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Primer extension incorporation of Fc modified nucleotide conjugates 

into oligonucleotides 
 

Supplementary results 

 

Termination of PEX at sites of clustered incorporation of modified nucleotides.  

Synthesis of DNA stretches accommodating the ferrocene-modified nucleobases at isolated 

positions was apparently as feasible as synthesis of the same but unmodified stretches. For 

example, synthesis of the pex ATnr1(AFc) product involving four separated A residues reached 

easily the end of the template strand and no shorter products were formed in appreciable 

amounts (left panels Fig. 1-SI). On the other hand, synthesis of the pex ATnr1(UFc) product was 

stopped at the TTT block. Similarly, synthesis of the pex ATnr2(AFc) tended to termination at 

the AAA cluster. Generally, the tendency to PEX early termination was more pronounced in 

reactions catalyzed by DyNAzyme (due to more stringent conditions and/or its 3’? 5’ 

proofreading exonuclease activity removing accidentally incorporated improper nucleotides), 

compared to reactions performed with the Klenow (exo-) enzyme. When a mix of both 

modified dNTPs was applied, even shorter products were detected (Fig. 2-SI) suggesting that 

side-by-side incorporation of the Fc conjugates of two different nucleobases (A and U) was 

disfavored as well. Results of a systematic study of modified nucleotides incorporation into 

various nucleotide sequence stretches will be published elsewhere.  

 

                                                      
 



Figure 1-SI 

Denaturing PAGE analysis of PEX products synthesized on templates tempATnr1 (left) or tempATnr2 

(right) using dAFcTP and/or dUFcTP (complemented with unmodified dTTP or dATP, respectively). 

Nucleotide sequences of the synthesized stretches are shown along the panel left edges, composition 

of the dNTP mixes on the bottom. PEX reactions in the top panels were performed with Klenow (exo-) 

polymerase at 37 °C, those in the bottom panels with a thermostable DyNAzyme polymerase at 60 °C. 

T or A blocs are highlighted in cyan or red, respectively. 

 

Expansion of the (AT)n doublet repeat during PEX 

Electrochemical analysis of the pexAT(AFc) product revealed surprisingly intense signals due 

to the Fc tags (see Fig. 4 in the Communication). In agreement with this observation, 

denaturing PAGE showed the (AT)n repetitive sequence in the pexAT(AFc) to be expanded in 

the Klenow-catalyzed reaction. Elongation of the synthesized stretch by up to 10 nucleotides 

(with most frequent termination between four and six extra bases) was observed (Fig. 2-SI). 

The tendency to elongation was observed also for dATP + dTTP (both unmodified) or dATP 

+ dUFcTP mixes but in these cases, only one or two additional bases were attached to the 

primer strand. DyNAzyme-catalyzed PEX reactions were terminated preferentially at 

positions of 0 to 2 extra nucleotides regardless of whether AFc, UFc or only unmodified 

nucleotides were incorporated. Hence the remarkably strong tendency to the (AT)n repeat 

expansion was specific for the dAFcTP in Klenow (exo-)-catalyzed PEX. Mechanism of the 

doublet repeat elongation might be analogous to that proposed for expansion of genomic 

microsatellite sequences i.e., involving formation slipped-strand DNA structures during the 

DNA synthesis [1, 2].  

                                                      
 



 

Figure 2-SI 

Denaturing PAGE of PEX products with AFc or UFc conjugates incorporated into a (AT)n doublet 

repeat. The PEX reaction was catalyzed by the Klenow (exo-) polymerase. 

 

 

The UFc conjugate does not undergo cyclization reaction under conditions of enzymatic 

incorporation and/or separation procedures 

The 5-(ferrocenylethynyl)uridine has been reported to be prone to base-catalyzed cyclization 

to furopyrimidine.[3, 4] This undesired cyclization occurred also during attempted 

incorporation of the corresponding UFc-phosphoramidite into oligonucleotides by synthesis on 

solid support using phosphoramidite method.[3, 4] Hence the chemical synthesis of 

oligonucleotides containing the ferrocenylethynyl-modified uracil was so far unsuccessful. 

We therefore tested whether the cylization reaction takes place during the PEX reactions 

and/or during the magnetoseparation procedure. Conversion of the UFc into furopyrimidine 

product can be detected via change of the UV-VIS spectrum which, after cyclization, displays 

a distinct band around 350 nm [3]. Only small changes in the dUFcTP spectrum were detected 

after treatments corresponding to the PEX reactions. Exposure of the conjugate to conditions 

of PEX product thermal release form the DBstv (vide infra) resulted in no detectable change 

around 350 nm. It shows that no significant portion of the UFc was converted into the 

furopyrimidine compound during procedures used in this work and that UFc-containing 

oligonucleotides can be reliably constructed by enzymatic incorporation of dUFcTP without 

unwanted side-reactions. 
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Figure 3-SI 

UV-VIS spectra of dUFcTP prior to (black curves) and after (red curves) treatment under conditions of 

(from top to bottom) Klenow-catalyzed PEX, DyNAzyme-catalyzed PEX and thermal release of the 

PEX products form the magnetic beads. The spectra were measured for 500 µM dUFcTP in the given 

medium using a Nanodrop spectrophotometer.  



Separation procedures  
Purification of the PEX products  - alternative procedures: (a), instead of thermal 

dissociation of the ON duplexes captured at the magnetic beads, alkaline denaturation was 

applied successfully. Resuspending the beads in 10 mM NaOH for a short time (5 min) at 

ambient temperature was sufficient to release the extended primer strands and to obtain 

practically the same electrochemical responses. (b), the PEX products can be purified also by 

the QIAquick® Nucleotide Removal Kit (Qiagen, USA). 

 

Electrochemical analysis 

 
Ex situ voltammetric analysis ONs - comments: The ex-situ (adsorptive transfer 

stripping) voltammetric procedure has proved particularly suitable for analysis of small 

amounts of nucleic acids, proteins or other biomolecules strongly adsorbing at electrode 

surfaces. The technique takes the advantages of a firm adsorptive accumulation of the analyte 

(here, DNA) at the electrode surface from a small sample volume, followed by transfer of the 

DNA-modified electrode into blank background electrolyte in an ordinary electrochemical 

cell. For more details, see the literature. [5-10]} 

 

Alternative procedures: Electrochemical responses of the Fc, dAFcTP, dUFcTP and/or 

Fc-labeled ONs were measured also with glassy carbon (GCE), carbon paste (CPE) or 

disposable screen-printed carbon (SPCE) electrodes. The CPE and GCE were prepared and 

pretreated as described.[10, 11] SPCEs were printed at the University of Pardubice (Department 

of Analytical Chemistry, Faculty of Chemical Technology) using commercially available ink 

C10903 P14 (Gwent Electronic Materials Ltd., UK) and used as prepared. 

 

 

Supplementary data 

 

Reversibility of the electrochemical oxidation/reduction processes of the ferrocene 

labels. Voltammograms in Figure 4-SI demonstrate that reversibility of the 

ferrocene/ferrocenium redox pair is retained after coupling the Fc tag to the nucleobase and its 

incorporation into an oligonucleotide (the forward and backward components of the square-wave 

voltammograms show oxidation and reduction current signals, respectively). 
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Figure 4-SI 

Section of SWV voltammograms showing reversible ferrocene/ferrocenium redox pair measured with 

the pexAT(AFc) product (raw data). Green and red curves correspond to the forward (oxidation) and 

backward (reduction) components, respectively; black curve is the resulting net square wave 

voltammograms. 
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