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Abstract—Using random (combinatorial) DNA-libraries with various degrees of diversity, it was shown that
their amplification by polymerase chain reaction in real time resulted in appearance of a maximum on ampli-
fication curves. The relative decrease of f luorescence after passing the maximum was directly proportional to
the logarithm of the number of oligonucleotide sequence variants in the random DNA-library provided that
this number was within the interval from 1 to 104 and remained practically unaltered when the number of vari-
ants was in the interval from 105 to 108. The obtained dependence was used in the course of the SELEX pro-
cedure to evaluate changes in the diversity of random DNA-libraries from round to round in selection of
DNA-aptamers to the recombinant SMAD4 protein. As a result, oligonucleotides containing sequences able
to form a site of SMAD4-DNA interactions known as SBE (SMAD-binding element) have been selected thus
indicating that the SMAD4-SBE interaction dominates the aptamer selection.
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INTRODUCTION
Aptamers, considered as synthetic analogues of

mAbs, are RNA or single-stranded DNA molecules
that can fold with a formation of complex spatial
structures and exhibit affinity for their molecular tar-
gets, comparable to that of mAbs [1, 2]. Selection of
aptamers to a particular target (which could be low-
molecular compounds, peptides, proteins, viruses,
and cells) is performed in combinatorial RNA or DNA
libraries by the SELEX method; as a rule, RNA librar-
ies are obtained on the basis of DNA libraries [1, 3].
SELEX represents a series of repeated cycles (rounds),
each of which includes binding of a random oligonu-
cleotide library to the particular target, isolation of oli-
gonucleotide/target complexes, amplification of the
bound oligonucleotides by PCR, separation of DNA
chains (in the case of DNA aptamer selection) to
obtain a new random library [1, 2]. During selection,
libraries are enriched with sequences exhibiting affin-

ity for the target. Despite the apparent simplicity, the
SELEX procedure is a complex process; its final
result, the selection of high-affinity oligonucleotide
sequences, is significantly influenced by various fac-
tors, such as a design of the initial combinatorial DNA
library, the efficiency of separation of oligonucleotides
bound and unbound to the target, optimization of
PCR for amplification of oligonucleotides associated
with the target, the choice of a ratio of the number of
oligonucleotides and the target during selection, the
number of selection rounds [3–5]. Usually, the last
two parameters are selected empirically during
aptamer selection based on the results of monitoring
of changes in the oligonucleotide affinity to the target
and the variety of a DNA library from round to round
[4, 5].

The following methods are currently used to evalu-
ate evolution of the combinatorial DNA library during
selection that help to perform either qualitative or
quantitative evaluation of the diversity of the library
(the number of DNA oligonucleotide sequence vari-
ants): analysis of the denaturation (melting) and/or
kinetics curves of DNA library renaturation after

Abbreviations used: mAB—monoclonal antibodies; SBE—
SMAD-binding element; SELEX—Systematic Evolution of
Ligands by Exponential enrichment; PCR—polymerase chain
reaction; RT-PCR—real-time polymerase chain reaction.
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Table 1. Sequences of synthesized oligonucleotides

B is biotin, L is hexaethylene glycol linker. Complementary sites of SBE-Apt and SBE-Scr oligonucleotides are underlined.

Oligonucleotide Sequence

DNA library 5'-GGGAGCTCAGAATAAACGCTCAA-N32-TTCGACATGAGGCCCGGATC-3'
Oligo-C 5'-GGGAGCTCAGAATAAACGCTCAACCAGCCCCGTTCTCCCCTTCTATTCACT-

TCCCTTCGACATGAGGCCCGGATC-3'
Forward primer 5'-GGGAGCTCAGAATAAACGCTCAA-3'
Reverse primer 5'-GATCCGGGCCTCATGTCGAA-3'
“Heavier” reverse primer L5-5'-GATCCGGGCCTCATGTCGAA-3'
SBE-Apt 5'-CGAAGTCTAGACAGCGTTTTCGCTGTCTAGACTTCGAAA AA-3'-B
SBE-Scr 5'-CGAAGCTTAGCAAGCGTTTTCGCTTGCTAAGCTTCGAAA AA-3'-B
amplification procedures [6–8], nuclear magnetic
resonance (to estimate the number of oligonucleotides
with complex spatial conformation) [9], high-perfor-
mance liquid chromatography under denaturing con-
ditions [10], next generation sequencing [11, 12].
Qualitative assessment of the diversity of DNA librar-
ies can be also performed using the form of amplifica-
tion curves obtained by RT-PCR, which represent the
fluorescence dependence for a dye intercalating into
double-stranded DNA molecules (usually SYBR
Green) on the number of amplification cycles [13].
While amplification curves for DNA fragments of the
same nucleotide sequence are characterized by a sig-
moid shape, the amplification of combinatorial DNA
libraries passes through the f luorescence maximum
followed by a decrease with subsequent plateau with a
lower f luorescence value. This form of amplification
curves is observed for combinatorial DNA libraries
with both unmodified [13] and modified bases [14].

In this study, we have determined a quantitative
relationship between the diversity of the combinatorial
DNA library and such amplification curve parameter
as a magnitude of the relative f luorescence decrease
for the SYBR Green dye after passing through the
maximum. The obtained dependence was used to
monitor the selection of DNA aptamers to the human
transcription factor SMAD4, which is considered as a
potential target for targeted cancer therapies [15].

MATERIALS AND METHODS
Synthesis and Purification of DNA Oligonucleotides
The oligonucleotides shown in Table 1 were used in

this study; these included: a combinatorial DNA
library of 75 nucleotides (nt) in length with a random
region of 32 nt long and flanking sites with constant
sequences of 23 nt and 20 nt; a 75 nt oligonucleotide
(oligo-C) with the sequences at the 5′- and 3′-ends
identical to the f lanking sequences of the DNA
library; forward and reverse primers for amplification
of the DNA library and oligo-C; a DNA aptamer
(SBE-Apt) and a control oligonucleotide (SBE-Scr)
biotinylated at the 3′-end. Oligonucleotides were syn-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
thesized on an ASM-800 DNA synthesizer (Biosset,
Russia) in accordance with the manufacturer’s proto-
cols. Synthesis of a random region of the DNA library
was performed using a mixture of phosphoamidites in
the ratio A : C : G : T = 1.5 : 1.25 : 1.15 : 1.0 [16]. The
primers were purified by reverse phase chromatogra-
phy, other oligonucleotides were purified by poly-
acrylamide gel electrophoresis (T = 12%, C = 5%)
under denaturing conditions (7 M urea). Electropho-
resis was performed in a TBE buffer. After staining
with the SYBR Green I f luorescent dye (Life Technol-
ogies, USA) DNA was visualized by placing the gel on
a UV transilluminator. The gel strip representing the
upper part of the zone of the migrating material (it
contained the most slowly migrated DNA molecules)
was excised, cut into pieces, and DNA was eluted by
incubating the gel pieces in deionized water. DNA was
precipitated with ethanol in the presence of 0.3 M
sodium acetate; the precipitate was dried and dis-
solved in deionized water. The concentration of the
DNA library and primers was determined using a
NanoDrop-1000 spectrophotometer (Thermo Fisher
Scientific, USA) in accordance with the manufac-
turer’s instructions. The molecular mass of the oligo-
nucleotides was calculated using the OligoCalculator
program (http://mcb.berkeley.edu/labs/krantz/tools/
oligocalc.html), in the case of the random region of
the DNA library, the average molecular mass of the
nucleotide was assumed to be 325 Da.

Preparation and PCR Analysis of DNA Libraries 
with Varying Degrees of Diversity

An aliquot of the DNA library solution was sequen-
tially diluted with deionized water to obtain a series of
solutions with 10-fold different concentrations from
34 pM to 3.4 aM. 5 μL of each solution (correspond-
ing to the amount of DNA ranged from 170 amol to
0.017 zmol) was used for RT-PCR performed using
the qPCRmix-HS SYBR PCR mixture (Evrogen,
Russia) and a CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad, USA). The volume of the PCR
assay was 25 μL; the concentration of each primer was
S B: BIOMEDICAL CHEMISTRY  Vol. 14  No. 2  2020
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Fig. 1. The results of electrophoretic analysis of cell lysates
of E. coli strain C41 (track 1) and C41M (track 2), as well
as material bound to the column loaded with Sepharose
CL-4B saturated cobalt ions and eluted in the imidazole
concentration gradient range of 60−80 mM (track 3).
Track 4 shows molecular mass markers (molecular mass
values are shown on the right). The arrow indicates the
position of the rSMAD4 band on the gel.
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400 nM. Each amplification cycle included 45 s incu-
bations of the sample at 95°C, 56°C, and 72°C. The
reaction was stopped after passing the maximum value
of SYBR Green fluorescence. The contents of the
PCR tube were used for preparative PCR (25 PCR
samples of 100 μL each). 15 cycles of preparative PCR
were performed on a Tetrad 2 thermocycler (Bio-Rad)
using the qPCRmix-HS PCR mixture (Eurogen). The
concentration of primers and the amplification condi-
tions were the same as described above for RT-PCR.
Preparative PCR products were concentrated using
Vivaspin 2 centrifuge concentrators (Sartorius Ste-
dium Biotech, Germany), and then purified by elec-
trophoresis as described above. Ethanol precipitation
of DNA was carried out in the presence of glycogen
(Thermo Fisher Scientific). DNA concentration was
determined on a NanoDrop 1000 spectrophotometer.
The resultant DNA preparations were analyzed by RT-
PCR. 170 amol of DNA was added to each PCR assay;
RT-PCR conditions were the same as described
above.

Expression and Purification of Recombinant SMAD4

Recombinant SMAD4 protein (rSMAD4), con-
taining the N-terminal His6-tag was expressed in
competent E. coli cells of the strain C41 transformed
with plasmid pET23a carrying an insert encoding the
SMAD4 protein. The cells of the transformed strain
(further abbreviated as C41M) were sonicated and the
cell lysate was cleared by centrifugation (4°C, 10000 g,
40 min). rSMAD4 was purified using CL-4B Sephar-
ose columns (Thermo Scientific) saturated with cobalt
ions. The lysate was passed through the column,
bound proteins were eluted with an imidazole gradi-
ent. The maximum elution of rSMAD4 was observed
in the range of imidazole concentrations of 60−
80 mM. Expression of rSMAD4 was confirmed by the
results of electrophoretic (Fig. 1) and mass spectro-
metric (Supplementary materials, Fig. S1 and
Table S1) analyses. Protein electrophoresis was per-
formed according to the method of Laemmli [17]; the
gels were stained with the Coomassie G-250 dye (Bio-
Rad). Protein concentration was determined using the
colorimetric method with bicinchoninic acid using
the commercial Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific).

Selection of DNA Aptamers for SMAD4

For selection, rSMAD4 (molecular mass of
60.5 kDa) was immobilized on Dynabeads His-Tag
Isolation & Pulldown (“Life Technologies”) magnetic
beads. A commercial suspension of beads (10 μL),
washed and equilibrated in 10 mM Tris-HCl buffer
(pH 7.9), 500 mM NaCl, 0.02% Tween-20, was mixed
with 150 μL of the protein solution (0.1 mg/mL) in the
same buffer and incubated for 15 min; after the incu-
bation the beads were washed and resuspended in
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B:
50 μL of SB buffer (10 mM Tris-HCl, pH 7.4, 500 mM
NaCl). For counter-selection, the His-His-His-His-
His-His (His6) peptide was immobilized on magnetic
beads. A suspension of beads with His6 (SB, 50 μL)
was added to the DNA library solution (SB, 1 mL)
containing 100 pmol of oligonucleotides (≈2.4 μg),
and incubated for 30 min at room temperature. Beads
were collected on a magnetic separator and the DNA
library solution was withdrawn. The resultant solution
was mixed with beads bearing immobilized rSMAD4.
After incubation for 30 min at room temperature, the
beads were collected on a magnetic separator, the
solution was removed, and the beads were washed
twice with 200 μL of SB and resuspended in 50 μL of
deionized water. The suspension of beads was heated
for 3 min at 95°C and immediately placed on a mag-
netic separator. The resultant oligonucleotide solution
was used for preparative PCR, which was carried out
as described above with the following exceptions: a
“heavy” reverse primer was used for amplification
(Table 1, the primer conjugated to five hexaethylene
glycol molecules at its 5'-end); the number of PCR
samples ranged from 40 to 50, and the number of
amplification cycles varied from 20 to 25. The ampli-
cons were concentrated as described above. DNA
strands were separated by electrophoresis due to the
difference in their electrophoretic mobility (Supple-
mentary materials, Fig. S2). The elution of the “light”
chain from the gel, DNA precipitation, and determi-
 BIOMEDICAL CHEMISTRY  Vol. 14  No. 2  2020
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Fig. 2. Amplification curves presented as normalized fluorescence values   of the SYBR Green intercalating dye for different ampli-
fication cycles. (a) Oligo-C; (b) DNA libraries of various degrees of diversity (the number of sequence variants): 1—108, 2—106,
3—104, 4—103, 5—102, 6—101. Normalization of the amplification curves was carried out by dividing the f luorescence
values of the SYBR Green dye by its value at the 35th cycle for oligo-C (a) and at the maximum value of f luorescence for DNA
libraries (b). The amount of DNA in the PCR sample was 170 amol. RT-PCR; each cycle included 45-s incubation at 95°C, 56°C,
and 72°C; the concentration of primers was 400 nM.
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nation of DNA concentration were performed as
described above for DNA libraries. The resultant oli-
gonucleotides were analyzed by RT-PCR, as described
above, and then were used for the next round of selec-
tion.

After the last round of selection, PCR products
were cloned using the Quick-TA kit (Eurogen) in
accordance with the manufacturer’s recommenda-
tions and 10 clones were selected for sequencing which
was performed by Eurogen.

Analysis of DNA Aptamer Binding to rSMAD4

The oligonucleotides SBE-Apt and SBE-Scr
(Table 1), biotinylated at the 3'-end during their syn-
thesis, were immobilized on streptavidin-bearing
Dynabeads MyOne Streptavidin C1 magnetic beads
(Thermo Scientific), following the manufacturer’s
recommendations. The beads were mixed with the
cleared cell lysate of the C41M strain containing
expressed rSMAD4, incubated in the SB buffer for
30 min at room temperature under constant stirring,
and isolated using a magnetic separator. The material
bound to the magnetic beads was eluted by incubation
in the electrophoresis sample buffer (containing 2%
sodium dodecyl sulfate), after that the electrophoretic
analysis of the eluate was performed as described
above.

RESULTS AND DISCUSSION
PCR Analysis of DNA Libraries of Varying Degrees

of Diversity

The DNA libraries used in the work were “degen-
erated” since the number of nucleotide sequence vari-
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE
ants was less than theoretically possible [1, 3]. Indeed,
the number of combinations of four types of nucleo-
tides within a random region of the length of 32 nt is
432 ≈ 1.8 × 1019 variants, while 100 pmol (≈2.4 μg) of
the DNA library used in the work contained only 6 ×
1013 DNA molecules. Consequently, 170 amol will
contain 108 DNA molecules, and 0.017 zmol will con-
tain 10 DNA molecules, each of which will be repre-
sented by its sequence of the random region. The PCR
amplification of these DNA oligonucleotides will
increase their number many times without a signifi-
cant change in the number of sequence variants, thus
making it possible to obtain DNA libraries that differ
in the variety of variants of nucleotide sequences from
108 to 101. Figure 2 shows the results of the analysis of
such libraries by RT-PCR. While during amplification
of DNA oligonucleotides with the same sequence
(oligo-C) the shape of the amplification curve has the
expected sigmoid form (Fig. 2a), amplification of
DNA libraries is characterized by a maximum on
amplification curves, and the relative decrease in f lu-
orescence of the SYBR Green dye after reaching the
maximum differs for libraries with a various degree of
diversity (Fig. 2b).

For a quantitative measure of the decrease in f luo-
rescence we have used the value ΔFr = (Fm – F35)/Fm,
where Fm and F35 are the maximum fluorescence val-
ues on the amplification curve and the f luorescence
values at the 35th RT-PCR cycle, respectively.
Figure 3 shows insignificant changes in the ΔFr values
when the diversity of the library decreases from 108 to
105 sequence variants. However, upon a further
decline in diversity, ΔFr begins to decrease rapidly. If for
diversity 1 (DNA oligonucleotides with the same
S B: BIOMEDICAL CHEMISTRY  Vol. 14  No. 2  2020
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Fig. 3. A relative decrease of SYBR Green dye fluores-
cence calculated as ΔFr = (Fm – F35)/Fm, where Fm and
F35 are the maximum fluorescence values on the amplifi-
cation curve and the f luorescence values at the 35th RT-
PCR cycle as a function of diversity (expected number of
sequence variants) of DNA libraries. The straight
line shown for the number of sequence variants from 100 to
104 was obtained by linear regression (Pearson correlation
coefficient r = 0.987); the dependence is described by the
equation ΔFr = 0.126logN, where N is the expected num-
ber of sequence variants in the DNA library. All measure-
ments were performed in triplicates. Mean values and
standard deviations are shown for triplicates.
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sequence) the ΔFr value is taken equal to zero (Fig. 2a),
then in the interval of 1–104 sequence variants, the
dependence of ΔFr on the degree of diversity can be
well approximated by the following relation: ΔFr =
0.126logN, where N is the expected number of
sequence variants in the DNA library (Fig. 3; the lin-
ear dependence shown in the interval of 1–104 was
obtained by linear regression, the Pearson correlation
coefficient was 0.987). We cannot rule out that the
obtained value of the coefficient of proportionality is
applicable only to this DNA library (75 nt long, with a
random region of 32 nt) and will be different when the
ratio between the length of the random region and the
total length of the f lanking sequences changes.

It is possible that the unusual shape of amplifica-
tion curves in the case of DNA libraries may be
attributed to the fact that all, or a significant part, of
the bases in the region with a random sequence are
unpaired. Indeed, the f luorescence measurement in
PCR samples were performed at the end of the primer
elongation step (at 72°C), when in the case of DNA
oligonucleotides with the same sequence they are all in
the form of fully base-paired DNA duplexes. As the
number of complementary oligonucleotides increases
during amplification, they begin to compete with
primers, thus slowing and finally completely inhibit-
ing amplification. However, in this case fragments of
duplex DNA with completely complementary bases
are formed thus resulting in the amplification curve of
the classical sigmoid shape (Fig. 2a). In the case of
DNA libraries, f lanking regions of oligonucleotides
begin to compete with primers, while random regions
of the resulting duplex DNAs are non-complementary
and represent single-stranded regions. Thus, starting
from a certain amplification cycle, the number of fully
duplex DNA molecules obtained due to primer elon-
gation (and, correspondingly, the number of SYBR
Green molecules intercalating between base pairs)
begins to decrease; this leads to a decrease in the f luo-
rescence level and the appearance of a maximum on
the amplification curves (Fig. 2b). Obviously, as the
diversity of the DNA library decreases, the probability
of the formation of fully complementary DNA
duplexes increases, and the maximum on the amplifi-
cation curves becomes less pronounced (Figs. 2, 3).

Selection of DNA Aptamers to rSMAD4

SMAD4 is a common partner for proteins of the
R-SMAD group involved in formation of transcrip-
tionally active complexes induced by transforming
growth factor beta (TGF-β) [15]. SMAD4 consists of
two domains, MH1 and MH2; MH1 binds to genomic
DNA, while MH2 binds to one of R-SMAD proteins
[18]. The MH1 domain specifically binds to
the duplex formed by the 5'-GTCT-3' sequence and its
5'-AGAC-3' complement, known as SBE (SMAD-
binding element) [18, 19].
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B:
The selection of DNA aptamers for rSMAD4 was
controlled by evaluating the diversity of DNA libraries
from round to round. Figure 4 shows that the maxi-
mum on the amplification curves becomes less pro-
nounced as the number of selection rounds increases.
A comparison of results given in Figs. 3 and 5 shows
that after the first two rounds of selection, the diversity
of the library remains relatively high: at least 106 vari-
ants. After the third round of selection, the variety
decreases to approximately 104 variants, and after the
fourth, it is in the range of 103−104 variants and basi-
cally remains unchanged after the fifth round. At this
stage, the SELEX procedure has been changed: the
number of beads with rSMAD4 added to the DNA
library was reduced by one order. As can be seen from
Figs. 4 and 5, this significantly changed the diversity of
the library after the sixth round: it ranged between
102–103 sequence variants (Figs. 3 and 5). After the
eighth round of selection, the diversity became no
more than 100 sequence variants (Figs. 3 and 5), and
at this stage we decided to clone and sequence DNA
fragments in order to analyze the sequences presented
in the DNA library. The analysis has shown that
among ten sequenced clons of PCR products
(Table 2), two included the sequences 5'-GTCT-3'
and 5'-AGAC-3' and were able to form a hairpin struc-
 BIOMEDICAL CHEMISTRY  Vol. 14  No. 2  2020
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Fig. 4. Amplification curves (normalized fluorescence val-
ues of the intercalating dye SYBR Green at different
amplification cycles) for DNA libraries obtained after
rounds of aptamer selection for rSMAD4. The numbers
indicate the selection rounds.

0

0.2

0.4

0.6

0.8

1.0

0 10

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

20 30
Number of cycles

1
2
3
4
5
6
7
8

Fig. 5. Relative decrease in f luorescence (ΔFr = (Fm –
F35)/Fm, as in Fig. 2) for DNA libraries obtained in differ-
ent rounds of aptamer selection for rSMAD4. All measure-
ments were performed in triplicates. Mean values and
standard deviations are shown for triplicates.
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ture; the duplex part of this hairpin included SBE, and
one sequence contained two sequences of 5'-GTCT-3'
and 5'-AGAC-3', which could form two SBEs in the
duplex part of the DNA hairpin (sequence no. 9,
Table 2). A schematic representation of the three-
dimensional structure formed by this sequence is
shown in Fig. 6 (the structure was obtained using the
Mfold program [20]).
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIE

Table 2. Sequences of cloned DNA fragment

The sites 5'-GTCT-3' and 5'-AGAC-3' able to form SBE during hairpin

No. Oligonucle

1 5'-GGGAGCTCAGAATAAACGCTCAATCTACTCG
CATGAGGCCCGGATC-3'

2 5'-GGGAGCTCAGAATAAACGCTCAACTGCCGC
CATGAGGCCCGGATC-3'

3 5'-GGGAGCTCAGAATAAACGCTCAATGCCCGT
CATGAGGCCCGGATC-3'

4 5'-GGGAGCTCAGAATAAACGCTCAACTTCATAC
CATGAGGCCCGGATC-3'

5 5'-GGGAGCTCAGAATAAACGCTCAATCTTGTC
CATGAGGCCCGGATC-3'

6 5'-GGGAGCTCAGAATAAACGCTCAATCATCCAC
CATGAGGCCCGGATC-3'

7 5'-GGAGCTCAGAATAAACGCTCAAATTATTGTA
CATGAGGCCCGGATC-3'

8 5'-GGGAGCTCAGAATAAACGCTCAATCATCCAC
CATGAGGCCCGGATC-3'

9 5-GGGAGCTCAGAATAAACGCTCAAGAAGTCTG
CATGAGGCCCGGATC-3'

10 5'-GGAGCTCAGAATAAACGCTCAATGCTTACG
CATGAGGCCCGGATC-3'
The results were used for construction of the DNA
aptamer (SBE-Apt, Table 1). The SBE-Apt aptamer
was able to bind selectively rSMAD4 in E. coli lysates
(Fig. 7). At the same time, the SBE-Scr oligonucle-
otide able to form the identical DNA hairpin but with-
out the SBE formation due to the fact that the nucle-
otides in the corresponding regions were randomly
mixed did not show significant interaction with
rSMAD4 (Fig. 7). It is likely that the site of interaction
S B: BIOMEDICAL CHEMISTRY  Vol. 14  No. 2  2020

 formation are shown in bold. Complementary sites are underlined.
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TCCCTCCTATTTCTTTTTTCTCTTTCGA

TTTCACCCACATCACCTTTCTACTGTTCGA

CTATTCCTATAGACGGGTTTACCACTTCGA

GTCCATTGTTTCCCCCTCCATATTTCGA

CCCGTTCCCTATAGTACTTTATTATTTCGA

TTACTTGACACCCTCTTCTTGCCCTTCGA

CTCTTCCACCTTTTAATTACCTTCGA

TTACTTGACACCCTCTTCTTGCCCTTCGA

AGACAGCTCTTGCTGTCTCTAGACTTCCA

CAAGACCTTTCTGGTCTTGCTTCCTTCGA
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Fig. 6. The structure formed by oligonucleotide no. 9 from Table 2. The structure was obtained using the Mfold program
(http://unafold.rna.albany.edu/?q=mfold/DNA-Folding-Form). Bold lines indicate the SBE position.
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of the rSMAD4 protein MH1 domain with SBE is the
dominant DNA binding site that determines the
selection in the DNA libraries of oligonucleotides
forming hairpin structures with a duplex part con-
taining SBEs.
BIOCHEMISTRY (MOSCOW), SUPPLEMENT SERIES B:
CONCLUSIONS
Using a combinatorial DNA library of 75 nt long

with a random region of 32 nt long as an example, we
have demonstrated that the relative decrease in f luo-
rescence after passing the maximum is directly pro-
 BIOMEDICAL CHEMISTRY  Vol. 14  No. 2  2020
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Fig. 7. Results of electrophoretic analysis of rSMAD4
binding to the SBE-Apt DNA aptamer immobilized on
magnetic microparticles. M—molecular mass markers
(indicated on the left); 1—microparticles with immobi-
lized SBE-Apt; 2—beads with an immobilized control
SBE-Scr oligonucleotide (Table 1); 3—beads without
immobilized oligonucleotides. The arrow indicates the
rSMAD4 band position on the gel. Lower bold bands are
streptavidin monomers.
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portional to the logarithm of the number of variants of
oligonucleotide sequences in the range from 1 to 104

and remains basically unchanged provided that the
number of variants varies in the range from 105 up to
108. The obtained dependence was used in the SELEX
procedure to evaluate changes in the diversity of ran-
dom DNA libraries from round to round during the
selection of DNA aptamers to the recombinant pro-
tein SMAD4. The described procedure resulted in the
selection of oligonucleotides containing sequences
that form the site of DNA interaction with SMAD4,
known as SBE.
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