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Labeling of DNA via rearrangement of S-2-aminoethyl phosphorothioates to
N-(2-mercaptoethyl)phosphoramidates†
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The reaction of phosphorothioates in DNA with 2-bromoethylammonium bromide results in
S-2-aminoethyl phosphorothioates, which can rearrange to N-(2-mercaptoethyl)phosphoramidates
providing a facile method for the generation of site-specific thiol labeling of DNA sequences. The
applicability of this method was demonstrated by conjugation of the thiolated DNA sequence with
Na-(3-maleimidylpropionyl) biocytin and Alexa Fluor 546 C5-maleimide.

Introduction

A number of strategies have been explored for the chemical
functionalization of oligodeoxynucleotides with reactive func-
tional groups. These have been applied to preparing DNA
conjugates with fluorescent dyes, biochemical markers and linkers,
peptides, nanoparticles and a variety of organic molecules.1–4 In
addition to amines, thiols have been extensively utilized for site-
specific conjugation since they are excellent soft nucleophiles for
aliphatic nucleophilic substitution or conjugate addition.3 DNA
has been labeled with thiols by both phosphoramidite5 and H-
phosphonate6 reagents. Commercial reagents7 are utilized for
introducing a 3′- or 5′- thiol functionality to oligonucleotides via
automated phosphoramidite oligonucleotide synthesis.8,9 How-
ever, such methods are generally expensive and often place the
conjugate group at some distance from the DNA sequence.
Introduction of an internal thiol modification can be performed
by using phosphoramidite nucleosides modified with a disulfide
spacer at the nucleobase10 or by post-synthetic modification of
internally amine-modified oligonucleotides.11–13 Alternatively, the
thiol modification can be introduced at the phosphate backbone
by the hydrogen phosphonate approach via a phosphoramidate
analog.14–17 The introduction not only allows the post-synthetic
attachment of thiol-specific conjugate groups, but also provides
modified DNA with better stability compared to the phospho-
rothioate triester DNA derivatives.18

Here we describe a new method for post-synthetically intro-
ducing a thiol modification at the DNA backbone by using a
simple phosphorothioate oligonucleotide as the starting material.
DNA sequences containing phosphorothioate diesters in specific
positions are easily prepared during automated DNA synthesis
by substitution of the I2–pyridine oxidation reagents with a
sulfurizing agent,9 and it is used as an inexpensive standard modi-
fication in automated phosphoramidite oligonucleotide synthesis.
Such internal phosphorothioate diesters provide nucleophilic

Centre for DNA Nanotechnology at iNANO and Department of Chemistry,
University of Aarhus, Langelandsgade 140, DK-8000 Århus C, Denmark.
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sites available for reaction with appropriate alkylating agents as
described by McLaughlin and Fidanza19 (Scheme 1a). One major
disadvantage of alkylated phosphorothioate triesters is lability
towards basic hydrolysis. The labeled materials are relatively stable
near neutral pH but undergo significant hydrolysis in solutions
of increasing pH20 (Scheme 1a). We have recently described that
the reactivity of trialkyl phosphorothioates can be exploited for
an intramolecular S,N rearrangement.21 It was found that S-
2-aminoethyl diethyl phosphorothioate 1 rapidly rearranges to
diethyl N-(2-mercaptoethyl)phosphoramidate 2 (Scheme 1b). The
reaction proceeds smoothly at room temperature under basic
conditions.

Scheme 1 (a) Alkylation of phosphorothioate triesters and basic hydrol-
ysis, R, R′ = alkyl group, X = Br, I. (b) Rearrangement of S-2-aminoethyl
phosphorothioate 1 to N-(2-mercaptoethyl)phosphoramidate 2.

Results and discussion

The S,N rearrangement at phosphorus described above is ap-
plied here to oligonucleotides containing a phosphorothioate
modification (Scheme 2). A 20-mer DNA sequence 3 with one
phosphorothioate modification between the 10th and 11th bases
(labeled as p), was alkylated to form the phosphorothioate triester
DNA analog.

Alkylation of the phosphorothioate labeled DNA sequence
3 was tested with both 2-bromoethylammonium bromide (4)
and 2-Fmoc-amino ethyl iodide (not shown). It turned out that
alkylation with 4 was more efficient, which is probably due to
the better solubility of 4 in H2O and probably also because the
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Scheme 2 Alkylation of phosphorothioate labeled oligonucleotide 3 and subsequent rearrangement into the corresponding N-(2-mercaptoethyl)-
phosphoramidate 6.

positive charge on 4 attracts it to the negatively charged DNA
backbone. Alkylation of the DNA sequence with 4 in DMF–
H2O = 1 : 9, 20 mM HEPES, pH 6.5 was performed by incubation
at 45 ◦C for 24 h to give a 78% yield of DNA–NH2 5 as
verified by HPLC. Minor amounts of non-specifically alkylated
DNA may be found in other fractions. However, an attempt to
alkylate a DNA sequence without the phosphorothioate under
similar conditions resulted in less than 10% of products. Since
the phosphorothioate is chiral and the phosphorothioate-labeled
DNA is a mixture of two diastereomers (non-distinguishable in
HPLC), the alkylation also results in two diastereomers (Rp
and Sp,) which in this case results in two different peaks in the
HPLC chromatogram (Table 1). The faster and slower eluting
diastereomers are denoted as diastereomers A and B, respectively.
The identity of the alkylated product 5 was confirmed by MALDI-
TOF MS (Table 1).

The rearrangement was carried out by incubating the oligonu-
cleotides DNA–NH2 5 (diastereomers A and B) in 2 M DBU in
H2O. After 20 min 5 disappeared, and DNA–SH 6 was obtained in
40% yield. The presence of the thiol in the rearrangement product
was verified by Ellman’s test.22 Due to the low hydrolysis stability
of phosphorothioate triesters at elevated pH, it is not surprising
that the hydrolysis product DNA–OH 7 (identical to the native
DNA sequence) came out as the main by-product.

To favor the rearrangement over hydrolysis, the reaction was
attempted in an organic solvent by preparing the cetyltrimethy-
lammonium bromide (CTAB) salt of the DNA sequence.23–25 After
adding CTAB in an aqueous solution, the CTAB salt of DNA–
NH2 5 was precipitated, dried thoroughly and redissolved in dry

DMF in the presence of molecular sieves. After treating with DBU,
the rearrangement product 6 was obtained in 61% yield.

To investigate the usefulness of this new three-step label-
ing procedure, it was applied to the conjugation of Na-(3-
maleimidylpropionyl) biocytin (SMB) and Alexa Fluor 546 C5-
maleimide (SMF) to DNA (Scheme 3). The CTAB salt of DNA–
NH2 5 (diastereomers A and B) was prepared and subsequently
treated with 2 M DBU in DMF, at room temperature for 20 min.
Then 50% acetic acid in DMF was added slowly to adjust the pH
to 7.0–7.5. Then excess of SMB or SMF was added and the sample

Scheme 3 Labeling of oligonucleotide 5 with Na-(3-maleimidylpropionyl)
biocytin (SMB) or Alexa Fluor 546 C5-maleimide (SMF).

Table 1 MALDI-TOF MS data and HPLC retention time for modified oligonucleotides

Oligonucleotide Mass calculated Mass measured HPLC retention time/min

3 6132.0 6132.0 10.7a

DNA–NH2 5 6176.1 6175.7 10.2a (A), 10.4a (B)
DNA–SH 6 6176.1 6176.1 11.3a (A), 11.7a (B)
DNA–SMB 8 6699.7 6699.9 12.6a (A), 13.7a (B)
DNA–SMF 9 7184.2 7183.4 13.0b (A), 13.4b (B)
DNA–OH 7 6116.0 6115.2 10.3a, 9.7b

a Method a: HPLC linear gradient using 10–12% acetonitrile–TEAA 100 mM, pH 7.0 (16 min). b Method b: HPLC linear gradient using 0–65%
acetonitrile–TEAA 100 mM, pH 7.0 (20 min).
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was incubated at room temperature overnight. The crude labeled
products DNA–SMB 8 and DNA–SMF 9 were purified by HPLC
and identified by MALDI-TOF MS (Table 1 and Fig. 1). Both of
the labeled products were obtained as mixtures of diastereomers
A and B with 60% yield. The ratio of the two diastereomers is
surprisingly 9 : 1. However, when labeling another oligonucleotide
sequence in the same manner, a 1 : 1 ratio of the two diastereomers
was obtained. Thus the ratio between the two diastereomers shows
that the stereoselectivity of the rearrangement is highly dependent
on the secondary structure of the oligonucleotide.

Fig. 1 (a) HPLC chromatogram of the reaction leading to DNA–SMB 8
(260 nm) and to DNA–SMF 9 (260 and 550 nm), (b) UV–vis spectra of
DNA–SMB 8 and DNA–SMF 9.

All the resulting phosphoramidate DNA conjugates are stable
under slightly acidic and under basic conditions. As reported,
hydrolysis of the phosphoramidate linkage to the phosphate
diester linkage requires harsh conditions such as 85% formic
acid at 95 ◦C.26 Thus, these phosphoramidate conjugates are
significantly more stable than phosphorothioate conjugates.

The introduction of the modifications at the phosphate back-
bone described above may have structural implications and
could possibly alter the stability of the DNA duplex. There-
fore melting temperatures (Tm) of the labeled phosphoramidate
oligonucleotides 8 and 9 (diastereomer mixtures) were measured
to investigate their thermal stability (Table 2). Gratifyingly, the
labeling of a single phosphorothioate diester according to this
new rearrangement method did not alter dramatically the stability
and specificity of a 20 bp duplex. Attachment of SMB to the

Table 2 Melting temperatures for labeled oligonucleotides

Complexa Tm/◦ C DTm/◦C

Unlabeled DNA 3 and c3 66.1 —
SMB labeled DNA 8 and c3 65.3 −0.8b

SMF labeled DNA 9 and c3 63.1 −3.0b

Unlabeled DNA 3 and m3 61.1 −5.0c

SMB labeled DNA 8 and m3 60.0 −5.3c

SMF labeled DNA 9 and m3 59.0 −4.1c

a c3 (5′-CGTGAACCTACTGATGCTGA) is the sequence fully comple-
mentary to 3, while m3 (5′-CGTGAACCTAATGATGCTGA) contains a
single-base A–G base mismatch. b Compared to Tm of the unlabeled DNA
3 and c3. c Compared to Tm of the same sequence paired with c3.

phosphorus residue has less influence on the melting temperature
(DTm ∼ 1 ◦C) than labeling with SMF (DTm ∼ 2–3 ◦C). This
may be due to the smaller size and the longer linker of SMB
compared to SMF. The DTmbetween the fully matched and the
A–G mismatched duplexes is 5 ◦C for unlabelled 3 and 4–5 ◦C for
8 and 9.

Conclusions

In conclusion, we have developed a new strategy for the labeling
of DNA via an inexpensive phosphorothioate modification. This
procedure involved alkylation of the phosphorothioate with 2-
bromoethylammonium bromide (4). By adding a base, the phos-
phorothioate rearranged to the phosphoramidate DNA derivative
containing a free thiol functional group. The rearrangement is
accompanied by some degree of hydrolysis, however by performing
the reaction in an organic solvent a yield of 61% was obtained.
The usefulness of this strategy for conjugation of important
functionalities to DNA was demonstrated by the successful
labeling with biocytin and a fluorophore.

Experimental

HPLC was performed on a Hewlett Packard Agilent instrument
with an autosampler and fraction collector on an XTerra C18
column (Waters #186000602) using acetonitrile–TEAA 100 mM,
pH 7.0 mixtures as eluent. Oligonucleotides were analyzed by
MALDI-TOF mass spectrometry on a Bruker AutoFlex in-
strument in a 3-hydroxypicolinic acid (HPA)–ammonium citrate
matrix using the negative ion reflector mode on an AnchorPlate
target. Oligonucleotides in the aqueous solution were precipitated
by NH4OAc–EtOH according to the precipitation protocol of
Maniatis et al.27 Tm values were obtained in 10 mM sodium
phosphate (pH 7.0) and 500 mM sodium chloride at duplex
concentrations of 1.0 lM. Absorbance values were measured with
a Cary 100 Bio UV–visible spectrophotometer equipped with a
Cary temperature controller attached to a Cary 1 thermostattable
multicell block. The solution temperatures were measured directly
with a thermistor probe (Cary thermometer probe series II).
Absorbance and temperature data were collected after analog to
digital conversion (Cary thermal analysis software28). Tm values
were determined from first- and second-order derivatives of the
absorbance vs. temperature plots.

DNA–NH2 (5)

2-Bromoethylammonium bromide (4) (0.4 mg, 0.02 mmol) in 2 lL
DMF was added to DNA 3 (10 nmol) in 18 lL H2O, 20 mM
HEPES, pH 6.5 in an Eppendorf tube at 45 ◦C and the reaction
was incubated for 24 h. After ethanol precipitation, DNA–NH2

5 was purified in 78% yield (48.1 lg) by reversed-phase HPLC
[linear gradient using 10–12% acetonitrile–TEAA 100 mM, pH 7.0
(16 min), XTerra C18 column, 0.5 mL min−1, 260 nm]. MALDI-
TOF MS: calcd for 5, 6176.1 [M − H]−; found, 6175.7 [M − H]−.

DNA–SH (6)

Method A. A solution of 2 M DBU in 20 lL H2O was added
to dry DNA–NH2 5 (5 nmol) in an Eppendorf tube and incubated
at room temperature for 20 min. Then it was precipitated with
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ethanol and redissolved in H2O. The thiol-tethered DNA–SH
6 was purified in 40% yield (12.3 lg) by reversed-phase HPLC
[linear gradient using 10–12% acetonitrile–TEAA 100 mM, pH 7.0
(16 min), XTerra C18 column, 0.5 mL min−1, 260 nm]. MALDI-
TOF MS: calcd for 6, 6176.1 [M − H]−; found, 6176.1 [M − H]−.

Method B. To DNA–NH2 5 (5 nmol in 10 lL H2O) was added
5 lL 8% CTAB aqueous solution, and the supernatant removed.
The resulting CTAB salt of DNA–NH2 5 was thoroughly dried and
treated with 2 M DBU in dry DMF (10 lL) at room temperature
in the presence of 4 Å molecular sieves for 20 min. After LiClO4

precipitation, it was redissolved in H2O and precipitated again
in ethanol. The thiol-tethered DNA–SH 6 was purified in 61%
yield (19.2 lg) by reversed-phase HPLC [linear gradient using 10–
12% acetonitrile–TEAA 100 mM, pH 7.0 (16 min), XTerra C18
column, 0.5 mL min−1, 260 nm]. MALDI-TOF MS: calcd for 6,
6176.1 [M − H]−; found, 6176.1 [M − H]−.

Biocytin labeled DNA–SMB (8)

The CTAB salt of DNA–NH2 5 (2 nmol) was thoroughly dried
and dissolved in a solution of 2 M DBU in dry DMF (10 lL) at
room temperature in the presence of 4 Å molecular sieves. After
20 min, 50% acetic acid was added slowly to the reaction solution
to adjust the pH to 7.0–7.5. The Na-(3-maleimidylpropionyl)
biocytin, SMB (1.0 mg, 0.02 mmol) in DMF (1 lL) was added
to the reaction solution which was incubated at room temperature
overnight. After precipitation with LiClO4 it was redissolved in
H2O and precipitated again in ethanol. Finally it was redissolved
in H2O, TEAA 100 mM, pH 7.0, and purified in 60% yield
(8.0 lg) by reversed-phase HPLC [linear gradient using 10–
12% acetonitrile–TEAA 100 mM, pH 7.0 (16 min), XTerra C18
column, 0.5 mL min−1, 260 nm]. MALDI-TOF MS: calcd for
DNA–SMB 8, 6699.7 [M − H]−; found, 6699.9 [M − H]−.

Alexa Fluor 546 labeled DNA–SMF (9)

The CTAB salt of DNA–NH2 5 (2 nmol) was thoroughly dried
and dissolved in a solution of 2 M DBU in dry DMF (10 lL)
at room temperature in the presence of 4 Å molecular sieves.
After 20 min, 50% acetic acid was added slowly to the reaction
solution to adjust the pH to 7.0–7.5. Then Alexa Fluor 546 C5
maleimide, SMF (2.0 mg, 0.02 mmol) in DMF was added to
the reaction solution which was incubated at room temperature
overnight. After precipitation with LiClO4 it was redissolved in
H2O and precipitated again in ethanol. Finally it was redissolved
in H2O, TEAA 100 mM, pH 7.0, and purified in 60% yield
(8.6 lg) by reversed-phase HPLC [linear gradient using 0–65%
acetonitrile–TEAA 100 mM, pH 7.0 (20 min), XTerra C18

column, 0.5 mL min−1, 260 nm]. MALDI-TOF MS: calcd for
DNA–SMF 9, 7184.2 [M − H]−; found, 7183.4 [M − H]−.
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