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ABSTRACT

Oligodeoxynucleotides (ODNs) containing 5-formyl-
2′-deoxycytidine (fC) were synthesized by the phos-
phoramidite method and subsequent oxidation with
sodium periodate. The stabilities of duplexes
containing A, G, C or T opposite fC were studied by
thermal denaturation. It was found that fC:A, fC:C or
fC:T base pairs significantly reduce the thermal
stabilities of duplexes. Next, single nucleotide inser-
tion reactions were performed using ODNs
containing fC as templates and the Klenow fragment
of Escherichia coli DNA polymerase I. It was found
that: (i) insertion of dGMP opposite fC appears to be
less efficient relative to insertion opposite 5-methyl-
2′-deoxycytidine (mC); (ii) dAMP is misincorporated
more frequently opposite fC than mC, although the
frequency of misincorporation seems to be
dependent on the sequence; (iii) TMP is misincorpo-
rated more frequently opposite fC than mC. These
results suggest that fC may induce the transition
mutation C·G→T·A and the transversion mutation
C·G→A·T during DNA synthesis.

INTRODUCTION

2′-Deoxycytidine (C) in the DNA strand can be methylated by
DNA-(cytosine-5) methyltransferase, yielding 5-methyl-2′-
deoxycytidine (mC). C methylation takes place only after
DNA synthesis, primarily in CpG sequences (1,2). C methyl-
ation is involved in the regulation of gene expression (3–6) and
silencing of invading viral genomes (7,8). Interestingly, CpG
sequences are hot-spots for mutations: the predominant muta-
tion in the human p53 gene is a C→T transition in a CpG
sequence (9,10). This event has been thought to be the result of
spontaneous or methylase-catalyzed hydrolytic deamination of
mC to T (11–13). However, this C→T transition could occur
by other mechanisms as well as by deamination of mC.

Many types of DNA damage have been identified in cells
exposed to ionizing radiation and oxidizing agents. 5-Formyl-
2′-deoxyuridine (fdU) is the major product when T is treated

with Fenton-type reagents (14,15). Formation of fdU was also
observed when DNA was γ-irradiated in vitro (16,17) and
when cultured human cells were exposed to hydrogen peroxide
(18). It is known that fdU can miscode and is mutagenic (19–
21). Primer extension analysis in vitro showed that DNA
polymerases insert 5-formyl-2′-deoxyuridine 5′-triphosphate
(fdUTP) opposite both G and A in a DNA template (19).
Furthermore, Fujiwara et al. reported mutational properties of
fdUTP in an in vivo system (20). They found that fdUTP
induces the transition mutations G·C→A·T and A·T→G·C and
transversion mutation G·C→T·A.

On the other hand, it was also reported that UVA irradiation
of mC in the presence of a photosensitizer leads to formation of
various compounds, including 5-formyl-2′-deoxycytidine (fC,
1) (Fig. 1; 22). Additionally, formation of 5-formylcytosine
was observed upon exposure of 5-methylcytosine to UV light
(23). Recently we also reported that fC is formed by γ-irradia-
tion of mC or double-stranded DNA fragments containing mC
and by aerobic treatment of DNA fragments with Fenton-type
reagents (24).

Based on this background information we conjectured that
fC formation might be one cause of the C→T transition muta-
tions frequently found in cytosine methylation sites. It was
reported that an intramolecular hydrogen bond between the
carbonyl of the 5-formyl group and the 4-amino function is
present in the 5-formylcytosine moiety of its ribonucleoside
(25,26). The equilibrium between the amino and imino
tautomers may be affected by this hydrogen bonding and may
allow formation of a base pair with adenine.

In this paper we report chemical synthesis of oligodeoxy-
nucleotides (ODNs) containing fC at specific sites. To study
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Figure 1. Structures of the modified nucleosides.



Nucleic Acids Research, 2001, Vol. 29, No. 12 2457

the miscoding properties of fC, primer extension analysis
in vitro was performed using these ODNs.

MATERIALS AND METHODS

General remarks

NMR spectra were recorded at 400 (1H) and 202 MHz (31P)
and are reported in p.p.m. downfield from TMS or 85% H3PO4.
J values are given in Hz. Mass spectra were obtained by the
fast atom bombardment (FAB) method. Thin layer chromato-
graphy was done on Merck 60F254 coated plates. The silica gel
and the neutralized silica gel used for column chromatography
were Merck silica gel 5715 and ICN silica 60A, respectively.

3′-O-(t-Butyldimethylsilyl)-5′-O-(4,4′-dimethoxytrityl)-5-
vinyl-2′-deoxycytidine (5)

A mixture of 3′-O-(t-butyldimethylsilyl)-5′-O-(4,4′-dimethox-
ytrityl)-5-iodo-2′-deoxyuridine (6.37 g, 8.26 mmol),
(Ph3P)2PdCl2 (580 mg, 0.826 mmol) and tributyl(vinyl)tin
(3.14 ml, 10.7 mmol) in DMF (50 ml) was stirred at 80°C for
1.5 h. The reaction mixture was filtered through a Celite pad
and the filtrate was taken in EtOAc (200 ml). The organic layer
was washed with diluted NaHCO3 (50 ml × 2), H2O (50 ml)
and brine (50 ml), dried (Na2SO4) and evaporated under
reduced pressure. The residue was roughly purified by column
chromatography (SiO2, 5–33% EtOAc in hexane) to give
solids (4.89 g) as a mixture of 4 and tributyltin derivatives. A
mixture of the above solids (400 mg), Et3N (237 µl, 1.70 mmol),
DMAP (208 mg, 1.70 mmol), 2,4,6-triisopropylbenzenesulfonyl
chloride (515 mg, 1.70 mmol) in CH3CN (5 ml) was stirred at
room temperature for 28 h. The mixture was cooled in an ice
bath, concentrated NH4OH (25%, 10 ml) was added, and then
stirred at room temperature for 1 h. The mixture was concen-
trated under reduced pressure and extracted with EtOAc (30 ml
× 2). The organic layer was washed with H2O (10 ml × 2) and
brine (10 ml), dried (Na2SO4) and evaporated under reduced
pressure. The residue was purified by column chromatography
(SiO2, 0–4% MeOH in CHCl3) to give 5 (305 mg, 67% from 3)
as a foam. FABMS m/z 670 (MH+); 1H NMR (CDCl3) δ 7.99
(s, 1H, H-6), 7.48–7.28 (m, 9H, Ar-H), 6.90–6.88 (m, 4H, Ar-
H), 6.37 (t, 1H, H-1′, J = 6.1), 6.02 (dd, 1H, H-1′′, J = 17.6,
11.2), 5.21 [d, 1H, H-2′′(Z), J = 17.6], 5.02 (d, 1H, H-2′′(E),
J = 11.2), 4.47 (m, 1H, H-3′), 4.06 (m, 1H, H-4′), 3.86 (s, 6H,
CH3O), 3.55 (dd, 1H, H-5′a, J = 10.5, 2.9), 3.30 (dd, 1H, H-5′b,
J = 10.5, 3.2), 2.57 (ddd, 1H, H-2′a, J = 13.4, 6.1, 4.6), 2.23
(ddd, 1H, H-2′b, J = 13.4, 6.4, 6.4), 0.88 [s, 9H, (CH3)3C-Si],
0.07–0.00 (m, 6H, CH3-Si). Analysis calculated for
C38H47N3O6Si·1.2H2O, C, 66.00, H, 7.20, N, 6.08; found, C,
66.00, H, 6.96, N, 5.98.

3′-O-(t-Butyldimethylsilyl)-5-(1,2-dihydroxyethyl)-5′-O-
(4,4′-dimethoxytrityl)-2′-deoxycytidine (6)

A solution of OsO4 in t-BuOH (5.0 mg/ml, 1.05 ml, 20.7 µmol)
was added to a solution of 5 (277 mg, 0.414 mmol) and
N-methylmorphorine N-oxide (97 mg, 0.828 mmol) in acetone/
H2O/t-BuOH (4:1:1, 6 ml) and the resulting mixture stirred at
room temperature for 4 h. After the reaction was quenched
with saturated aqueous Na2S2O3 (10 ml) the mixture was
extracted with EtOAc (20 ml × 3). The organic layer was

washed with saturated aqueous Na2S2O3 (20 ml) and brine
(20 ml), dried (Na2SO4) and evaporated under reduced pres-
sure. The residue was purified by column chromatography
(SiO2, 0–10% MeOH in CHCl3) to give 6 (225 mg, 77%) as a
foam. FAB-MS m/z 704 (MH+); 1H NMR (CDCl3) δ 7.89 (s,
0.33H, H-6 isomer A), 7.75 (s, 0.67H, H-6 isomer B), 7.49–
7.28 (m, 9H, Ar-H), 6.94–6.91 (m, 4H, Ar-H), 6.34–6.29 (m,
1H, H-1′), 4.50 (m, 0.33H, H-3′ isomer A), 4.43 (m, 0.67H, H-
3′ isomer B), 4.21 (m, 0.67H, CHOH isomer B), 4.05–4.02 (m,
1H, H-4′), 3.92 (m, 0.33H, CHOH isomer A), 3.86–3.85 (m,
6H, CH3O), 3.67–3.46 (m, 3H, CH2OH, H-5′a), 3.34–3.30 (m,
1H, H-5′b), 2.52–2.44 (m, 1H, H-2′a), 2.24 (m, 0.33H, H-2′b
isomer A), 2.16 (m, 0.67H, H-2′b isomer B), 0.87 [m, 9H,
(CH3)3C-Si], 0.08–0.00 (m, 6H, CH3-Si). HRMS (FAB) calcu-
lated for C38H50N3O8Si, 704.3367; found, 704.3380.

5-(1,2-Diacetoxyethyl)-N4-acetyl-3′-O-(t-
butyldimethylsilyl)-5′-O-(4,4′-dimethoxytrityl)-2′-
deoxycytidine (7)

A mixture of 6 (106 mg, 0.151 mmol), DMAP (2 mg, 16 µmol),
Ac2O (63.9 µl, 0.677 mmol) in pyridine (2 ml) was stirred at
room temperature for 20 h. After EtOH (2 ml) was added the
mixture was evaporated under reduced pressure. After succes-
sive co-evaporation with toluene the residue was dissolved in
EtOAc (40 ml) and washed with H2O (10 ml × 3) and brine
(10 ml), dried (Na2SO4) and evaporated under reduced pres-
sure. The residue was purified by column chromatography
(SiO2, 0–2% MeOH in CHCl3) to give 7 (116 mg, 93%) as a
foam. FAB-MS m/z 830 (MH+); 1H NMR (CDCl3) δ 13.16,
13.11, 8.75, 8.62 (each br s, 1H, NH, exchanged with D2O),
8.25, 8.14, 7.91, 7.80 (each s, 1H, H-6), 7.53–7.29 (m, 9H, Ar-
H), 6.94–6.91 (m, 4H, Ar-H), 6.33, 6.18, 5.56, 5.45 (each m,
1H, CHOAc), 6.25 (m, 1H, H-1′), 4.50–4.05 (m, 4H, CH2OAc,
H-3′ and H-4′), 3.87 (s, 6H, CH3O), 3.61–3.51 (m, 1H, H-5′a),
3.40–3.26 (m, 1H, H-5′b), 2.50–2.42 (m, 1H, H-2′a), 2.23–
2.14 (m, 1H, H-2′b), 2.34–1.49 (m, 9H, CH3CO), 0.90 [s, 9H,
(CH3)3C-Si], 0.09–0.00 (m, 6H, CH3-Si). HRMS (FAB) calcu-
lated for C44H55N3O11Si, 830.3684; found, 830.3707.

5-(1,2-Diacetoxyethyl)-N4-acetyl-5′-O-(4,4′-
dimethoxytrityl)-2′-deoxycytidine (8)

A solution of TBAF in THF (1.0 M, 216 µl, 0.22 mmol) was
added to a solution of 7 (90 mg, 0.11 mmol) in THF (1.5 ml) in
an ice bath and stirred at room temperature for 6 h. The reac-
tion mixture was taken in EtOAc (25 ml), washed with H2O
(8 ml × 3) and brine (10 ml), dried (Na2SO4) and evaporated
under reduced pressure. The residue was purified by column
chromatography (SiO2, 0–2% MeOH in CHCl3) to give 8
(67 mg, 87%) as a foam. FAB-MS m/z 716 (MH+); 1H NMR
(CDCl3) δ 13.06, 13.00, 8.69, 8.56 (each br s, 1H, NH,
exchanged with D2O), 8.13, 7.98, 7.75, 7.63 (each s, 1H, H-6),
7.42–7.20 (m, 9H, Ar-H), 6.85–6.82 (m, 4H, Ar-H), 6.27–6.16
(m, 1H, H-1′), 6.14, 6.07, 5.49, 5.41 (each m, 1H, CHOAc),
4.45–3.96 (m, 4H, CH2OAc, H-3′ and H-4′), 3.78 (s, 6H,
CH3O), 3.53–3.34 (m, 2H, H-5′), 2.51–2.41 (m, 1H, H-2′a),
2.21–2.08 (m, 1H, H-2′b), 2.22–1.45 (m, 9H, CH3CO). Anal-
ysis calculated for C38H41N3O11, C, 63.77, H, 5.77, N, 5.87;
found, C, 63.58, H, 5.62, N, 5.66.
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3′-O-[(Cyanoethyl)(N,N-diisopropylamino)phosphinyl]-5-
(1,2-diacetoxyethyl)-N4-acetyl-5′-O-(4,4′-dimethoxytrityl)-
2′-deoxycytidine (9)

2-Cyanoethyldiisopropylchlorophosphoramidite (187 µl,
0.838 mmol) was added to a solution of 8 (300 mg, 0.419 mmol)
and N,N-diisopopylethylamine (168 µl, 0.964 mmol) in
CH2Cl2 (4 ml) in an ice bath and stirred at room temperature
for 0.5 h. The mixture was taken in CHCl3 (50 ml) and washed
with H2O (20 ml × 3) and brine (20 ml), dried (Na2SO4) and
evaporated under reduced pressure. The residue was purified
by column chromatography (neutral SiO2, 33–60% EtOAc in
hexane) to give 9 (290 mg, 76%) as a foam. FAB-MS m/z 916
(MH+); 31P NMR (CDCl3) δ 149.99, 149.53, 149.27. HRMS
(FAB) calculated for C47H59N5O12P, 916.3897; found,
916.3888.

Synthesis of ODNs

ODNs containing 5-(1,2-dihydroxyethyl)cytidine (dheC, 2)
were synthesized on a DNA synthesizer (Applied Biosystem
model 381A) by the phosphoramidite method. The fully
protected ODNs were then deblocked and purified by the same
procedure as for the purification of normal ODNs (27), i.e.
each ODN linked to the resin was treated with concentrated
NH4OH at 55°C for 12 h and the released ODN protected by a
DMTr group at the 5′-end was chromatographed on a C-18
silica gel column (1 × 10 cm) (Waters) with a linear gradient of
MeCN from 0 to 35% in 0.1 M TEAA buffer, pH 7.0. The frac-
tions were concentrated and the residue was treated with
aqueous 80% AcOH at room temperature for 20 min, then the
solution was concentrated and the residue was co-evaporated
with H2O. The residue was dissolved in H2O and the solution
was washed with Et2O, then the H2O layer was concentrated to
give the 5-(1,2-dihydroxyethyl)cytosine-containing ODNs 5
(34), 9 (18) and 13 (58). The yields are indicated in parentheses
as OD260 nm units, starting from the 1 µmol scale.

Each ODN (5.0 OD260) was treated with 50 mM aqueous
NaIO4 (50–100 equiv.) at 4°C for 30 min and then 1 M glycerol
was added to the mixture. The ODN was purified by C-18
HPLC, using a J’sphere ODS M80 column (4.6 × 150 mm)
(YMC) with a linear gradient of MeCN from 7 to 21% in 0.1 M
TEAA buffer, pH 7.0. The ODN was de-salted using a C-18
silica gel column (dispo SPE; YMC) to yield the 5-formylcy-
tosine-containing ODNs 6 (3.4), 10 (1.4) and 14 (1.6). The
yields are indicated in parentheses as OD260 nm units.

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry

Spectra were obtained on a Voyager Elite reflection time-of-
flight mass spectrometer (PerSeptive Biosystems, Fram-
ingham, MA) equipped with a nitrogen laser (337 nm, 3 ns
pulse). 2,4,6-Trihydroxyacetophenone was used as the matrix,
which was prepared according to the Voyager Biospectrometry
Workstation Use’s Guide. Spectra were recorded in linear
negative ion mode. T9 and T14 were used as external standards.
ODN 6: calculated mass, 5649.7; observed mass, 5651.3. ODN
10: calculated mass, 5609.7; observed mass, 5609.9. ODN 14:
calculated mass, 7648.0; observed mass, 7649.3.

Thermal denaturation

Each solution, which contained each ODN (3 µM) and a
complementary DNA (3 µM) in a buffer of 10 mM sodium
cacodylate (pH 7.0) and 10 mM NaCl, was heated at 95°C for
5 min. Then the solution was cooled gradually to an appro-
priate temperature and used for the thermal denaturation
studies. Thermally induced transitions of each mixture were
monitored at 260 nm on a Beckman DU 650 spectrophoto-
meter. Sample temperature was increased at 0.5°C/min.

Single nucleotide insertion reactions

Primer 5′-termini were labeled using [γ-32P]ATP and T4 poly-
nucleotide kinase. The single nucleotide insertion reaction was
carried out in a buffer (total 10 µl) containing an ODN
template (2.0 pmol) annealed with the primer (1.0 pmol),
10 mM Tris–HCl (pH 7.5), 5 mM MgCl2, 7.5 mM DTT, 2.0 µg
BSA, 10 µM dNTP and 0.5 U Escherichia coli Klenow frag-
ment (KF) (either exo+ or exo–). After being incubated at 25°C
for 20 min the reaction mixture was added to loading buffer
(9 M urea, 10 mM EDTA, 0.05% xylene cyanol, 0.05%
bromophenol blue, 40 µl), then the mixture was heated at 95°C
for 5 min. An aliquot (9 µl) of the mixture was analyzed by
electrophoresis on a 20% polyacrylamide gel containing 8 M
urea (28). Densities of radioactivity of the gel were visualized
with a Bas 2000 bio-imaging analyzer (Fuji Co.).

Kinetic analysis of the single nucleotide insertion reactions

Kinetic studies of incorporation of nucleotides opposite C, mC
or fC during DNA synthesis were carried out under the condi-
tions described above using 0.001–800 µM dNTP and 0.02 U KF
(exo–). Reaction times were adjusted to give extents of reaction
of 17% or less. The Michaelis constant (Km) and the maximum
rate of reaction (Vmax) were obtained by a least squares fit of the
kinetic data to the Michaelis–Menten curve using Kaleida-
Graph v.3.0.

RESULTS AND DISCUSSION

Synthesis

Previously we reported the first chemical synthesis of ODNs
containing fdU using N,N′-di(3,5-dichlorophenyl)ethylene-
diamine (diCPhEDA) to protect the formyl group of fdU (29).
However, this method required rather drastic conditions for
deprotection of the formyl group, e.g. 80% CH3CO2H over-
night, which is not suitable for synthesis of longer ODNs.
Recently another synthetic method was reported by Sugiyama
et al. (30), who synthesized 5-(1,2-dihydroxyethyl)uracil-
containing ODNs as precursors of fdU-containing ODNs.
These were then converted to fdU-containing ODNs using
sodium periodate. Since Sugiyama’s method is more efficient
than ours, we therefore applied it to the synthesis of fC-
containing ODNs.

The phosphoramidite block of 5-(1,2-dihydroxyethyl)-2′-
deoxycytidine 9 was prepared as shown in Scheme 1. Pd(II)-
catalyzed vinylation of the 5-iodo-2′-deoxyuridine derivative 3
followed by transformation of the 4-oxo group to an amino group
using a known method gave the 5-vinyl-2′-deoxycytidine deriva-
tive 5 in 67% yield in three steps. Compound 5 was then converted
to the 5-(1,2-dihydroxyethyl)-2′-deoxycytidine derivative 6 in
77% yield with OsO4 in the presence of N-methylmorpholine
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N-oxide. Acetylation of 6 with Ac2O afforded the triacetyl
derivative 7 in 93% yield. After deprotection of the TBS
groups on the sugar moiety with tetrabutylammonium fluoride
(TBAF) in THF the resulting nucleoside 8 was phosphitylated
by a standard procedure (27) to produce the nucleoside 3′-
phosphoramidite 9 in 76% yield.

The ODNs containing 5-(1,2-dihydroxyethyl)-2′-deoxycyti-
dine (dheC, 2) were synthesized on a DNA synthesizer. The
average coupling yield of 9 was 95% using a 0.12 M solution
of the amidite derivative in CH3CN and 300 s as the coupling
time. The fully protected ODNs (each 1 µmol scale) linked to
a solid support were treated with concentrated NH4OH at 55°C
for 12 h. This was followed by C-18 column chromatography.
De-tritylation gave the 5-(1,2-dihydroxyethyl)cytosine-
containing ODNs 5, 9 and 13, which were oxidized with
sodium periodate to produce the fC-containing ODNs 6, 10
and 14 (Fig. 2). Conversion of the dheC-containing ODNs to
the fC-containing ODNs was quantitative on HPLC analysis.

Enzymatic digestion of the isolated peak by snake venom
phosphodiesterase and calf intestine alkaline phosphatase
provided C, G, fC, T and A in a 2.9:7.1:1.0:0.94:5.9 ratio,
confirming the structure of ODN 10. Furthermore, ODNs 6, 10
and 14 were analyzed by matrix-assisted laser desorption/ioni-
zation time-of-flight mass spectrometry and the observed
molecular weights supported their structures (see Materials
and Methods).

pKa measurement of fC

We determined the pKa of the base moiety of fC since the pKa
is thought to be an important parameter for understanding the
base pairing properties of fC. The pKa values of the base
moieties of C, mC and fC are listed in Table 1. The pKa of fC
was 2.4. On the other hand, those of C and mC were 4.4 and

4.5, respectively. It was found that the pKa of fC is 2 units
lower than those of C and mC.

UV melting studies of duplexes

The stabilities of duplexes containing A, G, C or T opposite fC
were studied by thermal denaturation in a buffer of 0.01 M
sodium cacodylate (pH 7.0) containing 0.01 M NaCl. One

Scheme 1. Conditions: (a) Bu3SnCH=CH2, (Ph3P)2PdCl2, DMF, 80°C, 1.5 h; (b) (1) 2,4,6-triisopropylbenzenesulfonyl chloride, DMAP, Et3N, CH3CN, rt, 28 h; (2)
conc. NH4OH, 0°C–rt, 1 h, 67% (three steps); (c) OsO4, 4-methylmorpholine-N-oxide, acetone-H2O-t-BuOH (4:1:1), rt, 4 h, 77%; (d) Ac2O, DMAP, py, rt, 20 h,
93%; (e) TBAF, THF, 0°C–rt, 6 h, 87%; (f) i-Pr2NP(Cl)O(CH2)2CN, i-Pr2NEt, CH2Cl2, 0°C–rt, 0.5 h, 76%.

Figure 2. Sequences of ODNs.
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transition was observed in the melting profile of each duplex.
Melting temperatures (Tm) and ∆Tm values [Tm(mismatched
DNA containing fC:A, fC:C or fC:T base pairs) – Tm(matched
DNA containing a fC:G base pair)] are summarized in Table 2.
Tm values of DNAs containing T:A or mC:G base pairs were
60 and 61°C, respectively. Tm of DNA containing a fC:G base
pair (61°C) was the same as that of DNA containing a mC:G
base pair. On the other hand, Tm values of DNAs containing
fC:A, fC:C or fC:T base pairs were significantly smaller than
that of DNA containing a fC:G base pair. ∆Tm values of the
matched DNAs were from –6 to –8°C.

Incorporation of a single dNMP opposite the site of fC

Next we identified the nucleotides incorporated opposite the
site of fC in the template during DNA synthesis. Two kinds of
DNA polymerase, the Klenow fragment of Escherichai coli
DNA polymerase I with and without 3′→5′ exonuclease [KF
(exo+) and KF (exo–)], were used in this study. Primer 1 (ODN
1), labeled at its 5′-end with 32P, was annealed to templates 1–
3 (ODNs 3, 4 and 6) containing C, mC or fC and extended by
KF (exo+) or KF (exo–) in the presence of a single dNTP. The
reaction products were analyzed by 20% PAGE containing
8 M urea (Fig. 3). Extension ratios (%) are summarized in
Table 3. KF (exo+) and KF (exo–) inserted dGMP opposite fC
(exo–, 94%; exo+, 97%) as efficiently as dGMP opposite C and
mC. On the other hand, dCMP was virtually unincorporated
opposite C, mC and fC. When KF (exo+) was used, the incorpo-
ration ratio for TMP opposite fC was four times greater than
those of TMP opposite C and mC (C, 11%; mC, 11%; fC,
43%). When KF (exo–) was used, the incorporation ratio for
dAMP opposite fC was slightly smaller than those of dAMP
opposite C and mC (C, 89%; mC, 81%; fC, 66%). The order of
incorporation ratios of dNMPs opposite fC was as follows:

dGMP > dAMP > TMP > dCMP. From these results it was
noted that TMP was more frequently incorporated opposite fC
than C and mC.

To investigate whether the incorporation frequency of
dNMPs opposite fC was affected by the nearest neighbouring
base, a primer extension study was performed using primer 2
(ODN 2) and templates 4–6 (ODNs 7, 8 and 10) (Fig. 4).
Extension ratios (%) are listed in Table 3. It was found that
dGMP was likewise incorporated opposite fC (exo–, 93%;
exo+, 94%) as efficiently as dGMP opposite C and mC.
Furthermore, TMP was also incorporated more frequently
opposite fC than C and mC (exo+: C, 15%; mC, 14%; fC, 51%).
However, the incorporation ratio for dAMP opposite fC was
significantly greater than those of dAMP opposite C and mC

Table 1. pKa values of cytidine and its derivativesa

aA 0.2 M NaCl solution was used for all pH ranges instead of buffer.
bData taken from Dawson et al. (32).

Nucleoside pKa

C 4.4 (4.3b)

mC 4.5 (4.4b)

fC 2.4

Table 2. Hybridization dataa

aExperimental conditions are described in Materials and Methods.
b∆Tm = [Tm(each ODN) – Tm(ODN 14/ODN 15)].

Duplexes (base pairs) Tm (°C) ∆Tm (°C)b

ODN 11/ODN 16 (T:A) 60

ODN 12/ODN 15 (mC:G) 61

ODN 14/ODN 15 (fC:G) 61

ODN 14/ODN 16 (fC:A) 55 –6

ODN 14/ODN 17 (fC:C) 53 –8

ODN 14/ODN 18 (fC:t) 55 –6

Figure 3. Primer extention assay to identify the nucleotide inserted opposite fC
by KF (exo–) and KF (exo+). Lanes 2–13, KF (exo–); lanes 15–26, KF (exo+).
Lanes 2–5 and 15–18, template 1; lanes 6–9 and 19–22, template 2; lanes 10–
13 and 23–26, template 3. Lanes 2, 6, 10, 15, 19 and 23, dCTP; lanes 3, 7, 11,
16, 20 and 24, TTP; lanes 4, 8, 12, 17, 21 and 25, dATP; lanes 5, 9, 13, 18, 22
and 26, dGTP. Lanes 1 and 14, primer 1. Experimental conditions are
described in Materials and Methods.

Table 3. Extension ratios (%)

dCTP TTP dATP dGTP

Template 1 (X = C) KF (exo–) 1 6 89 96

KF (exo+) 2 11 58 96

Template 2 (X = mC) KF (exo–) 2 5 81 95

KF (exo+) 3 11 64 96

Template 3 (X = fC) KF (exo–) 2 13 66 94

KF (exo+) 3 43 66 97

Template 4 (X = C) KF (exo–) 3 11 46 92

KF (exo+) 7 15 26 95

Template 5 (X = mC) KF (exo–) 2 5 46 93

KF (exo+) 7 14 37 94

Template 6 (X = fC) KF (exo–) 3 23 71 93

KF (exo+) 7 51 53 94
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(exo–: C, 46%; mC, 46%; fC, 71%. exo+: C, 26%; mC, 37%;
fC, 53%).

To study misinsertion of dNMPs opposite fC in detail the
kinetic parameters of dNTP insertion catalyzed by KF (exo–)
were measured during DNA synthesis. The Michaelis constant
(Km) and the maximum rate of reaction (Vmax) were determined
experimentally: the misinsertion ratio (f) was calculated from
Vmax/Km ratios according to the equation f = (Vmax/Km)dNTP/
(Vmax/Km)dGTP. The kinetic parameters are summarized in Table
4. The Vmax/Km values for dGMP incorporation opposite fC was

about half that opposite mC in both sequences. Thus, insertion
of dGMP opposite fC seemed to be less efficient relative to that
opposite mC. The f value for dAMP incorporation opposite mC
and fC was almost identical when primer 1 was used, whereas
that of dAMP incorporation opposite fC was ∼3-fold larger
than that opposite mC when primer 2 was used. The f value for
TMP incorporation opposite fC was ∼2- and 2.5-fold greater
than those opposite mC in primers 1 and 2, respectively. Thus,
TMP was found to be misincorporated more frequently oppo-
site fC than opposite mC.

DISCUSSION

In this study we had hoped to find answers to the hypothesis
‘fC formation might be one cause of the C→T transition muta-
tions frequently found in cytosine methylation sites’. So far
C→T transition mutations have been thought to be the result of
spontaneous or methylase-catalyzed hydrolytic deamination of
mC to T (11–13). Indeed, it is known that cytosine methylation
in vertebrates takes place exclusively in CpG sequences, which
are hot-spots for mutations (1,2). Furthermore, mC residues in
denatured DNA were shown to undergo alkali- or heat-induced
deamination at rates ∼1.5–3 times greater than those of C resi-
dues (12). However, we have recently found that fC is formed
by γ-irradiation of mC or double-stranded DNA fragments
containing mC and by aerobic treatment of DNA with Fenton-
type reagents (24). Thus, if fC is as miscoding and mutagenic
as fU, fC formation might be one cause of the C→T transition
mutations frequently found in cytosine methylation sites.

It is known that an intramolecular hydrogen bond between
the carbonyl of the 5-formyl group and the 4-amino funcion is
present in the 5-formylcytosine moiety of its ribonucleoside
(25,26). Thus, the equilibrium between the amino and imino
tautomers may be affected by this hydrogen bonding and may
allow the formation of a base pair with adenine. To investigate
this hypothesis, a thermal denaturation study was carried out
using duplexes containing fC. However, it was found that

Figure 4. Primer extention assay to identify the nucleotide inserted opposite fC
by KF (exo–) and KF (exo+). Lanes 2–13, KF (exo–); lanes 15–26, KF (exo+).
Lanes 2–5 and 15–18, template 4; lanes 6–9 and 19–22, template 5; lanes 10–
13 and 23–26, template 6. Lanes 2, 6, 10, 15, 19 and 23, dCTP; lanes 3, 7, 11,
16, 20 and 24, TTP; lanes 4, 8, 12, 17, 21 and 25, dATP; lanes 5, 9, 13, 18, 22
and 26, dGTP. Lanes 1 and 14, primer 2. Experimental conditions are
described in Materials and Methods.

Table 4. Kinetic parameters of the nucleotide insertion reaction by exonuclease-deficient Klenow fragmenta

aExperimental conditions are described in Materials and Methods.
bf, misinsertion ratio; f = (Vmax/Km)dNTP/(Vmax/Km)dGTP.
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fC:A, fC:C and fC:T base pairs significantly reduced the
thermal stability of the duplexes.

Next, primer extension reactions were performed using fC-
containing ODNs as templates. The kinetic parameters of
dNTP insertion catalyzed by KF (exo–) were measured during
DNA synthesis. It was found that: (i) insertion of dGMP oppo-
site fC appears to be less efficient relative to insertion opposite
mC; (ii) dAMP is misincorporated more frequently opposite fC
than mC, although the frequency of misincorporation seems to
be dependent on the sequence; (iii) TMP is misincorporated
more frequently opposite fC than opposite mC. These results
suggest that fC may induce the transition mutation C·G→T·A
and transversion mutation C·G→A·T during DNA synthesis.

The pKa of fC was found to be 2.4, whereas those of C and
mC were 4.4 and 4.5, respectively. These results indicate that
substitution of the electron withdrawing formyl group (fC) for
the electron donating methyl group (mC) clearly alters the
electronic structure of the pyrimidine ring. Recently Morales
and Kool reported that in the majority of cases no hydrogen
bonds between the incoming nucleotide and the opposite base
in the template appear to be needed during the nucleotide inser-
tion step with DNA polymerases if the requirements of correct
Watson–Crick geometry and specific minor groove interac-
tions between the enzyme and DNA are fulfilled (31). Thus, the
differences in shape and electronic structure between fC and
mC may influence single nucleotide insertion with KF (exo–).

In conclusion, we efficiently synthesized ODNs containing
fC by the phosphoramidite method and subsequent oxidation
with sodium periodate. Single nucleotide insertion reactions
were carried out with KF (exo–). It was found that fC can be
used to induce the transition mutation C·G→T·A and transver-
sion mutation C·G→A·T during DNA synthesis. Thus fC
formation may be one cause of the C→T transition mutations
frequently found in cytosine methylation sites.
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