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Abstract

The assignment of absolute configurations is of critical importance for understanding the
biochemical processing of DNA lesions. The diastereomeric spiroiminodihydantoin (Sp) lesions
are oxidation products of guanine and 8-oxo0-7,8-dihydroguanine (8-0x0G), and the absolute
configurations of the two diastereomers, Sp1 and Sp2, have been evaluated by experimental and
computational optical rotatory dispersion (ORD) methods. In order to support our previous
assignments by the ORD method, we calculate the electronic circular dichroism spectra (ECD) of
the Sp stereoisomers. Comparison of the experimentally measured and computed ECD spectra
indicates that Sp1 has (-)-Sabsolute configuration, while Sp2 has (+)-R absolute configuration.
Thus, the Sand R assignments, based on the ECD spectra of Sp1 and Sp2, are consistent with our
previous assignments of absolute configurations. To further test the validity of this approach, we
performed a proof-of-principle computation of the ECD and ORD of the Rand Senantiomers of
allantoin (similar in chemical composition to Sp) of known absolute configurations. The
calculations provide the correct assignment of the absolute configurations of the allantoin
enantiomers, indicating that the computational TDDFT approach is robust for identifying the
absolute configurations of allantoins, and probably the Sp stereoisomers, as has been shown
previously for other organic molecules.

Introduction

The recent development of improved computational methods based on time-dependent
density functional theory (TDDFT) for calculating optical rotatory dispersion (ORD) and
electronic circular dichroism (ECD) spectra has increased the reliability of determining the
absolute configurations of chiral organic molecules (1-3). The combined use of both the
ORD and ECD characteristics leads to more robust assignments of absolute configurations
(4) and provides reasonable agreement between computed and experimentally measured
ORD and ECD spectra (3, 5-7). Recently, we determined the absolute configurations of the
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two spiroiminodihydantoin (Sp) nucleobase stereoisomers Spl and Sp2 that are well known
oxidation products of guanine and 8-oxo-7,8-dihydroguanine in DNA (8-11). These two
nucleoside stereoisomers are distinguishable according to their elution order in reversed
phase HPLC experiments using Hypercarb columns since dSp1 (the 2’-
deoxyribonucleoside) elutes before dSp2 (12). However, this order of elution is reversed
when a normal-phase amino Hypersil column is utilized as reported by Ravanat and Cadet
(13). We confirmed this difference by performing HPLC experiments with both types of
columns by comparing the shapes and signs of the CD spectra with those of Ravanat and
Cadet (their NH,-Hypersil elution products 2 and 3 have the same spectral characteristics as
our Hypercarb elution products dSp2 and dSp1, respectively). As noted previously (12), the
CD spectra of the individual precursor dSpl and dSp2 nucleosides are very similar in sign
and wavelength dependence to the Sp1 and Sp2 spectra, respectively.

The assignment of absolute configuration is of critical importance for understanding the
biochemical processing of these unusual, propeller-like lesions (14-19). Experimental (20)
and computational (21) studies have shown that the absolute configurations of the two Sp
lesions severely distort the DNA duplex in a stereoisomer-dependent manner. Both are
highly mutagenic, causing G -> C and G -> T transversion mutations in E. coli (15, 16, 22).
It has been observed that the mutational properties of these lesions in E. coli are
stereochemistry-dependent (15). The Sp1 and Sp2 lesions are also repaired with different
efficiencies via the base excision repair pathway by the human Neill glycosylase (23).

In order to determine the absolute configurations of Sp1 and Sp2 nucleobases, we previously
measured and reported the ORD spectra of each enantiomer, and computed the ORD values
by TDDFT methods. These computations were based on quantum mechanically geometry-
optimized structures of each enantiomer (Figure 1), whose R and Sdesignations for the
chiral centers of these amino tautomers follow the standard IUPAC convention (24, 25). We
then compared the signs and wavelength dependence of the computed and measured ORD
spectra for each enantiomer in the ~ 280 — 600 nm wavelength region. While there are well-
known limitations in the accuracy of the ORD computations (26), the shapes and signs of
the computed and observed ORD spectra matched reasonably well (12). A comparison of
the measured and computed signs of the wavelength-dependent ORD values provided the
key to assigning the absolute configurations of the Sp1 and Sp2 enantiomers. On the basis of
these results, we concluded that the Sp1 enantiomer has (-)-S while Sp2 has (+)-R absolute
configuration. Recently, Karwowski et al. described the assignment of the absolute
configurations of the Sp stereoisomers by an approach based on the interactions between
protons of the modified base and the sugar moieties in dimethylsulfoxide solution using one-
and two-dimensional NMR methods, combined with molecular modeling and quantum
mechanical calculations (27). However, based on a detailed analysis of the NMR data, these
authors concluded that the absolute configurations of Spl and Sp2 are Rand S respectively,
which is opposite to our findings based on ORD measurements (12).

Here, we calculate the electronic circular dichroism spectra of the spiroiminodihydantoin
stereoisomers in order to substantiate our previous assignments by the ORD method. The
computed ECD spectra are then compared to the experimentally measured ECD spectra
(12). The characteristic wavelength dependence in the ECD spectra of the two dSp
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stereoisomers is more easily measured than the ORD spectra, thus providing a more
convenient approach for their identification.

The TDDFT method has recently been employed to compute both ORD values and ECD
spectra (7). Predictions of the optical rotations and ECD using DFT methods have been
successfully correlated with experimental data for a variety of chiral molecules (3, 5, 7).
When convergent results are obtained by both methods, the assignment of absolute
configuration is considered to be more reliable than assignments based on only one of these
optical spectroscopic methods alone (1, 3, 4).

In the absence of a crystal structure for Sp that could have unambiguously validated the
results derived from either the ORD/TDDFT calculations (12) or the NMR results (27), we
also performed a proof-of-principle computation of the ECD and ORD of the Rand S
enantiomers of allantoin (Figure 1). Allantoin is similar in chemical composition to
spiroiminodihydantoin (Figure 1) and is derived from the oxidation of uric acid. A crystal
structure of the naturally occurring Senantiomer is available (28) (PDB ID 2g37). This
crystal structure served as the basis for generating the coordinates of the R mirror image
allantoin enantiomer in our computations (see Methods). The computed and observed ECDs
of the Rand Sallantoin enantiomers have similar shapes and signs as the Rand Smirror
image ECD spectra. These findings further support the value of the ECD calculations as a
reliable tool for the assignment of absolute configuration in cases of small molecules such as
the stereoisomeric guanine oxidation products allantoin and Sp.

The calculations of ECD of Sp1 and Sp2 were carried out by TDDFT methods with
Gaussian 03 (29). The QM-optimized geometry of the Sp Rand Senantiomers had been
previously obtained by DFT methods at the B3LYP/6-31G(d) level (30). The excitation
energies and rotational strengths were calculated using TDDFT at the B3LYP/6-311++G(2d,
2p) level, as in the ORD calculations. The ECD spectrum is simulated from electronic
excitation energies and velocity rotational strengths by overlapping the Gaussian function
for each transition (6, 31). For the parameter o (width of the band at 1/e height), a value of
0.15 eV was selected to give a good fit to the experimental spectra.

The same methods were utilized to compute ECD of the Sand R enantiomers of allantoin. A
crystal structure of S-allantoin (28) (PDB ID 2q37) provided the coordinates for this case.
The R enantiomer coordinates were generated by inverting the signs of the x coordinates, a
standard transformation procedure for generating the coordinates of one enantiomer from its
mirror image. In this case, a value of 0.25 eV was selected for the parameter o.

Results and Discussion

The calculated ECD, based on the quantum mechanically optimized geometries of the Rand
SSp stereoisomers, resemble the experimentally measured spectra in shape and sign (Figure
2). The simulated spectra exhibit three CD bands in the 180 — 340 nm range (Figure 2A) that
resemble the experimental bands in sign, shape, and relative magnitude, with the longest
wavelength bands exhibiting the smallest amplitudes in both cases (Figure 2B). However,
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the calculated ECD bands are generally blue-shifted by about 10-20 nm relative to the
experimentally measured CD bands. These differences are most likely due to imperfections
in the density functional and the neglect of solvent and vibrational effects (32).

Comparison of the experimentally measured and computed ECD spectra, together with the
signs of the ORD values in the visible region of the spectrum (12), clearly indicate that Sp1
has (-)-Sabsolute configuration, while Sp2 has (+)-R absolute configuration. Thus, the S
and R assignments, based on the circular dichroism spectra of Sp1 and Sp2, are completely
consistent with our previous assignments of absolute configurations on the basis of the
computed and experimentally measured ORD spectra alone (12).

The available X-ray crystallographic structure of the (+)Sallantoin enantiomer, together
with published ECD spectra (28, 33, 34) of either one or the other, or both allantoin
enantiomers, together with published ORD spectra of the (-)R allantoin enantiomer (33),
provide an opportunity for testing the ability of the computational DFT methods to
accurately predict the absolute configuration of the two allantoin enantiomers of known
absolute configurations. The computed and experimentally measured ECD spectra
calculated for the Rand Sallantoin enantiomers are shown in Figure 3, while the calculated
ORD spectra are shown in Figure 4. The calculated long wavelength ORD values are
positive for S-allantoin and negative for R-allantoin, in agreement with the experimentally
measured long-wavelength ORD part of the spectrum of the (-)R allantoin enantiomer (33).
The signs and shapes of the computed and experimental ECD spectra are in agreement with
one another, although the computed maxima and minima are blue-shifted by ~ 10 — 20 nm,
relative to the experimentally measured ECD spectra (28, 33, 34), just as in the case of the
computed Sp ECD spectra. Besides the reasons already mentioned for the differences
between the calculated and experimental ECD spectra, there are other reasons as well in the
case of the allantoin enantiomers. First, because of the ring-opened character of allantoin,
the structures may be conformationally flexible according to computed results (35), and thus
multiple conformations may affect the computed and experimental ECD values and spectra.
We utilized a structure observed crystallographically (28) in our computations. In addition,
both the ORD and ECD spectra vary as a function of pH and this effect may account for
some of the more subtle differences in the shapes of the published CD spectra of the
allantoin stereoisomers (28, 33, 34). It is possible that different conformers or perhaps even
different tautomers with different conformations arise when the solution pH is varied.
However, a further exploration of these issues was beyond the scope of the present study.

The ECD spectra of both allantoin enantiomers published recently by Rammazina et al. (34)
are replotted in Figure 3B. The ratios of the magnitudes of the shorter wavelength ECD band
to the magnitude of the longer ECD wavelength band is > 10, whereas smaller values of this
ratio have been published for the (-)R (33) and the (+)S(28) enantiomers (~ 5 and ~ 2,
respectively). Our computed ratios are closer to these latter values. Overall, the computed
ECD spectra and the long-wavelength ORD spectra provide the correct assignments of the
absolute configurations of the allantoin enantiomers that have been validated by X-ray
crystallographic methods (28).
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Finally, the identification of sterecisomeric spiroiminodihydantoin lesions embedded in
oligonucleotides may not be feasible using direct measurements of the cicular dichroism
spectra of the modified oligonucleotides. The DNA and spiroiminodihydantoin ECD spectra
overlap in the UV region below 300 nm. In such cases it is necessary to enzymatically digest
the oligonucleotides and isolate the dSp stereoisomers so that these modified 2”-
deoxynucleosides can be each identified via their characteristic ECD spectra as shown in
Figure 2B.

The possibility exists that different Sp tautomers may occur in non-protic organic solvents,
and that there may be significant differences in the ORD and ECD spectra measured in
aqueous solution and in organic solvents. We have therefore measured the ECD spectra of
the two Sp stereoisomers in the polar organic solvent acetonitrile (Figure S1, Supporting
Information), and these spectra are almost identical to the ECD spectra of the same
stereoisomers in aqueous solution (Figure 2B). Furthermore, the sign of the ORD signal of
Spl is the same in acetonitrile and water (Figure S2, Supporting Information). Since the
ECD characteristics of the spiroiminodihydantoin stereoisomers are indistinguishable in
aqueous and acetonitrile solutions, we conclude that the assignments of the absolute
configurations in aqueous solution are not affected significantly by solvent and probably
tautomerization, a topic that we have also addressed earlier (12).

Conclusions

Because the ECD and ORD signals are interdependent and coupled by the Kronig-Kramer
relationship (36), either method is sufficient for comparing computed and experimental ECD
or ORD spectra. Since opposite assignments have been obtained by an analysis of NMR
spectra of the nucleosides of dSp1 and dSp2 in dimethyl sulfoxide solution (27), this
discrepancy must await further resolution. Nevertheless, the correct assignment of the
absolute configurations of the allantoin enantiomers based on computed ECD and ORD
spectra, suggests that the computational TDDFT approach is robust for identifying the
absolute configurations of allantoin, as has already been shown for other organic molecules
(3, 5-7).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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S-allantoin R-allantoin

Figure 1.
Chemical structures of Sp nucleobase and allantoin enantiomers.
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Comparison of calculated and experimentally measured ECD spectra for Sp. (A) calculated

ECD; (B) experimentally measured ECD spectra of Spl and Sp2 in water (0.095 mg/mL).
The vertical axis is expressed in degrees divided by the absorbance of the sample solutions
measured at 230 nm (1 cm path length) (12). Quantum mechanically, geometry-optimized
structures for the Rand SSp nucleobase enantiomers are also shown in (A). The Rand S
designations for the chiral centers are based on the standard IUPAC convention (24, 25).
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(A) Calculated ECD of Sand R-allantoin enantiomers (B) Experimental ECD spectra of S-
allantoin (blue) and R-allantoin (red). The experimental ECD spectra were adapted from
Figure 2A of Ramazzina et al (34), with the gracious permission of Prof. Riccardo
Percudani. These ECD data were obtained using (S)-allantoin (0.2 mM) or (R 9-allantoin
(0.4 mM) as substrates in the presence of Puuk (0.37 uM) inlml of 0.1 M potassium

phosphate, pH 7.6.
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Calculated ORD of the (+)Sand (-)R-allantoin enantiomers.

Chem Res Toxicol. Author manuscript; available in PMC 2014 May 22.



