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A B S T R A C T

Deoxyuridine triphosphate derivatives (dUTPs) modified at the C5 position of the pyrimidine ring with various
aromatic hydrocarbon substituents of different hydrophilicities have been synthesized. The aromatic hydro-
carbon substituents were attached to dUTPs via a CH]CHeCH2eNHCOeCH2 linker. The efficiency of the PCR
incorporation of modified dUMPs using Taq, Tth, Vent (exo-) and Deep Vent (exo-) polymerases and a model
DNA template containing one, two and three adjacent adenine nucleotides at three different sites within the
sequence was investigated. For all the polymerases used, the yield of the modified PCR product was significantly
increased with increasing hydrophilicity of the aromatic hydrocarbon substituent. In particular, for the above
polymerases, the efficiency of the incorporation of dUMPs modified with the most hydrophilic of the studied
aromatic hydrocarbon substituents, a 4-hydroxyphenyl residue, was 60–85% of the efficiency of dTMP in-
corporation. At the same time, the relative efficiencies of the incorporation of dUMPs modified with 2-, 4-
methoxyphenyl, phenyl and 4-nitrophenyl substituents ranged from 20 to 50% and were 2–18% for the 1-
naphthalene and 4-biphenyl groups, which were the most hydrophobic of the studied aromatic hydrocarbon
substituents.

1. Introduction

The substrate specificities of different DNA polymerases in relation
to nucleoside triphosphates modified with different functional groups
are currently under intense investigation. Such studies are relevant, in
particular, due to the importance of technologies used for the creation
of modified aptamers. These aptamers useful for future medical appli-
cations are DNA oligonucleotides containing bases modified with dif-
ferent functional groups providing the ability for oligonucleotides to
interact with target proteins with high specificity [1,2]. To date, protein
biomarker discovery and clinical diagnostics company SomaLogic
founded by L. Gold has developed modified aptamers for more than
1000 human proteins [3–6], with one of them, Macugen, available for
purchase on the market [7]. Also, for a number of proteins, this com-
pany has developed pairs of modified aptamers whose dissociation
constants are comparable to the dissociation constants of antigen-an-
tibody complexes [6,8].

However, details of the technology for creating aptamers, including
the corresponding nucleotide sequences, have not been published, and
a number of laboratories are conducting independent researches aimed
at finding and developing methods for creating specific and highly af-
fine modified DNA aptamers [9–13]. A key feature of the technology for
creating a modified DNA aptamer is the effective enzymatic in-
corporation of nucleotides modified by various functional groups in the
nucleotide chain. Therefore, molecular mechanisms of enzymatic in-
corporation of modified nucleotides are also intensively investigated
[14–16].

In 2005, Jäger et al. demonstrated the possibility of the effective
enzymatic production of fully modified DNA products by B family
polymerases (both in the primer extension reaction and in PCR) using
all four nucleotides modified with basic, acid or lipophilic amino acid
residues [9]. It has also been shown in this work that the efficiency of A
family polymerases (Taq, Tth and KF (exo-)) in primer extension reac-
tions depends significantly on the template DNA sequences.
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In the above mentioned work [9], six different types of DNA tem-
plates were used: a DNA template with an almost equal nucleotide
distribution without repeats of the same nucleotide except for one AA
motif; four templates containing long A-, Τ-, G- and C-rich regions with
two to four repetitions of the same nucleotide in adjacent positions; and
a template containing a complete set of random sequences of 40 nu-
cleotides (i.e., a complete set of sequences 40 nucleotides long, which is
typically used for in vitro aptamer selection experiments). It was shown
that Taq polymerase cannot produce a primer elongation product from
an A-rich template or a template containing a complete set of random
sequences of 40 nucleotides. At the same time, B-family polymerases
(Pwo, Tgo, Pfu (exo-) and Vent (exo-)) produced modified primer ex-
tension products using all of the listed templates with efficiencies of
more than 40% compared to the yields of primer extension products
produced using only natural dNTPs. Pwo and Vent (exo-) polymerases
produced modified DNA with efficiencies of more than 70%. In addi-
tion, Pwo polymerase can produce a fully modified PCR product using
any of the listed templates. Meanwhile, G- and C-rich matrices were
least effectively amplified by Pwo polymerase.

In 2006, Kuwahara et al. [10] also investigated the PCR amplifica-
tion of plasmid DNA sites containing AAAA and GGGG poly motifs by
polymerases from A and B families in the presence of dTTP and dCTP
modified with aliphatic hydrocarbon substituents. In this work, it was
found that polymerases from the B family (Vent (exo-), KOD Dash, and
KOD (exo-)) more effectively incorporated dTMP and dCMP modified
with a wider variety of substituents than polymerases from the A family
(Taq and Tth).

As in [9], in 2010, Vaught et al. used a template containing a
complete set of random 40 nucleotide-long sequences flanked by re-
gions with fixed sequences for primer annealing and studied the en-
zymatic incorporation of dUMPs modified with various aromatic and
aliphatic hydrocarbon substituents [3]. PCR in the presence of such
modified nucleoside triphosphates did not lead to the formation of full-
length products; however, full-length products containing modified
dUMPs were efficiently produced in primer extension reactions by B
family polymerases (KOD XL and Deep Vent (exo-)). The reverse reac-
tion of primer extension with a modified sequence was subsequently
performed in the presence of natural dNTPs followed by PCR. This
scheme was used initially for selection of the modified aptamers for a
member of the TNF receptor super family, TNFRSF9, and tumor-asso-
ciated calcium signal transducer, TACSTD2, as protein targets [3].
Further the same approach was used to create aptamers for a wide
range of proteins [4–6]. Dissociation constants for the most of protein-
aptamer complexes were estimated to be lower than 1 nM. In all of the
above studies using pyrimidine-based nucleoside triphosphates, sub-
stituents were introduced at the C5 position of the pyrimidine ring.

In the work of Kuwahara et al., pyrimidine nucleotides modified
with substituents containing an amino group that was positively
charged due to protonation were inefficiently incorporated by all the
tested polymerases during PCR [10]. Recently, we have shown that Taq
polymerase incorporates dUMPs modified by electroneutral hydrophilic
(due to the zwitterionic structure) analogues of cyanine dyes more ef-
fectively, than dUMPs containing positively or negatively charged
analogues of these dyes as substituents [17]. Based on that work, it
followed that when creating dNTPs conjugated with dyes for the ef-
fective enzymatic labelling of DNA, the physical and chemical proper-
ties of the fluorophores, which can be considered as rather large sub-
stituents, must be taken into account. The introduction of zwitterionic
groups into dyes improves their hydrophilicity, concomitantly im-
proving the aqueous solubility of fluorescently labelled dNTPs and the
enzymatic incorporation of nucleotides in DNA.

In the present work, by using Taq, Tth, Vent (exo-) and Deep Vent
(exo-) polymerases, we investigated the efficiency of the PCR in-
corporation of dUMPs modified via a linker at the C5 position of the
pyrimidine ring with aromatic hydrocarbons. These substituents dif-
fered in hydrophilicity/hydrophobicity, and among them were those

that mimic tyrosine and phenylalanine residues. For all the studied
polymerases, the efficiency of PCR amplification increased with the
increasing hydrophilicity of the aromatic hydrocarbon substituent. In
this study, all the polymerases most effectively (with efficiencies equal
to 60–85% of that of dTMP incorporation efficiency) incorporated
dUMP modified with 4-hydroxyphenyl group, which mimics a tyrosine
residue.

2. Materials and methods

2.1. dUTPs modified by different aromatic hydrocarbon substituents using
CH]CHeCH2eNHCOeCH2 as a linker

Homogeneity of synthesized deoxynucleoside triphosphate deriva-
tives and the reactions were monitored by TLC on TLC Silica gel 60 RP-
18 F254 and TLC Silica gel 60 F254 plates (Merck, Darmstadt,
Germany). The column chromatography was carried out using
Lichroprep RP-18 sorbent (0.040–0.063 mm, Merck, Darmstadt,
Germany). The compounds on chromatograms were detected at 280 nm
with a EM-1 Econo UV Monitor (Bio-Rad Laboratories Inc., Hercules,
CA, USA). High resolution mass spectra (HRMS) were registered on a
Bruker Daltonics microTOF-Q II instrument (Bruker, Billerica,
Germany) using electrospray ionization (ESI). The measurements were
done in a negative and positive ion mode. The 1H, 13C and 31P NMR
spectra were recorded using a Bruker AMX-400 spectrometer
(400 MHz, Bruker, Billerica, Germany) in DMSO‑d6 and D2O. Chemical
shifts (δ) were expressed in ppm.

All reagents were obtained from Sigma-Aldrich or Fluka unless
otherwise stated.

The synthesis of activated aromatic acid esters and modified deox-
yuridine triphosphates was carried out according to the synthetic pro-
cedures described earlier [18]. Detailed synthetic procedures and
spectroscopic characteristics, including data on the intermediates, are
provided in the Supplementary Information.

2.2. The DNA template and primers were similar to those used in [17]

Template
5′ – TCTCTTGCCCTTTCGTCTCTAAATTGTCTTAATCTCTTCTATCC
TTCTCTCTCACCACTTACATCCGC − 3′
Primer P1-Cy3
Cy3 – NH − 5′ – GCGGATGTAAGTGGTGAG − 3′
Primer P2-Cy3
Cy3- NH − 5′ – TCTCTTGCCCTTTCGTC −3′
Primer sequences and the corresponding primer binding sites are
underlined. Also underlined are adenines that are subject to com-
plementary binding with modified deoxyuridines of the en-
zymatically synthesized DNA strand.

2.3. PCR and electrophoresis

PCR was performed following a protocol similar to one described
earlier [17]. The above 68-nucleotide template and a pair of 18- and 17-
nucleotide-long primers labelled with Cy3 dye were used. To study the
efficiency of the complementary incorporation of modified dUMPs the
template contained one, two and three adjacent adenine nucleotides at
three different sites within the sequence. We used Thermus aquaticus
(Taq) and Thermus thermophilus (Tth) DNA polymerases (Sileks, Ba-
denweiler, Germany) and forms of the native DNA polymerases from
Thermococcus litoralis (Vent (exo-)) and Pyrococcus GB-D strain (Deep
Vent (exo-)) that were genetically engineered to eliminate the 3́′→5́′
proofreading exonuclease activity (New England Biolabs, Ipswich, UK).

As in the work of Kuwahara et al. [10], the PCR conditions were
selected for each polymerase so that the full-length PCR products syn-
thesized using only natural dNTPs were efficiently produced by all
polymerases. Herein, the amount of PCR products was the same for all
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the considered polymerases within an accuracy of 20%, which allowed
the facile observation, registration and comparison of the electro-
phoregrams obtained using different polymerases.

The PCR conditions for each of the polymerases were as follows. All
reaction mixtures (25 μl) for PCR amplification of the 68-nucleotide
template contained each primer (10−6 M), the template (4 × 10−9 M),
each deoxynucleoside triphosphate (dATP, dCTP, dGTP, dTTP or
modified dUTP, 10−4 M), and the manufacturer's recommended buffer
(70 mM Tris HCl, 16.6 mM (NH4)2SO4, 2 mM MgCl2, pH 8.6, for Taq
and Tth polymerases, and 20 mM Tris HCl, 10 mM (NH4)2SO4, 10 mM
KCl, 2 mM MgSO4, 0.1% Triton® X-100, pH 8.8, for Vent (exo-) and
Deep Vent (exo-) polymerases). In the case of PCR amplification by
Vent (exo-) polymerase, the reaction mixture additionally contained 8%
formamide.

Tubes containing the reaction mixture without polymerase were
placed into the heating block of a Peltier thermal cycler (Dyad from Bio-
Rad, Hercules, CA, USA) and heated at 95 °C for 6 min. After that, the
temperature was decreased to 62 °C, which is the calculated melting
temperature of the P1-Cy3 and P2-Cy3 primers. The melting tempera-
tures of the primers were calculated using the DI-nucleic acid hy-
bridization and melting prediction web server [19]. Immediately after
heating for 6 min at 62 °C, the appropriate amounts of polymerase (3
units of Taq polymerase, 1 unit of Tth polymerase, 0.5 units of Vent
(exo-) polymerase or 0.08 units of Deep Vent (exo-) polymerase) were
added to the reaction mixtures, which were then stirred without re-
moving the tubes from the block. This excluded the possibility that the
activity of the polymerases decreased during the pre-denaturation
stage. Then, 20 reaction cycles of heating at 94 °C for 1 min and cooling
to 62 °C for 1.5 min were conducted.

The reactions were terminated with 450 μl of 2.5% (for the case of
amplification using Taq and Tth polymerases) or 4% (for the case of
amplification using Vent (exo-) and Deep Vent (exo-) polymerases) li-
thium perchlorate trihydrate in 95% ethanol to form 90% of the final
ethanol concentration followed by short-term mixing and 18 h of pre-
cipitation at −20 °C. After that the samples were centrifuged for 10 min
at 13,000 rpm using Biofuge pico centrifuge (Kendro Laboratory
Products GmbH, Hanau, Germany), the supernatants were removed and
the samples were washed with 40 μl of 95% ethanol with lithium
perchlorate trihydrate at the same corresponding concentrations at
20 °C for 5 min and 450 rpm using Thermomixer comfort (Eppendorf,
Hamburg, Germany). Then the samples were additionally exposed for
centrifugation for 4 min at 13,000 rpm using Biofuge pico centrifuge,
the supernatants were removed and the samples were dried at 37 °C for
10 min using Termo 24–15 thermostat (Biocom, Moscow, Russia). Each
sample was dissolved in 6 μl of water solution of 7 M Urea and 0.01%
Bromophenol blue and heated at 95 °C for 50 s before being loaded into
gel wells.

The PCR products were separated by electrophoresis in 18% poly-
acrylamide denaturing gels ((19:1 (w/w) acrylamide/bis-acrylamide,
7 M urea; 700 V; thermostabilized 16 × 16 cm glass sandwich with 1-
mm gel thickness; TBE buffer (89 mM Tris-borate and 2 mM ethyle-
nediaminetetraacetic acid, pH 8.3)) using PROTEAN II xi cell (Bio-Rad
Laboratories Inc., Hercules, CA, USA) and an Elf-8 power supply (DNA
Technology, Moscow, Russia). Samples of the PCR products obtained by
replacing the dTTPs with modified dUTPs were loaded in descending
order of hydrophilicity (increasing hydrophobicity) of the aromatic
hydrocarbon substituent.

After electrophoresis, images of the gels were obtained in the Cy3
fluorescence range (λabs

max = 550 nm, λem
max = 570 nm, as described in

the manufacturer’s instructions for Amersham CyDye mono-reactive
NHS Esters) using a gel imager for fluorescence spectroscopy with an
image field of 20 × 16 cm, as described earlier [17]. The gel imager
was equipped with an RTE/CCD-1536-K/1 CCD camera (Roper Scien-
tific, Sarasota, FL, USA), a mercury lamp, a pair of 535DF35 and
580DF27 filters (Omega Optical, Brattleboro, VT, USA) and a computer
running ImaGel Research software [17,20].

The relative quantities of the PCR-amplified full-length DNA frag-
ments containing modified dUMPs were considered proportional to the
relative fluorescence intensities of the Cy3-labelled primers. The re-
lative Cy3 fluorescence intensities of the doublet bands that resulted
from PCR amplification of the template using the forward and reverse
primers labelled with Cy3 dye were quantified using virtual rectangular
frames surrounding the bands. The fluorescence intensities of all the
pixels within the frame were summed to obtain the total fluorescence
intensity within the frame. The fluorescence intensity of the blank gel
region within the same frame was then subtracted from the obtained
value. The obtained quantities were normalized to the fluorescence
intensity of the full-length PCR amplified DNA products obtained using
the forward and reverse primers and only natural nucleotides. The re-
lative quantities of PCR-amplified DNA containing modified dUMPs
obtained in two experiments were averaged.

3. Results

3.1. Properties of the aromatic hydrocarbon substituents

To study the effect of the hydrophilicity of the aromatic hydro-
carbon substituents, dUTPs modified at the C5 position of the pyr-
imidine ring by various aromatic hydrocarbon residues (R1–R7) were
synthesized. The tested substituents included the residues that mimic
natural tyrosine and phenylalanine amino acid residues as well as other
structures that could potentially interact with the target proteins
(Table 1). Following the approach developed by us in [18,21,22],
aromatic hydrocarbon residues were added at the C5 position of the
pyrimidine ring of dUTP via a CH]CHeCH2eNHCOeCH2 linker.

The hydrophilicity/hydrophobicity of substituents R1–R7 could be
approximately characterized based on the water solubility values (S
values) of the aromatic hydrocarbons, as their residues formed the
corresponding substituents. The S values were taken from the PubChem
(USA) database [23] and are presented in Table 1. These values range
from S = 4.5*10−5 M (for diphenyl) to S = 0.88 M (for phenol). In
addition, certain functional groups of some residues (R1–R7) may act as
hydrogen bond donors (in the case of R1) or acceptors (in the cases of
R1, R2, R3 and R5), which can influence the incorporation of the cor-
responding modified dUMP by each of the studied polymerases.

Thus, the selected aromatic hydrocarbon substituents presented and
characterized in Table 1 allowed the investigation of the substrate
specificity of the DNA polymerases for a wide range of hydrophilic/
hydrophobic aromatic hydrocarbons conjugated at the C5 position of
the pyrimidine ring of dUTPs via a linker.

3.2. Efficiency of the PCR amplification of DNA strands by Taq, Tth, Vent
(exo-) and Deep Vent (exo-) polymerases using the C5-modified dUTPs

Fig. 1A and B shows the electrophoretic separation of the PCR
products obtained with the Taq, Tth, Vent (exo-) and Deep Vent (exo-)
polymerases in the presence of the 68-nucleotide-long template and the
pair of 18- and 17-nucleotide-long primers labelled with Cy3 dye (see
the Materials and Methods section).

As shown in Fig. 1A and B, the full-length PCR products form two
close electrophoretic fluorescent bands in the gels, since both the direct
and reverse primers were labelled with Cy3 dye (see the Materials and
Methods section). The exception is the full-length PCR-amplified
strands in lanes 3, 12, 22 and 31, in which the PCR products of the
forward and reverse primers overlap in the gel. This coelution can be
attributed to the fact that in the presence of natural dNTPs, the “hea-
vier“ of the amplified DNA strands (the direct primer product) contains
10 dTMPs in its sequence and has a mass of 22,737 Da, and the “lighter”
(the reverse primer product) has 29 dTMPs and a mass of 21,725 Da
(lanes 2, 11, 21 and 30). Thus, the difference in the masses of these
DNA strands is 1012 Da.

Since the primer regions of the amplified DNA strands contained
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only natural nucleotides, it is easy to determine that in the case of PCR
in the presence of dUTPs modified with a methylated linker
(CH]CHeCH2eNHCOeCH2-Me) instead of dTTP, the product of the
forward primer contains 6 modified dUMPs, and summarizing the other
dNMPs presented in its’ sequence, it has a mass of 23,319 Da. The
product of the reverse primer contains 21 of the same dUMPs, has a
mass of 23,762 Da and is the “heavier“ of the amplified DNA strands.
However, the difference in mass between these DNA strands is only
443 Da. These PCR products overlap in the gel and emit fluorescence as
a single band (lanes 3, 12, 22 and 31).

Upon addition of an aromatic hydrocarbon residue (R1–R7) to the
linker, the DNA strand possessing 21 modified dUMPs is significantly
heavier than the DNA strand possessing 6 modified dUMPs. The mass
difference for such PCR-amplified strands is 1375 Da (for the case of
dUMPs modified via a linker with a phenyl residue (substituent R4,
Table1), lanes 7, 16, 26 and 35 in Fig. 1A and B) or more (for other
aromatic hydrocarbon residues). Therefore, in these cases, the full-
length PCR products appear as two distinct fluorescent bands.

As shown in Fig. 1A and B, the PCR products that emitted the

brightest fluorescence were those obtained in the presence of only
natural dNTPs and those that possessed dUMPs that were substituted at
the C5 position of the pyrimidine ring with a methylated linker or a
linker to which the most hydrophilic of the aromatic hydrocarbon re-
sidues was attached, namely, a 4-hydroxyphenyl residue (R1) (lanes
2–4, 11–13, 21–23 and 30–32), instead of dTMPs. With increasing hy-
drophobicity of the aromatic hydrocarbon residue, the fluorescence,
which is proportional to the amount of full-length PCR product, de-
creases.

The results of the quantitative analysis of the PCR products are
presented in Table 2 and Fig. 1C. In the cases of Taq and Tth poly-
merases, the relative amounts of PCR-amplified products containing
dUMPs modified with a 4-hydroxyphenyl residue (R1) were 80–85% of
the amounts of product obtained in the presence of only natural dNTPs
(lanes 4 and 13 in Fig. 1C). For Vent (exo-) and Deep Vent (exo-)
polymerases, these amounts were 60–70% (lanes 23 and 32 in Fig. 1C).
Thus, for Taq, Tth, Vent (exo-) and Deep Vent (exo-) polymerases the
relative efficiencies of PCR incorporation of dUMPs modified with a 4-
hydroxyphenyl residue were 60–85%. The relative efficiencies of PCR

Table 1
The chemical structures of the modified dUMPs, the physicochemical properties of the aromatic hydrocarbon substituents, R1–R7, and the water solubilities of the
aromatic hydrocarbon compounds forming the corresponding aromatic hydrocarbon substituents.

Substituent, R Properties

Number of potential
hydrogen bond donors

Number of potential
hydrogen bond
acceptors

Water solubility, S,a at 25 °C, of aromatic hydrocarbons the residues of which form the
corresponding aromatic hydrocarbon substituents (M)

(R1)

1 1

(R2)

0 1

(R3)

0 1

(R4)
0 0

(R5)

0 2

(R6)

0 0

(R7)

0 0

a Water solubilities of aromatic hydrocarbon compounds were taken from the PubChem (USA) database (23).
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incorporation of dUMPs conjugated with 2-, 4-methoxyphenyl, phenyl
and 4-nitrophenyl residues (R2-R5) were 20–50%. The relative effi-
ciencies of PCR incorporation of dUMPs modified by the most hydro-
phobic substituents, 1-naphthalene and 4-biphenyl residues (R6-R7),
were 2–18%.

Thus, for all the polymerases studied, the amounts of PCR products
that were obtained by replacing dTTP with modified dUTP decreased
with decreasing hydrophilicity of the aromatic hydrocarbon

substituent.
It should be mentioned that dUMPs conjugated via a linker with a 2-

methoxyphenyl residue (R2) were incorporated by Taq, Vent (exo-) and
Deep Vent (exo-) polymerases with an efficiency 1.5–2 times less than
dUMPs conjugated with a 4-methoxyphenyl residue (R3). Therefore,
the attachment of 4-methoxyphenyl residue is better for effective PCR
amplification.

Fig. 1. Efficiency of PCR amplification by Taq, Tth, Vent (exo-) and Deep Vent (exo-) polymerases when dTTP is replaced by dUTP modified via a
CH]CHeCH2eNHCOeCH2 linker at the C5-position of the pyrimidine ring with aromatic hydrocarbon residues of different hydrophilicities. A and B.
Electrophoretic separation of PCR products recorded in the fluorescence range of the Cy3 dye, which was used to label the primers (see Materials and Methods
section). Lanes 1 and 20: PCR mixtures in the absence of polymerase. Lanes 2, 11, 21 and 30: PCR mixtures containing dNTPs and Taq, Tth, Vent (exo-) or Deep Vent
(exo-) polymerase, respectively. Lanes 3, 12, 22 and 31: the same PCR mixtures as in lanes 2, 11, 21 and 30, respectively, but with the dTTPs replaced with dUTPs
modified with the methylated linker CH]CHeCH2eNHCOeCH2-Me. Lanes 4–10, 13–19, 23–29 and 32–38: the same PCR mixtures as in lanes 2, 11, 21 and 30,
respectively, but with dTTP replaced with dUTPs modified with residues R1-R7 using a CH]CHeCH2eNHCOeCH2 linker. C. Histogram of the fluorescence in-
tensities of the full-length PCR products normalized for each polymerase to the fluorescence intensities of the PCR products produced in the presence of only natural
dNTPs. The black columns are the fluorescent signals of the completely natural PCR products (taken as 1). The hatched columns are the normalized fluorescence
signals of the PCR products containing modified dUMPs instead of dTMPs. The experiments shown in A and B were performed twice. The average values from the two
experiments are shown. The bars indicate the absolute deviations.
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3.3. Correlation between the yield of the PCR-amplified modified product
and the hydrophilicity of the aromatic hydrocarbon substituent at the C5
position of dUMP

Fig. 2 shows the plot of the relative amounts of full-length PCR
products, which were averaged over all four polymerases (Taq, Tth,
Vent (exo-) and Deep Vent (exo-), see Table 2) against the hydro-
philicity of the aromatic hydrocarbon substituents conjugated at the C5
position of the pyrimidine ring of the dUTPs. The hydrophilicities were
approximated by the water solubility values, S values, of the aromatic
hydrocarbons, the residues of which form the corresponding sub-
stituents (Table 1).

As shown in Fig. 2, the points in the obtained plot show a positive
correlation between the relative amounts of full-length PCR products
and the hydrophilicity of the aromatic hydrocarbon substituents. Thus,
it can be concluded that when PCR is performed using Taq, Tth, Vent
(exo-) or Deep Vent (exo-) polymerase, the observed efficiency of the
incorporation of dUMPs modified at the C5 position of the pyrimidine
ring increases with increasing hydrophilicity of the aromatic hydro-
carbon substituent.

4. Discussion

Hydrogen bonds, electrostatic, van der Waals and hydrophobic in-
teractions form the basis of protein-protein, protein-DNA and ligand-
DNA intermolecular interactions [24–28]. The dissociation constants
for the sequence-specific complexes between transcription factors and
corresponding DNA sites are in the range of 10−6–10−9 M [29–31] and
for antigen-antibody complexes these values lie in the range
10−9–10−12 M [32]. As reported by L. Gold et al. [4,5] using SELEX
technology [33–35], it was possible to create more than 1000 DNA
oligonucleotides (or DNA aptamers) containing bases modified by
aromatic and aliphatic functional groups with a relatively high binding

affinity for target proteins (with Kd values 10−9–10−12 M for the most
aptamer-protein complexes). Therefore, it is promising to obtain mod-
ified DNA aptamers exhibiting high affinity to disease-related target

Table 2
The relative amounts of PCR products amplified by Taq, Tth, Vent (exo-) and Deep Vent (exo-) polymerases when replacing dTTP with dUTPs modified with aromatic
hydrocarbon substituents (R1–R7) via a CH]CHeCH2eNHCOeCH2 linker.

Substituent, R Polymerase

Taq Tth Vent (exo-) Deep Vent (exo-) Polymerase averaged values

(R1)
0.81 ± 0.04 0.85 ± 0.01 0.75 ± 0.14 0.63 ± 0.01 0.76 ± 0.13

(R2)

0.39 ± 0.01 0.49 ± 0.01 0.18 ± 0.02 0.26 ± 0.01 0.33 ± 0.16

(R3)
0.55 ± 0.03 0.53 ± 0.02 0.40 ± 0.01 0.39 ± 0.06 0.47 ± 0.08

(R4)
0.51 ± 0.02 0.45 ± 0.03 0.44 ± 0.01 0.27 ± 0.01 0.42 ± 0.15

(R5)

0.52 ± 0.02 0.46 ± 0.06 0.27 ± 0.05 0.25 ± 0.01 0.38 ± 0.14

(R6)

0.18 ± 0.03 0.11 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.09 ± 0.09

(R7)

0.09 ± 0.01 0.03 ± 0.01 0.06 ± 0.01 0.02 ± 0.01 0.05 ± 0.04

Fig. 2. Plot of the relative amounts of enzymatically produced full-length
modified PCR products averaged over Taq, Tth, Vent (exo-) and Deep Vent (exo-
) polymerases as a function of the hydrophilicity of the aromatic hydrocarbon
substituents (R1–R7) conjugated at the C5 position of the dUMPs via a
CH]CHeCH2eNHCOeCH2 linker. Black circles – plot of the averaged relative
amounts of full-length PCR-amplified DNA strands (see Table 2) against the
water solubility values, S values (M) (Table 1). The bars indicate the maximum
deviations from the average. The dashed line indicates the approximation of the
“black circles” using the least squares method and the following logarithmic
equation: y = A∙log(B∙S + C) + D, where y is the averaged relative efficiency of
PCR incorporation, and A, B, C and D are the parameters. The coefficient of
determination of the logarithmic approximation, R2, was 0.91.
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proteins for the diagnostics and therapy of infectious, oncological,
neurodegenerative and cardiovascular diseases [1,2].

One of the main stages of SELEX technology used in the search for
aptamers is enzymatic synthesis, i.e. primer extension or PCR [33–35].
Therefore, modified DNA template and modified dNTPs should be
compatible with the enzymatic synthesis. To meet this requirement,
various DNA polymerases were previously tested to select the most
efficient ones, depending on certain modifications of the bases of dNTPs
[3,9,12]. Another approach is based on the search for structural para-
meters characterizing as linkers and attached functional groups, which
would be more compatible with the most of DNA polymerases [10].

4.1. Efficiency of PCR in the presence of modified dUTPs depending on the
hydrophilicity of aromatic hydrocarbon substituents

Previous publications have included studies of basic, acidic, or li-
pophilic groups [3,9,10], but their hydrophilicity has not been con-
sidered separately or systematically studied.

In the present study, using DNA polymerases from the A (Taq and
Tth) and B (Vent (exo-) and Deep Vent (exo-)) families, similar effi-
ciencies of PCR incorporation of dUMPs modified by an aromatic hy-
drocarbon substituent were obtained. Moreover, it was shown for all
the studied polymerases, that the relative amount of full-length mod-
ified PCR product obtained was increased with increasing hydro-
philicity of the aromatic hydrocarbon substituent. This correlation,
common to the four polymerases, appears to be a consequence of the
common basic structure of DNA polymerases consisted of subdomains
referred to as fingers, palm, and thumb domains which resemble a right
hand [28,36] and also a consequence of the presence of similar parts of
the DNA template and the synthesized DNA chain in the active centers
of DNA polymerases.

It should be mentioned, that the increase of PCR efficiency de-
pending on hydrophilicity of substituent at the C5 position of dUTPs
also correlates with the previous observation that the dUMPs which are
labeled at the same position by hydrophilic zwitterionic analogs of
cyanine dyes are efficiently incorporated by Taq DNA polymerase [17].

4.2. PCR-compatibility of substituents attached at the C5 position of dUTPs,
depending on the linker structure

In the previous studies, Vaught et al. [3] and Gold et al. [4] using a
CONH-CH2 linker, demonstrated the ability to effectively incorporate
dUTPs modified with aromatic and aliphatic hydrocarbon substituents
in primer extension reactions, but not in PCR. A distinctive feature of
the approach developed by Jäger et al. [9], which is the most successful
approach in terms of the efficiency of the PCR incorporation of mod-
ified dUMPs, was the use of a C^CeCH2eNHCOeCH2 linker con-
taining a C^C bond and an “inverted” peptide group. Thus, the effec-
tive PCR incorporation of modified dUMPs is strongly influenced by the
linker structure and is facilitated by the presence of multiple bonds
between carbon atoms (in this case, a triple bond) in the linker as well
as by the presence of the “inverted” peptide group (NHCO).

Most recently, in 2019, Lapa et al. used dUTPs modified with ali-
phatic or aromatic hydrocarbon substituents via a
CH]CHeCH2eNHCOeCH2 linker containing a C]C bond and an
“inverted” peptide group (NHCO) [22]. It was demonstrated that the
PCR amplification of full-length products by polymerases of both A and
B families, Taq and Vent (exo-), using the above mentioned modified
dUTPs and either a bacterial DNA or a template containing a complete
set of random 40 nucleotide-long sequences, differs in efficiency by no
more than a factor of two. Apparently, as follows from the above dis-
cussion of previous works, the presence of a carbon-carbon double bond
and an “inverted” peptide group (NHCO) in the linker structure is
crucial for the effective amplification of the modified PCR product by
Taq polymerase.

In the present study, as in [22], the CH]CHeCH2eNHCOeCH2

linker was used to modify dUTPs by seven various aromatic hydro-
carbon substutuents with rather different hydrophilicities. Using DNA
polymerases from the A (Taq and Tth) and B (Vent (exo-) and Deep Vent
(exo-)) families, we obtained quite similar efficiencies (with the dif-
ference of about 20–50% for the most of substituents) of PCR in-
corporation of dUMPs modified by one and the same aromatic hydro-
carbon substituent. Consequently, this linker structure contributes to
the effective incorporation of modified nucleotides by a broad range of
DNA polymerases.

4.3. Complete set of random sequences of a fixed length or only those
without homonucleotide repeats longer than 3 adjacent nucleotides?

In the present work, the incorporation of a relatively small number
(no more than three) of adjacent modified dUMPs in the PCR-amplified
strands apparently contributed to the effective PCR amplification of
full-length modified products.

As was expected on initial stages of SELEX development the necessary
step in aptamer production was enzymatic synthesis using a template
containing a complete set of random sequences of a fixed length including
those containing homonucleotide repeats [33–35]. Accordingly, the pre-
vious investigations were partly focused on finding combinations of poly-
merases and modified dNTPs that would contribute to enzymatic synthesis
with minimal dependence on DNA sequences [3,9,10].

However, it was shown later that the relative enzymatic in-
corporation efficiency decreases with an increase in the number of
consequently incorporated modified nucleotides of one type [10,17].
Therefore, the sequences containing homonucleotide repeats are en-
zymatically synthesized less efficiently than those without such sites. At
the same time, Taq polymerase seems to amplify an array of random
DNA sequences of a fixed length including those containing homo-
nucleotide repeats of a modified nucleotide no longer than a triplet.
Some of these oligonucleotides may with a certain probability contain
motifs capable of highly specific interactions with the target proteins.

Therefore, it can be assumed that in order to obtain aptamers, the
enzymatic synthesis of modified DNA fragments using dUTPs modified
with certain aromatic hydrocarbon substituents can be carried out by
PCR using Taq polymerase, which allows the incorporation of up to
three adjacent modified nucleotides.

5. Conclusions

When using DNA templates containing no more than three adjacent
adenine nucleotides:

(i) In general, Taq, Tth, Vent (exo-) and Deep Vent (exo-) DNA poly-
merases exhibit the same capability for PCR incorporation of
dUMPs modified via a CH]CHeCH2eNHCOeCH2 linker at the C5
position of the pyrimidine ring with an aromatic hydrocarbon
substituent;

(ii) The efficiency of incorporation by the above mentioned poly-
merases increases with increasing hydrophilicity of the aromatic
hydrocarbon substituent.

Also, it is of practical significance that Taq polymerase can be used
for the effective PCR amplification of modified DNA strands containing
no more than three adjacent dUMPs modified at the C5 position of the
pyrimidine ring with residues of aromatic hydrocarbons having hy-
drophilicities comparable to or greater than that of anisole.
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