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Abstract
An ESI-MS/MS strategy employing the thymine-selective KMnO4 oxidation reaction to detect
conformational changes and ligand binding sites in non-covalent DNA/drug complexes is reported.
ESI-MS/MS is used to detect specific mass shifts of the DNA ions that are associated with the
oxidation of thymines. This KMnO4 oxidation/ESI-MS/MS approach is an alternative to
conventional gel-based oxidation methods and affords excellent sensitivity while eliminating the
reliance on radiolabelled DNA. Comparison of single strand versus duplex DNA indicates that the
duplexes exhibit a significant resistance to the reaction, thus confirming that the oxidation process
is favored for unwound or single strand regions of DNA. DNA complexes containing different drugs
including echinomycin, actinomycin-D, ethidium bromide, Hoechst 33342 and cis-C1 were
subjected to the oxidation reaction. Echinomycin, a ligand with a bisintercalative binding mode, was
found to induce the greatest KMnO4 reactivity, while Hoechst 33342, a minor groove binder, caused
no increase in the oxidation of DNA. The oxidation of echinomycin/DNA containing duplexes with
different sequences and lengths was also assessed. Duplexes with thymines closer to the terminal
ends of the duplex demonstrated a greater increase in the degree of oxidation than those with thymines
in the middle of the sequence. CAD and IRMPD experiments were used to determine the site of
oxidation based on oligonucleotide fragmentation patterns.

Introduction
Electrospray ionization mass spectrometry (ESI-MS) has been established as a useful tool for
the analysis of non-covalent complexes formed between small molecule drugs and DNA.1-3
The advantages of using ESI-MS in this capacity are low sample consumption coupled with
fast analysis time, which make the technique adaptable to high throughput screening
techniques. In early reports, the binding of well-studied, commercially available drugs to
duplex DNA was examined, with results indicating that the binding trends observed by ESI-
MS such as binding stoichiometries, sequence selectivities, binding affinities and complex
stabilities, can be correlated to known solution binding behavior.4-10 Recent accounts have
extended the use of the technique to look at more novel types of ligand/DNA complexes such
as those containing bisintercalators,11 ligands that are metal-mediated,12, 13 and quadruplex
DNA,14-21 further demonstrating the capabilities of the method.
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While the success of using ESI-MS to screen binding affinities and stoichiometries has been
established, one of the drawbacks of the technique is the lack of structural information that can
be directly obtained; drug/DNA complexes are observed, but information about the drug
binding site or alterations in the DNA structure due to drug binding can not be easily
determined. Chemical probes that modify nucleic acid substrates in a structure-dependant
manner22,23 coupled with ESI-MS/MS analysis represent a promising technique for the
structural analysis of DNA and RNA. Solvent accessibility probes (such as dimethylsufate
(DMS), kethoxal, and 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-
toluenesulfonate (CMCT)) that modify nucleotides that are not base-paired or involved in
binding interactions with proteins or ligands have been used with Fourier transform mass
spectrometry (FTMS) to examine structural features of RNA24-26 and RNA/protein27
complexes. In these previous studies, tandem mass spectrometry or chemical digestion
techniques were used to sequence the RNA and identify the site of chemical modification,
thereby introducing an additional analytical tool for the analysis of RNA and RNA/ligand
complexes.24-27

In the present study, we have exploited the use of chemical probes with ESI-MS analysis by
developing a technique that utilizes KMnO4 to detect conformational changes in duplex DNA
and identify the ligand binding site in non-covalent drug/DNA complexes. Under neutral
conditions, KMnO4 oxidizes thymine and, to a much lesser extent, cytosine by attacking the
double bond of the nucleobase to produce a mixture of the diol and an alpha-hydroxylketone
products as demonstrated in Scheme 1.22,23,28 Each oxidized base results in a mass shifts of
+34 for the diol and +32 Da for the alpha-hydroxylketone, which can easily be detected by
mass spectrometry. Thymines in unstacked, single strand-like DNA are susceptible to reaction
with KMnO4 while double stranded DNA is resistant to the oxidation.29 As a result,
KMnO4 has been used to detect conformational changes upon ligand30,31 and protein binding,
32-35 determine the base pair composition,36-37 uncover the specific structure of DNA (Z-
DNA, hairpins, curvatures, parallel stranded helices, etc.),38-41 and ascertain conformational
changes of mismatched DNA, in conjunction with gel electrophoresis analysis.42,43

In past studies using the KMnO4 reaction to examine conformational changes upon small
molecule binding, it was determined that the permanganate ion reacts with thymines around
the ligand binding site as a result of the unwinding and extension of the duplex upon intercalator
binding.30,31 Therefore, ligand binding sites can be elucidated after determining the positions
of the oxidized thymines. The site of oxidation is determined using a piperidine heat treatment
to cleave the DNA at the site of the oxidation, followed by polyacrylamide gel electrophoresis
(PAGE) analysis to sequence the fragments.30,31 We have developed a streamlined technique
to oxidize drug/DNA complexes in solution, analyze the extent of oxidation using ESI-MS and
determine the site of oxidation using two tandem mass spectrometry techniques: collisional
activated dissociation (CAD)44 and infrared multiphoton dissociation (IRMPD).45,46 Our
technique simplifies the experiment, affords an alternative to the more time consuming PAGE
analysis, and eliminates the need for radiolabeled DNA, while also offering detailed binding
site and sequence information. We establish the technique by examining the oxidation of the
duplex DNA of different sizes and sequences as well as drug/DNA complexes containing
echinomycin, ethidium bromide, actinomycin-D, Hoechst 33342, and cis-C1 (structures shown
in Figure 1).

EXPERIMENTAL SECTION
Materials

Single strand oligonucleotides were purchased from Integrated DNA Technologies (Coralville,
IA) and synthesized as ammonium salts on the 1 μmole scale and purified by reverse phase
HPLC. Actinomycin-D, ethidium bromide, Hoechst 33342, and KMnO4 were purchased from
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Thermo Fisher Scientific (Waltham, MA) and used without further purification. Echinomycin
was purchased from Sigma-Aldrich (St. Louis, MO) and used without further purification and
cis-C1 was prepared as previously described.47 All solvents were of HPLC grade purity.

KMnO4 Reactions
Prior to the KMnO4 oxidation reactions, stock solutions of each single strand oligo were
prepared at 2 mM in 250 mM ammonium acetate buffer. Solutions containing complementary
single strands, each at 1 mM concentration were prepared in 250 mM ammonium acetate and
annealed by heating the solution to 90 °C, followed by cooling to room temperature over a
period of 7 hours. Stock solutions of the drug molecules were prepared at 1 mM concentration
in water for actinomycin-D, Hoechst 33342 and cis-C1, and in methanol for echinomycin and
ethidium bromide.

Solutions containing a DNA duplex or single strand and were prepared at 40 μM in 50 μL of
90 mM ammonium acetate. Where indicated, a drug was added at 120 μM and the solution
was allowed to equilibrate for 30 min. to allow for binding. To initiate oxidation 5 μL of a 5
mM KMnO4 solution prepared in water was added, and the reaction mixture was incubated
for 4-30 min. at room temperature. After the desired incubation time, KMnO4 was immediately
removed from the solution using a Pierce PepClean C18 spin column (Rockford, IL). The DNA
was eluted from the column using 40 μL of 50% acetonitrile solution and then diluted to 100
μL so that the final solution contained 50 mM ammonium acetate.

Mass spectrometry
Analytical solutions were directly infused into a ThermoFinnigan LCQ Duo mass spectrometer
(San Jose, CA) at 3 μL/min using a Harvard Apparatus PHD 2000 syringe pump (Holliston,
MA). Negative ions were produced using an ESI voltage of 3.5 kV and a heated capillary
temperature of 110 °C. Nitrogen sheath and auxiliary gas flows of 40 and 20 arbitrary units,
respectively were used to aide the desolvation of the ions. Spectra were acquired using an
ionization time of 50 - 100 ms and by summing 300 scans. For CAD experiments the desired
precursor ion was isolated in the trap using the default activation time of 30 ms and a qz value
of 0.25. The collision energy was increased until the abundance of the precursor ion was
reduced to ∼10% relative abundance. The base pressure of the trap was nominally 1 × 10−5

torr.

IRMPD experiments were undertaken on a modified ThermoFinnigan LCQ Deca XP mass
spectrometer equipped with model 48-5 Synrad 50 W continuous wave laser (Mukilteo, WA)
that has been described previously.46 Briefly, qz values of 0.1 to 0.2 were used and the laser
was triggered during the activation portion of the scan function. Activation times of 1 to 3 ms
at 50 W laser power were used to achieve dissociation. The base pressure of the trap was
nominally 2.8 × 10−5 torr which corresponds to a helium pressure of 1 mTorr.

RESULTS AND DISCUSSION
For development, optimization and validation of this new KMnO4 oxidation/ESI-MS/MS
strategy, first the oxidation of single strand and then duplex DNA is evaluated. The oxidation
of drug/duplex DNA complexes with varying duplex sequences, drug molecules, and duplex
length are subsequently described in order to map the range of utility of the new method. The
use of CAD and IRMPD to identify the position of the oxidized thymines is then demonstrated.
The duplex sequences (listed in Table 1) used in this study were selected using different criteria.
Ds1 and ds5 are general sequences that have been used by our group in previous ESI-MS studies
of ligand/DNA complexes and were used in the present study to maintain consistency. The
sequences of these duplexes were chosen to contain A/T and G/C tracts of alternating length
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to examine general sequence selectivity of the ligands. The sequence of one strand is G-rich
while the other is C-rich to allow the masses of the complementary single strands to be easily
distinguished. The A/T bases in these sequences are contained in the middle of the sequence
to ensure the duplexes efficiently anneal and do not unwind during the electrospray process.
The sequence for ds2 was selected based on the sequence fragment of a 265-mer DNA sequence
used in a past study by Bailly et al. to determine if the sites of oxidation observed in the ESI-
MS study were consistent with those of the gel-based study.31 The sequences for ds3 and ds4
were selected to be more random and not contain A/T or G/C tracts like ds1 and ds5, but were
known to form complexes with echinomycin based on previous pilot studies. The sequence for
ds4 contains two repeats of the sequence found in ds3 bracketed with a G/C rich to ensure
extensive annealing and gas-phase stability.

Oxidation of single strand DNA
To confirm that the oxidation protocol, subsequent work-up, and mass spectrometric analysis
allows effective monitoring and detection of the oxidation of thymines in DNA, the KMnO4
reaction was first carried out on solutions containing the single strand d
(GCGGATATATGGCG), which contains three possible sites for thymine oxidation. Figure
2a shows the ESI mass spectrum of a solution containing the single strand prior to reaction
with KMnO4. To obtain this spectrum, the reaction and sample purification procedures were
followed as described in the Experimental section, except the KMnO4 was not added to the
solution. The 3- and 4- charge states of the single strand are present with very low abundance
sodium adducts. The spectral region around [ss]4− (m/z 1070 to 1115) is shown in the inset of
Figure 2a, and the sodium adduct ions are labeled with asterisks. The corresponding spectrum
of the single strand after a 5 min. reaction with KMnO4 is shown in Figure 2b. Compared to
Figure 2a, new ions are present in Figure 2b and the m/z values of the new ions are shifted by
multiples of +34 Da compared to the m/z of the single strand ions. The m/z values of the new
ions are consistent with the formation of up to three oxidized thymines on the single strand
ions via the reaction shown in Scheme 1. The ions in Figure 2 that correspond to single strand
DNA containing the oxidized thymine(s) are labeled with “▼”, and the number of oxidation
adducts is indicated by the number in parenthesis. The formation of up to three adducts is
observed and is expected since three thymines are present in the single stand. The spectral
enlargements of the region around [ss]4− also demonstrate that peaks pertaining to sodium
adducts (again labeled with asterisks) can be distinguished from those containing oxidation
adducts (labeled with black triangles)

After 30 min. reaction with KMnO4, the oxidation of the single strand is more extensive, as
demonstrated by the spectrum shown in Figure 2c. Up to three oxidation adducts are still
observed, and the abundances of the ions containing the oxidation adducts relative to the single
strand ions containing no adducts are significantly increased in Figure 2c compared to Figure
2b. These results indicate that at longer incubation times, more extensive oxidation of the single
strand DNA occurs. These initial results confirm that the oxidation process, as well as the extent
of oxidation as a function of time, can be monitored readily by ESI-MS.

Oxidation of duplex DNA
After observing significant oxidation of single strand DNA, a similar series of experiments
were performed with a duplex to compare the degree of thymine oxidation. The duplex d
(GCGGATATATGGCG/CGCCATATATCCGC) (ds1) was used and contains the same single
strand used in the oxidation experiments described above, then annealed with its
complementary strand. The spectrum of the duplex prior to oxidation is shown in Figure 3a.
The dominant charge state of the duplex is 5-, and the region around this ion (m/z 1700-1730)
is enlarged and shown in the inset. After 4 min. reaction with KMnO4, two low abundance ions
are detected with mass shifts that are consistent with the formation of duplexes containing one
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or two oxidized thymines (Figure 3b). The abundance of these adducts relative to the
unoxidized [ds]5− ion is significantly lower than the abundance of the oxidation adducts formed
after the KMnO4 reaction with the single strand oligonucleotide d(GCGGATATATGGCG)
(Figure 2b). After 30 min. reaction with the permanganate ion, the relative abundances of the
oxidation adducts of the duplex do not significantly change, as demonstrated by the spectrum
shown in Figure 3c. Furthermore, no more than two oxidation adducts are formed even though
there are six thymines in the duplex sequence. It is also interesting to note that increasing the
reaction time from 4 to 30 min. resulted in more extensive oxidation of the single strand (Figure
2b versus 2c), while the degree of oxidation of the duplex did not change. The striking
differences between the spectra obtained for the oxidation of single strand (Figure 2) and duplex
DNA (Figure 3) demonstrates the resistance of duplex DNA to KMnO4 oxidation. This
resistance stems from the stacking of the nucleobases which sterically hinders the access and
attack of the permanganate ion on the double bond of thymine.28 Based on the results shown
in Figures 1 and 2, a reaction period of 20 min. was selected for all subsequent KMnO4 reactions
since this time allowed sufficient reaction of thymines on single strand DNA, while the extent
of oxidation of the duplex did not change substantially at even longer times.

Oxidation of complexes containing echinomycin
The KMnO4 oxidation of drug/DNA duplex complexes was also examined by ESI-MS to assess
the ability to identify or predict structural changes of DNA upon ligand binding based on the
observed changes in the oxidation patterns. Drug binding sites also can be determined from
the oxidation pattern since the thymines that encompass the drug binding site are most
susceptible to oxidation.30,31 Previous PAGE-based studies have found that intercalators
induce changes to the DNA conformation, and in doing so, greatly increases the reactivity of
thymines to the permanganate ions.30,31 This effect is especially pronounced for echinomycin
(Figure 1), a bis-intercalator antibiotic that binds to duplex DNA via the intercalation of two
quinoxaline chromophores at CpG sites, with the central bicyclic peptide residing in the minor
groove. Intercalation of echinomycin causes considerable unwinding and distortion of the DNA
duplex.48-51 In the present study, the duplex d(GCGGATATATGGCG/
CGCCATATATCCGC) (ds1) was selected for experiments with echinomycin since this
sequence contains multiple CpG ligand binding sites. Prior to examining the oxidation of the
echinomycin/duplex complexes, the oxidation of the duplex in the absence of the ligand was
assessed as a control. The results are shown in Figure 4a, and they are virtually the same as
those shown in Figure 3b and 3c for the same duplex, respectively.

Figure 4b shows the ESI mass spectrum of a solution containing the duplex with echinomycin
(abbreviated as “E”) prior to KMnO4 reaction. Echinomycin/duplex complexes are observed
with drug/DNA binding stoichiometries ranging from 1:1 to 3:1 in the 6- charge state,
confirming that echinomycin/duplex complexes are readily formed in solution and maintained
upon transport to the gas phase. Then the KMnO4 reaction was undertaken for twenty minutes
on a solution containing echinomycin/duplex complexes, and the resulting mass spectrum is
shown in Figure 4c. Compared to the oxidation of duplex alone (Figure 4a), the degree of
oxidation is significantly increased for the echinomycin/duplex complexes. Interestingly, the
degree of oxidation changes with the echinomycin/duplex binding stoichiometry; as the
number of bound ligands increases, the abundance of the ions containing oxidation adducts
increases relative to the unoxidized ions. This is demonstrated by comparing the relative
abundances of the oxidation adducts associated with the 1:1, 2:1, and 3:1 echinomycin/duplex
complexes in the 6- charge state. It is expected that the unwinding, elongation and hence the
distortion of the duplex should increase with the number of intercalator ligands bound to the
duplex, thus making thymines in the duplex more susceptible to reaction with KMnO4.51
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To allow the semi-quantitative comparison of the degree of oxidation of DNA complexes, we
calculate the percent oxidation of a given DNA complex, M, using the following equation:

where A[M] is the ion abundance of the single strand, duplex or drug/DNA complex designated
in the subscript bracket, A[M + O] corresponds to each complex containing one or more
oxidation adducts, and n is the maximum number of oxidation adducts associated with the
particular complex [M]. The complexes containing multiple oxidation adducts are weighted
more heavily in the equation to account for the greater extent of oxidation. As an example, for
the spectra shown in Figure 4 the percent oxidation of the duplex in the absence of echinomycin
is 15%, while the oxidation values of the corresponding echinomycin/DNA complexes are 68%
for the 1:1 complex, 76% for the 2:1 complex, and 88% for the 3:1 complex (all in the 6- charge
state). The increase in the extent of oxidation with each additional echinomycin molecule bound
to the duplex is reflected in the percent oxidation values. It is interesting to note that the percent
oxidation of the single strand d(GCGGATATATGGCG) shown in Figure 2c was calculated
to be 91%, which is very similar to the oxidation value obtained for the 3:1 echinomycin/duplex
DNA complexes. Clearly the multiple intercalation of echinomycin causes a dramatic
distortion of double stranded DNA.

Effect of DNA sequence—The KMnO4 oxidation of complexes containing echinomycin
with another duplex, d(GTAGAGTCGACCTG/CAGGTCGACTCTAC) (ds2) was also
examined (spectra not shown). The sequence of this duplex was selected from a fragment of a
265-mer DNA sequence used in a past study by Bailly et al. which reported the binding of
echinomycin by DNase I, methidium propyl EDTA (MPE)·FeII , diethyl pyrocarbonate
(DEPC), and KMnO4.31 This former study identified multiple binding sites along the DNA
fragment including one strong site at the sequence 5'-AGTCGACCT-3' which is thus
incorporated in our sequence, ds2. The KMnO4 reaction with this duplex in the absence of
echinomycin was undertaken, and the percent oxidation for the duplex was 55%. This is a
higher degree of oxidation than the value determined for ds1 in the absence of echinomycin
(15%). While both duplexes contain an equal number of thymines, we speculate that the higher
degree of oxidation of ds2 results from the specific location of the thymines. All of the thymines
in ds1 are located in the center of the duplex and are flanked by G/C base pairs, while in ds2,
there are three thymines closer to the termini of the duplex. Therefore, a slight unwinding of
duplex ds2 in solution, a process more likely to occur near the ends of the duplex, may make
the thymines more susceptible to permanganate oxidation even in the absence of an
intercalating ligand.54

While the variation in the degree of thymine oxidation in different DNA sequences is
interesting, the change in the percent oxidation upon ligand binding is more important to the
goals of this study. Echinomycin was found to form abundant complexes with ds2 with 1:1
and 2:1 binding stoichiometries (spectra not shown). After reaction with KMnO4, the formation
of one and, to a lesser degree, two oxidation adducts were formed for each complex. As
summarized in Table 1, the percent oxidation values of the 1:1, 2:1, and 3:1 echinomycin/
duplex complexes are 74%, 76%, and 79%, respectively. While the overall increase in the
percent oxidation values for the complexes containing echinomycin with ds2 was not as great
as the increase for the echinomycin/ds1 complexes described in the previous section, the
increase was still significant. These results confirm that the oxidation of DNA upon
echinomycin binding24 can be determined by the ESI-MS technique. As will be discussed in
the sections below, the specific sites of thymine oxidation on the duplex can be determined by
CAD, and they correlate with the findings of the past gel electrophoresis study.31
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Effect of duplex length—The effect of duplex length on the KMnO4 oxidation reaction
was also examined. Our previous ESI-MS studies of drug/DNA complexes typically employed
duplexes with 14 base-pairs because ion mobility/molecular dynamics studies have reported
that DNA duplexes greater than 12 base pairs maintain the helical conformation in the gas-
phase better than shorter duplexes.52,53 It may, however, be desirable to examine the
KMnO4 oxidation of smaller duplexes for high throughput applications and targeted screening
strategies. Since the oxidation reactions are undertaken in solution and mass spectrometry is
simply used to detect the products in the present methodology, concerns about gas-phase
conformations are not a primary issue. Experiments involving a seven base pair duplex, d
(GCAGTGA/TCACTGC) (ds3) were undertaken to assess the lower size limit of the duplexes
that can be examined by the ESI-MS/oxidation technique. For this shorter duplex, the dominant
DNA ions are detected in the 3-charge state. The percent oxidation value for the [ds]3− ion
after KMnO4 reaction in the absence of any DNA-interactive ligand was determined to be 66%
as demonstrated by Figure S-1a shown in the Supporting Information section. This value is
greater than what was observed for the 14 base pair duplexes in the absence of ligand, and
suggests more extensive distortion of the shorter duplex in solution. This result is consistent
with past studies that found that the B-form of duplex DNA is more easily distorted in shorter
duplexes due to the reduced base stacking and hydrophobic interactions.54 For the present
study, when the oxidation reaction is carried out on a solution containing echinomycin and d
(GCAGTGA/TCACTGC), up to two oxidation adducts are formed for each 1:1 and 2:1
echinomycin/duplex complex. The percent oxidation for these complexes is 100% as no
unoxidized form of the duplex remains in the ESI mass spectrum (Figure S-1b). These results
reflect the greater distortion of smaller duplexes upon ligand binding compared to longer ones
due to the smaller number of hydrogen bonds and stacking interactions, as well as the
substantial degree of distortion caused by the intercalator ligand.

Experiments with a longer 21 base pair duplex were also undertaken. The oxidation of the
duplex, d(GGACAGTGAGGGCAGTGAGGG/CCCTCACTGCCCTCACTGTCC) (ds4)
was first evaluated in the absence of echinomycin (Figure S-2a), and the percent oxidation was
determined to be 39%. After echinomycin binding, the percent oxidation value of the 1:1
echinomycin:duplex complexes was determined to be 60% and the value for the 2:1 complexes
was 74% (Figure S-2b). While the increase in the degree of oxidation for ds4 compared to the
echinomycin/ds4 complex is not as dramatic as was observed for the complexes containing the
shorter duplexes (7-mers or 14-mers), it is reproducible and consistent with the expected duplex
distortion caused by intercalation.

One of the main challenges of using longer DNA duplexes in an ESI-MS/KMnO4 experiment
is that at higher charge states, it is more difficult to distinguish the formation of an oxidized
thymine from a sodium adduct which are always present in ESI mass spectra of nucleic acids.
The dominant charge state for drug/DNA complexes containing 14 base pair duplexes is 6-.
The observed mass shift upon formation of an oxidized thymine in the 6- charge state is 5.7
Da, while the shift for a sodium adduct is 3.8 Da. The m/z values of the sodium and oxidation
adducts in this charge state can be easily distinguished using a quadrupole ion trap mass
spectrometer. However, complexes containing the 21 base pair duplex are observed in the 9-
and 8- charge states, and at these high charge states, the m/z differences between the sodium
and oxidation adducts are decreased. In the 8- charge state, the ions corresponding to sodium
adducts are shifted by 2.9 Da, while those of the oxidation adducts are shifted by 4.3 Da. These
peaks can generally distinguished in the mass spectrum; however, for the 9- charge state, the
peaks for the sodium and oxidation adducts overlap since the mass shift for a sodium adduct
is 2.5 Da, while the shift for an oxidation adduct is only 3.7 Da. Analyses of the KMnO4 reaction
with DNA present in the 9- charge state or greater require a mass analyzer with greater mass
accuracy and resolving power.
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KMnO4 oxidation of complexes containing other drugs
KMnO4 reactions with complexes containing other types of DNA interactive ligands, including
three other intercalators and a minor groove binding agent, were also examined by ESI-MS.
Actinomycin-D (Figure 1) binds to DNA duplexes via the intercalation of the phenoxazone
chromophore, preferably at 5'-GC-3' sites, while the two cyclic peptides bind to the minor
groove.55,56 As a monointercalator, the unwinding angle and elongation of the duplex upon
actinomycin-D binding is less substantial compared to the bis-intercalator echinomycin,51,
57,58 therefore the KMnO4 reactivity of an actinomycin-D/duplex complex is expected to be
reduced compared to complexes containing echinomycin. To enhance the duplex binding by
actinomycin-D, the duplex d(GCGGGGATGGGGCG/CGCCCCATCCCCGC) (ds5) was
used due to its G/C rich sequence. The ESI mass spectrum of the solution containing the duplex
with actinomycin-D prior to the oxidation reaction reveals abundant complexes with binding
stoichiometries of 1:1 in the 6- and 5- charge state. As summarized in Table 1, the percent
oxidation value for this duplex in the absence of ligand was determined to be 20% (Figure
S-3a). After 20 min. reaction with KMnO4, one low abundance oxidation adduct was formed
for the actinomycin-D/duplex complexes (Figure S-3b). The percent oxidation for the 1:1
complexes was calculated to be 21%, which is not significantly different than the percent
oxidation of the duplex in the absence of the ligand (Table 1).

For comparison, the KMnO4 reaction with complexes containing echinomycin with ds5 were
also examined. Echinomycin/duplex binding stoichiometries of 1:1, 2:1, and 3:1 were observed
in the mass spectrum, and the corresponding percent oxidation values calculated for these
complexes were 59%, 73%, and 76%, respectively. The smaller duplex distortion imparted by
actinomycin-D compared to that of echinomycin is reflected in the lower percent oxidation
values for the actinomycin-D/duplex complexes and is likely the result of the monointercalative
binding mode of actinomycin-D. It is also possible that the cyclic peptides of the molecule
hinder the access of the permanganate ions to the thymines.

Ethidium bromide is another monointercalator that has been shown to induce KMnO4 reactivity
in previous studies.30 Like actinomycin-D, the DNA unwinding caused by ethidium bromide
is not as significant as that of echinomycin,51 resulting in decreased thymine hyperactivity.
The conformational changes induced by ethidium bromide binding were thus examined by our
oxidation/ESI-MS protocol. Prior to the KMnO4 reaction, a solution containing ethidium
bromide with ds2 was incubated, followed by C18 spin column purification. In the mass
spectrum of the resulting solutions, abundant ethidium/duplexes complexes with binding
stoichiometries of 1:1 and 2:1 were present in the mass spectra (Figure S-4a). The spectrum
of the solution containing ethidium bromide with ds2 after the 20 min. reaction with KMnO4
showed no surviving ethidium bromide/ds2 complexes (Figure S-4b). However, the
abundances of the oxidation adducts of the free duplex in the 5- charge state were slightly
greater than those of the oxidation adducts of ds2 in the absence of ethidium bromide. The
percent oxidation of ds2 in the absence of ethidium bromide was 55%, while after the addition
of ethidium bromide, the percent oxidation increased to 59% despite the apparent lack of
retention of the ligand by the duplexes after KMnO4 oxidation. The results were similar for
ethidium bromide with ds1, however a much greater increase in the degree of thymine oxidation
is observed. In the absence of ligand, the percent oxidation of ds1 was 15%, but after the
addition of ethidium bromide, the percent oxidation was 46%.

These results suggest that ethidium bromide reacts with KMnO4, causing it to dislodge from
the duplex, likely during the oxidation reaction. In the absence of KMnO4, ethidium bromide
remains bound to the duplex after the spin column clean-up step, thus specifically pointing to
KMnO4 as causing the disruption of the binding of ethidium bromide. The increase in the
degree of oxidation of the drug-free [ds]5− ion in the spectrum obtained for the solution that
contained both the duplex and ethidium bromide indicates that the ethidium bromide induced
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the thymine reactivity of the duplex prior to its dislocation. Thus, the KMnO4 reactivity
induced by ethidium can be assessed by examining the relative increase in the percent oxidation
of the free duplex. The percent oxidation results summarized in Table 2 for two duplexes, ds1
and ds2, indicate that the duplex distortion induced by ethidium bromide was greater than that
caused by actinomycin-D, but not as dramatic as that caused by echinomycin.

In a recent study, we examined the binding affinities of a series of new threading
bisintercalators47 for different DNA duplexes by ESI-MS/MS.11 One compound, cis-C1,
demonstrated a high degree of binding specificity based on our ESI-MS screening results, and
the bis-intercalative binding mode was confirmed by subsequent NMR studies.59 In the present
study, we have examined the KMnO4 reactivity of DNA duplex complexes containing cis-C1
to determine the degree of oxidation induced by the new bis-intercalator compared to that of
echinomycin. An abundant complex with 1:1 binding stoichiometry in the 6- charge state is
present in the ESI mass spectrum of a solution containing cis-C1 with ds5 prior to the
KMnO4 reaction. After the permanganate reaction, one oxidation adduct was formed for the
cis-C1/ds5 complex, and the percent oxidation was calculated to be 42% as summarized in
Table 1. In the absence of the bis-intercalator ligand, the percent oxidation of the duplex is
20%. The duplex distortion induced by cis-C1 is considerably greater than that caused by
actinomycin with the same duplex (only 21%) which is expected since actinomycin is a
monointercalator whereas cis-C1 is a bis-intercalator. However, the percent oxidation suggests
that the distortion of the duplex by cis-C1 is not as great as that caused by echinomycin, as
evidenced by the moderately greater percent oxidation value for 1:1 complexes containing
echinomycin with ds5 (59%).

Hoechst 33342 (structure shown in Figure 1) is a well-studied minor-groove binder known to
target A/T rich regions of a duplex. Compounds that bind to the minor groove of DNA typically
do not distort the duplex as significantly as do intercalators53, 54 and as such, do not induce
KMnO4 reactivity. The ESI mass spectrum of a solution containing Hoechst 33342
(abbreviated as “H”) and d(GCGGATATATGGCG/CGCCATATATCCGC) (ds1) prior to the
permanganate reaction is shown in Figure 5a. An abundant 1:1 complex is present in the 5-
charge state at m/z 1795 and a much less abundant 2:1 complex is present at m/z 1885. The
corresponding mass spectrum of the solution after the KMnO4 reaction is shown in Figure 5b.
The relative abundance of the Hoechst 33342/duplex complex at m/z 1795 has decreased, and
a new peak is present at m/z 1791 that is consistent with a dehydrated Hoescht 33342/duplex
species, not a typical oxidation adduct. To identify the new species at m/z 1791, CAD
experiments were undertaken on the ion. The ion dissociated to form an ion at m/z 1705, which
corresponds to the m/z of the original duplex (ds5−). Upon a second stage of collisional
activation, the resulting ion of m/z 1705 dissociated in a manner consistent with the
fragmentation of native duplex ions in the 5- charge state (spectra not shown). These results
suggest the oxidation of the bound Hoechst 33342 by KMnO4 but not the oxidation of the
duplex. The Hoechst ligand apparently reacts with KMnO4, and the oxidized ligand remains
bound to the duplex to form the observed product of m/z 1791. This reaction also caused the
decrease in the relative abundance of the original 1:1 Hoechst 33342/duplex complex. We
speculate that the permanganate ion oxidizes the aniline nitrogen of the piperazine ring of the
Hoechst 33342 molecule which then undergoes further reaction to lose 18 Da.

Low abundance oxidation adducts associated with the complex at m/z 1791 and 1795 are
present as shown in the spectral enlargement in the inset of Figure 5b; however, the percent
oxidation for these complexes does not exceed 22% and in fact is not much greater than the
oxidation value of the drug-free duplex. The significantly lower percent oxidation value of the
Hoechst 33342/duplex complexes compared to the echinomycin/duplex complexes is
consistent with the low degree of distortion of the duplex by minor groove binder ligands.
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CAD of oxidized DNA
In addition to assessing the degree of oxidation induced by ligand binding to duplex DNA,
another important aspect of the KMnO4 experiment is determination of the site of oxidation.
In traditional gel-based experiments, oxidation sites are mapped via a multi-step procedure in
which the oxidized DNA is cleaved adjacent to the modification sites by a piperidine heat
treatment, followed by DNA precipitation, and then subsequent gel-analysis of the products.
23, 24 Rather than employing the piperidine treatment, our strategy entails direct analysis of
the oxidized DNA adducts based on CAD to determine the site of oxidation, thus simplifying
the analytical scheme.

The CAD spectra of intercalator/DNA complexes have been previously evaluated.8,62-63
These complexes typically dissociate via the ejection of the ligand, leaving the drug-free duplex
ion, or by separation of the single strands of the duplex with the ligand remaining bound to
one of the strands. The MS/MS dissociation pathways of oligonucleotides have also been
extensively examined,44,64 and systematic interpretation of the fragmentation patterns has
been used to determine the site of covalent modifications of nucleic acids based on diagnostic
a – Band w sequence ions that result from the backbone fragmentation of single strand
oligonucleotides.24-27,65

In the present study, the most abundant oxidation adducts were isolated in the trap and subjected
to CAD. For example, Figure 6a shows the CAD spectrum of the [ds + 2 x E + O]6− ion
containing two molecules of echinomycin and duplex ds1 that was originally observed in the
ESI mass spectrum shown in Figure 4c at m/z 1789. After the first stage of CAD, the complex
dissociates by strand separation with one echinomycin molecule remaining bound to each
single strand. The mass of the ions containing the d(CGCCATATATCCGC) single strand
(labeled ss2 in Figure 6a) is shifted by 34 Da, indicating that the oxidation occurred exclusively
on ss2 rather than ss1. The [ss2 + O]3− product ion was subjected to a second stage of collisional
activation (MS3) to gain information about the specific position of the oxidized base. As shown
in Figure 6b, the MS3 spectrum contains many informative a - B and w ions, some of which
contain the mass shift characteristic of the oxidized base. The sequence overlaid on Figure 6b
summarizes the diagnostic cleavages (labeled with slash marks) in the spectrum, with those
containing the mass shift labeled with a “▼”. Based on the cleavage pattern, T6 can be
identified as the sole oxidized residue. The key fragment ions for making this assignment are
the w8 ion that does not contain the mass shift and the (w9 + O) ion that does contain the
oxidation mass shift. Because the echinomycin molecule binds to the G/C rich regions of the
duplex, it follows that the thymines closest to this region, like T6, will be most easily oxidized.
The clarity of the fragmentation pattern is remarkable, as well as the fact that the oxidation
occurs exclusively at one specific thymine site. The abundant oxidation of T6 over T10, the
other thymine in the sequence that is close to the G/C rich region of the sequence, may occur
because this thymine is flanked by two adenines, and previous studies have found thymines
adjacent to short A-tracts are more susceptible to the permanganate reaction.66 The preference
for thymine reaction on the C-rich single strand is not full understood at this time and merits
further study. The same thymine was identified as containing the oxidation adduct in the ESI-
MS3 spectra for [ds + E + O]6−as shown in Figure S-5.

The sites of thymine oxidation determined by CAD experiments for the other drug/DNA
complexes examined in this study are summarized in Table 2. In most cases, the CAD results
confirm a single thymine oxidation, not a distribution or ensemble of oxidation sites. Thus, the
oxidation process displays striking selectivity that makes mass spectrometric analysis a natural
fit for pinpointing the oxidation sites. The thymines identified in Table 2 are all within four or
five bases of the proposed 5'-CG-3' intercalator binding sites or adjacent to G/C rich regions
of the sequence that are likely intercalator binding sites. Future studies will be aimed at
examining trends in the sites of oxidation in greater detail. One result of note involves the
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complexes containing echinomycin and d(GTAGAGTCGACCTG/CAGGTCGACTCTAC)
(ds2). As discussed above, the oxidation of complexes containing this duplex were examined
to maintain consistency with a previous gel electrophoresis study of the binding of echinomycin
to duplex DNA assessed by various chemical probes, including KMnO4.31 The high affinity
binding site of echinomycin on the duplex was determined to be the central 5'-TCGA-3' site.
31 Based on the strand separation products present in the CAD spectrum of the [ds + E +
O]6− complex in our present study, the site of oxidation was determined to be located on the
first single strand, d(GTAGAGTCGACCTG). However, the MS3 spectrum of the [ss + O]3−

ion resulting from the first stage of CAD was inconclusive since there were product ions
suggesting that the oxidized thymine could be the T2 or T13 (Table 2). It is likely that the [ss
+ O]3− species consisted of two population of ions in which the thymine at position 2 was
oxidized in one population, while the thymine at position 13 was oxidized in the other,
suggesting that the duplex can unravel at both ends. Unlike the other DNA sequences used in
this study, d(GTAGAGTCGACCTG) contains two thymines (T2 and T13) that are located at
equivalent positions from the ends of the duplex, and thus may have roughly equal
susceptibility to thymine oxidation upon echinomycin binding.

To further ascertain the regions of DNA unwinding for this duplex, CAD studies were
performed on the [ds2 + E + 2 × O]6− complex, the complex containing two sites of oxidation.
Upon the first stage of CAD, the resulting strand separation products revealed that the second
site of thymine oxidation was located on the second strand, d(CAGGTCGACTCTAC).
Subsequent MS3 experiments indicated that T12 is the position of the second oxidized thymine
(spectra not shown). This is the same thymine that was found to be oxidized in the gel-based
study by Bailly et al. using a longer duplex.31 When the structure of the duplex is considered,
the thymine at the twelfth position on the second single strand d(CAGGTCGACTCTAC) is
adjacent to the second thymine on the complementary first strand, d(GTAGAGTCGACCTG),
which confirms that this region of the DNA is especially distorted upon binding echinomycin.
The sites of thymine oxidation correlate with the results of the past gel experiments24 and
support that echinomycin is bound to the 5'-TCGA-3' region, thus promoting oxidation around
this site.

IRMPD of oxidized DNA
IRMPD has also proven useful for gaining sequence information of DNA molecules and sites
of modification.45,46 During IRMPD, ion activation is independent of the RF voltage applied
to the trap which eliminates the low mass cut-off problem characteristic of CAD experiments
in a quadrupole ion trap.45 Ion activation by IR photoabsorption is a non-resonant process,
resulting in increased secondary fragmentation of DNA and subsequently more a - B and w
ions without the need for sequential stages of ion isolation, activation and dissociation that are
common for CAD strategies.45 To explore the potential merits of IRMPD for the
characterization of DNA oxidation adducts and determination of oxidation sites, several pilot
IRMPD experiments were undertaken in comparison to the CAD results described above.
Figure 7a shows the IRMPD spectrum of the [ds + 2 × E +O]6− complex containing
echinomycin and duplex ds5 using 50 W laser power and an activation time of only 1.7 ms.
The types and relative abundances of the fragment ions present in the IRMPD mass spectrum
are quite different from those in the CAD spectrum of the same complex shown in Figure 6a.
While strand separation ions dominated the CAD spectrum, they are essentially absent in the
IRMPD spectrum because these ions have undergone efficient IR absorption and been
converted into informative sequence a - B and w ions. The site of the oxidation can be
determined readily from these sequence ions, as shown by the cleavages marked on the duplex
sequence structure overlaid in Figure 6a, thus eliminating the need for a second stage of
activation which is typically necessary for more complete sequence coverage in the analogous
CAD experiments.
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The relative abundance of the sequence ions produced upon IRMPD can be controlled by
varying the irradiation time. This is demonstrated in Figure 7b which shows the IRMPD
spectrum of the same complex that was dissociated in Figure 7a, [ds + 2 × E +O]6−, with an
irradiation time of 2.5 ms. The precursor ion has been totally converted to fragment ions, and
the relative abundances of the lower mass a - B and w ions are significantly increased compared
to those in Figure 7a. The ability to effectively “tune” the relative abundances of the sequence
ions using different irradiation times during an IRMPD experiment is particularly beneficial
for identifying the site of thymine oxidation without requiring more elaborate MS3

experiments.

Conclusions
An ESI-MS technique employing KMnO4 oxidation reactions has been developed to assess
the distortion of DNA duplexes upon ligand binding. Adducts consistent with the oxidation of
thymine nucleobases are detected in the ESI mass spectrum, while CAD and IRMPD can be
used to identify the specific sites of oxidation. Ligand binding sites can be determined based
on the thymine oxidation pattern. The technique presented here represents an alternative to
traditional gel-based KMnO4 experiments and is attractive due to the elimination of the need
to use both radiolabeled DNA and the piperidine heat treatment required to identify the site of
oxidation, while also offering excellent sensitivity and facile adaptation to high throughput
screening applications.

Significant differences in the extent of oxidation of thymines in single strand DNA compared
to duplex DNA were observed, and the susceptibility of thymines to oxidation in drug/duplex
complexes was significantly enhanced, presumably due to conformational changes of the
duplex upon drug binding. The bis-intercalator echinomycin caused the most extensive
thymine oxidation, followed by the threading bis-intercalator cis-C1, and the monointercalator
ethidium bromide. Actinomycin-D, another monointercalator, and the minor groove binder
Hoechst 33342 did not substantially increase the reactivity of thymines with KMnO4. In
addition to the type of drug bound to the duplex, other factors that influenced the extent of
thymine oxidation were the size of the duplex, the number of bound ligands, and the proximity
of the thymines to the termini of the duplex. The ability to assess the KMnO4 reactivity induced
by ligands that become unbound from the duplex, either by reacting with the permanganate
ion or as a result of the post-oxidation C18 clean-up procedure, is also demonstrated. Multi-
stage CAD experiments allowed confident determination of the positions of the oxidized
thymines. As an alternative to CAD and MS3 approaches, IRMPD offers a promising option
that results in more abundant sequence ions due to enhanced secondary fragmentation.
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Scheme 1.
General pathway of permanganate oxidation of thymine nucleobases. The mass of thymine
and the resulting diol and alpha-hydroxyl ketone products are given in parenthesis.
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Figure 1.
Structures of ligands used in this study with molecular weights given in parenthesis.
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Figure 2.
ESI-mass spectra showing solutions containing the single strand d(GCGGATATATGGCG)
(ss1) (a) before reaction with KMnO4, (b) after 4 min. reaction with KMnO4, and (c) after 30
min. reaction with KMnO4. Spectral enlargements of the region around m/z 1070 to 1115 are
shown in the inset. Sodium adducts are labeled with an asterisk. Ions containing oxidized
thymines are labeled with ▼, with the number in parenthesis indicating the number of oxidation
adducts.

Mazzitelli and Brodbelt Page 17

Anal Chem. Author manuscript; available in PMC 2008 September 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
ESI-mass spectra showing solutions containing the duplex d(GCGGATATATGGCG/
CGCCATATATCCGC) (a) before reaction with KMnO4, (b) after 4 min. reaction with
KMnO4, and (c) after 30 min. reaction with KMnO4. Spectral enlargements of the region
around m/z 1700 - 1730 are shown in the inset. Sodium adducts are labeled with an asterisk.
Ions containing oxidized thymines are labeled with ▼, with the number in parenthesis
indicating the number of oxidation adducts. The d(GCGGATATATGGCG) single strand is
abbreviated as ss1, while d(CGCCATATATCCGC) is ss2.
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Figure 4.
ESI-mass spectra showing solutions containing the duplex d(GCGGATATATGGCG/
CGCCATATATCCGC) (a) after 20 min, reaction with KMnO4, (b) with echinomycin (E),
prior to reaction with KMnO4, and (c) with echinomycin (E), after 20 min. reaction with
KMnO4. Ions containing oxidized thymines are labeled with ▼, with the number in parenthesis
indicating the number of oxidation adducts.
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Figure 5.
ESI-mass spectra showing solutions containing the duplex d(GCGGATATATGGCG/
CGCCATATATCCGC) and Hoechst 33342 (H) (a) before reaction with KMnO4 and (b) after
20 min. reaction with KMnO4. Ions containing oxidized thymines are labeled with ▼, with
the number in parenthesis indicating the number of adducts each peak contains.
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Figure 6.
ESI-MS3 experiments for [ds + 2E + O]6− containing d(GCGGATATATGGCG/
CGCCATATATCCGC) and echinomycin (E): (a) CAD spectrum of the initial [ds + 2E +
O]6− complex and (b) MS3 spectrum of the [ss2 + O]3− product ion. “O” is indicative of an
oxidation adduct. The sequence structure in Figure 5b summarizes the sequence coverage. The
fragments containing an oxidation adduct are labeled with a “▼” symbol. The thymine that
was determined to be oxidized is underlined in the sequence shown in Figure 2b. The d
(GCGGATATATGGCG) single strand is abbreviated as ss1, while d(CGCCATATATCCGC)
is ss2. The selected precursor ion is labelled with an asterisk.
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Figure 7.
IRMPD spectra of [ds + 2 × E + O]6− using (a) 99% laser power and 1.7 ms irradiation time
and (b) 99% laser power and 2.5 ms irradiation time. The d(GCGGATATATGGCG) single
strand is abbreviated as ss1, while d(CGCCATATATCCGC) is ss2. The subscripts on the ion
labels denote whether the fragment ion arises from the first or second strand of the duplex. The
selected precursor ion is labelled with an asterisk.
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Table 1
Percent oxidation values of the duplexes and duplex/ligand complexes.a

[ds]b [ds + L] [ds + 2L] [ds + 3L]

ds1/echinomycinc 15 68 76 88
ds2/echinomycind 55 74 76 79
ds3/echinomycine 66 100 100 nd
ds4/echinomycinf 39 60 74 nd
ds5/echinomycing 20 59 73 76
ds5/actinomycin-Dg 20 21 nd nd
ds1/ethidium bromidec 15 46h nd nd
ds2/ethidium bromided 55 59h nd nd
ds5/cis-C1g 20 42 nd nd
ds1/Hoechst 33342c 15 22 nd nd

a
All values ± 5.

b
Values for the duplex alone were determined from the oxidation of solutions containing the duplex without ligand.

c
ds1 = d(GCGGATATATGGCG/CGCCATATATCCGC)

d
ds2 = d(GTAGAGTCGACCTG/CAGGTCGACTCTAC)

e
ds3= d(GCAGTGA/TCACTGC)

f
ds4= d(GGACAGTGAGGGCAGTGAGGG/CCCTCACTGCCCTCACTGTCC)

g
ds5 =(GCGGGGATGGGGCG/CGCCCCATCCCCGC) was used in the experiment.

h
Because the KMnO4 oxidation caused a loss of ethidium bromide from the duplex, the values for ethidium bromide were determined based oxidation

adducts formed on the free duplex.
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Table 2
Site of thymine oxidation for DNA/ligand complexes.

Ligand Duplex Sequence and Thymine Oxidation Site(s)a

echinomycin ds1 d(GCGGATATATGGCG/CGCCATATATCCGC)
echinomycin ds2 d(GTAGAGTCGACCTG/CAGGTCGACTCTAC)
echinomycin ds5 d(GCGGGGATGGGGCG/CGCCCCATCCCCGC)
echinomycin ds3 d(GCAGTGA/TCACTGC)
echinomycin ds4 d(GGACAGTGAGGGCAGTGAGGG/CCCTCACTGCCCTCACTGTCC)
ethidium bromide ds1 d(GCGGATATATGGCG/CGCCATATATCCGC)
cis-C1 ds5 d(GCGGGGATGGGGCG/CGCCCCATCCCCGC)

a
The site(s) of thymine oxidation are shown in bold and underlined.
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