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ABSTRACT

The homochirality of biomolecules is a prerequisite for the origin and evolution of terrestrial life. The unique selection of
D-monosaccharides, in particular, D-ribose in RNA and D-deoxyribose in DNA, leads to the construction of proteins by L-amino
acids. This points to the exclusive role of stereoselectivity in the most important physiological processes. So far, there is no
experimental confirmation for the theoretical calculations of the energy differences between enantiomers used for the
explanation of the stereoselection of biomolecules. Therefore, the question of why nature prefers one configuration over the
other still lacks a definitive answer. Here, we present the first experimental evidence that the D-enantiomer of RNA has a
different electronic structure compared to the corresponding L-enantiomer. When varying the incident photon energy of the
ultraviolet Raman probe across 5 eV, D- and L-isomers of the RNA duplex with the sequence [r(CUGGGCGG).r(CCGCCUGG)]
show differences in the intensity of the vibrational modes with energies of 124.0 meV to 210.8 meV. The intensity difference of
these vibrational modes can be traced back to energy differences in the electronic levels of D- and L-RNA leading to the
preferential stabilization of the naturally occurring D-configuration of RNA over the L-configuration.
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INTRODUCTION

The homochirality of biomolecules is directly connected to
the origin and evolution of terrestrial life. However, the
reasons for the symmetry breaking and preference of one
stereoisomer over another in nature still continues to be an
unanswered question.

Chirality is not only an inherent property of matter
(Davankov 2006), but also a common property of all
informational and functional biomolecules: DNA, RNA,
proteins, and carbohydrates. L-a-amino acids are chemi-
cally related to D-sugars. This was demonstrated by the
transformation of D-glucosamine to L-alanine (Wolfrom

et al. 1949). Moreover, amino acids catalyze asymmetric
de novo synthesis of hexoses through cross-aldol reactions
that proceed with high stereoselectivity (Cordova et al.
2005a,b). In this way, an asymmetric synthesis of deoxy-
sugars with >99% enantiomeric excess has been achieved
(Cordova et al. 2005a). It is evident that the building blocks
of the naturally occurring proteins, carbohydrates, and
nucleic acids are structurally related.

Giant biomolecules are involved in processes that are
essential for living organisms and outline the extreme
importance of homochirality for life. In particular, RNA
plays an intermediate function between DNA and proteins.
RNA possesses functions typical for both types of biopoly-
mers, as an informational carrier and biocatalyst (Zaug and
Cech 1986; Cech 1989). As an example, the hydrolytic
stability of heterochiral RNA is reduced in comparison to
that of the pure homochiral form (Urata et al. 2005). It
can be supposed that the homochirality of RNA affords
possibilities for the chiral selection of amino acids during
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the aminoacylation of nucleic acids, which is the first step
of protein synthesis. Experiments with RNA constructs have
shown that the a-amino group of amino acids does not play
any role in the chiral selection (Tamura and Schimmel
2006). These investigators supposed that the chiral prefer-
ence of RNA constructs for L-amino acids depends on
avoiding a sugar-pucker-sensitive steric clash between a
pendant group of a base and the amino acid side chain.

The experimental work connected with the origin of
homochirality has been addressed mainly to the chiral
building blocks of biopolymers, for example, amino acids
and sugars (Tranter 1985, and citations therein, 1987; Urata
1999; Hazen et al. 2001; Meierhenrich and Thiemann 2004;
Urata et al. 2005; Nanita and Cooks 2006). Theoretical
calculations of the parity violating energy differences
(PVEDs) were used to explain the homochiral selection
of monomeric biomolecules with small differences in the
energy (DEPV) of enantiomers (Yamagata 1966; Hazen et al.
2001; Faglioni et al. 2005, and citations therein). Here, we
present the first experimental evidence that RNA in the
D-configuration has a different energy level scheme than
the corresponding L-form, leading to an improved stability
of the naturally occurring D-configuration.

RESULTS AND DISCUSSION

We have analyzed the electronic energy levels associated
with excitations of vibrations employing ultraviolet reso-
nance Raman spectroscopy (Schulz et al. 2005) on the D-
and L-enantiomers of an RNA duplex with the sequence
[r(CUGGGCGG).r(CCGCCUGG)]. The sequence of this
RNA fragment corresponds to domain E of Thermus flavus
5S rRNA. The spectra obtained at excitation energies close
to 5 eV are near the absorption maxima of the free bases
adenine, guanine, cytosine, and uracil. A difference between
the Raman spectra of the two enantiomers was observed
when changing the incident photon energy through the
resonance level. Figure 1a shows spectra taken with
incident photon energies (wavelength) 5.2094 eV (238.1
nm), 5.0834 eV (243.9 nm), and 4.8205 eV (257.2 nm). The
spectra were obtained from the D- and L-isomers for
comparison. All measurements were done with three
accumulations. The received spectra were identical for all
accumulations, therefore no time dependence, and accord-
ingly no effect of denaturation, was observed. Whereas the
spectra of D- and L-RNA show hardly any difference for
incident photon energy of 4.8205 eV, we observed signif-
icant differences in the spectra taken with 5.0834 eV and
5.2094 eV. This difference is plotted as Raman difference
spectra in Figure 1b. Differences in the intensity of the
vibrational spectra were observed in the region between
124.0 meV and 210.8 meV with maxima at 186.0 meV,
192.2 meV, and 200.9 meV. Clearly, the spectra depend on
the energy of the incident photons, and the intensity of the
band changes with the wavelength of the excitation light.

Figure 2a shows that resonance Raman scattering is a
two-step process. An electronic transition creates a dipole
moment, which is modulated by an elementary excitation
such as a vibration. This implies that incoming light is
absorbed by the electronic system. The coupling of the
vibration and the electronic system of the molecule yields a
scattered and frequency-shifted Raman line that is strongly
dependent on the energy of the incident photons. This is
due to the fact that the absorption varies strongly as a
function of the incident energy. Therefore, differences in
the intensities could be due to a different strength in the
absorption or due to an energy difference of the electronic
levels seen in the absorption process. However, both
mechanisms can be discriminated, as shown in Figure 2,
b and c, by the fact that a change in the oscillator strength
yields only a negative or positive difference in the difference
spectra but never both. Due to the fact that we observe
positive and negative difference spectra when subtracting
L-D-RNA spectra, we can conclude that the electronic
levels coupling the vibrational excitations are shifted in
energy (Fig. 2d). The magnitude of the shift is in the order
of a few millielectron volts, which is still several orders of
magnitude larger than expected by theory (Faglioni et al.
2005). Assuming that the energy difference DE is at least
in the order of a few millielectron volts, and taking into

FIGURE 1. (a) Raman spectra of RNA duplexes in D- and L-
configuration with the sequence [r(CUGGGCGG).r(CCGCCUGG)]
at excitation wavelength of the incident photons of 5.2094 eV, 5.0834
eV, and 4.8205 eV. Each spectrum corresponds to the median of three
accumulations. (b) Difference spectra at incident photon energies of
5.2094 eV, 5.0834 eV, and 4.8205 eV. The gray dotted background
line, which is shown for the difference spectra at 4.8205 eV,
demonstrates the size of the experimental error, valid and represen-
tative for all three measurements.
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account that the room temperature corresponds to an
energy of z25 meV, it can be concluded that the energy
difference clearly indicates an evolutionary preference of
D- over L-RNA:
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This points toward the possibility that the different
orientations of the base pairs in the RNA enantiomers
have an effect on the electronic energy levels and correspond-
ingly on the intensity of the vibrational Raman spectra.

The observed relatively large energy shift points toward
a novel mechanism involving a strong coupling of the
electronic energy levels with the vibrational system. This
effect, even though being somewhat anticipated by theory,
requires a significant modification of many calculations
(Bonner 1999; Faglioni et al. 2005).

As was mentioned above, only theoretical calculations of
PVEDs between enantiomers of amino acids and ribose
were used for the explanation of the homochirality of
biomolecules. Although the calculated values are exceed-
ingly low, some investigators seem to accept that PVEDs

are a valid reason for the observed homochirality (Kondepudi
and Nelson 1985). For others (Bonner 1999), these differ-
ences are too small to promote a preferred chirality. In any
case, so far there is no experimental confirmation of the
theoretical calculations. This is the first study that provides
experimental evidence at the macromolecular level that the
D-enantiomer of RNA has a different energy level scheme
from its counterpart in the L-configuration.

MATERIALS AND METHODS

Synthesis of D- and L-enantiomers of an RNA duplex

The oligoribonucleotides 59-CUGGGCGG-39 and 59-CCGCC
UGG-39 have been synthesized in D- and L-configuration and
purified as described previously (Perbandt et al. 2001; Vallazza
et al. 2004). The D-RNA and the L-RNA helices were separately
annealed (Perbandt et al. 2001), and HPLC analysis showed
homogeneity of both samples.

Raman spectroscopy

Raman spectra were recorded with three accumulations using a
custom-made UV resonance Raman spectrometer as described
previously (Schulz et al. 2005). The instrument has an all-
reflective design and is set up in a clean room with constant
temperature (22.0°C 6 0.5°C) and humidity (40% 6 3%). The
samples were measured in water (concentration: 2 mg/mL), in a
cuvette with a Suprasil window under continuous mixing. The
sample volume was 100 mL in each case. The radiant flux of the
incident laser beam was z1 mW for the applied excitation
wavelengths, and the diameter of the beam and the focal
depth were 15 mm. The illuminated volume of the sample was
2.7 3 10�6 mL, which is only 2.7 3 10�8 times the overall sample
volume. In this way, a possible denaturation effect caused by the
illumination was eliminated. The obtained spectra were back-
ground corrected and normalized to 1 mW power as well as to an
integration time of 1 sec. Measurements with D- and L-RNA were
done repeatedly at each of the three wavelengths, with equal
acquisition times and identical photon power. The spectra show
no time dependence, and moreover the applied mixing procedure
provided a sufficient material exchange in the measured volume
so that RNA material is continuously transported and exchanged
in the sampling volume. The instrument was calibrated for its
spectral response.
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Schulz, B., Bäckström, J., Budelmann, D., Maeser, R., Rübhausen, M.,
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