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A novel nucleotide building block for enzymatic synthesis of

azide modified DNA and subsequent conjugation via

Staudinger ligation was developed.

Many studies of complex biological systems are only feasible

through conjugation of biopolymers with other functional

molecules like dyes or affinity tags. Linkage of a complex

biomolecule with another molecular entity is often a challenging

task. Albeit several bioconjugation methods are available, truly

chemoselective methods are rarely represented.1,2 Recently, two

reactions based on the specific reactivity of the azide moiety were

introduced.3–5 One method is based on the [3 + 2] cyclo addition

reaction of an azide and a terminal alkyne6 promoted by copper

catalysis.7,8 This reaction has been employed extensively and

recently been extended for conjugation of DNA.9,10 On the other

side, the so-called Staudinger ligation developed by Bertozzi11–13

readily occurs between an azide and a phosphine to form an aza-

ylide that can be trapped by an acyl group to form a stable amide

bond. This reaction has been employed in numerous applications

e.g. for the conjugation of carbohydrates, protein14,15 and phage

particles16 as well as peptide ligation and immobilization.17–21

Recently, methods were devised to employ the Staudinger ligation

for conjugation of DNA. It was shown that conjugation of an

azide functionality via a suitable linker system enables conjugation

of dyes to the 59-end of single stranded DNA.22 Rajski et al.

employed the Staudinger ligation to conjugate DNA with

phenanthroline moieties for subsequent Cu(I) induced strand

scission.23 Here we report on the development of a novel azide

modified nucleoside triphosphate building block, that is readily

incorporated into DNA enzymatically by a DNA polymerase. The

resulting double stranded azide modified DNA can be smoothly

conjugated with modified phosphines via the Staudinger ligation.

Our strategy to modify DNA site-specifically with azide

functions by use of DNA polymerases for subsequent

Staudinger ligation is depicted in Scheme 1B. The first step

consists of a DNA polymerase reaction in which one of the natural

nucleoside triphosphates (dNTPs) is substituted by a modified

analogue that contains an azide functionality. Obviously the

success of this step is contingent on the ability of a DNA

polymerase to accept the modified nucleotide. The azide-modified

double stranded DNA in turn should serve as substrate for

Staudinger ligation with a suitably functionalized phosphine.

Thus, first we developed the synthesis of the nucleoside

triphosphate 1, a 29-deoxyadenosine analogue (Scheme 1A).

Since it has been shown that 7-modified 7-deaza-29-deoxyadeno-

sine derivatives are accepted by DNA polymerases24–28 we focused

our synthesis on these kinds of analogues. Following a published

procedure24 we synthesised a 7-deaza-29-deoxyadenosine 2, which

was readily converted into the corresponding triphosphate 3. After

saponification24 the azide moiety was introduced via EDC

promoted amide bond formation of the resulting carboxylic acid

and 4-azido-butylamine to form the desired triphosphate 1.29
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Scheme 1 (A) Synthesis of the modified nucleoside triphosphate.

Reagents and conditions: (a) (i) POCl3, proton sponge, PO(OMe)3, 0

uC, 3 h; (ii) (n-Bu3NH)2H2P2O7, n-Bu3N, 30 min; (iii) 1 M TEAB (27%);

(b) 0.5 M aqueous NaOH, rt, 1 h (72%); (c) 4-azidobutylamine hydro-

chloride, EDC, pH 4, rt, 4 h (16%). (B) Schematic depiction for labelling of

DNA with phosphines 5a and 5b.
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For further studies we first focussed on investigating the

properties of 1. To test the ability of DNA polymerases to accept 1

as substrate and incorporate the respective nucleotides into a

nascent DNA strand we set up a primer extension reaction, where

a single T residue in the 35nt template stand calls for incorporation

of the first dATP analogue after extending the 23nt primer strand

by seven residues (Fig. 1). After testing several DNA polymerases

we found that Pyrococcus woesei (Pwo) DNA polymerase is best

suited for our endeavour.30 While reactions31 performed in the

absence of any dATP analogue predominately abort before the

template T after extending the primer strand by seven nucleotides,

addition of natural dATP results in the formation of full-length

product. Interestingly, substitution of dATP by 1 yields full-length

product in a similar fashion as observed with the non-modified

dATP. These results support earlier findings by Famulok et al.

reporting the usage of Pwo DNA polymerase for the generation of

highly functionalized DNA.24

After having achieved successful incorporation of the building

block into double-stranded DNA we next investigated whether the

enzymatically synthesized DNA is suitable for Staudinger

ligation.32 In a first set of experiments the synthesized DNA was

treated with phosphine 5a at various temperatures for 4 h. We

found that the reactions proceeded smoothly albeit with significant

temperature dependence (Fig. 1C). However, best results were

obtained after an increase of the reaction time to 12 h and a

temperature of 60 uC. Noteworthy, since the phosphine 5a is

poorly soluble in water it was added to the reaction mixture as a

solution in DMF resulting in a total 3 : 1 aqueous buffer to DMF

ratio. Thus, next we investigated the influence of other co-solvents

on the Staudinger ligation. While the reaction proceeded with 68%

in the presence of DMF, conversion up to 80% was observed in the

presence of acetonitrile, ethanol and pyridine (Fig. 1D).

Employing these optimized procedure we next investigated the

Staudinger ligation between the enzymatically synthesized DNA1

and phosphine 5b, that bears a biotin residue. The reaction

proceeded with nearly the same efficiency as with the model

phosphine 5a and up to 70% conversion was achieved using DMF

or ethanol as co-solvent (Fig. 2A). The biotin moiety allows

further conjugation with streptavidin (STV) functionalized materi-

als and is often used for analysis and purification of biomole-

cules.33–35 Here we conjugated STV as proof for the successful

Staudinger ligation (Fig. 2B).

The results of the incubation of DNA2b with a STV solution are

shown in Fig. 2C.36 The control reaction with DNA1 and STV

shows no change in comparison with DNA1 alone, whereas the

biotinylated DNA shifts in presence of STV quantitatively to lower

mobility. These observations prove the presence of a biotin moiety

in the DNA treated with phosphine 5b.

In conclusion, we describe a straightforward method to directly

functionalize DNA with azide groups that are accessible for

further conjugation via Staudinger ligation. Here we show that the

developed azide-modified nucleoside triphosphate building block is

readily incorporated into a growing DNA strand via a DNA

polymerase directed DNA synthesis. The synthesized DNA in turn

can be conjugated using phosphines that bear several functional

groups e.g. biotin. The divised methods pave the way for efficient

DNA conjugation under mild condition just by adding the two

reaction partners without requiring further reagents. Currently we

investigate whether conjugation of longer DNA fragments, that

are obtained by PCR amplification, are amenable via the depicted

approach.
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