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Construction of functionalized nucleic acids (DNA or RNA) via polymerase incorporation of modified
nucleoside triphosphates is reviewed and selected applications of the modified nucleic acids are
highlighted. The classical multistep approach for the synthesis of modified NTPs by triphosphorylation
of modified nucleosides is compared to the novel approach consisting of direct aqueous cross-coupling
reactions of unprotected halogenated nucleoside triphosphates. The combination of cross-coupling of
NTPs with polymerase incorporation gives an efficient and straightforward two-step synthesis of
modified nucleic acids. Primer extension using biotinylated templates followed by separation using
streptavidine-coated magnetic beads and DNA duplex denaturation is used for preparation of modified
single stranded oligonucleotides. Examples of using this approach for electrochemical DNA labelling
and bioanalytical applications are given.

Introduction

Functional nucleic acids (such as DNA aptamers,1,2 and
DNAzymes1,3) have attracted growing interest due to potential
applications in chemical biology, bioanalysis or nanotechnology
and material science.4 To expand the scope of these applications,
the introduction of a variety of functional groups to DNA and
RNA, especially to the nucleobase, is highly desirable.

A classical approach to modified nucleic acids is the solid-
phase oligonucleotide (ON) synthesis using functionalized nu-
cleoside phosphoramidites5 or by post-synthetic oligonucleotide
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modification.6,7 The oligonucleotide synthesis is often problematic
due to incompatibility of the additional functional groups with
the phosphoramidite methodology (acidic detritylation, coupling,
capping, oxidation and final acyl protecting groups cleavage by
ammonia), necessity of using additional protecting groups, and,
sometimes, low yields of the coupling step. On the other hand,
post-synthetic modification of ONs requires selective and mild
reactions and in most cases has been used only for further
functional group transformations of already modified ONs.

Apart from chemical synthesis, modified nucleic acids can be
prepared enzymatically by incorporation of modified nucleoside
triphosphates (NTPs) by DNA or RNA polymerases (Scheme 1).8

This account reviews enzymatic incorporation of modified NTPs
to nucleic acids as an alternative strategy for the construction of
functionalized nucleic acids and compares classical multistep ap-
proaches to the synthesis of modified NTPs with novel direct cross-
coupling reactions. The most important example of polymerase
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Scheme 1 General scheme of polymerase construction of functionalized
DNA and RNA.

incorporation of modified NTPs is DNA sequencing using chain
termination by fluorescently labeled dideoxynucleoside triphos-
phates (ddNTPs).9 As it is beyond the scope of this account, it will
not be discussed here and we will only focus on non-terminating
incorporations of base-modified 2′-deoxyribonucleoside triphos-
phates (dNTPs) to DNA and ribonucleoside triphosphates (NTPs)
to RNA.

Polymerase construction of modified nucleic acids and
syntheses of dNTPs and NTPs

Polymerase incorporations of base-modified dNTPs to DNA

The very first polymerase incorporation of base-functionalized
dNTPs was published in 1981 by Langer et al.10 who prepared
dUTP biotinylated in position 5 and found that it is a substrate for
several DNA polymerases. Other biotinylated DNA syntheses by
polymerases followed11,12 soon thereafter. Latham et al.13 prepared
5-(pent-1-yn-1-yl)-dUTP and performed polymerase incorpora-
tion to generate a library of DNA sequences in order to develop
a thrombin aptamer. Later on, Sakthivel and Barbas14 prepared
a series of amides of 5-(3-aminoprop-1-en-1-yl)-dUTPs bearing
diverse functional groups (imidazole, pyridine, carboxylate etc.)
and performed PCR incorporation using Taq polymerase. Most
of the modified dUTPs were good substrates and formed full-
length modified DNA strands. A library of modified DNA was
generated in order to select catalytically active DNAs.

Following these pioneering works, from 2001 other groups have
entered the field and used polymerase incorporations of modified
dNTPs to construct functional DNA molecules. Williams et al.15

have further contributed to the enhancement of the catalytic reper-
toire of DNA by synthesis of dUTPs functionalized with imidazole
connected via an amide bond to 3-aminopropargyl, -propenyl or
-propyl linkers attached at position 5. 7-Deazaadenine was used16

as an adenine surrogate in the construction of the corresponding
dATP analogues bearing the same functionality. Brackmann and
Lobermann17 have used FluoroRed (TMR) labeled dUTP and

rhodamine110-labeled dCTP for high-density fluorescent labeling
of DNA by primer extension using Klenow exo− polymerase.
Sawai et al.18 prepared a series of 5-functionalized dUTPs bearing
diverse amino, imidazole, carboxylate and biotin functions and
studied PCR incorporations by KOD Dash, Taq, Tth and Vent
polymerases to find that KOD Dash was the most efficient.
Held and Benner19 have prepared several protected (in the
form of t-BuSS-function) thiol-containing dUTPs and performed
PCR using 8 different polymerases to find that Pwo and Pfu
polymerases were the most efficient to amplify DNA sequences
with this modification. The Tor group has reported20 incorpo-
ration of dUTP containing Ru or Os complexes of bipyridine
ligands.

Famulok et al.21,22 were the first to prepare a complete set
of four modified dNTPs (5-substituted dUTPs and dCTPs and
7-substituted 7-deaza-dATPs and 7-deaza-dGTPs, as well as 8-
substituted dATPs and dGTPs) and study their PCR incorpora-
tion using a series of polymerases. He found22 that 8-substituted
dATPs and dGTPs are not good substrates for polymerases,
while the 7-substituted 7-deazapurine nucleoside triphosphates
are efficiently incorporated. He has also found22 that B-family
polymerases, in particular Pwo and Vent (exo−), are more efficient
in PCR incorporation of the modified dNTPs than A-family
polymerases (i.e. Taq).

Burgess et al.23 prepared TAMRA-labeled dUTPs where the
fluorescent label was attached via a conjugated acetylene linker
to position 5 of uracil. The nucleotides were then incorporated
by TaqFS polymerase by primer extension to yield fluorescent
DNA conjugates. More recently, Sawai et al. have constructed
modified DNA bearing amino and cyano groups, guanidine,24

amino acids,25 and acridone,26 and have used some of them
for further post-synthetic modifications.27 Ferrocene-modified
DNAs are attractive for electrochemical detection and, therefore,
several types of ferrocene-modified dNTPs were prepared,28

incorporated and used for bioanalytical applications. Ebara
et al.29 have recently reported saccharide-modified DNA by PCR
incorporation of maltose- and lactose-containing dUTPs. Finally,
the Carell group has reported on synthesis and PCR incorporation
of alkyne-modified dNTPs and the post-synthetic modifications
of the alkynylated DNA via Huisgen–Sharpless click reaction
with azides. This approach has been used for attachment of
sugars,30 for DNA metallization,31 and for assembly of gold
nanoparticles.32

From the reported studies, no definitive conclusions about
a universally applicable DNA polymerase can be made. Sawai
et al. have recently reviewed33 the efficiency of diverse DNA
polymerases for incorporation of 5-substituted pyrimidine dNTPs
to confirm that B-family polymerases (KOD Dash, Pwo and
Vent) are generally more efficient than A-family polymerases.
However, for each novel dNTP, screening of several polymerases
is necessary in order to find an efficient one for that particular
nucleotide.

Polymerase incorporations of base-modified NTPs to RNA

Due to higher structural diversity and the multiple biological
roles of RNA, it is even more interesting to construct modified
RNA. Base-functionalized NTPs have also been used for poly-
merase incorporation to RNA but have received considerably less
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attention due to difficult handling of modified RNA as compared
to modified DNA. Biotinylated UTP was the first example
of a modified NTP incorporated10 by T7 RNA polymerase.
Eaton et al. have developed the synthesis of several 5-substituted
UTPs and T7 polymerase-catalyzed incorporation to RNA34

and used this approach for in vitro selection of RNA amide
synthases.35 Later on, the Eaton group published the construction
of modified RNA bearing amino and heteroaryl groups linked
via 5-carboxamide to U using T7-catalyzed incorporation of
modified UTPs.36 McLaughlin et al. made 5-aminoalkyl- and
5-sulfanylalkyl-modified UTPs, studied their incorporation by
T7 polymerase and used this approach for selection of RNA
aptamers.37 Very recently, Srivatsan and Tor reported the synthesis
of fluorescent 5-furylpyrimidine NTPs and their incorporation
into RNA by T7 polymerase.38 5′-End fluorescein or biotin
labelling was achieved by in vitro transcription with N6-modified
AMP.39

Hirao has developed two new base pairs as an extension of the
genetic alphabet and has used the specific transcription of these
novel base pairs for single point modification of RNA.40 Thus
iodopyridone was introduced as a photocross-linking component
into RNA by T7 transcription41 via a base-pair with 6-thienyl-2-
aminopurine. Fluorescent labelling (FAM, TAMRA, Dansyl) of
RNA was achieved by incorporation42 of modified pyridone NTP
via base-pairing with 6-thienyl- or 6-thiazolyl-2-aminopurine. This
study also led to the development of a fluorescent aptamer for
theophilin.42 Biotinylated RNA was constructed by incorporation
of biotin-modified pyridone NTP via a base-pair with 6-thienyl-
or 6-thiazolyl-2-aminopurine43 or by incorporation of biotin-
modified pyrrole-1-carbaldehyde NTP via a base-pair with 6-
thienyl-1-deazapurine.44 This unique approach is apparently the
best solution for incorporation of single modification into a
specific position in RNA (but should be also applicable to DNA).

As a rule, all the incorporations of functionalized NTPs into
RNA were catalyzed by T7 RNA polymerase and the DNA
templates contained a promotor sequence.

Classical multistep syntheses of base-modified NTPs and dNTPs

The dNTP and NTP building blocks are usually prepared10–22,24–44

by troublesome and laborious triphosphorylation of the cor-
responding modified nucleosides, where the functional groups
usually have to be protected and deprotected. The most
common approach14–17,21,22 consists in multistep synthesis of
aminopropargyl-, aminopropenyl- or aminopropyl-substituted
dNTPs or NTPs via Sonogashira cross-coupling of halogenated
nucleosides with CF3CO-protected propargylamine, followed by
triphosphorylation and deprotection (for a typical example, see
Scheme 2). The desired functional molecule is then attached to the
amino group via amide bond formation. The example22 shown in
Scheme 2 needs 5 steps and 5 separations (of which 4 separations
are of rather labile triphosphates) to get the desired amidine-
modified dUTP in 8% overall yield. In other cases, the total yields
are higher but still the reaction sequence is rather laborious.

Another approach to 5-modification of pyrimidine dNTPs
consisted in generation10,29 of a 5-chloromercury derivative of
nucleoside or dNTP followed by coupling with functionalized
alkene. This approach is however hardly acceptable due to the
toxicity of organomercury compounds where the residual Hg

Scheme 2 Typical multistep synthesis of modified dUTP. Reagents and
conditions: (i) CF3CONHCH2C≡CH, CuI, Pd(PPh3)4, Et3N, DMF (84%);
(ii) 1. POCl3, proton sponge, PO(OMe)3; 2. (Bu3NH)2H2P2O7, Bu3N,
DMF; 3. 1 M TEAB; (iii) aq. NH3 (48% over two steps); (iv) N,N ′-
di-Boc-N ′′-Ms-guanidine, Et3N, dioxane, H2O (72%); (v) CF3COOH
(27%). In total 5 steps, 5 purifications, overall yield 8%. Example taken
from ref. 22b.

may influence the biological activity of the prepared nucleotides
and nucleic acids. Sawai et al. usually used18,24–27 attachment of
functionality via an amide bond to 5-(carboxymethyl)pyrimidine
but, again, the synthesis of the modified dNTPs requires laborious
multistep sequences with rather low total yields. Therefore, there
was a great need for a simple and straightforward methodology
for introduction of functional groups directly into dNTPs.

Aqueous cross-coupling reactions for synthesis of base-modified
dNTPs/NTPs

Cross-coupling reactions are the most efficient methodology for
C–C bond formation and are also commonly used for base-
modification of pyrimidine and purine nucleosides.45 In the past,
the reactions were usually performed on protected nucleosides
in organic solvents and the desired free nucleosides had to be
prepared by deprotection of intermediates. Recently, with the
discovery of water soluble catalytic systems, aqueous-phase cross-
coupling reactions have been developed46 and Shaughnessy et al.47

were the first who applied them for arylation of unprotected halop-
urine nucleosides by Suzuki–Miyaura reaction with arylboronic
acids in the presence of tris(3-sulfonylphenyl)phosphine (TPPTS),
Pd(OAc)2 and inorganic base (i.e. Na2CO3) in a mixture of water–
acetonitrile. Burgess et al. have developed23 the first Sonogashira

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 2233–2241 | 2235



cross-coupling reactions of 5-iodo-dUTP with terminal acetylenes
derived from fluorescent dyes which was the very first cross-
coupling reaction on dNTPs.

We have applied analogous aqueous-phase Suzuki–Miyaura
methodology for the arylation of unprotected halopurine bases48

and for arylation of 8-bromoadenosines with boronopheny-
lalanine49 and for attachment of bipyridine ligands and Ru-
complexes to purine bases50 and nucleosides.51 Later on, we further
optimized the conditions in order to apply the reactions for modi-
fication of nucleotides.52 Nucleotides (and in particular NTPs) are
rather labile compounds that easily undergo hydrolysis in aqueous
solutions. We found that when using stronger base (Cs2CO3) and
short reaction times (<1 h), the nucleotides are reasonably stable
in undergoing the cross-coupling. Thus we have developed a single
step arylation of 8-bromoadenosine monophosphates, NTPs and
dNTPs in acceptable ca. 50% yields after separation by reversed
phase chromatography on C18. It was the first example of the
Suzuki reaction on NTPs. Wagner et al. have also independently
reported on the arylation of cyclic 8-bromoinosine 5′-diphosphate
ribose53 and 8-bromoguanine NTPs54 and GDP-sugars55 under
analogous conditions.

Combination of aqueous cross-coupling reactions of dNTPs with
polymerase incorporations

Having an efficient single-step access to modified nucleoside
triphosphates by the aqueous-phase Suzuki or Sonogashira
couplings, an obvious application would be the use of these
NTPs and dNTPs for polymerase incorporations to nucleic
acids. Such an approach represents a very straightforward two-
step methodology for the construction of modified DNA or
RNA bearing diverse useful functionalities (Scheme 3). The
corresponding halogenated dNTPs are accessible by chemical
triphosphorylation56 of halogenated nucleosides (5-I-dU and 5-I-
dC are commercially available, 7-I-7-deaza-dA57 and 7-I-7-deaza-
dG58 nucleosides must be prepared by multistep procedures).

The first example of the two-step construction of functionalized
DNA was the paper by Burgess et al. in 200323 reporting on
the first Sonogashira coupling of 5-I-dUTP with fluorescein-
linked terminal acetylenes and their incorporation into DNA.
However, no other example was published until we developed
the complementary Suzuki–Miyaura arylation.52 Certainly, we
became very interested in utilizing this approach for modification
of DNA.

Having access to purine dNTPs bearing a phenylalanine moiety
in position 8 we wanted to test their polymerase incorporation.
However, from previous studies22 it was clear that 8-substituted
purine dNTPs are very poor substrates for DNA polymerases
probably due to sterical hindrance causing the syn-conformation
of the nucleobase. As 7-substituted 7-deazapurine dNTPs were
good substrates for some DNA polymerases, we have extended
the series of phenylalanine bearing dNTPs. In order to study the
influence of the linker and of the nucleobase, we have prepared59

another four types of conjugates. The aqueous Sonogashira cross-
coupling reactions of 5-I-dUTP or 7-I-7-deaza-dATP with 4-
ethynylphenylalanine in the presence of TPPTS, Pd(OAc)2, Et3N
and CuI in H2O–acetonitrile at 60 ◦C gave the corresponding
acetylene linked dNTPs (dUCCPheTP or dACCPheTP) in good yields
of 66–67% (Scheme 4). The aqueous Suzuki–Miyaura reaction

Scheme 3 General scheme for a two-step construction of functionalized
DNA.

with 4-boronophenylalanine in the presence of the same catalyst
and Cs2CO3 at 110 ◦C gave the aryl-linked dNTPs (dUPheTP and
dAPheTP).

In order to develop electrochemical labelling of DNA, we have
envisaged ferrocene (Fc) linked via a conjugated acetylene linker
as a suitable marker for detection via reversible electrochemical
oxidation. The conjugated linker should transfer electronic effects
from nucleobase to the label and thus respond to hybridization
by changing the redox potential of the label. The aqueous
Sonogashira reaction of 5-I-dUTP and 7-I-7-deaza-dATP with
ethynylferrocene under the above mentioned conditions gave60 the
corresponding Fc-linked dNTPs (dUCCFcTP and dACCFcTP) in 42–
48% yields (Scheme 5).

Finally, amino- and nitrophenyl groups were designed as new re-
dox labels for DNA. Especially the nitro group appears promising
for sensitive detection due to a high number of electrons (4 or 6)
collected per NO2 group reduction. The corresponding modified
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Scheme 4 Synthesis of phenylalanine-linked dNTPs. (i) 4-Ethynylpheny-
lalanine, Pd(OAc)2, TPPTS, CuI, Et3N, acetonitrile–H2O 1 : 2, 60–70 ◦C,
45–60 min; (ii) 4-boronophenylalanine, Cs2CO3, Pd(OAc)2, TPPTS,
H2O–CH3CN 2 : 1, 110–120 ◦C, 30 min; yields in parentheses for each
compound.

dNTPs were prepared61 by the aqueous Suzuki–Miyaura cross-
coupling of 7-I-7-deaza-dATP, 5-I-dUTP and here also 5-I-dCTP
with 3-nitrophenyl- or 3-aminophenylboronic acid (Scheme 6).
The more reactive electron rich aminophenylboronic acid gave
the desired products (dAPhNH2TP, dUPhNH2TP and dCPhNH2TP) in
better yields (40–43%) than less reactive nitrophenylboronic acid
(dAPhNO2TP, dUPhNO2TP and dCPhNO2TP, 26–28%).

In all cases, the functionalized dNTP products were isolated
by RP HPLC or RP flash chromatography (depending on the
scale of the reaction). As the procedure requires just a single
chemical step and single separation, it is the most efficient method
for the preparation of aryl- or alkynyl-modified dNTPs suitable
for the preparation of sufficient amounts of dNTPs necessary for
full characterization and for many polymerase incorporation

Scheme 5 Synthesis of ferrocene-linked dNTPs. (i) Fc-acetylene,
Pd(OAc)2, TPPTS, CuI, Et3N, H2O–CH3CN 2 : 1, 60–70 ◦C, 45–60 min;
yields are in parentheses for each compound.

Scheme 6 Synthesis of nitro and aminophenyl-linked dNTPs. (i)
3-NO2-PhB(OH)2 or 3-NH2-PhB(OH)2, Cs2CO3, Pd(OAc)2, TPPTS,
H2O–CH3CN 2 : 1, 110–120 ◦C, 30 min; yields in parentheses for each
compound.

experiments (vide infra). The modified dNTPs are stored as
lyophilizates at −20 ◦C and are sufficiently stable for several
months. On the other hand, their aqueous solutions should be
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Table 1 Incorporation of modified dNTPs by DNA polymerases

Polymerase

dNTP Klenow DyNAzyme Vent (exo−) Pwo Ref.

dACCPheTP n.t. n.t. + +++ 59
dUCCPheTP n.t. n.t. + +++ 59
dAPheTP n.t. n.t. + ++ 59
dUPheTP n.t. n.t. + ++ 59
dACCFcTP +++ ++ n.t. n.t. 60
dUCCFcTP +++ ++ n.t. n.t. 60
dAPhNH2TP +++ +++ n.t. n.t. 61
dUPhNH2TP +++ +++ n.t. n.t. 61
dCPhNH2TP +++ +++ n.t. n.t. 61
dAPhNO2TP +++ +++ n.t. n.t. 61
dUPhNO2TP +++ +++ n.t. n.t. 61
dCPhNO2TP +++ +++ n.t. n.t. 61

+ single incorporation to a small extent, ++ good incorporation in some
sequences, +++ excellent incorporation even for difficult sequences, n.t.
not tested

used as soon as possible and we observed partial decomposition
even when stored in the freezer after several months.

All three types of functionalized dNTPs were tested as sub-
strates for DNA polymerases and incorporated into DNA either
by primer extenstion (PEX) or by PCR (see Table 1). Amino
acid modified 8-substituted dATPs were not incorporated by any
polymerase. However, the corresponding amino acid derivatives
of 5-substituted dUTP (dUCCPheTP and dUPheTP), as well as 7-
substituted 7-deaza-dATP (dACCPheTP and dAPheTP)59 were all
excellent substrates for thermostable Pwo polymerase and were
efficiently incorporated both by PEX and by PCR. Also combi-
nations of modified dATP and modified dUTP were efficiently
incorporated by Pwo using both methods. From other tested
polymerases, Vent (exo−) gave some incorporation to a small extent
and could not have been used for PCR, while Taq polymerase did
not catalyze any incorporation of those dNTPs.

The Fc-labeled dNTPs were incorporated60 by PEX using
Klenow (exo−) polymerase at 37 ◦C or using thermostable
DyNAzyme at 60 ◦C (Fig. 1). The use of Klenow polymerase gave
efficient incorporation even of two labels next to each other but, on
the other hand, also gave higher frequency of erroneous nucleotide

Fig. 1 Analysis of products of the PEX incorporation of nitrophenyl
(NO2), aminophenyl (NH2) or ferrocene (Fc) conjugates of A, U or C
nucleotides. Composition of the dNTP mixes and nucleotide labeling are
indicated at the bottom, the DNA polymerases used at the top; u =
unmodified.

incorporation. DyNAzyme gave more precise incorporation but
a tendency for early termination at sites of clustered conjugate
incorporation was observed (Fig. 1). Therefore the Klenow
enzyme appears to be more convenient for incorporation of large
number of the Fc-tags into the synthesized DNA strand (e.g., tail-
labelling of signaling hybridization probes), while the DyNAzyme
is suitable for more precise incorporation of one or several Fc-
labels (e.g., DNA minisequencing).

PEX incorporation of amino- and nitrophenyl-dNTPs was also
studied61 using Klenow (exo−) at 37 ◦C or DyNAzyme at 60 ◦C.
Both enzymes worked efficiently to synthesize all types of se-
quences even with multiple incorporation of modified dNTPs.

Electrochemical detection and bioanalytical applications

Ferrocene and amino- or nitrophenyl groups were designed and
incorporated as redox labels for electrochemical detection. Due
to electronic coupling via the conjugate ethynyl or phenylene
bridge, redox potentials of the Fc, NH2 and NO2 labels depend
on the nucleobase type. Moreover, the peak potentials respond
to incorporation into ON by remarkable potential shifts, while
differences between individual nucleobases labeled with the same
marker are retained (see Fig. 2 for examples). Thus, the multipo-
tential electrochemical DNA sensing (vide infra) can be achieved
not only via combination of different DNA tags, but also via
exploiting distinct redox properties of the same label bound to
different nucleobases. On the other hand, the presented cross-
coupling dNTP strategy paves the way towards preparation of
a broad spectrum of electroactive DNA markers. These markers
need not necessarily give reversible redox electrochemistry (that
is essential for some specific applications, such as regenerable
electrochemical molecular beacons62 or some electrocatalytic
systems63). It has been demonstrated61 that a combination of
irreversibly reducible NO2 and irreversibly oxidizable NH2 tags
offers their easy detection and perfect discrimination within one
ON chain.

Fig. 2 Examples of voltammetric signals of ferrocene (Fc) or
3-aminophenyl tags coupled to nucleobases within dNTPs or incorporated
in oligonucleotides (ON).

Review of broad applications of fluorescent dye-labeled dNTPs
(or 2′,3′-dideoxy-NTPs) in DNA sequencing, arrayed primer
extension (APEX)64 genotyping or gene expression monitoring,
is out of the scope of this article. Electrochemical techniques in
connection with the PEX incorporation approaches have been
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applied mainly with the ferrocene markers or biotin tags to which
another label (such as an enzyme), was subsequently attached.
Different ferrocene derivatives were developed and used28 for
electrochemical multipotential DNA coding (in some applications
three ferrocenes were complemented with anthraquinone coding
for the fourth base). Willner’s laboratory introduced multiple
ferrocene redox tags by PEX into a replica of a single-stranded
circular viral DNA using a primer tethered to a gold electrode.63

The same group proposed, using biotin-labeled dNTPs, sensors
for the detection of telomerase activity65 or a quartz crystal
microbalance-based technique for single nucleotide polymor-
phism (SNP) detection.66 Biotin tags introduced into DNA by
PEX, followed by enzyme-amplified electrochemical detection,
have recently been utilized by Horakova-Brazdilova et al.67 to
monitor gene expression.

Electrochemical techniques combined with magnetic separation
(“double-surface” electrochemical techniques) have recently been
applied in the sensing of DNA hybridization, DNA–protein
interactions, immunoassays etc.68 We used an analogous protocol
(Scheme 7) in connection with PEX incorporation of nucleotides
labeled with ferrocene,60 nitrophenyl or aminophenyl61 electroac-
tive markers. This technique proved to be suitable for monitoring
incorporation of different nucleotide conjugates (bearing electro-
chemically distinguishable labels), for testing the efficiency of the
PEX reaction (as an alternative to the PAGE assay), as well as
for estimating the number of labeled nucleotides introduced per
ON molecule. The magnetic separation procedure can be used
for preparation of signaling probes for sandwich hybridization
assays,7 labeled on demand with multiple electrochemical tags (to
achieve signal amplification) chosen with respect to properties of

Scheme 7 PEX construction of labeled ONs on 5′-biotinylated ON
templates, followed by separation of the synthesized strand using strep-
tavidin-coated magnetic beads and electrochemical detection of the
incorporated labels.

the target DNA and the optimum detection technique. In addition,
we have demonstrated that the same approach is applicable in the
analysis of nucleotide sequences (e.g., the SNP detection).60,61

When the position of the SNP (point mutation) of interest
within the target nucleotide sequence is known, it is relatively
easy to probe the site using PEX. A model experiment is shown in
Fig. 3a. A mix of dAPhNH2TP, dCPhNO2TP and dGTP was used here
to discriminate between nucleotides complementary to the labeled
ones (T or G, respectively) in the first position of the template.
The resulting electrochemical signals excellently matched the given
SNP variants.61

Fig. 3 Examples of using electrochemically labeled nucleotides in analysis
of nucleotide sequences. a) Probing of a single nucleotide polymorphism
using a mix of nitro- and amino-labeled nucleotides. The resulting
electrochemical signal (reduction of nitro group or oxidation of amino
group) reveals which nucleotide was incorporated i.e., which nucleotide was
present in the probed position of the template. b) Mismatch detection by
early terminated PEX. Incorporation of multiple Fc tags in the synthesized
ON stretch results in considerable signal amplification (green curve). When
a nucleotide, the complementary dNTP counterpart to which is missing in
the PEX mixture, is present at the 3′-end of the template, the PEX cannot
proceed, resulting in absence of the intense signal (black curve).

Another possibility of SNP detection, well-suited primarily
for sensing mutations within or 3′- (in the template strand) to
repetitive DNA stretches, is an approach relying on stopping the
DNA strand elongation at a mismatch site.60 As shown in Fig.
3b, synthesis of the (UA)n stretch in the presence of dUCCFcTP +
dATP resulted in an intense UFc signal due to incorporation of
multiple Fc tags. When, however, the first T in the template stretch
was replaced by G, the resulting signal was negligible because
the primer elongation could not proceed in the absence of dCTP.
An analogous principle can be used for mapping homonucleotide
blocks (based on the low feasibility of clustered incorporation of
some nucleotide conjugates,60,61 see Fig. 1).
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Conclusions and future outlook

This review demonstrates that the polymerase incorporation
of modified dNTPs and NTPs is a very simple and powerful
methodology for construction of functionalized nucleic acids. In
particular, the combination of cross-coupling reactions of halo-
genated nucleoside triphoshates with polymerase incorporation
is a very efficient and straightforward two-step access to this
attractive class of biomolecules. Primer extension is suitable for
construction of shorter DNA molecules bearing one or several
modifications in one strand, while PCR can be used for construc-
tion of longer DNA duplexes with high-density modifications in
both strands. A number of DNA polymerases of the B-family
can be used for these incorporations and some thermostable
polymerases (DyNAzyme, Pwo or Vent) could be advantageously
used not only for PCR but also for PEX. While in PEX, most
5-substituted pyrimidine and 7-substituted 7-deazapurine dNTPs
are very efficiently incorporated, many of them are not sufficiently
efficient in PCR.69 Apparently, there is a great potential for
in vitro evolution of novel polymerases70 more efficient in PCR
incorporations of modified dNTPs.

We have shown some preliminary bioanalytical applications
of electrochemically labeled DNA. Our future efforts will focus
on detection of changes in redox potentials due to hybridization
of single strand ONs to DNA duplexes in order to develop
sensors for DNA hybridization and detection of base pair
mismatches. Other bioanalytical applications can involve, besides
the above-mentioned sandwich hybridization assays with PEX-
labeled signaling probes, mapping the abundance of particular nu-
cleotides in specific DNA regions or detecting repetitive sequence
expansions.71 Our preliminary data suggest that using nitrophenyl-
labeled ON substrates, DNA–protein interactions can easily be
monitored using the “double-surface” electrochemical assay.72

Functionalized DNAs are useful in material and nanotechnol-
ogy applications. Some of these applications have been reviewed
here30–32,63–66 and many more will definitely follow in the near future.
Use of DNA as a chiral auxiliary for catalysis of organic reac-
tions has been studied73,74 using intercalating ligands. Polymerase
incorporation of ligand-containing dNTPs should lead to DNA
molecules capable of complexation of transition metals and thus
catalyze some reactions. Synthesis of functionalized RNA using
this approach has received much less attention and apparently
a huge potential of development of new functionalized RNA
aptamers, ribozymes, riboswitches or siRNAs is just awaiting its
exploration.
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22 (a) S. Jäger and M. Famulok, Angew. Chem., Int. Ed., 2004, 43, 3337–
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