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On-line identification of diastereomeric dibenzo[a,l]pyrene diol
epoxide-derived deoxyadenosine adducts by capillary

electrophoresis–fluorescence line-narrowing and non-line narrowing
spectroscopy

1 *Kenneth P. Roberts, Cheng-Huang Lin , Ryszard Jankowiak , Gerald J. Small
Ames Laboratory – US Department of Energy and Department of Chemistry, Iowa Sate University, Ames, IA 50011, USA

Abstract

A capillary electrophoretic method for the separation and on-line identification of closely related analytes using
low-temperature fluorescence spectroscopy is reported for the eight diastereomeric deoxyadenosine (dA) adducts derived
from dibenzo[a,l]pyrene diol epoxide (DB[a,l]PDE). Electrophoretic separation of stereoisomers was accomplished by
application of a mixed surfactant buffer [dioctyl sulfosuccinate (DOSS) and Brij-S], which was below the critical micelle
concentration (CMC) due to the high concentration (|25%) of organic solvent. Addition of multiple surfactant additives to
the separation buffer provided electrophoretic resolution, which was unattainable under single surfactant conditions. It is
shown that the CE-separated analyte zones could be identified on-line via low-temperature (4.2 K) fluorescence non-line
narrowing and fluorescence line-narrowing (FLN) spectroscopy. In addition, it was determined that in CE buffer trans-syn-,

6cis-syn- and cis-anti-DB[a,l]PDE-14-N dA diastereomeric adducts exist mostly with the –dA and DB[a,l]P moiety in an
6‘‘open’’-type conformation while the trans-anti-DB[a,l]PDE-14-N dA adducts exist in two different conformations whose

relative distribution depends on matrix composition. The above conformations have also been revealed by selective laser
excitation. Thus, the low-temperature methodology not only provides fingerprint structure via vibrationally resolved 4.2 K
fluorescence spectra for adduct identification, but also provides conformational information on the spatial relationship of the
carcinogen and dA moiety. These results, taken together with those for DB[a,l]P–DNA adducts formed in standard glasses
and mouse epidermis exposed to DB[a,l]P, support our earlier findings that DB[a,l]P-derived adducts exist in different
conformations [Jankowiak et al., Chem. Res. Toxicol. 11 (1998) 674]. Therefore, the combination of the separation power of
CE and spectral selectivity of low-temperature fluorescence spectroscopy at NLN and FLN conditions provides a powerful
methodology which should prove useful for identification of closely related DNA adducts formed at low levels in biological
systems.  1999 Elsevier Science B.V. All rights reserved.
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produce bay region diol epoxides [5–10] which react fingerprint structure of vibrationally resolved FLN
with the nucleophilic centers of DNA bases, par- spectra at 4.2 K [18,24,25].
ticularly those associated with guanine and adenine. CE has also been coupled to mass spectrometry
It is widely accepted that the formation of DNA– (MS) and nuclear magnetic resonance (NMR) for
PAH adducts is the initial event that leads to on-line analyte characterization. Both have yielded
mutations that result in cancer [11,12]. In this paper interesting results without the requirement of stan-
we present results on DNA adducts formed from dards present for analysis, although some difficulties
dibenzo[a,l]pyrene (DB[a,l]P) the most potent exist [26–32]. In the case of CE–MS some of the
member of the PAH class of carcinogens [13,14]. It issues have been circumvented with the introduction
is found in river sediment [15] and indoor /outdoor of capillary electrochromatography (CEC) [33–35].
air samples [16,17]. The technique used to obtain the CEC incorporates the packed stationary phase of LC
results was capillary electrophoresis–fluorescence (minimizing the need for surfactants) and the effi-
line narrowing spectroscopy (CE–FLNS) which has cient electroosmotic flow mechanism of CE.
recently been developed by our laboratory [18]. The In this respect, we note that FLNS can also be
technique allowed, for the first time, on-line structur- coupled with CEC [36], and emphasize that the

]]
al characterization of DNA–carcinogen adducts. CE–FLNS approach mentioned above does not
Capillary electrophoresis can also be interfaced with require standards each time a qualitative determi-
non-line narrowed fluorescence (NLNF) spectros- nation is to be made, but relies on an established
copy. reference library of spectra. This attribute of CE–

Prior to our development of CE–FLNS we had FLNS is particularly important in the biomedical /
employed high-performance liquid chromatography biochemical sciences, where many standards (e.g.,
(HPLC) with FLNS to characterize and quantitate a DNA and protein adducts /metabolites) are difficult /
wide variety of DNA–PAH adducts in an off-line expensive to synthesize, and/or possess poor stabili-

]]
mode. The results obtained, when combined with the ty over time. These features of CE–FLNS, along
results of computational chemistry had shown that with arbitrary detection times, selective determina-
DB[a,l]P leads to a diverse spectrum of stable DNA tion in the frequency and time space, as well as
adducts formed by the diol epoxide metabolic path- increased fluorescence signal and/or decreased
way [19]. Conformational information has been photodegradation (due to the low temperatures used),
obtained for DB[a,l]PDE-14-N7Ade, –N7Gua [20], indicate that CE–FLNS is an appropriate methodolo-
DB[a,l]P tetrols [21], and various DB[a,l]PDE-14- gy for identification, characterization and quantita-

6N deoxyadenosine (dA) stereoisomeric adducts tion of closely related analytes [18,24,25].
[22,23]. It was shown that anti- and syn- derived To complement the CE–FLNS methodology, it is

6DB[a,l]PDE-14-N dA adducts in ethanol and gly- shown here that adduct identification can also be
cerol–water glasses can adopt various ‘‘open’’- and achieved via CE and low-temperature fluorescence
‘‘folded’’-type conformations between the dA and spectra obtained under non-line-narrowing condi-
carcinogen moiety; only the folded conformation tions. With this approach expensive tunable lasers are
allows significant interactions between the dA and not required, i.e., a single-frequency excitation
aromatic portion of the carcinogen [23]. source can be used, expanding the applicability of

Off-line fluorescence studies, however, indicated low-temperature wavelength-resolved laser-induced
that in some instances the purity of the DB[a,l]PDE- fluorescence (LIF) detection in capillary electropho-
derived adducts being analyzed poses a problem, resis [37]. Utilization of low-temperature in obtain-
especially if the analytes are unstable and/or cannot ing LIF spectra provides spectral resolution that is
be HPLC baseline resolved. To circumvent this not possible at room temperature. At room tempera-
problem we developed and applied the methodology, ture, fluorescence signals are spectrally broad and
which interfaces CE with FLNS for on-line spectral often featureless, rendering them useless for identifi-

]]
characterization and identification of these closely cation purposes due to the nearly identical emission
related species. It has been shown that CE-separated spectra of structurally similar analytes. In CE–FNLN
fluorescent analytes can be identified on-line via spectroscopy, reduction in sample temperature to 4.2
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K effectively eliminates thermal broadening contri- DB[a,l]PDE-derived dA adduct standards in CE
bution, which for a single vibronic transition is buffer, and to provide a library of the NLN spectral

21approximately equal to kT|200 cm at room tem- fingerprints for future on-line in vivo and in vitro
perature. In the case of FLNS, a further reduction in studies of –dA adducts derived from DB[a,l]P by
line-width by a factor of 10–100 is achieved by CE–FNLN/FLN.
selective excitation of a uniform subset of molecules
[3,38,39]. The selective excitation eliminates
inhomogeneous broadening which is typically about 2. Experimental

21100–500 cm in amorphous solids [39].
In this paper, we report on the separation of eight Caution. anti- and syn-DB[a,l]P diol epoxides

6DB[a,l]PDE-14-N dA diastereomeric adducts (see are extremely hazardous chemicals and should be
Fig. 1), and their on-line identification via low- handled carefully in accordance with NIH guide-
temperature NLN fluorescence spectra. An example lines.
of analyte identification via FLN spectra is also
shown for completeness. The main goal, however, is 2.1. Materials
to establish a protocol for the separation and spectral
characterization of closely related diastereomeric Sodium tetraborate (STB), sodium dioctyl sul-

6 6Fig. 1. Molecular structures of the eight DB[a,l]PDE-14-N dA adducts investigated: (A) (6)-trans-syn-DB[a,l]PDE-14-N dA; (B)
6 6 6(6)-cis-syn-DB[a,l]PDE-14-N dA; (C) (6)-trans-anti-DB[a,l]PDE-14-N dA; and (D) (6)-cis-anti-DB[a,l] PDE-14-N dA. dR corre-

sponds to deoxyribose.
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fosuccinate (DOSS) and Brij 30 were obtained from shown in Fig. 2. A modular capillary electrophoresis
Aldrich (Milwaukee, WI, USA). Acetonitrile (ACN) system (Crystal 300 series, Model 310, ATI Unicam,
and sodium hydroxide (NaOH) were obtained from Boston, MA, USA) was used for the electrokinetic
Fisher Scientific (Fair Lawn, NJ, USA). All buffers separations. Capillaries were 85 cm (75 cm effective
were prepared with water purified with a NANOpure length) for LIF detection. Capillaries were con-
II (Barnstead, Dubuque, IA, USA) purification sys- ditioned with 100 mM NaOH for 15 min (30 min for
tem. Capillaries were 75 mm I.D.3375 mm O.D. new capillaries), water for 5 min, and separation
UV-transparent bare silica purchased from Polymicro buffer for 15 min. The sample was hydrodynamically
Technologies (Phoenix, AZ, USA). Glycerol was injected with 20 mbar pressure for 3 s resulting in
obtained from Spectrum Chemical Mfg. (Gardena, approximately a 10 nl injection volume. Separations
CA, USA). were carried out at 20 kV resulting in a 40 mA

current.
2.2. Sample preparation and buffers Room-temperature, LIF electropherograms were

obtained with a CW excitation source (Model Innova
The DB[a,l]PDE derived stereomeric adducts 90C argon ion laser, Coherent, Santa Clara, CA,

trans-anti-, cis-anti-, trans-syn- and cis-syn-DB[a,l]- USA) equipped with UV optics and an intracavity
6PDE-14-N dA were synthesized by a reaction of prism for single line selection. Pulsed excitation was

anti- and syn-DB[a,l]PDE with dA. The (6)-anti- accomplished with a Lambda Physik FL-2002 dye
DB[a,l]PDE was reacted with optically-active dA in laser, pumped by a Lambda Physik Lextra 100 XeCl
dimethylformamide at 1008C for 30 min to give four excimer laser (Lambda Physik, Fort Lauderdale, FL,

6diastereomeric anti-DB[a,l]PDE-14-N dA adducts. USA). When the molecules of interest electrokin-
Likewise, the (6)-syn-DB[a,l]PDE was reacted with etically migrated into the observation window, the
optically-active dA under the same conditions, to temperature of the capillary, housed in a specially

6yield the four syn-DB[a,l]PDE-14-N dA diastereo- designed capillary cryostat (CC) [18,24,25], was
meric adducts. Further details on the synthesis and reduced to 4.2 K for low-temperature, on-line analy-
structural characterization are described elsewhere sis. The cooling process took less than 1 min.
[22]. Individual analyte zones in the capillary were selec-

The CE buffer consisted of an ACN–water solu- tively probed by automated translation of the CC.
tion (25.5%, v/v) containing 34 mM DOSS, 7.5 mM Fluorescence was collected with a specially designed
Brij-S (sulfonated Brij 30 as described by Ding and objective (Ealing, Holliston, MA, USA), passed
Fritz [40]), and 6.8 mM sodium tetraborate to form a through a Model 218 0.3 m monochromator
mixed surfactant solution. Aqueous NaOH was used (McPherson, Acton, MA, USA), and detected with
to adjust the pH to 9. Before injection, the separation an intensified CCD camera (Princeton Instruments,
buffer was filtered through a 0.22 mm syringe filter Trenton, NJ, USA) using gated and non-gated modes
(Costor) and then degassed for 5 min. of detection. Spectral resolution for FLN and NLN

Matrix dependent (off-line) studies of the dA were 0.05 and 0.8 nm, respectively. Further details of
standards at 77 and 4.2 K were performed in both the experimental set-up are given in Ref. [18].
100% CE buffer and CE buffer–glycerol (20:80,
v /v) to determine how the matrix affected the
conformational distribution of the stereoisomers. 3. Results and discussion
Samples were diluted to equal concentrations in the
appropriate matrix, placed in 2-mm I.D. quartz tubes, 3.1. Off-line NLN fluorescence spectra in CE
and brought to 4.2 K for LIF measurements. Approx- buffer
imately 20 ml sample volumes were sufficient for the
off-line analysis. In this section we present NLN fluorescence

spectra obtained using a CE buffer in order to
2.3. Instrumentation determine whether or not the spectra allow for

distinction between the isomers of anti- and syn-
6A schematic of the CE–FLN/FNLN system is DB[a,l]PDE-14-N dA.
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Fig. 2. Schematic apparatus of the CE–FLNS system used for structural characterization of CE-separated analytes.

A reference library was established for the to matrix-induced conformational changes [20,21].
6DB[a,l]PDE-14-N dA adducts in CE buffer, as This is supported by the fact that a minor conforma-

shown in Fig. 3. Spectra a–d, correspond to the tion, with an origin band at |383 nm, was also
(2)-trans-anti-, (2)-cis-anti-, (1)-trans-syn-, (1)- observed in an ethanol matrix (see Table 1). The
cis-syn-dA adducts, respectively. Identical spectra remaining adducts spectra (b, c and d), though all in
for the corresponding optical conjugates were ob- conformation I, still reveal significant differences in
tained (not shown). However, the NLN spectra of the their S vibronic intensity distribution. The origin0

above four stereoisomeric adducts are clearly dis- bands of the adducts discussed above are summa-
tinguishable, and can therefore be used for on-line rized in Table 1. The observed variations in the
identification of DB[a,l]PDE-derived deoxy- vibronic intensity distribution are not surprising
adenosine adducts. given that the parent fluorophore B[e]P has C2v

As shown in spectrum a, the (2)-trans-anti-dA symmetry, and the out of plane deformation, as well
adduct (in CE buffer) favors a conformation with a as the conformation of the cyclohexenyl ring depend
(0,0) origin band at 383.5 nm, in sharp contrast to on adduct stereochemistry [41,42]. Furthermore, the

21the spectra obtained recently in ethanol and gly- significant intensity of the 770, 790 and 780 cm
cerol–water glasses where the major origin band of bands in spectra b, c and d, respectively, of Fig. 3 are
the same adduct was red-shifted to |388 nm [23]. due to electronic–vibrational coupling between the
This large shift cannot be accounted for by simple S state and higher energy dipole-allowed states, and1

matrix-dependent spectral shifting. Rather, it is due is a consequence of the S ←S absorption transition1 0
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6 6Fig. 3. NLN fluorescence spectra obtained off-line for (2)-trans-anti-DB[a,l]PDE-14-N dA (spectrum a), (2)-cis-anti-DB[a,l]PDE-N dA
6 6(spectrum b), (1)-trans-syn-DB[a,l]PDE-14-N dA (spectrum c), and (1)-cis-syn-DB[a,l]PDE-N dA (spectrum d) adducts in CE buffer.

T54.2 K, l 5308 nm, delay time580 ns, and gate width5200 ns. The numbers correspond to the ground state (S ) vibrationalex 0

frequencies.

being only weakly allowed [42,43]. With regard to uct (presumably DB[a,l]tetrols) which is not ob-
spectrum c, we note that the trans-syn-dA adduct served in freshly synthesized samples. To generate a
exists mostly in conformation I with its NLN spectra more accurate reference spectrum of the cis-syn-dA
being weakly matrix and excitation-frequency depen- adduct, the decomposition product was electrokin-
dent (data not shown). The conformation of the etically separated from the adduct standard and an
cyclohexenyl ring of the trans-syn-dA has been on-line reference spectrum of the ‘‘pure’’ cis-syn-dA
previously assigned as being a unique half-boat standard was obtained as shown in Fig. 4.
configuration with the dA moiety in a pseudoaxial

3position. Finally, spectrum d of Fig. 3 is the NLN
spectrum of the (1) cis-syn-adduct with a (0,0) 3.2. Excitation and matrix dependentI

origin band at 383.5 nm. This adduct, in agreement conformations
with data previously obtained in ethanol and gly-
cerol–water glasses [23], has been assigned as an The existence of the conformations discussed

6open-type conformation with the cyclohexenyl ring above for the trans-anti-DB[a,l]PDE-14-N dA ad-
in half-chair configuration and dA in a pseudoaxial ducts is further confirmed below. Fig. 5 shows the
position. A weak shoulder revealed in spectrum d of NLN (T577K) fluorescence dependence of this –dA
Fig. 3 for the (1)-cis-syn-dA adduct, denoted with a adduct on excitation wavelength and matrix com-
dashed arrow, corresponds to a decomposition prod- position. Spectra a and c were obtained (off-line) in
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Table 1
6Fluorescence origin band comparison observed for syn- and anti-DB[a,l]PDE-14-N dA adducts at 77 and 4.2 K in various matrices

(l 5308 nm)ex

Stereoisomeric Matrix
–dA adducts a aEthanol Glycerol–water CE buffer

b(0,0) nm Conf. (0,0) nm Conf. (0,0) Conf.
c(1)-trans-syn- 382.0 I 382.0 I 381.9 I

389.0 II 389.0 II – –

(1)-cis-syn- 383.6 I 384.0 I 383.4 I
388.0 II 388.0 II – –

(2)-trans-anti- 383.0 I9 – I9 383.5 I9
e388.1 II9 388.3 II9 390.1 II9

d(2)-cis-anti- 385.0 I 385.0 I 383.5 I
389.0 II 389.0 II – –

a Observed at T577 K with an excitation wavelength of 308 nm [23].
b Conf.5Conformation.
c The bold Roman numerals indicate the major conformations observed by low-temperature fluorescence.
d Minor conformation at the nucleoside level, but major conformation in single-stranded DNA [19].
e This origin band corresponds to the unique conformation II9 clearly revealed in CE buffer when selectively excited at 351.1 nm. The

same conformation was also observed in an glycerol–CE matrix (80:20) (see Fig. 5 for details).

CE buffer with excitation wavelengths of 308 nm Spectrum b of Fig. 5 was obtained under con-
and 351.1 nm, respectively. An excitation wave- ditions identical to those used to obtain spectrum a
length of 308 nm preferentially excites adducts in except that in a CE buffer–glycerol matrix (20:80,
conformation I9, with a (0,0) origin band at 383.5 v/v). Comparison with spectrum a of Fig. 3 reveals
nm, revealing characteristic bands at 770, 1315 and that the (2)-trans-anti-dA adduct preferentially

212085 cm . In contrast, an excitation wavelength of adopts conformation I9 in CE buffer and conforma-
351.1 nm preferentially excites adducts in conforma- tion II9 [(0,0) origin band at 389.6 nm] in the
tion II9 with a (0,0) origin band at 390.1 nm, and predominantly (80%) glycerol matrix. We emphasize

21vibrational bands at 750, 1280 and 2030 cm . A that this conformation change is reversible (spectra
small contribution of conformation II9 in spectrum a not shown). Small differences in the vibronic intensi-
is also observed as denoted by an asterisk. Thus, we ty distribution observed in spectra b and c of Fig. 4
conclude that trans-anti-dA adducts exist in two are caused by solvent (matrix) dependent Herzberg–
conformations (I9 and II9), whose relative distribu- Teller coupling [41,42]. Therefore, based on data
tion is not only matrix dependent, but can also be presented in Fig. 5, we conclude that the trans-anti-

6revealed by selective laser excitation. The small DB[a,l]PDE-14-N dA adducts formed in CE buffer
difference in the intensity distribution between spec- are trapped as a mixture of two adduct conforma-
tra a of Figs. 5 and 3 is due to a slightly different tions. This provides additional support for the earlier
distribution of conformers I9 and II9 trapped at 4.2 assignment of these conformations as open- and
and 77 K, respectively, and is the result of differ- folded-type, respectively. We recall that the
ences in cooling rates. The relatively strong bands at cyclohexenyl ring in the above conformations pos-

21 21|2085 cm (curve a) and |2030 cm (curve c) sess a half-chair configuration with the dA moiety in
21 a pseudoaxial and pseudoequatorial position, respec-correspond to the |1315 and |1280 cm modes,

tively [23]. Preliminary, matrix dependent, circularwhich build on the intense Herzberg–Teller origin
21 dichroism results support this assignment (data notbands at 770 and 750 cm , respectively; for more

shown).details see Ref. [21].
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Fig. 4. On-line NLN fluorescence spectrum of ‘‘pure’’ (1)-cis-
6syn-DB[a,l]PDE-14-N dA. Inset, an electropherogram of the

standard revealing the pure cis-syn-dA adduct (large peak) and a
small contribution from a decomposition product (denoted with an
asterisk). T54.2K, l 5308 nm, delay time580 ns, and gate Fig. 5. Excitation wavelength and matrix dependence of the NLNex

6width5200 ns. fluorescence spectra of (2)-trans-anti-DB[a,l]PDE-14-N dA ad-
ducts at 77 K. Spectra a and c were obtained in CE buffer with an
excitation wavelength of 308 nm and 351.1 nm, respectively.
Spectrum b was obtained in the glycerol–CE buffer (80:20, v /v)3.3. CE separation
solution with and l 5308 nm. Spectra a and b were obtainedex

with a 0 ns delay time and 200 ns observation window (see text
Despite considerable efforts, an electrokinetic for details).

separation of the –dA adducts was not achieved with
either of the single surfactants, DOSS or Brij-S (data
not shown). Therefore, we turned to mixed surfactant sociation of the PAH portion of the DB[a,l]PDE-14-

6buffers, which were reported to be able to resolve N dA adducts with the hydrophobic chains of the
structurally similar components that were inseparable surfactants.
under single surfactant conditions [44–46]. The Separation of a mixture of eight diastereomeric
buffer, which allowed for separation, consisted of –dA adducts is shown in Fig. 6. Since 11 peaks are
34.4 mM DOSS, 7.4 mM Brij-S, 6.8 mM sodium nearly baseline resolved, three peaks of this elec-
tetraborate, and 25.5% (v/v) acetonitrile. Altering the tropherogram must belong to decomposition products
ratio of the two surfactants optimized electrophoretic or impurities.
resolution of the diastereomers. Utilizing the meth-
odology described in Refs. [46,47], it was confirmed 3.4. On-line, low-temperature identification of CE-
(data not shown) that at 25.5% acetonitrile, micelle separated peaks
formation was inhibited. This suggests that the CE
separation mechanism involves a solvophobic as- Fig. 7 shows the low-temperature (4.2 K) on-line
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Fig. 6. Room-temperature fluorescence electropherogram acquired
during CE separation of the eight HPLC purified DB[a,l]PDE-
derived adduct standards. The peaks are identified in Table 2.

Fig. 7. On-line NLN spectra (a and b) for the CE-separated peaksspectral identification of peaks 7 (spectrum a) and 11
7 and 11 of Fig. 6. The bands are labeled with their ground-state(spectrum b) of the electropherogram shown in Fig.

21vibrational frequencies, in cm ; T54.2 K, l 5308 nm.ex6. Peak identification is made based on comparisons
with the library of the standard spectra. Spectrum a
is identical to the off-line trans-syn-dA reference b, as compared to the standard spectrum c, is a
standard (spectrum c of Fig. 3), and spectrum b is consequence of a slight reduction in spectral res-
indistinguishable from the spectrum in Fig. 4, which olution (|1 nm) obtained in the on-line measure-
corresponds to the cis-syn-dA reference standard. ments. As mentioned earlier, and as discussed in Ref.
Therefore, we conclude that peaks 7 and 11 of the [48], the (1)-trans-anti- and (2)-trans-anti-type
electropherogram shown in Fig. 7 can be unambigu- adducts possess indistinguishable fluorescence spec-
ously assigned as the trans-syn- and cis-syn-DB[a,l]- tra [22,23]. Their differentiation has been accom-

6PDE-14-N dA adducts, respectively. plished via spiking with optically pure standards
1Another example is shown in Fig. 8, where the whose stereochemistry has been established by H

identification of peaks 4 (spectrum a) and 5 (spec- NMR and circular dichroism [22]. The latter re-
trum b) are illustrated. Both peaks reveal identical vealed that peaks 4 and 5 correspond to (1)-trans-
NLN spectra which are compared with the standard anti and (2)-trans-anti-dA adducts, respectively.
spectrum obtained for the (2)-trans-anti-dA (spec- The same methodology of differentiating the (6)
trum c). Since spectra a and b are nearly identical to diastereomers was utilized for the remaining (6)-dA
the (2)-trans-anti-dA reference standard, we con- adduct pairs.
clude that they must correspond to either the (1)- or As a final example, Fig. 9 shows the on-line

6(2)-trans-anti-DB[a,l]PDE-14-N dA diastereomers. identification of the CE-separated peaks 7 and 11 of
The increased broadening observed in spectra a and Fig. 6 via FLN spectroscopy. Frame A of Fig. 9
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Fig. 8. Spectra a and b were obtained on-line in the CE–buffer
matrix (at T54.2 K, l 5308 nm) for peaks 4 and 5, respectively,ex

of Fig. 6. Spectrum c is from the library of NLN spectra and
corresponds to the (2)-trans-syn-dA adduct. Spectra a, b and c
were obtained with spectral resolution of 0.8 nm. The NLN bands
are labeled with their ground-state vibrational frequencies, in

21cm .

Fig. 9. Spectra a and c were obtained on-line in CE-buffer for
peaks 7 and 11 of Fig. 6, with an excitation wavelength of 372.0

shows the 4.2 K FLN spectra (l 5372.0 nm) of theex nm at T54.2 K. Spectra b and d are shown for comparison, and
CE-separated peak 7 (spectrum a) and the (1)-trans- corresponds to FLN spectra of the (1)-trans-syn- and (1)-cis-

6syn-DB[a,l]PDE-14-N dA adduct standards, respectively. Thesyn-dA adduct standard (spectrum b). The compari-
detection delay time was 40 ns with a 200 ns gate width. The FLNson reveals vibronic modes at 720, 757 and 796

21 peaks are labeled with their excited-state vibrational frequencies,cm in the on-line spectrum which are identical to 21in cm .
those found in the (1)-trans-syn-dA adduct standard
spectrum. Frame B of Fig. 9 compares the 4.2 K
on-line FLN spectra (l 5372.0 nm) of the CE by both NLN and FLN spectra. The results obtainedex

separated peak 11 (spectrum c) with that of the by combining CE with low-temperature fluorescence
off-line (1)-cis-syn-dA adduct standard (spectrum spectroscopy and spiking are summarized in Table 2.
d). Again, identical vibrational modes at 736, 796,

21848 and 930 cm are observed, proving that peak
11 corresponds to the (1)-cis-syn-dA adduct. Thus, 4. Conclusions
Figs. 7 and 9 demonstrate that trans and cis isomers

6of the syn-DB[a,l]PDE-14-N dA adducts are readily The use of a capillary electrophoresis method for
distinguishable and can be unambiguously assigned the separation and on-line spectral identification of
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6Table 2 syn-DB[a,l]PDE-14-N dA, syn-dibenzo[a,l]pyrene
6The identity of the peaks in the electropherogram shown in Fig. 6 diol epoxide-14-N deoxyadenosine

6Peak No. Peak assignment anti-DB[a,l]PDE-N dA, anti-dibenzo[a,l]pyrene
6

6 diol epoxide-14-N deoxyadenosine1 (2)-cis-anti-DB[a,l]PDE-14-N dA
62 (1)-cis-anti-DB[a,l]PDE-14-N dA DB[a,l]PDE-14-N7Ade, 14-(adenin-7-yl)-11,12,13-

3 Decomposition product trihydroxy-11,12,13,14 tetrahydrodibenzo[a,l]-
64 (1)-trans-anti-DB[a,l]PDE-14-N dA pyrene65 (2)-trans-anti-DB[a,l]PDE-14-N dA

DB[a,l]PDE-14-N7Gua, 14-(guanin-7-yl)-11,12,13-6 Decomposition product
6 trihydroxy-11,12,13,14-tetrahydrodibenzo[a,l]pyrene7 (1)-trans-syn-DB[a,l]PDE-14-N dA
68 (2)-trans-syn-DB[a,l]PDE-14-N dA DB[a,l]P tetrol, 11,12,13,14-tetrahydroxy-

69 (2)-cis-syn-DB[a,l]PDE-14-N dA 11,12,13,14-tetrahydrodibenzo[a,l]pyrene
10 Decomposition product DE, diol epoxide611 (1)-cis-syn-DB[a,l]PDE-14-N dA

DOSS, dioctyl sulfosuccinate
FLNS, fluorescence line-narrowing spectroscopy

closely related analytes, via low-temperature fluores- LIF, laser-induced fluorescence
cence spectroscopy, has been demonstrated for dia- NLN, non-line-narrowing
stereomeric dA adducts derived from the DB[a,l]- PAH, polycyclic aromatic hydrocarbon
PDE. Successful separation of the eight stereoiso- S state, electronic ground state0

mers was accomplished using an appropriate mixture S state, lowest excited singlet state1

of DOSS and Brij-S surfactants. Since the separation
conditions inhibit micelle formation, it is concluded
that the separation mechanism is the result of a Acknowledgements
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