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We report on a new strategy for identifying highly specific aptamers against a predetermined epitope of a
target. Termed ‘‘ligand-guided selection’’ (LIGS), this method uniquely exploits the selection step, the core
of SELEX (Systematic Evolution Exponential enrichment). LIGS uses a naturally occurring stronger and
highly specific bivalent binder, an antibody (Ab) interacting with its cognate antigen to outcompete specific
aptamers from a partially enriched SELEX pool, as a strategy. We demonstrate the hypothesis of LIGS by
utilizing an Ab binding to membrane-bound Immunoglobulin M (mIgM) to selectively elute aptamers that are
specific for mIgM from a SELEX pool that is partially enriched toward mIgM expressing Ramos cells. The
selected aptamers show specificity toward Ramos cells. We identified three aptamer candidates utilizing
LIGS that could be outcompeted by mIgM Ab, demonstrating that LIGS can be successfully applied to select
aptamers from a partially evolved cell-SELEX library, against predetermined receptor proteins using a
cognate ligand. This proof-of-concept study introduces a new biochemical-screening platform that exploits
the binding of a secondary stronger molecular entity to its target as a partition step, to identify highly specific
artificial nucleic acid ligands.

Introduction

Nucleic acid aptamers (nucleic acid-based antibody
analogs) are being investigated to develop therapeutic

molecules for the treatment of a variety of diseases [1]. The
synthetic nature of aptamers makes them attractive for the
introduction of elegant chemistries to engineer molecular
tools, especially compared with the use of antibodies, their
protein-based rival [2]. The process by which aptamers are
selected is referred to as SELEX [3,4]. The SELEX process is
a screening method that combines in vitro evolution and
combinatorial chemistry [5].

Recently, considerable efforts have been aimed at im-
proving SELEX to generate aptamers that are suitable for
applications in translational research. For example, SELEX
methods have been introduced to select aptamers against
whole cells to identify cell-surface proteins; modified nucleic
acids have been introduced to enhance the diversity of SE-
LEX libraries to produce high-affinity aptamers; and methods
have been introduced to increase the efficiency of the poly-
merase chain reaction (PCR) of SELEX against proteins [6–
10]. However, no biochemical techniques have thus far been
introduced to select specific aptamers against a pre-

determined epitope of a receptor protein in its endogenous
state with no prior manipulation of the target.

Herein, we report a novel biochemical technique for
identifying specific aptamers from a partially evolved library
directed by binding of a pre-existing secondary ligand with
its cognate receptor. This strategy, termed ligand-guided
selection (LIGS), takes advantage of the evolutionary selec-
tion step of SELEX. The aptamers are evolved in the SELEX
process based on the survival of high-affinity ligands by
outcompeting the low-affinity ligands during the partition
step followed by PCR amplification.

We exploited this feature of the partition step to isolate
specific aptamers. This is accomplished by introducing a
stronger secondary high-affinity ligand, in this example, an
antibody against IgM expressed on Burkitt’s lymphoma cells
(Ab) to outcompete and replace the aptamer candidates
binding to the same target of the Ab. Based on the specificity
of Ab toward its target, the aptamers identified by LIGS are
also expected to show specificity toward Ab’s target. The se-
lected aptamers show specificity toward Ramos cells. As ex-
pected, the identified specific aptamers for membrane-bound
Immunoglobulin M (mIgM) compete with the cognate Ab
binding to its target. This proof-of-concept study introduces a
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new biochemical-screening platform that exploits the binding
of a secondary stronger molecular entity to its target as a
partition step, to identify highly specific artificial nucleic acid
ligands.

Materials and Methods

Cell culture

Cell lines, Ramos (Burkitt’s lymphoma) and Jurkat.E6 (T
lymphocyte), were a generous gift from David Scheinberg
lab and Morgan Huse lab, Memorial Sloan Kettering Cancer
Center. All cells were cultured in RPMI 1640 medium sup-
plemented with 100 units/mL penicillin–streptomycin and
10% fetal bovine serum (heat inactivated; Invitrogen).

Phosphoramidites. All of the DNA reagents needed for
DNA synthesis were purchased from Glen Research or
ChemGenes. All the DNA oligo sequences were chemically
synthesized by attaching a fluorophore at the 3¢ end using
standard solid-phase phosphoramidite chemistry on an ABI394
DNA (Biolytics) synthesizer using a 0.2mmol scale. The
completed DNA sequences were de-protected and purified by
using HPLC (Waters) that was equipped with a C-18 reversed-
phase column (Phenomenex). All in vitro experiments were
performed by using a binding buffer composed of Dulbecco’s
phosphate-buffered saline (DPBS) and 4.5 g/L glucose (Sigma-
Aldrich), 5 mM MgCl2, 100 mg/L, tRNA (Sigma-Aldrich), and
1 g/L BSA (Sigma-Aldrich). The wash buffer was composed of
DPBS with 5 mM MgCl2 and 4.5 g/L glucose (Sigma-Aldrich).

SELEX primers and library

Primers and SELEX library were obtained from Sefah
et al. [11]. The SELEX library consisting of primers flanked
by a 45-nucleotide randomized region was purchased from
IDT DNA Technologies.

Cell-SELEX procedure

The PI staining of the cells and the flow cytometric anal-
ysis of expression of mIgM utilizing fluorescein iso-
thiocyanate (FITC)-labeled anti-IgM antibody (1mg, Goat
anti human; Life Technologies) along with an isotype control
(1 mg, Goat anti mouse IgG2a; Biolegend) were performed on
a regular basis to maintain high-quality cells expressing
mIgM before performing each round of SELEX.

The ss-SELEX DNA library binding buffer was heated at
95�C for 5 min and snapped cooled in ice for 30 min before
selection. Cells were prepared for SELEX experiments by
washing thrice with the wash buffer; subsequently, they were
re-suspended in 100 mL of a cell suspension buffer (cell-
binding buffer with 2 g/L BSA) before incubation with
100 mL of an ss-DNA library for 40 min on ice. The first
round of selection was done with 10 · 106 cells and 100 nmol
of the ss-DNA SELEX library.

The supernatant was collected as the unbound fraction.
The cells that bound to the library were washed with wash
buffer (10 mL) to remove weak or nonspecifically bound
DNA strands. The bound DNA library was eluted by heating
at 95�C for 10 min in 200mL of DNAse/RNAse free water. A
two-step PCR was employed for the optimization of the PCR
conditions, and a large scale PCR was employed to expand

the evolved library as reported elsewhere [12]. A double-
stranded, PCR-amplified DNA library was made single
stranded by using avidin agarose beads (Pierce) and desalted
by using NAP-10 columns (GE) as described by Sefah et al.
[11]. For subsequent SELEX rounds, 250 nM of the FITC-
tagged ss-DNA library was used from round 2 to round 13.

Flow cytometric analysis

The progress of the selection was evaluated by utilizing
flow cytometric analysis. The PCR-amplified DNA library is
labeled with fluorescence tag FITC at the 5¢ end and analyzed
by a flow cytometric assay. A 250 nM FITC-tagged ss-DNA
library (25mL) was incubated with 2.5 · 105 Ramos cells in
binding buffer for 40 min on ice. After washing twice with
wash buffer (3 mL), the cells were suspended in 500 mL of
wash buffer and were analyzed by an FACS Calibur flow
cytometer (Cytek) by counting 10,000 events.

Cell-binding assays

The affinities of the aptamer sequences were evaluated by
incubating Ramos cells (2.0 · 105) with a series of concen-
trations of FITC-labeled aptamer in 200mL of binding buffer
on ice for 60 min. The cells were then washed twice with
1 mL of wash buffer at 4�C and reconstituted in 400mL of
wash buffer. The binding of the constructs was analyzed
using flow cytometry by counting 5000 events for each
concentration. The calculation of Bmax/2 was done by using
the same method as described in Sefah et al. [11].

The specific binding of each aptamer was evaluated by
incubating Ramos cells (0.5 or 1.0 · 105) and Jurkat.E6 cells
(0.5 or 1.0 · 105) with FITC-labeled aptamers of concentra-
tions of 0.5 or 1mM in 100 mL of cell suspension buffer on ice
for 60 min. The cells were then washed twice with 1 mL of
wash buffer at 4�C and reconstituted in 250mL of wash
buffer. Aptamer binding was analyzed using flow cytometry
by counting 5000 events for each concentration. As a positive
control, a similar assay was performed by using an Alexa
Fluor 647 labeled anti-IgM antibody (1 mg, Goat anti human
m-chain; Life Technologies) along with an isotype control
(1mg; Biolegend).

Ligand-guided cell-selection protocol

Ligand competition. The enriched 13th pool FITC-tagged
ss-DNA pool or control zero cycle ss-DNA pool was heated
at 95�C for 5 min and cooled on ice for 20 min. 2.5 · 105 cells
were incubated with 250 nM 13th SELEX-pool and 25 mL ss-
DNA pool for 40 min on ice and washed once with 3 mL of
wash buffer. The pretreated Ramos cells with the 13th SE-
LEX pool were suspended in 50mL of binding buffer and then
incubated with an Alexa Fluor 647 goat anti-human IgM
antibody (1 mg) for 30 min on ice to compete and elute the
potential aptamer candidates. After incubation, the eluted
13th pool was obtained through competition, which in the
supernatant was collected and amplified by PCR. To ensure
the presence of mIgM expressed on Ramos cells, 2.5 · 105

cells were incubated in parallel with an Alexa Fluor� 647
goat anti-human IgM or Alexa Fluor 647 goat IgG Isotype
antibody for 30 min. After incubation, all the samples were
washed and the sample was analyzed by FACS Calibur flow
cytometry (cytek) by counting 10,000 events.
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Two different SELEX libraries generated from (1) the
DNA pool from the SELEX 13th round specifically enriched
against Ramos cells, (2) the competitively eluted fraction of
the SELEX 13th round by using antibody competition spe-
cific for epitopes on the mIgM were cloned into bacteria by
using a TOPO TA cloning kit (Invitrogen), and positive
colonies were subsequently sequenced by the DNA se-
quencing core facility at Albert Einstein College of Medicine.

Antigen specificity

Antigen specificity is determined by the competition be-
tween anti-IgM antibody and aptamers. To investigate the
competition between anti-IgM (mu) antibody and aptamers,
first, 0.5 mg/mL of APC anti-human CD20 antibody and
0.25 mg/mL of Alexa Fluor 647 goat anti-human IgM anti-
body were incubated with 4 · 105 Ramos cells on ice for
30 min. Then, the free antibody was washed with 3 mL of
wash buffer, and cells were reconstituted with 400mL of cell
suspension buffer. A final concentration of 0.4–0.5 mM of
FITC-labeled aptamer or corresponding random control was
incubated in 125 mL of cell suspension buffer for another
60 min on ice. Then, the cells were washed with 1 mL of wash
buffer and binding events were monitored in FL1 for the
aptamer and in FL4 for the antibody counting 5000 events
using flowcytometry.

We also conducted blocking experiments with aptamers
that had been preincubated with antibody. First, 10 · 104 of
Ramos cells were incubated with 1 mM of corresponding
aptamer or random control on ice for 45 min. Then, the pre-
incubated cells with the aptamer or random were added to
serially diluted concentrations from 20 ng/mL to 0.2 g/mL of
anti-IgM solution and allowed free competition for an addi-
tional 35 min on ice. Next, the cells were washed twice with 1
and 0.5 mL of wash buffer and re-suspended in 300mL of
wash buffer, and the antibody binding was analyzed with
flow cytometry.

Results and Discussion

The selection method is outlined in Figure 1. Briefly, the
conventional cell-SELEX method was first employed against
Ramos cells that naturally express high levels of the desired

epitope (mIgM). Cell-SELEX was continued until a partial
enrichment of the evolved SELEX library against the target
cells was observed [11]. Next, the partially enriched library
was divided into fractions. The first fraction was PCR am-
plified, cloned, and sequenced. These sequences are specific
toward target cells (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/nat). An
excess of Ab was introduced on the second fraction, which
was preincubated with Ramos cells that were subsequently
washed to remove nonbinding sequences, to selectively
outcompete and elute potential aptamers that bind to the
cognate epitope less strongly when the anti-IgM Ab is present
(Fig. 1). The sequences outcompeted by Ab were PCR am-
plified, cloned, and sequenced. Finally, sequences obtained
from DNA sequencing of two fractions of the SELEX pool
were aligned using the ClustalX.2 program and based on set
criteria; specific aptamer candidates against mIgM in target
cells were screened and identified [13,14].

The SELEX-library used in the selection has been pub-
lished elsewhere [15]. Cell-SELEX was carried out without
incorporating a negative selection, because we hypothesized
that if potential aptamer candidates could be partially en-
riched toward the desired epitope, that is, mIgM, applying an
antibody against the aptamer would elute these sequences,
despite the existence of unrelated off-target sequences in the
partially evolved pool. We first validated the expression of
mIgM on Ramos cell lines utilizing anti-IgM antibody
(Supplementary Fig. S2). Ten million cells and a high con-
centration of the initial DNA library were employed during
the first round of selection to increase the probability of
capturing potential ‘‘binders.’’ We detected a partial en-
richment of the evolved pool starting at round 13 of the cell-
SELEX pool, compared with the unselected pool (Fig. 2a). At
this point, the remaining round 13 was used in LIGS. To elute
mIgM-specific sequences, we introduced an excess amount
of Ab (1mg) to compete with the aptamer from the fraction of
round 13 of the cell-SELEX pool that was preincubated with
Ramos cells followed by a wash to remove nonbinding DNA
molecules. The supernatant containing sequences out-
competed by Ab were then collected. To confirm that the Ab
had, indeed, interacted with mIgM, and to investigate Ab’s
effect on aptamer pool 13 fraction-2 binding to Ramos cells,

FIG. 1. Outline of ligand-guided selection. Color images available online at www.liebertpub.com/nat
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cells after Ab competition were analyzed by flow cytometry
(Fig. 2b red histogram for binding of SELEX pool round 13
after adding Ab and Fig. 2c blue histogram for binding of
anti-IgM Ab). As shown in Figure 2b and c, the binding of
the anti-IgM Ab to its epitope on Ramos cells replaces the
binding of some aptamer sequences that are enriched in the
evolved pool. This observation suggests that at least few
sequences that are enriched in the round 13 fraction-2 are
eluted by anti-mIgM Ab. Based on the PCR of eluted pool at
this step, we observed that a low number of sequences was
eluted during this step, mainly because: (1) the DNA pool
was only partially evolved, with a low number of aptamer
copies; (2) a low number of cells was employed in the LIGS;
and (3) Ab competition, which is designed to selectively elute
specific sequences, only generates a low number of specific
sequences for one target epitope.

Since the SELEX pool is partially enriched, we cloned and
sequenced multiple fractions of round 13 of the cell-SELEX

pool and competitively eluted a fraction of round 13 of the
cell-SELEX pool. About 500 sequences were obtained from
all fractions, which could be categorized into families based
on their sequence homology. We hypothesized that enriched
sequences toward the cell line (Ramos) predominate in the
library and have a higher probability in ‘‘surviving’’ the pool.
Therefore, the sequences resulting from sequencing of round
13 of the cell-SELEX pool would contain all of the sequences
that were enriched toward Ramos cells. On the other hand,
the sequences obtained from LIGS would favor the set of
sequences selectively eluted by the ligand. Analysis of the
sequences obtained from sequencing of the competitively
eluted pool or the cell-SELEX round 13 pool showed two
types of sequences: (1) Sequences share motifs that are
common to sequences in round 13 of the cell-SELEX pool
and the competitively eluted pool. (2) Sequences are repeated
within the competitively eluted library. We focused on both
types of sequences that repeatedly appeared within a family

FIG. 2. Flow cytometric analysis of evolved library and LIGS. Fluorescence intensity on x-axis is indicative of binding of
fluorescently labeled R10 that evolved round 13 pool or anti-IgM. (a) Analysis of binding of evolved pool from round 13
against Ramos cells. At the 13th round, an increase in fluorescence intensity was observed, indicating that the library was
partially evolved with Ramos-specific DNA aptamer sequences. (b) Pool from round 13 during LIGS, introduction of anti-
IgM Ab to round 13 bound Ramos cells, resulted in decreased fluorescence intensity. (c) Binding of anti-IgM mAb during
LIGS showing Ab binding to Ramos cells (blue line). LIGS, ligand-guided selection. Color images available online at
www.liebertpub.com/nat

FIG. 3. Sequence alignment of the major family of LIGS using ClustalX2. Sequences repeated in the competitively eluted
library were synthesized and screened against Ramos cells. Also, sequences from the main library share common motifs
with competitively eluted sequences that are synthesized and screened against Ramos cells. MainLib, sequences obtained
from SELEX-13 round; ComLib, sequences obtained from competitively eluted SELEX-13 round. Three specific aptamer
candidates R1, R10, and R15 were evaluated and their Bmax/2 was calculated. Color images available online at
www.liebertpub.com/nat
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with common motifs from both pools or within the compet-
itively eluted pool. For example, as shown in Figure 3, se-
quence R10 only appeared on cell-SELEX round 13;
however, a shorter version of a common motif was identified
to appear in the competitively eluted pool. Also, R6, R8, and
R1 share a common GGG motif, differing only in few bases
within the motif (Fig. 3). We also observed the same se-
quence repeated within the competitively eluted library
(Supplementary Table S1) and within the main cell-SELEX
round 13 pool. Since the scope of this research is to identify
sequences that are specific toward mIgM, even though se-
quences repeated within the main library might be potential
aptamer candidates, we did not investigate the sequences that
did not show any common motifs with competitively eluted
sequences. Based on these criteria, we synthesized and tested
33 different sequences either from the competitively eluted
library or from the main SELEX-library of round 13. Out of
33 sequences, 27 sequences are from the competitively eluted
library and 6 sequences share the same motif as that of the
competitively eluted library but from the cell-SELEX round
13 main pool.

Since the LIGS is predominantly aimed at increasing
specificity, individual chemically synthesized sequences
based on set criteria of sequence selection were first tested for
specificity. We used target Ramos cells, which express high
levels of mIgM and nontarget Jurkat.E6 cells. Since Jur-
kat.E6 cells are human T-cell leukemia that are mainly de-
signed to investigate the T-cell receptor complex, by
definition, these cells do not express mIgM; thus, Jurkat.E6
cells are comparable to a cell line that does not express the
antigen that validates its use as a nonspecific cell line [16].
All specificity assays were done by using FITC-labeled ap-
tamers, and a randomized DNA sequence was used as a
control. Tested aptamer candidates are listed in Supplemen-
tary Table S2, and corresponding histograms of specificity
analysis are in Supplementary Figure S3a and b. Interest-
ingly, we observed three types of binding patterns within
tested 33 sequences: (1) Sequences do not bind to either
Ramos cells or Jurkat.E6 cells, which might be nonspecific
amplicons in the library. (2) Sequences bind to both Ramos
and Jurkat.E6 cells, and these sequences might be binding to
commonly present Fcg receptors that are present in both
types of cells that are eluted by the Ab competition. (3) Se-
quences bind to only Ramos cells but not to Jurkat.E6 cells,
which might be specific sequences toward Ramos cells. This
suggests that the pool resulting from competitive elution does
not necessarily contain only specific sequences, and screen-
ing of individual aptamer candidates for specificity is needed
to identify epitope-specific aptamer candidates. Out of the
tested 33 sequences, we identified three unique sequences
that show specificity toward Ramos cells (Fig. 4).

The sequences that showed specificity toward mIgM-
positive Ramos cells were further investigated for binding
affinity. We evaluated Bmax/2 for the sequences that showed
specific binding. The calculated Bmax/2 for R1, R10, and
R15 are in the sub-micro molar range (see affinity curves in
Supplementary Fig. S4) against Ramos cells, suggesting that
sequences generated using LIGS show lower affinities. The
issue of lower affinities of the identified aptamers could be
predominantly because LIGS was applied to a partially
evolved SELEX pool, and the evolution of sequences was
interrupted. Therefore, a partially evolved SELEX pool

might contain sequences with lower to moderate affinities.
However, the affinity of these aptamers could be further en-
hanced given their high specificity by post-SELEX modifi-
cation followed by linear multimerization approaches, as
described earlier [17]. We are currently investigating the
effect of the degree of enrichment of an SELEX pool against
whole cells on LIGS to improve LIGS technique.

We further investigated whether the identified specific
aptamer candidates compete with an anti-IgM Ab for the
binding site. The validation of the target using competition
against the corresponding antibody has been used earlier
[18,19]. We performed competition by first preincubating
Ramos cells with anti-IgM Ab or anti-CD20 Ab. CD20 is
uniquely expressed in mature, normal B-cells in early de-
velopmental stages. CD-20-positive B-cells are the source of
a variety of B-cell neoplasms, including Ramos cells, which
is a B-cell Non-Hodgkin’s Lymphoma. Therefore, the use of
anti-CD20 antibody as a control to investigate the antigen
specificity further confirms the specificity of the aptamers
toward mIgM [20]. Ramos cells pretreated with Ab were then
incubated with individual aptamer sequences. After washing,
the binding of each aptamer was analyzed using flow cy-
tometry. As expected, the introduction of anti-IgM Ab di-
minished the binding of the aptamer for R1, R10, and R15
(Fig. 5a red line), which is indicated by the diminished
binding of each aptamer in the presence of anti-IgM but not
when anti-CD20 is present in the corresponding histograms
(Fig. 5a blue line). R1 and R10 showed substantial compe-
tition with anti-IgM based on the diminished aptamer fluo-
rescence intensity compared with Ramos cells preincubated
with anti-CD20 antibody, whereas R15 did not show sub-
stantial competition, suggesting that the binding of R15
might be stabilized by a secondary epitope that is specific for
Ramos cells. The competition with only anti-IgM but not
with anti-CD20 demonstrates that R10 and R1 are specific for
mIgM. Also, we have investigated whether each aptamer can
block the binding of the anti-IgM. Since post-SELEX mod-
ification of aptamers is essential to increase the homogenous
fold and to obtain better yields in chemical synthesis, we
optimized the structure of R1 and R10 by systematically
truncating bases from 3¢ and 5¢ ends. We used a truncated and
improved version of R1.1 (Bmax/2 *82 nM) and R10.T1
(Bmax/2 *160 nM) for blocking experiments (see Supple-
mentary Table S2 for sequences of R1.1 and R10.T1). In-
terestingly, we observed that R1.1 blocked at lower
concentrations of anti-IgM, but no significant blockage of the
binding of the anti-IgM to Ramos cells was observed at
higher concentrations of anti-IgM (Fig. 5b). We did not ob-
serve any significant difference in the binding of anti-IgM
when R10.T1 was present compared with the randomized
control. Antibodies are bivalent in nature; therefore, the
avidity of an antibody is higher than monovalent aptamers,
and, thus, antibody binding is kinetically more favored than
the aptamers.

Since we observed a similar pattern of molecular recog-
nition of R10 and R1, we investigated whether these two
aptamers are competing for binding to the same epitope. In
doing so, we incubated fivefold excess of unlabeled R1.1 and
fluorescently labeled R10 with Ramos cells. Washing of
unbound aptamer followed by flowcytometric analysis re-
vealed that R1.1 replaces R10, suggesting that the aptamers
are binding to the same epitope (Supplementary Fig. S5).
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This evidence further confirms that the aptamers can be
identified by utilizing LIGS binding to the same epitope on
Ramos cells.

Theoretically, aptamer interactions are specific toward
one target; therefore, the set of aptamers generated in the
end of the cell-based selection are expected to correlate to
the altered levels of molecules in the positive cell line.
Using this approach, a number of aptamers had been se-
lected. We and others have shown that aptamers selected
using cell-SELEX compete with the cognate antibody for
binding to its target epitope. For example, the aptamer
TD05, selected using the cell-SELEX method targeting
Burkitt’s lymphoma, binds to the heavy chain of membrane-
bound IgM (mIgM) and competes with the anti-IgM anti-
body, permitting the bound aptamer from the target to be

eluted into the solution [17]. Similarly, an RNA aptamer
selected against CD71-expressing cells using the hybrid-
SELEX method competes with the anti-transferrin antibody
[19]. A cell-SELEX selected aptamer against myeloid leu-
kemia binds to the sialic acid-binding Ig-like lectin protein
and competes with its respective antibody [21]. These re-
ported observations suggest that the aptamers can bind to a
region of the receptor that is close to an Ab-binding site. The
decrease in aptamer binding when the respective cognate
ligand is present can be due to steric hindrance resulting
from the large size or the high affinity of the ligand, eluting
the aptamer, or the structural changes in the receptor protein
induced by ligand (Ab) binding. Also, the bivalent nature of
an antibody with favorable kinetic parameters enables an-
tibody binding compared with monovalent aptamers. It has

FIG. 4. Analysis of specificity of
R1, R10, and R15. Specificity of
aptamers was analyzed against
mIgM-expressing Ramos cells and
mIgM-negative Jurkat.E6. Color
images available online at www
.liebertpub.com/nat
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been already shown that aptamers usually bind to ligand-
binding sites on receptors or to active sites of proteins
[22,23]. Therefore, a partially evolved cell-SELEX aptamer
library can also be utilized to identify epitope-specific ap-
tamers, by simply using a ligand against the desired target to
elute the respective aptamer sequences.

In this study, we selected aptamers against mIgM. The
mIgM molecule is considered the hallmark of B-cells, plays a

major role in B-cell development, and is a major player in
transformation of B-cells into malignant B-cells [24–26].
Also, mIgM plays a major role in autoimmune disorders and
95% of human lymphomas originate from B-cells [24–26].
There is evidence of activated protein kinase stimulated
downstream of B-cell receptor (BCR), demonstrating the
significance of developing therapeutics against BCR [24–26].
Currently, there are no successful targeting agents available

FIG. 5. Investigation of epitope identity. Flow cytometric competitive binding analysis of R1, R10, and R15 in the
presence of IgM (a) and competitive blocking of anti-IgM binding by R 1.1 (b). Each FITC-labeled library (0.5 mM for R10
and 0.4 mM for R1, and R15) was incubated for 60 min on ice with 1 · 105 Ramos cells that were preincubated with either
anti-IgM or anti-CD20 followed by washing with 3 mL of wash buffer; they were subsequently analyzed by flow cytometry.
Aptamer fluorescence intensity on the x-axis is indicative of binding of each aptamer. Thus, an increment of fluorescence
intensity directly translates into aptamer binding to pretreated Ramos cells. When the cells are preincubated with anti-CD20,
all three aptamers show an increase in fluorescence intensity (blue line). Aptamer fluorescence intensity on the x-axis shifts
to a lower value in the presence of the anti-IgM antibody (red line), indicating that the anti-IgM substantially blocks R1,
R10 and effects R15 binding to its target. No difference in fluorescence intensity was observed for the random control
(gray–black), when Ramos cells were preincubated with anti-IgM antibody or anti-CD20, compared with an un-evolved
pool from round 0 (black line). Binding of the corresponding antibody indicated in the lower panel. (b) 10 · 104 Ramos cells
were incubated with either the random control or R1.1 for 45 min on ice and added to a serially diluted anti-IgM solution.
The competitive blocking was allowed for an additional 35 min. followed by wash and were analyzed by flow cytometry.
FITC, fluorescein isothiocyanate. Color images available online at www.liebertpub.com/nat
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against mIgM. We have identified three different aptamer
candidates with specificity toward mIgM.

The LIGS is a simple approach for generating aptamers
toward predetermined epitopes expressed on the cell mem-
branes. Previously, it was not possible to select aptamers
against predetermined epitopes of target proteins without
post- or pre-SELEX sample manipulation, demonstrating the
novelty and significance of this method. Determination of
ligands to outcompete the specific aptamers could be done
based on the application of the generated aptamers. For ex-
ample, either ligands could be growth factors interacting with
their cognate growth factor receptors expressed on the cell
surface, or the interaction of ligands such as hormones and
neurotransmitters to activate signaling of G-protein-coupled-
receptors could also be chosen as a secondary ligand [27].
Enzyme substrates binding to enzymes, any pre-existing li-
gand’s interaction with its cognate receptor could be
exploited in LIGS to generate specific aptamers.

In conclusion, we report on a novel strategy, that is, LIGS,
for selecting aptamers against desired epitopes on extracel-
lular receptors using Ab binding as a model ligand. This
simple method could also be modified and utilized as a se-
lective screening platform not only to select aptamers but also
in phage-display libraries, peptide libraries, and small-
molecular libraries to identify artificial molecules toward
active sites of macromolecules utilizing pre-existing molec-
ular and cellular interactions as a guide.
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