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Formation of DNA adducts through the formation of
covalent DNA modifications by exogenous or endogenous
reactive chemical agents appears to be one of the earliest
events in the development of cancer. The formation of DNA
adducts thus represents a detectable and critical step in
carcinogenesis and thus may serve as an early biomarker.

To establish the pathological significance of DNA adducts
in human diseases such as cancer, it is necessary to find high-
sample-throughput methods for the simultaneous detection of
the various classes of DNA adducts. For example, in the
European Prospective Investigation into Cancer and Nutri-
tion (EPIC) study, 470000 people from nine European
countries were interviewed about their dietary habits and
lifestyles.[1] Blood samples were also taken for future analysis
of biomarkers, such as DNA adducts.[2] In such studies the use
of the ultrasensitive 32P-postlabeling method[3] has a number
of drawbacks: such as the lack of automation, the use of a
strong � emitter, and the fact that the simultaneous detection
of DNA adducts derived from different classes of carcinogens
is not possible. Approximately 300 �g of DNA or more are

necessary for the determination of DNA adducts by liquid
chromatography coupled to mass spectrometry (LC-MS).[4]

Although this method is very useful for characterizing
unknown DNA adducts it cannot be used for routine analysis.
The biggest problem is getting enough DNA for studies,
because of the expensive hydrolysis of such large amounts of
DNA, and the fact that only similar DNA adducts can be
analyzed in a single analytical run. A new analytical method
with a high-sample-throughput is therefore necessary to
determine several classes of DNA adducts simultaneously in
only 10 �g of DNA. Fluorescence derivatization of nucleo-
tides for the analysis of DNA adducts has been used by the
research groups of Sharma and Giese since 1988[5] to replace
the 32P-postlabeling method. However, neither the described
conjugation of ethylenediamine at the 5�-phosphate group of
nucleotides[5a] followed by the derivatization with dansyl
chloride or fluorescein isothiocyanate,[5b] nor fluorescence
derivatization in one step with a histidine-binding group[5c, d]

fulfills the requirements for high-sample-throughput analysis.
We present here a new method to determine DNA adducts.

It involves the hydrolysis of DNA, fluorescence labeling of
modified and unmodified nucleotides, micellar electrokinetic
chromatography, and laser-induced-fluorescence detection
(CE-LIF) with 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-
s-indacene-3-propionylethylenediamine (BODIPY FL EDA)
as the fluorescence marker. Selective conjugation of 2�-
deoxynucleoside-3�-monophosphates (dNMPs) through the
phosphate moiety to the amino linker of BODIPY FL EDA
was conducted in the presence of the water-soluble carbodi-
imide 1-ethyl-3-(3�-N,N�-dimethylaminopropyl)-carbodiimide
(EDC) to activate the phosphate moiety of the dNMPs.[6]

However, this approach to derivatization excludes the use of
fluorescence markers or buffer systems with carboxylic acid,
primary amino, or phosphate groups. The only suitable buffer
system for the derivatization was N-(2-hydroxyethyl)-piper-
azine-N�-2-ethane sulfonic acid (HEPES) at pH 6.5. The
enzymatic hydrolysis of DNAwas also carried out in HEPES
buffer at pH 6.0 to avoid a purification step. Comparison with
32P-postlabeling analysis showed that digestion of calf-thymus
DNA (CT-DNA) in HEPES buffer resulted in the same
amounts of dNMPs as with the routinely used procedure in
sodium succinate.[7] The derivatization reaction was moni-
tored by spectroscopic characterization (ESI-MS, 1H, 13C, 11B,
and 19F NMR spectroscopy) of the conjugate formed between
2�-deoxyadenosine-3�-monophosphate and BODIPY FL
EDA.

So far we have explored the application of this CE-LIF
method to the detection of apurinic (AP) sites and to the
determination of a number of endogenous and exogenous
DNA adducts (Table 1) in various samples such as oligonu-
cleotides, CT-DNA, or human DNA. The same conditions for
derivatization and separation were used in all analyses. CE-
LIF analysis of etheno-dAMP- (Figure 1A) and 5-Me-dCMP-
modified (Figure 1B) oligonucleotides gave excellent separa-
tion of the dAMP and dCMP adducts from the four
unmodified nucleotides. Etheno-DNA adducts are generated
by the reaction of DNA bases with lipid peroxidation products
derived from endogenous sources or from exposure to
xenobiotics.[8] The exact quantitation of 5-Me-dCMP in

number of hindered acids (mesitoic, pivalic) authenticO-acyluronium
salts have been isolated and identified. For the mesitoic acid
derivative this species is more reactive than the OAt ester. Thus the
exact timing of the possible formation of C and its conversion into
active ester or its direct involvement in a reaction process may help to
explain differences between N-HATU and N-HAPyU or between
H-HATU and N-HBTU. The lifetime of intermediates such asC in the
presence of good nucleophiles such as OXt(�) is believed to be low and
their definite involvement in the activation process of any particular
case has not yet been established. Intermediate C is most likely
involved under conditions of no or low preactivation; these conditions
are generally more favorable for both peptide assembly and low loss
of configuration during segment coupling.
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normal and tumor tissue will be an important
application of this analytical method because
hypomethylated DNA seems to play a key role
in cancer.[9, 10] Figure 2 shows the analysis of an
oligonucleotide modified with 8-HO-dGMP, a
biomarker of oxidative stress.[11] The determina-
tion of 8-HO-dGMP is very difficult, because a
time-dependent decomposition of 8-HO-dGMP
to AP sites occurs. We believe that this is one
reason for the imprecise data on 8-HO-dGMP,
as discussed in the literature.[12]

Another sample investigated, CT-DNA, con-
sisted of various adducts of aristolochic acid
(AA-dNMP) which are established biomarkers
for Chinese-herb nephropathy.[13] Figures 3A
and B show the analysis of CT-DNA and CT-
DNA incubated with aristolochic acid I under
zinc activation. A parallel 32P-postlabeling anal-
ysis confirmed the presence of three DNA
adducts specific for aristolochic acid (part of
Figure 3b) as reported previously.[13] In contrast
to 32P-postlabeling analysis, the method intro-
duced here allowed the simultaneous determi-
nation of unmodified nucleotides as well as the
three adducts of aristolochic acid I: 5-Me-dCMP,
AAI-dGMP, AAI-dAMP, and AAII-dAMP. A
simultaneous determination of DNA adducts
and 5-Me-dCMP is very interesting because of
the suspected demethylation of CpG islands
during cancerogenesis.

The reproducibility of the migration time
(MT) is often poor in capillary electrophoresis
because of the influence of the electroosmotic
flow in uncoated fused-silica capillaries. To
characterize DNA adducts in unknown samples
we therefore standardized the MT of all un-
modified and modified nucleotides to that of
dAMP and obtained excellent reproducibility
(standard deviation less than 3% by the use of
different of capillaries and buffer charges).
Table 1 lists the corrected MTs of all the
analyzed nucleotides and the values are given
as the mean and one standard deviation. A

Table 1. The corrected migration time of modified and unmodified nucleotides

Nucleotide Corr. MT (dAMP/nucleotide)

1,N2-propano-2�-deoxyguanosine-3�-monophosphate (Hex-dGMP) 0.78; 0.75 (n� 2)
5-methyl-2�-deoxycytidine-3�-monophosphate (5-Me-dCMP) 0.79� 0.01 (n� 32)
2�-deoxycytidine-3�-monophosphate (dCMP) 0.81� 0.01 (n� 34)
8-hydroxy-2�-deoxyguanosine-3�-monophosphate (8-HO-dGMP) 0.83� 0.01 (n� 6)
2�-deoxythymidine-3�-monophosphate (dTMP) 0.938� 0.006 (n� 42)
2�-deoxyguanosine-3�-monophosphate (dGMP) 0.962� 0.004 (n� 42)
2�-deoxyadenosine-3�-monophosphate (dAMP) 1.000
AP site 1.011� 0.002 (n� 6)
adducts of benzo[a]pyrene diol epoxide (B[a]P-dGMP, 2nd isomer) 1.17� 0.01 (n� 5)
adducts of aristolochic acid I (dA-AAI, dA-AAII, dG-AAI) 1.23; 1.19 (n� 2)

1.20; 1.17 (n� 2)
1.13; 1.11 (n� 2)

adducts of benzo[a]pyrene diol epoxide (B[a]P-dGMP, 1st isomer) 1.29� 0.01 (n� 5)
1,N6-etheno-2�-deoxyadenosine-3�-monophosphate (etheno-dAMP) 1.38; 1.36 (n� 2)

Figure 1. A) Analysis of etheno-dAMP: 10 �g of a synthesized oligonucleotide with the
sequence 5�-GAG.TCT.TCC.A*GT.GTG.ATG.AT-3� (A*: etheno-dAMP) were hydrolyzed,
derivatized, and analyzed. Electrolyte: 75 m� sodium dodecyl sulfate (SDS) in 17 m�
sodium phosphate buffer (pH 9.0) containing 15% (v/v) methanol; fused-silica capillary:
total length: 50 cm; length to the detection window: 45.4 cm; inner diameter: 50 �m;
injection: 20 psi; temperature: 25 �C; applied voltage: 20 kV. The sample was diluted 10000-
fold with water. B) Analysis of 5-Me-dCMP: 10 �g of a synthesized oligonucleotide with the
sequence 5�-AGA.GC*G.AGA.TTC.CAT.CA-3� (C*: 5-Me-dCMP) were analyzed. The
sample was diluted 10000-fold with water. Separation conditions were as described in (A).
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difference of 0.02 in the correctedMT values
between two nucleotides is necessary to
ensure a baseline separation.

The reproducibility of the hydrolysis,
derivatization, and separation was deter-
mined by analysis of aliquots of CT-DNA.
The use of fluorescein as an internal stan-
dard made it possible to correct the peak
areas and led to a relative standard deviation
between 5.6 and 8.4% (n� 29) for the
nucleotides.

The relative fluorescence quantum yield
(QY) of each fluorescence-labeled nucleo-
tide must be determined for an exact
quantitation. The QY of the nucleotides
were investigated and standardized to that
of dAMP, which led to quantum factors of
1.00, 0.55, 0.97, and 0.98 for dAMP, dGMP,
dTMP, and dCMP, respectively. The much
lower quantum factor of dGMP arises from
a quenching effect, which is dependent on
the base.[14, 15] With the use of these factors
the analysis of CT-DNA showed that 6.43�
0.13% (RSD� 2.1%; n� 6) of all cytosine
residues were methylated. Since no standard
of 5-Me-dCMP was available, the QY of
dCMP was used for both unmodified and
modified cytosine.

The strength of the 32P-postlabeling pro-
cedure is the high sensitivity that is made
possible by the enrichment of modified
nucleotides by butanol extraction or diges-
tion with nuclease P1. The strength of the
CE-LIF method described here is its excel-
lent selectivity. The samples must be diluted
100 fold because of the high salt concentra-

tion and the great surplus of unmodified nucleo-
tides. This procedure leads to a relatively high
detection limit of 850 p� (determined for dAMP),
which means in turn a relative adduct labeling
(RAL) of 2 DNA adducts per 106 unmodified
nucleotides (normals). The sensitivity could be
improved to 50 p� or 1.4 DNA adducts per 107

unmodified nucleotides by using electrostacking
with reversed field[16] as a focussing step.

The higher detection limit is nevertheless sensi-
tive enough for the detection of many endogenous
DNA adducts and the exact quantitation of DNA

Figure 2. Analysis of 8-HO-dGMP and AP sites: 10 �g of a synthesized oligonucleotide
with the sequence 5�-GAG.TCT.TCC.AGT.G*TG*.ATG.AT-3� (G*: 8-HO-dGMP) were
analyzed. The sample was diluted 10000-fold with water. Separation conditions were as
described in Figure 1.

Figure 3. CE-LIFand 32P-postlabeling analysis of CT-DNA incubated with aristolochic
acid I (AAI) under zinc activation: 10 �g of normal CT-DNA (A) and 10 �g of a CT-
DNA incubated with AAI (B) were analyzed, and the electropherograms were
compared with the results of the 32P-postlabeling method. The samples were diluted
100-fold with water. Separation conditions were as described in Figure 1.
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Recently, we synthesized the first homoleptic organoxe-
non(��) compound with two Xe�C bonds, Xe(C6F5)2 (1),
through the fluoride-initiated reaction of (CH3)3SiC6F5 and
XeF2.[1] An alternative route to 1 is the reaction of C6F5XeF
and [Cd(C6F5)2].[2] Compound 1 is obtained as a white solid
which explosively decomposes above �20 �C. However, as
single crystals could not be grown, 1 was characterized
exclusively in solution by 129Xe, 19F, and 13C NMR spectro-
scopy.

The development of apparatus and methods has now
advanced to the stage where it is possible to solve and refine
even structures of complicated organic and organometallic
compounds on the basis of X-ray powder data.[3] Since 1 is
obtained as an almost single-phase microcrystalline powder,
we were encouraged to determine the crystal structure from
X-ray powder data despite of the extreme thermal instability
of 1.

Compound 1 was synthesized from (CH3)3SiC6F5 and
XeF2

[1] and investigated at �223 �C (see Experimental
Section).[4] The powder diffractogram was indexed in a
monoclinic unit cell,[5] and the volume of the unit cell was in
good agreement with the calculated volume for four formula
units. On the basis of the systematic absences, the only space
group that came into consideration was P21/n. Le Bail
extraction[6±8] within this space group and a subsequent
structure determination using direct methods[9] led to a
position which was assigned to the Xe atom. As the positions
of the C6F5 rings could not be determined by using difference
Fourier syntheses, we applied the method of ™simulated
annealing∫.[10] Two ™rigid bodies∫ were defined for the
perfluorinated phenyl rings and placed on two arbitrary
positions together with the position obtained for the Xe atom
and used as starting parameters. After a few cycles, a
reasonable structural solution was found which was refined
by the Rietveld method.[11] On account of the limited quality
of data as well as a large number of parameters, the C6F5 rings
were refined as rigid bodies (C�C 1.38, C�F 1.35 ä) and
isotropic temperature factors of identical elements were
constrained. A stable refinement resulted which quickly
converged.[12]

The resulting molecular structure of 1 is shown in Figure 1.
Both Xe�C distances (Xe�C11 2.394(9) ä, Xe�C21
2.35(1) ä) are almost identical within the double standard

methylation (5-Me-dCMP). We are continuing to improve the
method by optimizing sample preparation to enrich modified
nucleotides.

Experimental Section

DNA hydrolysis : DNA (10 �g) was diluted in water (5.2 �L) and hydro-
lyzed by incubation for 3 h at 37 �C with an enzyme mixture (4.0 �L;
micrococcal nuclease: 150 mU�L�1 and spleen phosphodiesterase:
2.5 mU�L�1) and buffer (0.80 �L; 250 m�HEPES, 100 m� CaCl2, pH 6.0).

Fluorescence derivatization: 1.8� EDC (30 �L; in 800 m� HEPES buffer,
pH 6.5), 25 m� BODIPY FL EDA (30 �L; in 800 m� HEPES buffer,
pH 6.5), and 800 m� HEPES buffer (20 �L) at pH 6.5, were added to the
hydrolysate and incubated for 25 h at 25 �C in the dark.
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