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A B S T R A C T

The identification of synthetic nucleotides that sustain the formation of orthogonal, unnatural base pairs is an
important goal in synthetic biology. Such artificial synthons have been used for the generation of semi-synthetic
organisms as well as functional nucleic acids with enhanced binding properties. The enzymatic formation of
artificial metal-base pairs is a vastly underexplored and alluring alternative to existing systems. Here, we report
the synthesis and biochemical characterization of 1‑(2-deoxy‑β‑D‑ribofuranosyl) imidazole‑4‑carboxylate nu-
cleoside triphosphate (dImCTP) which is equipped with a carboxylic acid moiety on the imidazole moiety in
order to increase the coordination environment to [2 + 2] and [2 + 1]. A clear metal dependence was observed
for the single incorporation of the modified nucleotide into DNA by the DNA polymerase from Thermus aquaticus
(Taq). The presence of AgI in primer extension reactions conducted with combinations of
1‑(2‑deoxy‑β‑D‑ribofuranosyl) imidazole nucleoside triphosphate (dImTP) and dImCTP supported the unusual
[2 + 1] coordination pattern. The efficiency of the tailing reactions mediated by the terminal deoxynucleotidyl
transferase (TdT) was markedly improved when using dImCTP instead of dImTP. Even though products with
multiple modified nucleotides were not observed, the appendage of additional metal binding ligands on the
imidazole nucleobase appears to be a valid approach to improve the biochemical properties of modified tri-
phosphates in the context of an expansion of the genetic alphabet with metal base pairs.

1. Introduction

The expansion of the genetic code is a long standing aim in synthetic
and molecular biology that strives to create proteins with hitherto un-
known functions and three dimensional structures as well as to refine
our understanding of the translational machinery [1]. Expanded genetic
systems can be achieved by introducing non-canonical amino acids into
proteins by suppressing the amber stop codon [2]. Another approach
that is gaining significant momentum involves the construction of un-
natural base pairs (UBPs) that complement the 4 natural nucleotides
which form the Watson-Crick A-T and G-C pairs [3–6]. Synthetic ge-
netic polymers equipped with UBPs have been used for the creation of
semi-synthetic organisms that are capable of storing and retrieving this
increased information load [7,8] and even transcribe DNA modified
with UBPs to proteins containing noncanonical amino acids [9]. Ex-
panded genetic alphabets have also been used for the in vitro isolation

of potent aptamers that bind their respective targets with high affinity
and selectivity [10–17]. Successful UBPs differ from natural nucleotides
in terms of nucleobase composition and interact through carefully de-
signed alternate hydrogen bond patterns [6] or via stacking or hydro-
phobic forces [18] or by shape complementarity [19]. However, some
of these UBPs are prone to dephosphorylation [7,20] and are not uni-
formly retained by semi-synthetic organisms [18]. Moreover, UBP
consisting of cyclic π-conjugated organic molecules can be photo-
activated by near-visible light which leads to the formation of reactive
oxygen species and ultimately to photodamage of DNA and cells
[21,22]. Alternatively, UBPs can be constructed by identifying ligand-
type nucleoside analogs capable of interacting together through co-
ordination of a metal cation [23,24]. The resulting artificial metal base
pairs are orthogonal to the canonical base pairs, present a high thermal
stability, and usually cause minimal structural perturbations to DNA
duplexes [25–33]. Even though artificial metal-mediated base pairs
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have been explored extensively [34], very little is known on their en-
zymatic construction [35–38] which is an important prerequisite for
their involvement in the expansion of the genetic alphabet and ulti-
mately in SELEX for the identification of functional nucleic acids
[39,40]. In this context, we have recently questioned whether the
imidazole nucleotide 1‑(2‑deoxy‑β‑D‑ribofuranosyl) imidazole nucleo-
side triphosphate (dImTP 1 in Fig. 1A) could be used as a substrate for
DNA polymerases to construct artificial metal base pairs [41,42]. We
rationalized that the imidazole nucleoside represented an ideal candi-
date since it is capable of forming highly stable dIm-Ag+-dIm base
pairs that only cause a minimal distortion of the B-DNA structure
(Fig. 1B) [35,43,44]. Despite these favorable assets, metal cations with
the exception of Mn2+ were not strictly required for single incorpora-
tion of modified nucleotides opposite templating dIm units, suggesting
that the metal base pair could not be formed under these conditions.
This biochemical characterization thus revealed that base pair stability
and limited structural distortion are not the only key elements to be
considered for the enzymatic construction of metal UBPs [42]. Parti-
cularly, size-complementarity, π-stacking, and interactions with re-
sidues of the active sites of polymerases are important parameters that
appear to be suboptimal in the case of the dIm system. Here, we report
the synthesis and the biochemical characterization of the 4-carbox-
yimidazole nucleotide 1‑(2‑deoxy‑β‑D‑ribofuranosyl) imidazo-
le‑4‑carboxylate nucleoside triphosphate (dImCTP 2 in Fig. 1C). This
second generation imidazole nucleotide is equipped with a carboxylic
moiety that can serve as an additional metal binding ligand and in-
crease the coordination environment from a [1 + 1] geometry in the
dIm system to [2 + 1] or [2 + 2]. Moreover, the presence of a hy-
drogen bond acceptor on the imidazole moiety is expected to reduce
pairing with the canonical nucleotides. To test this hypothesis, we
subjected dImCTP to primer extension reactions with different poly-
merases and assessed whether metal cations could promote the for-
mation of dImC-Mn+-dImC pairs.

2. Experimental

2.1. Methods

All reactions were performed under N2 in flame-dried glassware.
Anhydrous solvents for reactions were obtained from Sigma Aldrich.
Flash chromatography was performed using silica gel (230–400 mesh)
from Sigma Aldrich. Thin layer chromatography was carried out on pre-
coated glass-backed plates of silica gel (0.25 mm, UV254) from
Macherey-Nagel. All chemicals and solvents used were purchased from
Sigma-Aldrich and Alfa Aesar. NMR spectra were recorded on a Bruker
Avance 400 spectrometer (400.13 MHz for 1H, 100.62 MHz for 13C, and
161.62 MHz for 31P) and all spectra were referenced to the signals of
the corresponding solvent. Chemical shifts are given in ppm (δ scale)
and coupling constants (J) in Hz. Assignation of the NMR signals was
performed by using a combination of 1H/1H-COSY, 13C-DEPT-135, and
13C/1H-HMBC experiments. High resolution electrospray ionization
(ESI) mass spectra (MS, m/z) were recorded on a Waters Q-Tof Micro
MS in the positive-ion electrospray ionization (ESI+) mode. Solutions
were prepared using 1:1 MeCN/H2O containing 0.1% formic acid or
MeOH/water containing 10 mM ammonium acetate in the case of
sensitive compounds. HPLC purification was performed using an Äkta™
pure system (GE Healthcare) equipped with a Phenomenex Luna semi-
preparative RP-HPLC column (5 μm C18 100 Å, 250 × 10.0 mm).
Unmodified DNA oligonucleotides were purchased from Microsynth.
DNA oligonucleotides containing dImC nucleotides were synthesized on
an H-8 DNA synthesizer from K&A on a 1 μmol scale. Natural DNA
phosphoramidites (dT, dC4bz, dG2DMF, dA6Bz) and solid support (dA6Bz-
lcaa-CPG 500 Å) were all purchased from ChemGenes. The dImC

phosphoramidite was prepared by application of a literature protocol
[45]. Natural DNA phosphoramidites as well as the modified phos-
phoramidite were prepared as 0.07 M solutions in MeCN and were
coupled using 50 s and 490 s steps, respectively. 5‑(ethylthio)‑1H‑te-
trazole (0.25 M in MeCN) was used as coupling agent. Capping, oxi-
dation, and detritylation were performed using standard conditions.
Cleavage from the solid support and deprotection of oligonucleotides
was achieved by treatment with concentrated ammonia at room tem-
perature for 16 h. After centrifugation, the supernatants were collected

Fig. 1. Chemical structures of the modified triphosphates dImTP 1 A) and dImCTP 2 C) and the metal mediated dIm-Ag+-dIm B), dImC-Mn+-dImC D), and dImC-
Mn+-dIm E).

P. Röthlisberger et al. Journal of Inorganic Biochemistry 191 (2019) 154–163

155



and the resulting solutions were evaporated to dryness on a speed-vac.
Crude oligonucleotides were purified by anion exchange HPLC (Dionex
- DNAPac PA200). Buffer solutions of 25 mM Tris-HCl in H2O, pH 8.0
(buffer A) and 25 mM Tris-HCl, 1.25 M NaCl in H2O, pH 8.0 (buffer B)
were used. The purified oligonucleotides were then desalted with
SepPack C-18 cartridges. Oligonucleotide concentrations were quanti-
tated by UV spectroscopy using a UV5Nano spectrophotometer (Mettler
Toledo). The chemical integrity of oligonucleotides was assessed by
UPLC-MS analysis: UPLC was performed on a BEH C18 column (130 Å,
1.7 μm, 2.1 mm × 50 mm) from Waters, installed on an ACQUITY UPLC
H-Class System (SQ Detector 2). A Buffer containing 20 mM TEA and
400 mM HFIP in H2O was used with a linear gradient from 18 to 31%
Methanol within 5 min and a flow rate of 0.3 mL/min. All the DNA
polymerases (Therminator, Vent (exo−), Deep Vent, Bst, Taq, TdT, and
Klenow fragment of DNA polymerase I exo− (Kf exo−)) were purchased
from New England Biolabs as well as the natural dNTPs. Acrylamide/
bisacrylamide (29:1, 40%) was obtained from Fisher Scientific. Visua-
lization of PAGE gels was performed by fluorescence imaging using a
Storm 860 phosphorimager with the ImageQuant software (both from
GE Healthcare). The following salts were used: AgNO3, CdCl2, CuSO4,
CoCl2, EuCl3, FeSO4, FeCl3, HgCl2, MnCl2, NiSO4, Pb(OAc)2, ZnSO4.

2.2. Reaction buffers

The following 10× buffers without any Cl-source were prepared for
PEX reactions in presence of AgI. Buffer 1 is used for Taq, buffer 2 for Kf
exo−, and buffer 3 for Bst.

Buffer 1: 100 mM Tris acetate, 500 mM KClO4, 15 mM MgSO4,
pH 8.3 @ 25 °C; buffer 2: 500 mM NaClO4, 100 mM Tris acetate,
100 mM MgSO4, 100 μM DTT, pH 7.9; buffer 3: 200 mM Tris acetate,
100 mM (NH4)2SO4, 500 mM KClO4, 20 mM MgSO4, 0.1% Tween® 20,
pH 8.8 @ 25 °C.

2.3. Synthesis of dImCTP 2

2.3.1. Synthesis of ethyl 5′‑O‑(4,4′‑dimethoxytrityl)‑3′‑O‑acetyl‑1‑
(2‑deoxy‑β‑D‑ribofuranosyl)‑imidazole‑4‑carboxylate (4)

Nucleoside analog 3 [45] (220 mg, 0.38 mmol) was dissolved in dry
pyridine (10 mL) at RT under N2. To this solution, 2‑(dimethylamino)
pyridine (15 mg, 0.11 mmol, 0.3 eq.) was added followed by triethyla-
mine (134 μL, 0.95 mmol, 2.5 eq.) and subsequently acetic anhydride
(55 μL, 0.6 mmol, 1.5 eq.). After 4 h of stirring, the reaction mixture was
quenched with NaHCO3 sat. (20 mL) and extracted with DCM
(3 × 30 mL). The organic layers were combined dried over MgSO4 and
concentrated. The crude product was purified by flash chromatography
(DCM/MeOH 2% with Et3N 1%) to yield 230 mg of 4 as a yellowish oil
(quant.).

Rf (DCM/MeOH 5%) = 0.7
HR-MS C34H37N2O8

+ calculated: 601.2544; found: 601.2538.
1H NMR (400 MHz, CDCl3) δ= 8.64 (dt, J= 4.3, 1.7, 1H), 7.78 (d,

J= 1.4, 1H), 7.73–7.64 (m, 2H), 7.45–7.39 (m, 2H), 7.33–7.27 (m,
4H), 7.26–7.20 (m, 1H), 6.90–6.74 (m, 4H), 6.01 (dd, J= 8.5, 5.5, 1H),
5.42 (dt, J= 5.9, 1.9, 0H), 4.34 (qd, J= 7.1, 1.8, 2H), 4.23 (td,
J= 3.8, 1.9, 1H), 3.62–3.18 (m, 2H), 2.76–2.45 (m, 2H), 2.11 (s, 3H),
1.33 (t, J= 7.1, 3H).

13C NMR (101 MHz, CDCl3) δ= 170.1, 162.6, 158.7, 144.3, 136.5,
135.5, 135.4, 134.7, 130.0, 129.9, 129.0, 128.2, 128.1, 128.0, 127.0,
122.7, 113.3, 86.9, 86.6, 86.5, 85.7, 84.5, 75.0, 63.6, 62.6, 60.5, 55.2,
20.9, 14.4, 14.3.

2.3.2. Synthesis of ethyl 3′‑O‑acetyl‑1‑(2‑deoxy‑β‑D‑ribofuranosyl)‑
imidazole‑4‑carboxylate (5)

The starting material 4 (230 mg, 0.38 mmol) was dissolved in dry
chloroform (15 mL) at RT under a N2 atmosphere. To this solution,
dichloroacetic acid (0.32 mL, 38 mmol, 10 eq.) was added and the re-
sulting orange solution was stirred for 20 min at RT. The reaction

mixture was quenched with NaHCO3 sat. (10 mL), extracted with DCM
(3 × 20 mL), dried over MgSO4 and concentrated under reduced pres-
sure. The crude product was purified by flash chromatography (DCM/
MeOH 2–5%) to yield 90 mg (78%) of compound 5 as a white solid.

Rf (DCM/MeOH 5%) = 0.3
MS C13H19N2O6

+ calculated: 299.1238; found: 299.1249.
1H NMR (400 MHz, CDCl3) δ= 7.87 (d, J= 1.4, 1H), 7.81 (d,

J= 1.4, 1H), 6.04 (dd, J= 8.2, 5.8, 1H), 5.61–5.19 (m, 1H), 4.39 (q,
J= 7.1, 2H), 4.19 (q, J= 3.0, 1H), 3.91 (s, 2H), 2.67 (ddd, J= 14.3,
8.2, 6.2, 1H), 2.55 (ddd, J= 14.0, 5.8, 2.2, 1H), 2.14 (s, 3H), 1.61 (s,
2H), 1.40 (t, J= 7.1, 3H).

13C NMR (101 MHz, CDCl3) δ= 170.4, 136.6, 134.6, 122.8, 86.7,
85.8, 75.0, 62.6, 60.6, 39.5, 20.9, 14.4.

2.3.3. Synthesis of dImCTP (2)
Nucleoside 5 (40 mg, 0.13 mmol) was dissolved in dry pyridine

(0.2 mL) and dry dioxane (0.4 mL) at RT under N2. To this clear solu-
tion, 2‑chloro‑1,3,2‑bonzodioxaphosphorin‑4‑one (38 mg, 0.18 mmol,
1.4 eq.) was added and the reaction mixture was stirred for 45 min. A
solution of tributylammonium pyrophosphate (95 mg, 0.17 mmol,
1.3 eq.) in dry DMF (0.17 mL) and tributylamine (60 μL) was added
dropwise and the reaction mixture stirred for another 45 min. The re-
action mixture was then oxidized by the addition of iodine (56 mg,
0.21 mmol, 1.6 eq.) in pyridine (0.98 mL) and H2O (0.02 mL). After
30 min of stirring, the excess of iodine was quenched with a sodium
thiosulfate solution (10% w/v in water) and the resulting clear solution
was concentrated under reduced pressure at 30 °C. The concentrated
mixture was treated with ammonium hydroxide 30% (12 mL) for 2 h.
The yellow suspension was again concentrated under reduced pressure
at 30 °C. The yellow residue was dissolved in H2O (2 mL) and pre-
cipitated by the addition of NaClO4 2% in acetone (12 mL). The crude
product was purified by RP-HPLC (30% B in 20 min; Buffer A) TEAB
50 mM pH = 8; Buffer B) TEAB 50 mM pH = 8, 50% ACN) to give
3.7 mg (6%) of the pure triphosphate 2.

ESI-MS C9H14N2O14P3
− calculated: 465.9580; found: 465.9564.

1H NMR (400 MHz, D2O) δ= 7.99 (s, 1H), 7.94 (s, 1H), 6.13 (t,
J= 6.7, 1H), 4.15 (s, 1H), 4.06 (dt, J= 8.6, 5.3, 2H), 2.53 (dt,
J= 13.3, 6.5, 1H), 2.48–2.37 (m, 1H).

31P NMR (162 MHz, D2O) δ= −6.02 (d, J= 19.2), −9.99 (d,
J= 19.6), −20.68 (t, J= 19.3).

2.4. Primer extension experiments

The 5′-FAM-labelled primer P1 (30 pmol) was annealed to the ap-
propriate template (45 pmol) in the presence of 10× enzyme buffer
(provided by the supplier of the DNA polymerase or prepared as de-
scribed in Section 2.2) by heating to 95 °C and then gradually cooling to
room temperature (over 30 min). The appropriate DNA polymerase and
metal cation solutions were then added to the annealed oligonucleo-
tides mixture on ice. Finally, natural dNTPs and/or modified tripho-
sphate were added for a total reaction volume of 10 μL. Following in-
cubation at the optimal temperature for the enzyme, the reactions were
quenched by adding stop solution (10 μL; formamide (70%), ethylene-
diaminetetraacetic acid (EDTA; 50 mM), bromophenol (0.1%), xylene
cyanol (0.1%)). The reaction mixtures were subjected to gel electro-
phoresis in denaturing polyacrylamide gel (20%) containing trisborate-
EDTA (TBE) 1× buffer (pH 8) and urea (7 M). Visualization was per-
formed by fluorescence imaging using a Storm 860 phosphorimager.

2.5. TdT assays

A solution containing 40 pmol of primer P1 and 10 U of TdT was
added to a mixture composed of dImCTP (100 μM final concentration),
reaction buffer, 1 U of thermostable inorganic pyrophosphatase, the
appropriate metal cofactor (1 mM final concentration), and H2O (for a
total reaction volume of 10 μL). The reaction mixtures were then
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incubated at 37 °C for various amounts of time and quenched by ad-
dition of 10 μL of loading buffer. The reaction products were then re-
solved by electrophoresis (PAGE 20%) and visualized by phosphor-
imager analysis.

3. Results

3.1. Synthesis of dImCTP 2 and modified oligonucleotides

The phosphoramidite building block for the automated solid-phase
synthesis of the ImC-modified templates was obtained by application of
a published protocol [45]. The synthesis of dImCTP is highlighted in
Scheme 1 and involved phosphorylation with the Ludwig-Eckstein
protocol [46] of the suitably protected precursor 5.

All the templates containing modified nucleotides were obtained by
solid-phase synthesis using standard phosphoramidite chemistry and
characterized by LCMS (Table 1 and Supporting information). In order
to assay the enzymatic synthesis of the metal ion mediated artificial
base pair, template T1 containing a single dImC nucleotide located
immediately after the 3′-end of the 5′-fluorescently-labelled primer P1
was synthesized. In addition, templates T6 and T7 containing 3 and 5
dImC nucleotide overhangs, respectively, were synthesized to assess
whether multiple metal base pairs could be formed. Templates T1 and
T6 and T7 were designed to favor a [2 + 2] coordination geometry
while templates T8 and T9 containing dIm nucleotides were used to
probe [2 + 1] coordination patterns. Lastly, templates T2–T5 contained
each of the natural nucleotides instead of the modified nucleotide in T1
and were designed to evaluate the specificity of the incorporation of
dImCTP.

3.2. Screening of polymerases and metal cations under PEX reactions
conditions

We first sought to evaluate the possibility of constructing a single
dImC-Mn+-dImC base pair by enzymatic synthesis. Therefore, 6 dif-
ferent polymerases (i.e. Therminator, Vent (exo−), Deep Vent, Bst, Taq,
and the Klenow fragment of DNA polymerase I exo− (Kf exo−); see list

of Abbreviations) known to accept modified triphosphates [47,48] were
evaluated for their capacity at accepting dImCTP as a substrate and
incorporate this modification opposite a templating dImC nucleotide in
the presence of 12 different metal cations under primer extension re-
action (PEX) conditions. This initial screen revealed the complete in-
efficacy of both Deep Vent and Vent (exo−) to accept the modified
triphosphate as a substrate since no extended primer could be observed
even after 5 h of incubation (Fig. S1A and B). On the other hand, the Kf
exo− and Bst polymerases accepted dImCTP as a substrate regardless of
the presence or the nature of the metal ions but with a rather modest
efficiency (~60% of conversion of the primer to the n + 1 product; see
Fig. S1C and D). The reactions catalyzed by Therminator led to a dis-
tribution of products indicating that this polymerase incorporated
dImCMP units not only opposite a modified nucleotide but also indis-
criminately opposite the natural nucleotides constituting the 5′-over-
hang of template T1 (Fig. S1E). The addition of a dImC nucleotide on
primer P1 mediated by Therminator was slightly more efficient in the
presence of certain metal cations such as Ag+, Fe2+, and Cu2+ but
remained generally rather low yielding (< 30% of conversion of the
primer). On the other hand, full conversion of the primer to the n + 1
product was observed when the Taq polymerase was used in conjunc-
tion with Mn2+ (Fig. 2A), as observed in the case of the parent dImTP
but with Kf exo− as polymerase [42]. The addition of Fe2+, Co2+, and
to a lesser extent Cd2+ also improved the yield of the n + 1 product
compared to the control reaction that contained no additional metal
cations (Fig. 2B). Therefore, a clear dependence on the nature of the
metal cation on the incorporation efficiency could be observed with the
Taq polymerase. In order to improve the reaction yields, we then in-
vestigated the effect of increasing metal concentrations on the outcome
of the reaction.

The yield of incorporation of dImC nucleotides opposite a single
dImC appears to be highly dependent on the concentrations of Co2+

and Mn2+ as shown in Fig. 3 but is rather insensitive to variations in
concentrations of Ag+, Fe2+, and Cd2+ (data not shown). On the other
hand, the incorporation of a modification opposite a single templating
dImC was rather dependent on the concentration of dImCTP when
Co2+ and Fe2+ served as cofactors (Fig. S2). Indeed, low concentrations
of dImCTP (20 μM) led to poor incorporation efficiencies regardless of
the reaction times, while higher concentrations (50–200 μM) of the
modified triphosphates resulted in high incorporation yields.

Moreover, full conversion of the primer to the n + 1 product can be
observed with Mn2+ concentrations of at least 45 μM which is com-
parable to what had been observed with dImTP. An increase in [Co2+]
from 15 μM to 100 μM was reflected by a ~2-fold improvement of the
yield of the polymerization reaction (from 30 to 60%).

In order to address the question of whether the modified base could
be bypassed by polymerases we first conducted PEX reactions with the
primer P1/template T1 system in the presence of 4 different metal
cations (Ag+, Cd2+, Mn2+, and Co2+). The resulting products were
then further extended by adding the 4 canonical dNTPs (Fig. S3). In all
cases, n + 6 products were observed which correspond to full length
products with a supplementary nucleotide stemming from a non-tem-
plated addition. However, the n + 1 product formed by the initial in-
corporation of a dImCMP opposite a modified nucleotide was not by-
passed by the polymerases. A similar result was obtained when each
canonical dNTP was added separately to the reaction mixture (Fig. S4).

3.3. Specificity of the incorporation of dImCTP

The presence of the cofactors Co2+ and Mn2+ enables the Taq
polymerase to incorporate a single dImC nucleotide into DNA. In order
to investigate the specificity of this incorporation, we carried out PEX
reactions using the non-modified templates T2–T5 (Table 1) that con-
tain each one of the canonical bases at the site of the modification in T1.
This analysis clearly revealed that dImC nucleotides were not in-
corporated opposite any of the canonical nucleotides in the presence of

Scheme 1. Synthesis of dImCTP 2. Reagents and conditions: (i) Ac2O, DMAP,
NEt3, pyridine, 0 °C, 4 h, 96%; (ii) DCAA, CH2Cl2, rt, 20 min, 78%; (iii) 1.
2‑Chloro‑1,3,2‑benzodioxaphosphorin‑4‑one, pyridine, dioxane, rt, 45 min; 2.
(nBu3NH)2H2P2O7, DMF, nBu3N, rt, 45 min; 3. I2, pyridine, H2O, rt, 30 min; 4.
NH3(aq.), rt, 1.5 h, 6% (4 steps).

Table 1
DNA primer and templates used for the primer extension reaction to assay the
enzymatic synthesis of the metal base pair.

P1 5′-FAM-TAC GAC TCA CTA TAG CCT C
T1 5′-GGA GImCG AGG CTA TAG TGA GTC GTA
T2–T5a 5′-GGA GNG AGG CTA TAG TGA GTC GTA
T6 5′-GGImC ImCImCG AGG CTA TAG TGA GTC GTA
T7 5′-ImCImCImC ImCImCG AGG CTA TAG TGA GTC GTA
T8b 5′-GGIm ImImG AGG CTA TAG TGA GTC GTA
T9b 5′-ImImIm ImImG AGG CTA TAG TGA GTC GTA

a N = A (T2); N = T (T3); N = C (T4); N = G (T5).
b From reference [42].
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the preferred cofactors Co2+ and Mn2+ (Fig. 4) as well as Ag+ (Fig. S5).
When the reactions were performed with increased concentrations of
Co2+ and Mn2+ (80 μM and 50 μM, respectively), no incorporation of
the modification was observed when the concentration of dImCTP was
maintained at 20 μM (Fig. S6). On the other hand, some mis-
incorporation (~10%) of the natural nucleotides could be observed
(especially opposite dT) due to the relaxing of the substrate tolerance of
the polymerase under increased metal cation concentrations. Similarly,
the modified dImC nucleotide was moderately well incorporated op-
posite dT (50% in the presence of Mn2+ and 40% in the presence of
Co2+) and only marginally opposite dG (~10%) when the concentra-
tion of dImCTP was increased to 200 μM (Fig. S6). Since incorporation
of the modification is efficient at triphosphate concentrations as low as
50 μM in the presence of 80 μM Co2+ (Fig. S2) we can safely conclude
that the incorporation of dImCMP exclusively occurs when the tem-
plating nucleotide is dImC. Incorporation opposite a natural templating
nucleotide only occurs in the presence of high metal and triphosphate
concentrations. A similar observation was made previously with the
parent dImTP analog.

3.4. PEX reactions with templates with longer modified overhangs

After identifying cofactors that sustain the polymerization reaction

of dImCTP and demonstrating the specificity of this incorporation, we
next questioned whether longer modified fragments could be obtained
by PEX reactions. To do so, we carried out PEX reactions with templates
T6 and T7 that contain longer dImC-modified overhangs (Fig. 5). The
Taq polymerase was capable of producing substantial amounts of the
n + 1 products (> 50% of conversion of the primer) in the presence of
both Co2+ and Mn2+ but stalled after incorporating a single dImCMP
since no traces of longer oligonucleotides could be detected. An in-
crease in the concentration of the modified triphosphate or the metal
cations did not lead to the incorporation of additional nucleotides (data
not shown). Interestingly, when template T6 containing three con-
secutive modified nucleotides was employed in PEX reactions, a sig-
nificant extension of the primer could also be observed in the presence
of Cd2+ and Hg2+ (Fig. 5A). All other metal cations led to yields
comparable to or lower than the reaction carried out without any ad-
ditional cofactor. Conducting PEX reactions with template T7 ex-
clusively led to the formation of the n + 1 product in the presence of
Mn2+ (Fig. 5B). The addition of Co2+ and to a certain extent Cd2+ also
increased the yields of the n + 1 product compared to the reaction
carried out in absence of additional metal cations. As observed with
template T6, no longer products were formed even at higher metal and
triphosphate concentrations (data not shown). Overall, even though the
outcome of the reactions is slightly and unexpectedly different when

Fig. 2. A) Representative PAGE (20%) analysis of the incorporation of dImCTP opposite a single templating dImC nucleotide in the presence of various metal cations
with the Taq polymerase using primer P1 and template T1. All reaction mixtures contained 200 μM dImCTP, 1× reaction buffer, and 5 U of Taq polymerase and were
incubated at 60 °C for 5 h. P indicates unreacted primer. For AgI the reaction was carried out in buffer 1 while for AgI⁎ the standard Taq reaction buffer was used. B)
Quantification of the incorporation efficiency of dImCTP by the Taq polymerase as a function of the nature of metal cation. The results shown are the average of three
independent data sets.

Fig. 3. Gel analysis (PAGE 20%) of the effect of the con-
centration of Mn2+ and Co2+ on the outcome of the PEX re-
actions with template T1 and primer P1. The reactions were
conducted in presence of 5 U of Taq polymerase at 60 °C for
4 h with 200 μM dImCTP and in buffer 1.
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templates T6 and T7 are used, these experiments show that multiple
incorporation events do not occur.

3.5. [2+ 1] coordination environment

The [2 + 1] coordination pattern is rather rare but has been ob-
served in certain FeII and FeIII complexes [49] as well as for AgI in the
context of artificial metal base pairs [50]. This coordination mode can
potentially be achieved by using the parent dIm nucleotide either as an
incoming triphosphate on dImC-containing templates or vice versa.
Consequently, PEX reactions were carried out first with dImTP together
with templates T6 and T7. When the Taq polymerase was used during
the PEX reactions, marginal formation of the n + 1 product could be
observed with template T6 in the presence of Ag+, Cd2+, Co2+ and
Mn2+ while no extension of the primer could be detected with template
T7 (Fig. S7). A similar trend was observed with Bst (data not shown).

On the other hand, Kf exo− incorporated one dImMP unit opposite a
templating dImC nucleotide only when Ag+ was used as a cofactor and
T6 as a template (Fig. 6A). All other metal ions did not promote the
formation of the artificial base pair. Surprisingly, when template T7
was used instead, n + 1 products could be observed with various dif-
ferent metal cations and in poor yields, often lower than the reaction
conducted in the absence of additional cofactors (Fig. 6B). This im-
portant change in the outcome of the PEX reactions when using tem-
plate T7 instead of T6 was rather unexpected.

When PEX reactions were carried out with the dIm-modified tem-
plates T8 and T9 in combination with dImCTP, only n + 1 products
were formed and no bands corresponding to primers with multiple
modifications could be observed regardless of the nature of the poly-
merase and the metal ion. When Kf exo− was used, n + 1 products were
formed regardless of the nature of the metal cation (data not shown) as
observed with template T1 (Fig. S1C). However, with the Taq

Fig. 4. Gel pictures (PAGE 20%) of the products of the PEX reactions with templates T2–T5 and primer P1. The reactions were carried out using 20 μM dNTPs or
dImCTP in the presence or absence of 15 μM Co2+ or Mn2+. In addition, the reactions mixtures contained 0.5 U of Taq polymerase and were heated at 60 °C for
30 min in 1× buffer 1. P indicates unreacted primer.

Fig. 5. Gel pictures (PAGE 20%) of the
products of the PEX reactions with tem-
plates containing multiple modified nu-
cleotide overhangs in the presence of var-
ious metal cations. A) Reactions with
primer P1 and template T6; B) reactions
with primer P1 and template T7. The reac-
tion mixtures were incubated at 60 °C for
5 h in the presence of 0.5 U Taq polymerase,
200 μM dImCTP, and 1× reaction buffer. P
indicates unreacted primer. For AgI the re-
action was carried out in 1× buffer 1 while
for AgI⁎ the standard Taq reaction buffer
was used.
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polymerase, efficient incorporation was observed with template T8 in
the presence of Ag+ and Mn2+ with appreciable yields of the n + 1
product (77% and 42%, respectively) when compared to the control
reaction (only 19% of extension; Fig. 7A). Similarly, when template T9
containing a 5 dIm nucleotide overhang was used in PEX reactions, the
presence of Ag+, Cd2+, and Mn2+ promoted the formation of the n + 1
product with an improved efficiency compared to the PEX reaction
conducted in the absence of additional metal cations (~65% compared
to 28%, respectively; Fig. 7B).

3.6. TdT-mediated polymerization of dImCTP

The terminal deoxynucleotidyl transferase (TdT) is a Co2+-depen-
dent family X DNA polymerase which catalyzes the untemplated in-
corporation of nucleotides on single-stranded DNA substrates [51].
Moreover, the TdT is rather tolerant to base-modifications since nu-
cleotides equipped with amino-acid like side chains [5,52–54], elec-
trochemical tags [55], unnatural aromatic nucleobase analogues
[56,57], and even polymerases [58] are all readily accepted as sub-
strates. In the context of artificial metal base pairs, the TdT catalyzed
the incorporation of hydroxypyridone-modified nucleotides which
served for the construction of CuII-mediated metallo-DNA duplexes

[37,38]. Similarly, the unmodified dImTP acted as an excellent sub-
strate for the TdT which enabled the enzymatic creation of dIm-tags for
the immobilization of DNA sequences [41]. In order to assess the im-
pact of the presence of the carboxylic moiety on the substrate accep-
tance of dImCTP by the TdT, we conducted tailing reactions with two
different metal cofactors (Mn2+ and Co2+) and a range of reaction
times (Fig. 8).

Extremely efficient TdT-mediated tailing reactions were observed
when Mn2+ was used as cofactor since over 15 nucleotides could be
incorporated in 2 h of reaction with full conversion of the primer. A
further increase in the reaction time led to the formation of poly-
disperse, longer-sized oligonucleotides. On the other hand, when Co2+

was used as cofactor, 4–9 modified nucleotides were incorporated after
2 h and the formation of longer tailed sequences was not observed even
after 12 h of reaction.

4. Discussion

The enzymatic construction of metal UBPs is an attractive approach
to expand the genetic alphabet, yet rather strict conditions need to be
fulfilled. Indeed, artificial metal UBPs need to display high thermal
stabilities comparable to that of the canonical base pairs and they

Fig. 6. Gel (PAGE 20%) analysis of the
products of PEX reactions with primer P1
and templates T6 A) and T7 B) with dImTP.
All reactions were carried out in the pre-
sence of 5 U of Kf exo− and 200 μM dImTP
at 37 °C for 5 h. P indicates unreacted
primer. For AgI the reaction was carried out
in 1× buffer 2 while for AgI⁎ the standard
Klenow reaction buffer was used.

Fig. 7. Gel (PAGE 20%) analysis of the
products of PEX reactions with primer P1
and templates T8 A) and T9 B) with
dImCTP. All reactions were carried out in
the presence of 5 U of Taq polymerase and
200 μM dImCTP at 60 °C for 5 h. P indicates
unreacted primer. For AgI the reaction was
carried out in 1× buffer 1 while for AgI⁎ the
standard Taq reaction buffer was used.
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should cause minimal distortion of B-DNA structures including primer-
template duplexes while maintaining a strict orthogonality to the nat-
ural Watson-Crick system [25,35]. Also, other parameters such as size-
complementarity, π-stacking, minor groove and hydrophobic interac-
tions seem to play an important role for the enzymatic formation of
these metal UBPs [42]. In the present study we strived to improve the
capacity of the imidazole-modified nucleotide analog dImTP to form
metal UBPs by including an additional ligand on the nucleobase. Ap-
pendage of this modification had various important consequences on
the substrate acceptance of the resulting triphosphate dImCTP by DNA
polymerases: 1. the modified triphosphate appears to be a rather poor
substrate for Kf exo− which readily accepted dImTP but is rather well
tolerated by the Taq polymerase instead; 2. single incorporation of
dImCMP units clearly depended on the nature and the concentration of
metal cofactors particularly when the metal ions were Mn2+, Fe2+,
Co2+, and Cd2+; 3. the presence of AgI sustains the formation of a
[2 + 1] coordination environment in both constellations provided that
Kf exo− is the polymerase with dImTP as the incoming triphosphate
and Taq when the triphosphate is dImCTP; 4. the efficiency of the TdT-
mediated tailing reaction was markedly improved in presence of both
cofactors compared to the homopolymerization of dImTP.

These features clearly demonstrate that the inclusion of an addi-
tional ligand on position 4 of the imidazole moiety improves the metal-
dependence of the incorporation of the resulting triphosphate and
promotes rather rare [2 + 1] coordination environment. In this context,
it is not clear why the formation of the hetero base pair is favored when
three (in T6) rather than five (in T7) templating dImC nucleotides are
present.

As in the case of dImTP, multiple incorporation of dImC nucleotides
into DNA was not achieved regardless of the experimental conditions
that were applied. Moreover, dImC-dImC pairs were not bypassed by
polymerases which preclude the use of this modification in SELEX ex-
periments. Consequently, as observed for the imidazole nucleotide dIm,
the enzymatic formation of a dImC-Mn+-dImC pair seems improbable.
Indeed, the addition of Mn2+ to PEX reactions is known to relax the
substrate requirements and reduce the fidelity of polymerases and en-
hance the incorporation of modified nucleotides into DNA including
dIm and dImC. Similarly, Co2+ is capable of replacing Mg2+ of the
active site and concomitantly alters the fidelity of certain polymerases
including Taq [59,60].

5. Conclusions

In summary, an imidazole nucleotide equipped with an additional
potential metal binding ligand was synthesized and its capacity at
sustaining the enzymatic formation of metal UBPs was evaluated. A
clear metal dependence was observed for the Taq-mediated single in-
corporation of dImCMP into DNA and Mn2+ and Co2+ were identified
as the best metal cofactors. A [2 + 1] coordination environment was
supported by the presence of Ag+ in primer extension reactions in-
volving combinations of dIm and dImC nucleotides. While the dImC

system did not support multiple incorporation events and ultimately the
enzymatic formation of metal UBPs, the presence of the additional
carboxylic acid moiety had an important repercussion on the bio-
chemical properties of this nucleotide analog. Collectively, the results
demonstrate that second generation imidazole nucleotides display im-
proved substrate acceptances by DNA polymerases in the presence of
specific metal cations. Other imidazole modification patterns might
eventually lead to the identification of nucleotides capable of sustaining
the enzymatic fabrication of artificial metal UBPs. Additionally, we are
currently evaluating the possibility of using engineered polymerases to
promote the enzymatic formation of imidazole-based metal UBPs [61].
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DMF N,N-Dimethylformamide
dImCTP 1‑(2‑deoxy‑β‑D‑ribofuranosyl) imidazole‑4‑carboxylate nu-
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PEX Primer extension
DMTr 4,4′‑dimethoxytrityl
UBP Unnatural base pair
DMAP 4‑Dimethylaminopyridine
TEA Triethylamine
Tris 2‑Amino‑2‑(hydroxymethyl)propane‑1,3‑diol

Fig. 8. Gel (PAGE 20%) image of the TdT-catalyzed extension reactions with primer P1 and dImCTP.
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SELEX Systematic Evolution of Ligands by EXponential enrichment
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