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The permanganate oxidation of free nucleotide bases was successfully studied in aqueous
solution of tetraethylammonium chloride using spectroscopic techniques. The reaction was
highly selective toward thymine and uracil, less with cytosine, very little reaction on guanine,
and no reaction on adenine. q 2002 Elsevier Science (USA)
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INTRODUCTION

The permanganate oxidation of free nucleotides and its mutagenic activity toward
DNA has been well established for many years (1,2). Chemical Cleavage Mismatched
method (CCM) was developed on the basis of reactivity of mismatched bases to
detect mutation within DNA molecules (3). The technique partly relies on the chemical
modification of nucleotide bases with KMnO4 and requires cleavage with piperidine.
The resulting DNA fragments are subsequently resolved by gel-electrophoresis to
analyze the mismatched bases (4). Our recent study indicated that the mismatched
bases including thymine, cytosine, guanine and adenine responded differently towards
permanganate ions (5). However, the reactivities of individual mismatched bases were
not substantially elucidated at a molecular level as the reactions were complicated
by multiple reactivities of KMnO4 with other bases nearby to the mutation site. This
question prompted us to study the oxidation reaction of KMnO4 with free nucleotide
bases using the five commercially available compounds: thymine, uracil, cytosine,
guanine and adenine. Here, we report a new and simple assay via spectroscopy to
monitor activities of permanganate ion species during the oxidation of the carbon–
carbon double bond within the base molecules.
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MATERIALS AND METHODS

Chemicals and solvents were purchased from Aldrich Chemical Company (Castle
Hill, Australia). Oxidation reactions of nucleotide bases with potassium permanganate
were carried out in quartz 1.2-ml cuvette and the spectral data were obtained from
Cintra-10 spectrophotometer (GBC Scientific Equipment Pty Ltd, Victoria, Australia)
by recording the absorbance vs time curves at preselected wavelengths and/or by
repetitive scanning of the ultraviolet-visible region (200 to 800 nm). ES–MS analysis:
all oxidized nucleotide bases were analyzed by electrospray mass spectrometry using
facility at the department of chemistry (University of Melbourne, Australia). Mass
spectra were recorded on a Quattro II spectrometer and all samples were solubilized
in methanol or 50% acetonitrile: H2O.

Typical oxidation reaction with KMnO4 for spectrophotometric analysis: 10 ml of
KMnO4 solution (0.158 mg, 1.0 mmol) and 20 ml of aq. thymine solution (0.21 mg
thymine, 1.65 mmol) were sequentially added into 970 ml of 3 M tetraethylammonium
chloride (TEAC) solution in a 1.2-ml cuvette. The reaction mixture was mixed and
the absorbance was immediately measured at 420 and 525 nm at 258C (every 5 min)
over 50 min. Similar conditions were applied for uracil, cytosine and adenine: 20 ml
of aq. uracil solution (0.185 mg, 1.65 mmol) or 20 ml of aq. cytosine solution (0.18
mg, 1.65 mmol) or 20 ml of aq. adenine solution (0.21 mg, 1.65 mmol). As guanine
is poorly soluble in water, 160 ml of aq. guanine solution (0.25 mg, 1.65 mmol)
was applied in this experiment. In the control experiments, permanganate oxidation
reactions were carried out without reductants and no oxidation reactions were observed
in all cases (Figs. 3 and 4).

The oxidation reactions were confirmed by disappearance of starting materials and
formation of the oxidized products via mass spectrometric analysis. In one typical
reaction, KMnO4 (1.58 mg, 10 mmol) and thymine (1.26 mg thymine, 10 mmol) were
incubated in 10 ml of 3 M tetraethylammonium chloride (TEAC) solution at 258C.
After 30 min, sodium bisulfite solution was added to the reaction mixture to terminate
the oxidation. The reaction mixture was centrifuged and the supernatant was subjected
to mass spectrometric analysis. Several protonated fragments including the ones
associated with diol 3 and/or ketone 4 (Scheme 1) were observed: For thymine
(m/z: 159.01, 161.13); cytosine (m/z: 144.20, 146.20) plus starting material (m/z:
112.10) and uracil (m/z: 145.07, 147.04). For the purpose of our research, all oxidized
products were not isolated for further characterization.

SCHEME 1. Oxidation reaction of thymine with KMnO4.
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RESULTS AND DISCUSSION

Permanganate oxidation of the carbon-carbon double bond of organic molecules
including thymine in aqueous and non aqueous systems has been well established
(6,7). Reaction involved the formation of the unstable intermediate cyclic permanga-
nate diester 2 (Scheme 1), which was immediately decomposed under neutral or basic
condition to release the mixture of 3 and 4 and the soluble manganese IV species
(MnO2) as the major products (1,8,9,10). The ratio of 3 and 4 was dependent on the
pH of the reaction mixture while MnO2 was relatively stable under the described
reaction condition and gave strong absorbance at 420 nm (11).

Since the permanganate ion MnO2
4 is almost transparent at 420 nm and shows a

maximum of absorption at 525 nm (12), the reaction was spectrophotometrically
monitored at 420 nm (for the formation of the product MnO2) and 525 nm (for the
consumption of KMnO4) in this model study.

In one typical experiment, thymine (1.6 mmol) was allowed to react with KMnO4

(1.0 mmol) in 1 ml of 3 M aqueous TEAC solution. This reaction condition was
adapted from the chemical cleavage method as reported in our previous publication
(5). Figure 1 describes the time courses for the appearance of MnO2 and the disappear-
ance of KMnO4 at 258C as two exponential curves. The level of MnO2 rapidly
increased within few minutes after addition of the thymine solution. The reaction was
complete at 10 min as indicated by the depleted level of KMnO4. However, the plot
at 525 nm does not represent the decrease of net absorbance of MnO2

4 ions as it was
included the contribution of the growing level of MnO2 species to the absorbance at
this wavelength (13).

Figure 2 displays the dependence of the reaction on concentrations of KMnO4.
Again, the trend of reaction rates at three different KMnO4 levels is very similar as
the maximum levels of MnO2 were obtained between 5 to 10 min of reaction time.
The results confirmed that the spectroscopic method is suitable for quantitative meas-
urement of the oxidation level during this reaction.

For a comparative study, identical reaction conditions were applied to all five bases,
thymine, uracil, cytosine, adenine, and guanine. Unlike thymine and uracil, cytosine
was much less sensitive toward potassium permanganate. Ca. 5% and 65% formation

FIG. 1. Typical curves for the disappearance of permanganate ion at 525 nm (series 2) and the
formation of manganese dioxide at 420 nm (series 1) at 258C.
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FIG. 2. Time course for the formation of MnO2 levels at three different concentrations of KMnO4

(Series 1: 1.6 mmol/ml; Series 2: 0.8 mmol/ml; Series 3: 0.4 mmol/ml).

of MnO2 was observed at 10 and 50 min, respectively, and the oxidation rate of
cytosine appeared to be a linear curve (Fig. 3). In the case of guanine and adenine,
both showed very little activity toward KMnO4 (Fig. 4). Due to low solubility of
guanine in water, a large volume of guanine solution (160 ml) was required for the
reaction to achieve the same amount of the reductant. This caused an abrupt increase
of the abosorbance at 420 nm initially (at 1 min). However, the formation of MnO2

was only slightly increased (ca. 5%) over 50 min of the reaction.
This model study indicated that KMnO4 was highly selective toward thymine and

uracil within 10–15 min of reaction compared to the other free bases. Rate of reaction
with cytosine was much slower and only ca. 60–70% reactivity was observed at 50
min. For guanine and adenine, rate of reactions were extremely slow as the permanga-
nate ions reacted poorly with more substituted and hindered double bonds. The results
are very consistent with previous rate studies on thymine, cytosine, uracil (and other
olefins) in both aqueous and nonaqueous solvents (1,8,14). When the reaction condi-
tion was applied on DNA fragments with single mismatched bases (in CCM method),

FIG. 3. Comparative study of the permanganate oxidation reactions between thymine (Series 1),
uracil (Series 2) and cytosine (Series 3). The control experiment (without reductants): Series 4.
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FIG. 4. Comparative study of the permanganate oxidation reactions between guanine (Series 2) and
adenine (Series 1). The control experiment (without reductants): Series 3.

it was likely that only mismatched thymine and cytosine (partly) would react selec-
tively with KMnO4 (5,15).

In conclusion, a comparative study of the oxidation reaction of potassium permanga-
nate with a full set of free nucleotide bases has been carried out. The following results
were obtained: (i) Permanganate oxidation reaction was highly selective with thymine
and uracil being complete within 10–15 min. (ii) Reaction rate was slower with
cytosine and ca. 60% reaction was achieved in 50 min. (iii) Very little reaction was
observed on guanine and no reaction on adenine. In addition, the permanganate
oxidation reactions of nucleotide bases can be conveniently followed by spectroscopy.
The technique is simply based on the absorbance at 420 nm (an indication of the
oxidation level) and it is highly recommended for any assay associated with the
permanganate oxidation used in both chemical and biological fields.
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