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a b s t r a c t

A lectin-mediated affinity chromatographic SELEX technique was developed to generate functional
ssDNA aptamers for recombinant human erythropoietin-a (rHuEPO-a), an important pharmaceutical gly-
coprotein for the first time. Secondary structure analysis of the aptamer clones from sequential 6th, 7th,
and 8th rounds showed that a certain fragment ‘CGAGAT’ in the 30 primer region could be used to trace
increasing evolution stringency from its hybridization at different locations, in which a specific hybrid-
ization with its complement in the 50 primer region (aptamer 807) was evolved as the prevalent one with
the simplest and most common motif. Characteristics of the aptamers with lower Gibbs’ free energies and
Kd values (nM) were investigated. For aptamer 813, the minimer 813-42nt formed by the random and
primer regions was indispensable for the specific binding with rHuEPO-a. While for aptamer 807, only
the random region, that is, 807-39nt, was the functional motif. Further experiments of methylation,
site-directed mutation and length variation showed that the loop of aptamer 807-39nt was the key
region for binding with rHuEPO-a, and the stem should be considered as a stabilizing part. Lower
cross-reactivity of aptamer 807-39nt was observed with human normal urothelium tissues than the
anti-EPO monoclonal antibody AE7A5. Aptamer 807-39nt also exhibited a specific recognition for human
bladder carcinoma cells and human urothelium tumors, which might provide a novel way to probe such
tumors with overexpressed EPOs.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Erythropoietin (EPO) is one kind of important hematopoietic
growth factor, which is mainly produced in the kidney. It can regu-
late erythropoiesis production by activating the EPO–EPO receptor
(EPOR) signaling pathway, promote the proliferation and differenti-
ation of erythroid progenitor cells and maintain the red blood cell
mass at an optimum level. EPO is a typical glycoprotein and the oli-
gosaccharides contribute to about 40% of its molecular mass,1 in
which highly branched N-glycans stabilize the polypeptide chain
consisted of many hydrophobic amino acid residues at its surface.2

Since 1990, a large scale of recombinant human erythropoietins
(rHuEPOs) have been produced and employed extensively in clinic
for anemia treatment associated with renal disease and cancer,
functioning in the same way as its structure-highly-like endoge-
nous counterpart, EPO does.3,4 However, with a long-term admin-
istration of rHuEPOs, the accumulation of anti-EPO antibodies can
ll rights reserved.
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raise the risk of serious anemia, blood clotting, and heart failure for
the patients.5,6

General immunochemical or analytical methods employ anti-
bodies as recognition molecules for rHuEPO-a,7,8 however, anti-
bodies now are usually generated through time-consuming
procedures where animals or cell cultures are involved, and these
procedures face the challenge of improving the batch-to-batch
reproducibility, increasing antibodies’ affinity and narrowing their
specificity. While aptamers, as ‘chemical antibodies’, can provide a
promising alternative way to obtain ligands with high affinity and
high specificity for rHuEPO-a. Aptamers are generated by the tech-
nique of Systematic Evolution of Ligands by EXponential enrich-
ment (SELEX) with a library consisting of 1013 to 1015 single-
stranded (ss) nucleic acids with various random sequences,9,10

the immense combinatorial possibilities of these sequences pro-
vide a theoretical opportunity to isolate certain RNA or DNA apta-
mers with excellent recognition properties for any important
biomedical targets, such as metal ions, peptides, proteins, and even
intact cells and tissues.11–13

Compared with antibodies, aptamers have a number of advan-
tages such as stability, non-immunogenicity, resistance to denatur-
ation, and easiness of chemical synthesis and modification.

http://dx.doi.org/10.1016/j.bmc.2010.09.024
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Discovery of a series of anti-rHuEPO-a aptamers as a kind of effec-
tive recognition module can broaden the rHuEPO-a related re-
searches in a certain way. Given that rHuEPO-a has large number
of glycans that stretch out at the protein surface,2 cover the peptide
chain and serve as a barrier for oligonucleotides approaching, here-
in we introduce a promising lectin-mediated affinity chromato-
graphic selection method to facilitate this issue, in which the
N-glycans of rHuEPO-a are firstly bound to the lectin coated resin.
Such an immobilization can expose the polypeptide chain and as
the active binding site to the oligonucleotides (see Supplementary
Scheme S1).

Several key parameters regarding to the selection procedures
have been investigated in our research. After eight rounds of the
selection, two aptamers named 807 and 813 with high affinity
and specificity to the rHuEPO-a were isolated. The specificity and
affinity of aptamer 807 were investigated in a detailed manner.
The critical binding sites of aptamer 807 were studied through
site-directed mutation and length variation experiments. The
N-deglycosylated rHuEPO-a binding experiment further confirmed
that the peptide chain was the main binding moiety for rHuEPO-a.
Further immunofluorescence applications of the truncated apt-
amer 807-39nt on the cell and tissue-level revealed that it was
comparable with anti-EPO monoclonal antibody AE7A5 in terms
of binding with EPO.
2. Materials and methods

2.1. Materials

rHuEPO-a (3.89 mg/mL, purity >98.5%) was provided by
SCIPROGEN Bio-pharmaceutical Co. (Shenzhen, China). ssDNA li-
brary containing a 39nt random sequence flanked by primer re-
gions (50-CTTCTGCCCGCCTCCTTCC-[39N]-GGAGACGAGATAGGCG
GACACT-30),14 6-carboxyfluorescein (FAM)-labeled forward primer
(50-CTTCTGCCCGCCTCCTTCC-30), the biotinylated reverse primer
(50-AGTGTCCGCCTATCTCGTCTCC-30), and other ssDNA sequences
were synthesized by Shanghai Sangon Biological Engineering Tech-
nology & Services Company (Shanghai, China). Monoclonal anti-
EPO antibody (clone AE7A5, purified mouse IgG2a) was purchased
from R&D Systems Inc. (Minneapolis, MN, USA). Fluorescein isothi-
ocyanate (FITC)-conjugated goat anti-mouse IgG and tetramethyl-
rhodamine isothiocyanate (TRITC)-conjugated goat anti-mouse IgG
were purchased from Jackson ImmunoResearch Laboratories Inc.
(West Grove, PA, USA). Wheat germ agglutinin (WGA)-Sepharose,
N-acetyl-D-glucosamine and PNGase F (proteomics grade) were
supplied by Sigma Aldrich Inc. (St. Louis, MO, USA). The human
bladder carcinoma cell line T24 and the human lens epithelial cell
line HLE-B3 (from ATCC) were cultured in DMEM and in McCoy’s
5A medium, respectively, supplemented with 10% fetal bovine ser-
um. The paraffin embedded slides of human normal and tumor
urothelium were kindly provided by the General Hospital of the
Chinese People’s Liberation Army. All other reagents were of ana-
lytical purity and obtained from Sinopharm Chemical Reagent
Beijing Co., Ltd (Beijing, China). Deionized and pyrogen-free water
was obtained from a Milli-Q water purification system (Millipore,
MA, USA).
2.2. PCR amplification and preparation of ssDNA

The enriched ssDNA library was firstly amplified by symmetric
PCR. FAM-labeled forward primer and biotinylated reverse primer
were used in PCR amplification (5 min at 94 �C, then 30 s at 94 �C,
15 s at 56 �C, and 15 s at 72 �C as the cycle, followed by 5 min at
72 �C). Different PCR cycles were adopted depending on the con-
centration of the template. The PCR products were added to the
streptavidin-coated paramagnetic beads (STV-MBs, Promega, WI,
USA) and mixed at 37 �C for 6 h on a shaking platform, then the
beads were washed with sodium chloride–sodium citrate buffer
(SSC, pH 7.0) for three times. Three hundred microliters of
0.15 mol/L NaOH was applied onto STV-MBs to facilitate the disso-
ciation of ssDNAs from their biotinylated complementary se-
quences for 1.5 min at room temperature. The supernatant was
then moved to another vial containing 30 lL of 10% acetic acid
solution, followed by adding 1 mL acetone and 30 lL of 22% lith-
ium perchlorate (LiClO4) to precipitate the ssDNA library.

2.3. In vitro selection of aptamers for rHuEPO-a

The selection buffer consisted of 20 mM Tris, 140 mM NaCl,
5 mM MgCl2, and 5 mM KCl (pH 7.4). After 100 lL WGA-Sepharose
being suspended in 220 lL selection buffer, 2000 pmol rHuEPO-a
was added into the buffer and incubated for 4 h, then the rHu-
EPO-a-WGA-Sepharose was washed with selection buffer and
stored at 4 �C for the next step. In each round, the ssDNA library
in 300 lL selection buffer was denatured at 94 �C for 5 min and
immediately placed on ice for 10 min.

In the beginning of the first round, the native library was sub-
jected to a negative selection with blank Sepharose. Four micromo-
lar tRNA was added to the incubation mixture containing library
and rHuEPO-a-WGA-Sepharose in each selection round to sup-
press non-specific nucleic acid–protein interaction. Elution buffer
(0.45 M N-acetyl-D-glucosamine) was added to replace the
ssDNA–rHuEPO-a complex from the WGA-Sepharose, and then
the eluent was mixed with 1:1 (v/v) phenol–chloroform solution
and centrifuged at 14,000g for 10 min. The supernatant was mixed
with 1 mL acetone and 30 lL of 22% LiClO4 to precipitate the oligo-
nucleotide library at �20 �C overnight. The combination of acetone
and LiClO4 employed here can effectively precipitate more ssDNAs
of short lengths in comparison with ethanol-based method.15 After
centrifugation, the sediment was dissolved in 50 lL sterile water as
the template for the next round selection. The concentrations of
target and library used in selection process are summarized in
Supplementary Table S1.

After eight rounds of selection, the enriched 6th, 7th, and 8th
libraries were amplified by symmetry PCR with non-labeled prim-
ers. After being purified by 10% non-denatured polyacrylamide gel
(PAGE), the PCR product was subsequently cloned using the plas-
mid pGEM-T (Promega) and transferred into Escherichia coli
DH5a. Positive clones were randomly picked out and grown in
Lurib-Bertani medium containing 100 lg/mL ampicillin, and the
plasmids from individual bacterial clones were sequenced in Invit-
rogen Biotechnology Company using 3730 DNA sequence Analyzer
(Applied Biosystems, USA).

2.4. The binding percentage and affinity of the ssDNA library

Native or enriched FAM-labeled library in each round was
adopted to assess the enrichment efficiency. Hundred microliters
of WGA-Sepharose beads suspended solution with or without
500 pmol rHuEPO-a was incubated with FAM-labeled libraries
(100 pmol) of each round at 37 �C for 1 h in 200 lL selection buffer.
After removing unspecific oligonucleotides by washing the rHu-
EPO-a-WGA-Sepharose three times with selection buffer, the bind-
ing oligonucleotides were eluted with elution buffer twice. The
fluorescence intensity (FI) of the eluent was measured on a HIT-
ACHI F4010 spectrofluorometer, with an excitation at 494 nm
and an emission at 526 nm, respectively. The slit widths for both
emission and excitation were set at 5 nm.

Native library, 4th, 6th, 7th, and 8th libraries were applied in
electrophoretic mobility shift assay (EMSA) to evaluate the binding
percentage between library and rHuEPO-a. Each DNA library was
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end-labeled with 20 lCi [c-32P] ATP by T4 Polynucleotide Kinase
(TaKaRa). Twenty-five nanomolar c-32P-labeled DNA library was
incubated with 1 lM rHuEPO-a in selection buffer for 1 h at
37 �C. Electrophoresis was performed on 12% non-denatured PAGE
at 22 V/cm for 1 h at 4 �C. The gel was exposed to X-ray film at
�20 �C overnight, and then visualized by autoradiography. Radio-
activity of individual bands was analyzed by UVP VisionWorks™LS
Image Software (UVP, USA).

2.5. The affinity and specificity of aptamers

To evaluate the Kd values between aptamers and target protein,
EMSA method was adopted. Twenty-five nanomolar c-32P-apta-
mers (807, 807-68nt, 807-39nt, 813, and 850) were incubated with
increasing concentration of protein (0–1500 nM) at 37 �C for 1 h,
then applied in the 12% non-denatured PAGE. To calculate the Kd

values, the ratio of bound ssDNA/total ssDNA (y) versus rHuEPO-
a concentration (x) was plotted, and the data were fitted by the
non-linear regression analysis in Origin 7.5 (OriginLab, USA) using
one-site binding model: y = Bmaxx/(Kd + x), where Bmax is the degree
of saturation and Kd is the dissociation constant.

The specificity of aptamer 807 was also evaluated by EMSA.
Twenty-five nanomolar c-32P-labeled aptamer 807 was incubated
with different proteins (1500 nM) in selection buffer for 1 h at
37 �C, and the electrophoresis was performed as above.

The binding ability of a series of different truncated aptamers
derived from aptamer 813 or 807 (1 lM) were determined by incu-
bation with rHuEPO-a (1 lM) at 37 �C for 1 h in selection buffer,
following by 12% non-denatured PAGE at 22 V/cm for 1 h at 4 �C.
The gel was stained with ethidium bromide and imaged. All exper-
iments were duplicated.

2.6. Methylation of DNA

Methylation reaction was carried out at 37 �C in 300 lL
Tris–HCl (pH 7.4) buffer in the presence of 200 pmol aptamer
807-39nt and 1% dimethylsulfate (DMS) for 1.5 h. The reaction
was terminated by the addition of 50 lL solution of 1.5 M acetate
sodium and 20 mM 2-mercapto-ethanol, then 1.5-fold cold ethanol
was added to precipitate the methylated ssDNA.

2.7. N-deglycosylation of rHuEPO-a

N-glycans were released from rHuEPO-a by enzymatic deglyco-
sylation with PNGase F. After 10 lg rHuEPO-a was added with
4 units of PNGase F to a final volume of 30 lL with 20 mM
NH4HCO3 at pH 8.0, the reaction was kept at 37 �C for 24 h, and ter-
minated by heating for 5 min at 100 �C. Five microliters reaction
solution and 2 lg rHuEPO-a were analyzed by SDS–PAGE. Original
and N-deglycosylated rHuEPO-a were mixed with aptamer 807-
39nt in selection buffer for 1 h at 37 �C, then applied with EMSA
to compare their binding abilities.

2.8. Confocal imaging of cells and tissues bound with aptamer
807-39nt or anti-EPO mAb

The binding behaviors of aptamer 807-39nt to the HLE-B3, T24
cells and clinical tissues were evaluated, respectively. Here anti-
body AE7A5 was used as the positive control and poly T sequence
as the negative control. For the tissues, the paraffin embedded
slides of human normal or tumor urothelium were deparaffinized
in xylene, rehydrated through graded ethanol, dipped into
10 mM sodium citrate buffer, and treated in a microwave oven at
92–98 �C for 10 min to make antigen retrieval before the experi-
ment. The overnight cultured adherent cells were fixed in absolute
methanol at �20 �C for 1 h and washed with phosphate-buffered
saline (PBS) before the experiment.

Coverslips with adherent cells or tissue slides were incubated
with 100 lL AE7A5 (5 mg/L) or FAM-labeled aptamer 807-39nt
(2 lg) in binding buffer containing 5 mM Mg2+ for 1 h at 37 �C in
the dark. Afterwards the AE7A5 treated tissues or cells were incu-
bated with 1:50 diluted FITC-conjugated goat anti-mouse IgG for
1 h at 37 �C in the dark. After washing with PBS, all the slips were
counterstained with 0.25% Evans blue for 15 min to reduce the
background of non-specific autofluorescence and to help distin-
guish the specific FITC or FAM labeling probe from the red
background.

The colocalization of aptamer 807-39nt and antibody AE7A5
was performed in T24 cells and urothelium tumor tissues to con-
firm the binding site of aptamer with cells and tissues. Cells or tis-
sues were incubated with aptamer FITC-807-39nt (2 lg) in
selection buffer for 1 h at 37 �C in the dark and then incubated with
AE7A5 (0.5 lg) for another 1 h at 37 �C. The slides were then incu-
bated with 1:50 diluted TRITC-conjugated goat anti-mouse IgG for
1 h at 37 �C. After washing with PBS, 40-6-diamidino-2-phenylin-
dole (DAPI, 100 ng/mL) was adopted to stain the cell nuclei at room
temperature for 10 min. The fluorescence patterns of each slide
were scanned with a Zeiss LSM 510 META confocal microscope
(Zeiss, Germany).

3. Results and discussion

3.1. Isolation of ssDNA aptamers

We designed an affinity chromatographic method special for
the whole SELEX procedure, in which an ‘affinity tag’, lectin, was
introduced as a powerful module to attract N-glycans with sialic
acid terminal. Using this chromatographic method, we obtained
ssDNA aptamers with high affinity and specificity for rHuEPO-a
for the first time.

Four factors were considered with regard to this design. Firstly,
the structure of rhEPO-a is shown as a left-handed four-helix
bundle, the carbohydrate addition sites are clustered at one end
of the molecule.16 Considering the carbohydrates compose ca.
40% of the mass and have an extended and flexible molecular
structure, the glycans probably cover most of the molecule surface.
Indeed, researches of Toyada et al.2,17 showed that since many
hydrophobic amino acid residues were located at the surface of
rhEPO, stabilization of the conformation of intact rhEPO protein
was essentially facilitated by the complex-type, especially highly
branched N-glycans with extensively stretching hydrophobic
groups to provide hydrophobic interactions with the hydrophobic
protein surface. Therefore, it was proposed to use lectin as a medi-
ating module to specifically interact with N-glycans, and thus
make polypeptide chain moiety be exposed to the oligonucleotide
library. Since WGA has a special binding ability for sialic acids and
N-acetylglucosamines,18 here WGA-Sepharose acted as the site-
selective capturing and releasing module for rHuEPO-a by forming
possible target immobilization at certain sites was chosen.
Although an alternative approach that would generate aptamers
to the peptide moiety of rHuEPO-a is deglycosylation prior to apt-
amer selection, our developed lectin-mediated affinity selection
method is superior and more convenient over the alternative for
the easy manipulation, target protein integrity, and native protein
conformation preservation.

Secondly, we adopted a structurally constrained library with
predefined secondary structure elements which could form a rela-
tively rigid hybridization and leave a large variety of possible
shapes from all random sequences for target binding.19–22 In the
iterative in vitro selection process, partially hybridized sequences



Z. Zhang et al. / Bioorg. Med. Chem. 18 (2010) 8016–8025 8019
in the 50 and 30 primers were used to remain invariant for the PCR
step. It would deduce the freedoms of unexpected interactions be-
tween random sequences and primers, and give a direct pressure
towards the evolution of effective random sequences for the target
protein.

Thirdly, in order to eliminate the non-specific adsorption, we
incubated the oligonucleotide library with WGA-Sepharose in a
pre-negative-selection procedure, and improved the stringency of
the selection by adding yeast tRNA in each round, enlarging the ra-
tio of ssDNA/rHuEPO-a and increasing the washing times.

Last but not least, a concentration of 5 mM Mg2+ was introduced
in the selection buffer. Mg2+ not only induced advanced structures
of the DNA library to facilitate the library–target interaction,23,24

but also acted as the electrostatic attraction bridge between two
negatively charged biomolecules,25–27 here the two parts were
DNA library with phosphodiester backbone and N-glycans with
sialylated tetra-antennaries. The important role of Mg2+ had been
proved as an indispensable aid in binding of an aptameric molecu-
lar beacon with rHuEPO-a in our recent article published
separately.28

The enrichment efficiency was obviously improved after eight
rounds of selection. From rounds 1–8, the percentage of bound
ssDNAs increased from 15.7% to 65.8%. The selectivity of ssDNAs
Figure 1. (a) Selectivity and DNA bound percentage of FAM-labeled library (0.5 lM) to r
versus WGA-Sepharose = FIeluent of sample/FIeluent of blank; the percentage of ssDNA boun
behaviors shown in different rounds of library. The concentration of library and rHuEPO
against rHuEPO-a versus WGA-Sepharose was also increased from
1.4 to 10.6. The band around the marker of 400 base pairs (bp) ap-
peared on the electropherogram was from the main library–target
complexes in the EMSA, while the band around 700 bp was another
portion of complexes with probably different binding behaviors.
With the selection rounds going, the complex band gradually
intensified while the band of free library with a faster mobility
diminished (Fig. 1).

With an applied pressure in the in vitro selection, the simplest
but commonest motif usually survived after selections.29 Herein to
elucidate the selection efficiency of such a structurally constrained
library, we sequenced 128 clones from the 6th, 7th, and 8th rounds
and traced the exact locations of a certain fragment ‘CGAGAT’ in
the conserved 30 primer region in the secondary structure level
(M-fold simulation30). A profit-and-loss relationship was found
regarding to the location of the hybridization formed between this
fragment and different regions of the sequences for the selection
procedure (Table 1). It was shown that of three possible hybridiza-
tions, the first two cases (hybridizing entirely with the random se-
quence or with both the random and primer sequences) appeared
less often while the last one (hybridizing solely with 50 primer re-
gion) came out as the dominant type. Thus it was concluded that
the CGAGAT fragment interacted preferably with 50-primer to form
HuEPO-a (2.5 lM) in different SELEX round. Selectivity of ssDNA against rHuEPO-a
d = (FIbefore bound � FIafter bound)/FIbefore bound; (b) electropherograms of the binding
-a in each round is 25 nM and 1 lM, respectively.



Table 1
Different interacted or hybridized locations of CGAGAT fragment in the sequences from 6th to 8th rounds

Entirely hybridized with random sequences Interacted with both random and primer sequences Entirely interacted with primer sequences

Loop Stem-loop Sum

6th 39.5% 4.7% 18.6% 23.3% 11.6%
7th 23.3% 2.3% 7.0% 9.3% 48.8%
8th 2.4% 0% 4.8% 4.8% 64.3%

The line segment shown as ‘CGAGAT’ fragment in the 30 primer sequence.
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a proper structure accommodation so as to leave the random se-
quence more freedom to be evolved.

A satisfying enrichment of effective sequences with increasing
stringency occurred after all rounds of selection. The finally survived
prevalent sequence was aptamer 807, in which CGAGAT fully
hybridized with 50-primer region. It repeated 42 times of all 128
clones with a corresponding percentage of 2.3%, 42%, and 55% in
the 6th, 7th, and 8th rounds, respectively. Furthermore, this se-
quence exhibited by far the highest binding capability for rHuEPO-a.

The homology of all 42 sequences from the 8th round was also
analyzed using the online software the MEME Suite. It was found
that there were 23 repeated sequences, that is, aptamer 807 in
the enriched library and there existed six motifs with not less than
eight bases among the different sequences as exhibited in Supple-
mentary Table S2.

3.2. Binding affinity and specificity of some aptamers

Three sequences, 807, 813, and 850, with relative lower Gibbs’
free energy of �6.11, �6.16, and �9.28 kcal mol�1, respectively,
were selected for Kd value evaluations using EMSA. The Kd values
of sequences of 807, 813, and 850 were 82 ± 32 nM,
260 ± 117 nM, and 590 ± 354 nM, respectively (see Supplementary
Fig. S1). The specificity of aptamer 807, as an example, was tested
by adding 60-fold of other proteins such as HSA, hemoglobin, BSA,
lysozyme, and IgG. No protein was observed to have affinity with
aptamer 807 (see Supplementary Fig. S2).

Different binding behaviors were arisen from individual aptamer
813 and 807 (see Supplementary Fig. S3). The band of ligand–target
complex of aptamer 813 migrated slower than that of aptamer 807.
This phenomenon was in accord with that observed in Figure 1b, in
which the higher band at the place of ca. 700 bp in EMSA should be
mainly attributed by the complex band for EPO and aptamer 813
(and other analogs with same interaction way).

3.3. Truncation of aptamers 813 and 807

Truncation was performed to discriminate the critical se-
quences for target binding and aptamers 813 and 807 with lower
Figure 2. Binding curves of 807-68nt (a); 807-39nt (b) of 25 nM each with increasing co
binding behaviors of aptamer and rHuEPO-a; bottom: Kd simulations using one-site bin
Kd values were studied. Aptamer 813 is shown as a double stem-
loop, in which the primer sequence partially hybridized with the
random region. According to its secondary structure, aptamer
813 could be truncated as a random sequence with a stem partially
hybridized with the primer (813-51nt), then with non-pairs region
removed (813-42nt), and finally the random sequence itself (813-
40nt). EMSA results showed that aptamer 813-42nt was the short-
est motif for binding with rHuEPO-a, and indicated that the stem
forming between the random sequence and part of the primer re-
gion might facilitate the binding capacity (see Supplementary
Fig. S4).

Apatmer 807 was mainly composed of double stem-loops, one
formed by the flanking primers and the other by random se-
quences. Two smaller binding motifs were obtained: 807-68nt
(non-pairs region of the primer removed) and 807-39nt (the com-
plete random region). The Kds of 807, 807-68nt, and 807-39nt
gradually decreased in the nM level (Fig. 2), indicating that the rec-
ognition between aptamer 807 and rHuEPO-a was dominantly
contributed by the random sequence.

3.4. Binding sites of aptamer 807-39nt

Aptamers 807 and 850 belonged to the same family and had
similar secondary structures, but they showed different affinity
for rHuEPO-a, which suggested some key bases related to specific
binding might be present in aptamer 807. The roles of bases lo-
cated in the stem and loop of aptamer 807-39nt were identified,
respectively. A series of stem elongation/shortening/random varia-
tion experiments were firstly carried out. It was found that the
stem functioned as a support to fix an enclosed loop and stabilize
the complex of rHuEPO-a, but had no significant contribution to
the specific recognition (Fig. 3).

Further methylation or site-directed mutation towards DNA
bases was carried out to single out certain binding sites in the loop
of aptamer 807-39nt. Aptamer 807-39nt is composed of a G-rich, T
and A bases involved loop and a 5 bp stem. The binding capacity of
807-39nt was lost after methylation (see Supplementary Fig. S5),
suggesting that the G and A bases were located within the recogni-
tion region.
ncentrations of rHuEPO-a from 0 to 1500 nM in the selection buffer. Top: EMSA of
ding model.



Figure 3. The influence of varied length in the stem of aptamer 807-39nt on its binding behavior with rHuEPO-a in non-denatured PAGE. Lane x0 and x1 represent the
aptamer analog (1 lM) with or without rHuEPO-a (1 lM), and x represents a, b, c, d, and e, respectively. Lane M represents DNA ladder. (a) Aptamer 807-39nt; (b) the bases of
right and left sides are interchanged in the stem of aptamer 807-39nt; (c) the base pairs are randomly substituted; (d) the base pairs are shorten to 3 bp; (e) the base pairs are
extended to 11 bp.

Figure 5. (a) SDS–PAGE of rHuEPO-a before and after deglycosylation. Lanes A and
B represent rHuEPO-a with or without PNGase F digestion, respectively. Lane M is
protein ladder. (b) Non-denatured PAGE on binding of rHuEPO-a with aptamer
807-39nt (1 lM). Lanes A, B, and C represent aptamer 807-39nt along, aptamer
807-39nt with deglycosylated rHuEPO-a, aptamer 807-39nt with original rHuEPO-
a, respectively. Lane M is DNA ladder. The amount of rHuEPO-a before PNGase F
treated was identical to intact rHuEPO-a.
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Because G-rich loop intended to form advanced tertiary struc-
tures, such as G-quartets, it was assumed that the G-rich propor-
tion could be of primary importance for forming the complex.
Four pairs of G nucleotides (G9–G10, G22–G23, G26–G27, and G32–
G33) in the loop of 807-39nt were individually replaced by four
pairs of C, respectively, and aptamer 807-39nt lost binding capac-
ity after any replacement. A series of single G nucleotide mutation
experiments further illustrated that the binding capacity between
807-39nt and rHuEPO-a also vanished when G (G10, G22, G27, and
G32) was replaced with C in any of the four locations (Fig. 4).

Additional mutations were performed to the left two A and one
C nucleotide in the loop. The replacement of A with T would make
the binding capacity of 807-39nt disappear, but changing C to T
would not affect the binding (see Supplementary Fig. S6). All above
results suggested that G and A were the key binding sites for the
complex formation, and varies kinds of non-covalent interaction
generated from G and A31 might contribute to the formation of spa-
tial structure of aptamers 807-39nt when binding with rHuEPO-a.

3.5. Binding moiety of rHuEPO-a with aptamer 807-39nt

Since EPO contained large amount of oligosaccharides, if the su-
gar chains were the chief binding part between rHuEPO-a and apt-
amer 807-39nt, the universal application of 807-39nt to other
subtype of EPOs might be restricted. We performed deglycosyla-
tion experiments to test the most potential binding moiety. PNase
F enzyme was employed, which can specifically digested glycans
from three N-glycosylation sites at Asn 24, 38, and 83. A di-anten-
Figure 4. The influence of site-mutation of different G nucleotides in the loop of aptame
and x1 represent the aptamer analog (1 lM) with or without rHuEPO-a (1 lM). x represe
(c) G22 and G23; (d) G26 and G27; (e) G32 and G33 in the loop of aptamer 807-39nt are muta
nucleotide in the loop, respectively.
nary O-glycan at Ser 126 still remained after treated with PNase F
but only reserved �7% content of all saccharides in rHuEPO-a. In
EMSA, the N-deglycosylated rHuEPO-a retained the main binding
r 807-39nt on its binding behavior with rHuEPO-a in non-denatured PAGE. Lane x0

nts a, b, c, d, e, f, g, h, and i, respectively. (a) Aptamer 807-39nt only; (b) G9 and G10;
ted to both C nucleotides, respectively; (f) G10; (g) G22; (h)G27; (i) G32 is mutated to C
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ability with aptamer 807-39nt (Fig. 5). It could be inferred that the
peptide chain of rHuEPO-a was of first place in specific binding
occurred.

Further proof could be obtained by the binding experiments
between aptamer 807-39nt and commercial injection YiBiAo
(rHuEPO-a) or Recormn (rHuEPO-b), respectively. rHuEPO-a and
Figure 6. Immuno- and aptameric fluorescence of antibody AE7A5 or aptamer 807-39nt
tumor urothelium slides; (b) T24 cell adherent cover slips (the scale of the bar is 20 lm
rHuEPO-b had the same amino acid sequences but different
content of saccharides, and they showed no difference when bind-
ing with aptamer 807-39nt (see Supplementary Fig. S7). These re-
sults indicated that in the lectin-mediated chromatographic
selection method, the polypeptide chain was shown to be the
active portion as expected, no additional procedures are needed
on tumor tissues and cells, poly T here is a negative control. (a) Human malignant
).



Figure 7. Colocalization of aptamer 807-39nt and antibody AE7A5 in human malignant tumor urothelium sections and T24 cells with confocal microscopy (the scale of the
bar is 20 lm).
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to remove or separate sugar chains from the polypeptide chain
moiety.

3.6. Applications of aptamer 807-39nt

Recent evidence suggested that EPORs had been identified on a
variety of primary cancer cells and tumors,32,33 and investigations
usually focused on expression of EPO and EPOR at mRNA and pro-
tein level by real time-PCR and immunochemistry due to an auto-
crine/paracrine mechanism.34 Here human bladder carcinoma cell
line (cell T24) and human tumor urothelium tissue were also
tested to verify the binding capacity of aptamer 807-39nt with ex-
pressed EPO, normal cell HLE-B3 and normal human urothelium
tissues were chosen as the negative controls.

MAb AE7A5 against 26 amino acid residues of EPO N-terminal
was widely adopted as the main sensing or capturing molecules
in the immunological or mass spectrometric-based analysis, for
example, in the World Anti-Doping Agency official method, but it
had a broad cross-reactivity with eukaryotic, bacterial proteins,
and even human urothelium tissue,35 which restricted its applica-
tion in further immunoassays. The confocal imaging results indi-
cated that the aptamer 807-39nt showed less cross-reactivity
than mAb AE7A5 in the normal human urothelium paraffin tissue
sections (see Supplementary Fig. S8).

The aptameric fluorescence results confirmed that aptamer
807-39nt interacted with the malignant cells and tumor tissues (
Fig. 6), whereas negative results of aptamer 807-39nt were ob-
served on normal HLE-B3 cell and normal urothelium tissue slides
(see Supplementary Figs. S8 and S9). It was also reported that high
amount of overexpressed endogenous EPO existed in epithelial cell
oncogenesis,36,37 implying that the EPO signaling was relevant to
the proliferation of tumor cells. Thus aptamer 807-39nt might be
used as a new kind of inhibitors to suppress the proliferative activ-
ity of tumors.

The colocalization of aptamer 807-39nt and antibody AE7A5 in
T24 cells and human tumor urothelium tissues was further inves-
tigated by confocal imaging. For tumor cells, aptamer 807-39nt,
similar to the antibody, was not only located in cytoplasm, but also
in nucleus. For the human tumor urothelium tissues, a clear loca-
tion shift of aptamer 807-39nt was observed comparing with the
case of T24 cells, it exclusively existed in the nucleus ( Fig. 7).
Different staining patterns of 807-39nt in cultured cells and clini-
cal tissues might be due to the different pretreatment processes
of cells and tissues. The tissue slides were more prone to be pene-
trated for such a small sized aptamer into the nucleus.

4. Conclusions

We have successfully obtained aptamers with high specificity
and affinity for glycoprotein rHuEPO-a by a novel WGA lectin-
mediated affinity chromatographic SELEX for the first time. Since
the hydrophobic surfaces of rHuEPO-a are largely shielded by
numerous glycans to provide hydrophobic interactions so as to sta-
bilize the conformation of intact protein, lectin acting as the special
binding molecule for sialic acid moiety is chosen in the chromato-
graphic selection, which attributes to a successful SELEX towards
certain moiety of peptide chains in rHuEPO-a, and helpful to devel-
op aptamers against ‘epotipes’ located in the amino acid residues.
Binding ability of rHuEPO-a without N-glycosylation moiety for
aptamer 807-39nt still remains, which is in agreement with our
lectin-mediated SELEX concept.

Typical aptamers have been further characterized. In truncation
experiments, for aptamer 813, 813-42nt is the shortest motif for
binding with rHuEPO-a, and its secondary structure is a double
stem-loop generating from random region and partial primers.
For aptamer 807, the affinity of its random sequence (807-39nt)
is superior to the full sequence, the stem of 807-39nt acts as the
stabilization part and has no contribution to the formation of the
complex, while the loop is the key motif for binding with rHu-
EPO-a. Any nucleotides G and A in the loop of 807-39nt is required
for specific binding. Further applications have been executed on
the epithelial cancer cell and clinical human urothelium tumor tis-
sues. Positive binding behaviors of aptamer 807-39nt with overex-
pressed EPO are observed.

In conclusion, aptamer 807-39nt can be regarded as a powerful
alternative recognition module for rHuEPO-a, and is expected to be
an effective module in the development of new diagnosis methods.
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