). All of the
oligonucleotides were purified by HPLC, and the purity was higher than
90%. Their identities were confirmed by mass spectrometry by the
companies. Other reagents were in analytical grade. Ultra-pure water
(18.2 MΩ cm) was from the Elga Labwater system (Purelab Ultra
Genetic, UK).

2.2. FA analysis of fluorescently labeled aptamer binding to IgE

Measurements of FA of FAM-labeled aptamer upon IgE addition in
homogeneous solution were performed on JASCO FP-8300 fluorescence
spectrophotometer (Japan). FA of the FAM-labeled aptamer was mea-
sured with an excitation at 493 nm and an emission at 520 nm. The
excitation and the emission slits were both set at 5 nm. Five measure-
ments were made for each sample, and the average FA value was used.
Unless otherwise noted, in FA analysis, the FAM-labeled aptamer
(10 nM) was incubated with IgE in a buffer containing 20 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 5 mM KCl, 1 mM MgCl2 and 1 mg/mL BSA. FA
was measured at 25 °C after 20 min incubation.

2.3. Determination of affinity of fluorescently labeled aptamer by FA
analysis

The dissociation constants (Kds) of many FAM-labeled aptamer
probes were determined from FA titrations of aptamer probes with
varying concentrations of IgE and the nonlinear fitting, and the details
were shown in the following.
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where [IgE] was the concentration of free IgE, and [Aptamer] was the
concentration of free aptamer in equilibrium. [IgE·Aptamer] was the
concentration of complex of aptamer and IgE in equilibrium. Im and Io
were the fluorescence intensities of the totally bound aptamer probe
and the free aptamer probe, respectively. r, rf, and rcomplex are fluor-
escence anisotropy values of the sample, the free aptamer probe, and
the complex of aptamer and IgE, respectively. [IgE]0 was the total
concentration of IgE, and [Aptamer]0 was the total concentration of
aptamer probe. Fa was the apparent bound fraction of the aptamer. The
accurate bound fraction fa of aptamer probe was obtained by using the
fluorescence intensity enhancement factor Qm, as shown in equation
(3). Qm was calculated from the measurement of fluorescence intensity
of aptamer probe. The stoichiometry between IgE and aptamer probe
was 1:1. The Kd was determined by the non-linear fitting the fraction
data to equation (6) through Graph Pad.

3. Results and discussion

3.1. Principle of probing the binding nucleotide sites on aptamer in aptamer-
IgE interactions by FA analysis

Fig. 1 shows the principle of probing the aptamer-IgE binding and
the binding nucleotide sites on aptamer in aptamer-IgE interaction by
using a fluorescence anisotropy approach in homogeneous solution. We
apply FAM as a single fluorescent labeling at a series of specified sites of
the aptamer, including the ends and the internal nucleotides (A, C, and
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T) of the aptamer (Table S1 in Supplementary material). The FA re-
sponse of each fluorescently labeled aptamer upon IgE binding and the
FA value of affinity complex are measured by FA titration of aptamer
probes with increasing concentrations of IgE. The close-contact site
labeled aptamer shows a high FA value in aptamer-IgE complex because
the local rotation of the fluorophore in the affinity complex is restricted
and the FA value of the complex is mainly governed by the slow global
rotation of the aptamer-IgE complex (Fig. 1) [29–31]. The distant site
labeled aptamer only generates a low FA value in the complex, which is
caused by the rapid local rotation of the fluorophore (Fig. 1)
[26,29–31]. Therefore, the possible binding nucleotide sites of the ap-
tamer in aptamer-IgE interaction can be estimated by FA values of the
complex of fluorescently labeled aptamer and IgE with respect to a
series of different labeling sites of aptamer probes.

3.2. FA responses of fluorescently labeled aptamers upon IgE binding and
estimation of the binding nucleotide sites on aptamer

We systematically tested the FA responses of different FAM-labeled
aptamer probes (Table S1 in Supplementary material) to IgE and
measured the FA values of the affinity complexes in homogenous so-
lution. In the absence of IgE, most of aptamer probes showed low FA
value (r) in the range from 0.050 to 0.070 (Fig. S1 in Supplementary
material), suggesting that the FAM label in the unbound aptamer has
relatively large local rotation as negatively charged FAM is repelled by
the phosphate backbone of aptamer [23,25,27]. Upon IgE addition,
these FAM-labeled aptamers showed remarkably different FA responses
(Fig. 2). According to the FA responses to IgE, the aptamer probes can
be classified into three groups: the first group showing a large FA
change (Δr) (Δr> 0.040) and a sigmoid response curve (labeling
sites:T9, T10, T11, T13, C15, T17, C23, C30) (Fig. 2A), the second
group showing a small Δr (less than 0.025) and a sigmoid response
curve (labeling sites: 5′, A6, C7, C18, C20, T21, C22, T24, T32, C37)
(Fig. 2B), and the third group showing negligible FA changes upon IgE
addition (labeling sites: C5, A12, C14, C19, A25, T27, C34, C35, C36,
3′) (Fig. 2C).

For the first and the second groups of aptamer probes (Fig. 2A and
B), we extracted the FA values of aptamer-IgE complex (rcomplex, the FA

of fully IgE-bound aptamer probe) from FA titration curves (Fig. 3,
Table S2), which corresponded to the plateau FA level at high con-
centration of IgE (Fig. S2 in Supplementary material). In the third group
of aptamer probes, the rcomplex information can not be directly obtained,
and their negligible FA changes upon IgE addition may result from the
weak binding affinity of labeled aptamers or the low FA values of ap-
tamer-IgE complex. To test whether aptamer-IgE complex is well
formed during FA titrations for the third group of probes, we de-
termined the binding affinity of the aptamer probes.

Determined from FA titration analysis, the Kds of the first and the
second groups of aptamer probes (Fig. 2A and B) ranged from 0.8 nM to
36 nM (Table S2), close to the Kd of the unlabeled aptamer (3.5 nM)
(Fig. S3 in Supplementary material) [35]. It is noted that the T10-la-
beled aptamer shows higher binding affinity than the unlabeled ap-
tamer, meaning the interaction between aptamer and IgE is enhanced
due to FAM label at T10 site and tight binding. The C5, C19, C34, C35,
C36, and 3′ end labeled aptamers in the third group still had good
binding affinity, which was determined by electrophoretic mobility
assay using capillary electrophoresis-laser induced fluorescence (CE-
LIF) analysis or by measuring fluorescence intensity change (for C15 or
C19 labeled aptamers) (Fig. S4A and Table S2 in Supplementary ma-
terial). Therefore, the C5, C19, C34, C35, C36, and 3′ end labeled ap-
tamers were totally bound by IgE at high concentrations of IgE during
FA titrations, and their rcomplex values were similar to the FA value of
the unbound aptamer probes (Fig. 3, Table S2 in Supplementary ma-
terial). In contrast, the A12, C14, A25 or T27 labeled aptamers showed
significantly reduced binding affinity (hundreds of times decrease) (Fig.
S4B and Table S2 in Supplementary material), and we failed to obtain
their rcomplex values from FA titrations because their aptamer-IgE
complexes were not totally formed in the tested concentration range of
IgE.

Judging from the rcomplex values of aptamer probes (Fig. 3 and Table
S2), we estimated the sites of T9, T10, T11, T13, C15, and T17 are close
to the bound IgE in the aptamer-IgE complex [29–31]. For the sites of
T10, T11, T13, and C15, the rcomplex values are higher than 0.230, and
probably they are much closer to the bound IgE. The sites of C23 and
C30 possibly are also relatively adjacent to the bound IgE. Most of the
rest of sites of aptamer (except A12, C14, A25, and T27) are distant

Fig. 1. Principle of probing binding nucleotide sites on aptamer in affinity binding to IgE through fluorescence anisotropy analysis in homogeneous solutions by using
aptamer with single fluorescein label at specific individual nucleotide (A, C, and T).
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from the bound IgE, leading to small FA responses upon IgE binding and
low rcomplex values (below 0.080 for most of aptamer probes).

The great affinity perturbation caused by FAM label at A12, C14,
A25, or T27 suggests these sites are important in the formation of IgE-
aptamer complex. This effect possibly results from the steric exclusion
by FAM label on these sites [31]. Furthermore, A12, C14, A25, and T27
locate around the estimated close-contact sites of aptamer (T9, T10,
T11, T13, C15, and C23) to the bound IgE (Fig. 3), so it is likely that
A12, C14, A25, and T27 are close to IgE during affinity binding.

3.3. Crucial region of aptamer sequence for affinity binding to IgE

We further attempted to screen the crucial region of aptamer se-
quence for strong affinity binding to IgE by truncation and mutation of
the labeled aptamer probe (Fig. 4 and Fig. S5 and Table S3 in

Supplementary material). The truncation of one, two, or three-base
pairs of aptamer in the stem did not greatly reduce the binding affinity
of IgE37-T10-FAM (Table S2 and Fig. S5 in Supplementary material).
When 4-base pairs and 5-base pairs were truncated from the stem, the
Kds of the aptamers increased to 11.4 nM and 90.5 nM, respectively.
This result suggests that the stem part of the aptamer should have at
least four base pairs for the aptamer to possess a stable secondary
structure and maintain a high binding affinity to IgE [35]. It has been
known that MgCl2 is helpful for hybridization of complementary DNA
sequences and stem formation. Without MgCl2 in the binding buffer, the
Kd of IgE37-T10-FAM increased to 49 nM because the stem part of the
aptamer was not stable in the absence of MgCl2. This result further
confirms the importance of a stable stem of the aptamer for affinity
binding to IgE with high affinity.

We made single nucleotide substitution in the sequence of IgE37-

Fig. 2. FA responses of aptamer probes with single FAM label at different sites upon addition of IgE. (A) Aptamer probes showing a large FA change (Δr, obtained by
subtracting the FA of free aptamer probe from the FA of the aptamer probe in the presence of IgE) upon IgE addition and a sigmoid FA titration curve. (B) Aptamer
probes showing a small FA change (Δr) upon IgE addition and a sigmoid FA titration curve. (C) Aptamer probes showing negligible FA changes to IgE in the tested
concentration range.

Q. Zhao, et al. Talanta 217 (2020) 121018

4



T10-FAM ranging from C5 to G33 (not including T10, shown in Table
S2 in Supplementary material) and single substitution of IgE37-T13-
FAM at T10. The IgE37-T10-FAM with single substitution at T11, C18,
C19, C22, C23, or T24 still showed large FA increase upon IgE (20 nM)
binding, close to that obtained by IgE37-T10-FAM, and they maintained
good binding affinity to IgE (Fig. S6). It indicates that T11, C18, C19,
C22, C23, or T24 in the loop region of the aptamer (from T9 to G29,
totally 21 nucleotides) are variable (Fig. 3), and the mutation at these
sites did not significantly affect the FA response of probes to IgE and
aptamer affinity [39–41]. The rest of positions in the loop region are all
conserved and crucial for the aptamer [35,40]. Single mutation at the
stem region, including C5, A6, C7, T32, or G33, still show large FA
increase upon IgE (Fig. 4), suggesting these sites can be singly sub-
stituted without disrupting the stem structure of the aptamer, which is
consistent with the previous study [35,40]. Accordingly, the mutation
results also further confirm the importance of A12, C14, A25, and T27
in the formation of aptamer-IgE complex and most of the estimated
close contact sites are invariable in the sequence, and these sites are
crucial in the affinity binding.

3.4. Rational design of a sensitive FA assay for IgE using fluorescently
labeled aptamer

The finding close-contact site labeled aptamers that have good af-
finity (e.g., T9-, T10-, T11-, and T13-labeled aptamers) allowed to de-
velop more sensitive FA assays for detection of IgE. The T10-labeled

aptamer was the best one among them. IgE as low as 0.1 nM was de-
tected with 10 nM IgE37-T10-FAM (Fig. 5). As comparison, the distant
site (e.g., 5′ end and 3′ end) labeled aptamer probes were insensitive to
IgE binding though IgE is a pretty large protein (molecular weight
about 200 kD) (Fig. 5A). Clearly, it indicates the choice of labeling site
on the aptamer is important for developing aptamer FA assay for IgE
with high sensitivity. The detection limit for IgE was further reduced to
0.02 nM (S/N > 3) when 1 nM IgE37-T10-FAM probe was applied
(Fig. 5B). The detection limit of our FA assay is lower than that of other
reported aptamer assays for IgE detection [24,36–38]. The aptamer FA
assay was selective, and other tested proteins including im-
munoglobulin G (IgG), thrombin, lysozyme, and hemoglobin did not
cause interference (Fig. 6). This aptamer FA assay also allowed detec-
tion of IgE spiked in 100-fold diluted serum sample (Fig. S7 in Sup-
plementary material). Clearly, the affinity binding study using specific-
site labeled aptamer probe helps to design a preferred aptamer fluor-
escent probe to develop a sensitive FA assay for IgE detection, over-
coming the possible limitations of the commonly used terminal labeled
aptamer in FA assays.

4. Conclusions

In summary, we reported screening aptamer-IgE interaction in
homogeneous solution through a simple FA method by using a series of
aptamer probes with single FAM label on specific sites (e.g., terminals
and nucleotides A, C, and T of aptamers). We found multiple possible

Fig. 3. FA values of the complex of IgE-aptamer
probe (rcomplex) with respect to labeled sites of ap-
tamer and the labeled sites shown in a predicted
secondary structure for anti-IgE aptamer [36]. For
the labeled sites A12, C14, C25, and T27 (shown in
blue), their corresponding fluorescently labeled ap-
tamer probes showed greatly reduced binding affi-
nity, and their corresponding rcomplex values were not
obtained. The possible binding region on the ap-
tamer in the aptamer-IgE complex was shown in
yellow area. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 4. FA screening the key region of aptamer se-
quence for affinity binding. (A) FA responses of
IgE37-T10-FAM probes without mutation (Control)
and with single substitution of nucleotide to IgE were
recorded. The single mutation site was indicated (For
example, C5A meant that the C5 of aptamer IgE37-
T10-FAM was substituted with A). T10C corre-
sponded to mutation of T10 to C in the IgE37-T13-
FAM. 10 nM aptamer probe was incubated with
20 nM IgE. (B) Key region of the aptamer for affinity
binding shown in the predicted stem-loop secondary
structure of aptamer against IgE. The loop region of
the aptamer is shown in blue and red, and the nu-
cleotides in red can be substituted without sig-
nificantly reducing the binding affinity of aptamer.
In the stem region, nucleotides are shown in black.
The zone with purple dash line shows the shortest
sequence of the aptamer with strong binding affinity
to IgE, and at least 4 base pairs are needed in the

stem for the aptamer to maintain high binding affinity. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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close-contact sites in the aptamer for IgE, and distant sites of the ap-
tamer to the bound IgE. The aptamer with FAM label at the close
contact site generated larger FA value in aptamer-IgE complex. We
identified the crucial region of the aptamer sequence for the strong
affinity binding. We developed a more sensitive FA assay for IgE by
using the close-contact site (e.g., T10 site) labeled aptamer with high
binding affinity because a larger FA increase was induced by IgE
binding, and the detection limit of IgE reached 20 pM. This FA method
will be useful for investigation of aptamer-protein and DNA-protein
affinity interactions, rational assay design, and development of ap-
tamer-based sensor.
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