
The 2′′-hydroxyl group of ribose imparts hydrolytic
lability on RNA, which provides a mechanism for
numerous biological functions. Recent evidence from
chemical cleavage studies shows that this hydroxyl
group also stabilizes the sugar moiety in RNA towards
oxidation relative to DNA. Is this just because RNA
needs to be distinguishable from DNA or does it have
other evolutionary significance?
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Lady Bracknell: Yes, I remember now that the General was
called Ernest. I knew I had some particular reason for dislik-
ing the name.
Gwendolen: Ernest! My own Ernest! I felt from the first that
you could have no other name!
Jack: Gwendolen, it is a terrible thing for a man to find out
suddenly that all his life he has been speaking nothing but the
truth. Can you forgive me?
Gwendolen: I can. For I feel that you are sure to change.
Lady Bracknell: My nephew, you seem to be displaying signs of
triviality.
Jack: On the contrary, Aunt Augusta, I’ve now realized for the
first time in my life the vital Importance of Being Earnest.

Oscar Wilde, The Importance of Being Earnest, Act III,
Scene 3

Chemists and biologists have a common view of RNA as
a more transient entity than DNA [1]. This notion
stems perhaps from the way we work with RNA. When
we have RNA in the laboratory, we take great pains to
make sure it is not degraded. RNase enzymes are ubiq-
uitous, so we wash the lab benches in strong base to
denature the RNase enzymes, and we treat our solu-
tions with reagents like RNasin or diethylpyrocarbonate
(DEPC). We keep weak bases out of the solutions, so
that RNA is not hydrolyzed on its own. With DNA, we
worry less. Enzymes that degrade DNA are less likely to
be lurking in our glassware or on our benchtops, and
DNA is stable on its own over a wide pH range. All of
these differences are, of course, a result of the 2′-OH
group, which makes the hydrolysis of RNA much more
facile [2].

The biological roles of DNA and RNA exploit beauti-
fully the difference in hydrolytic lability. The integrity
of the genome is safely protected in the hydrolytically
more inert DNA, whereas multiple copies of RNA are
sent out into the cytoplasm to transfer the information
and then strategically degraded to avoid overexpression.
Translational regulation is realized through secondary
structure elements that confer RNA stability [3]. Most
dramatically, RNA can catalyze its own hydrolysis to
produce self-splicing [4].

So although our conception of RNA as a fleeting carrier of
the genetic message is well founded chemically and bio-
logically, the stability of DNA does not necessarily reach
to all kinds of reactions. Here, I present evidence from a
number of chemical cleavage and model experiments
showing that RNA sugars are less reactive oxidatively
than those in DNA [5–7]. Although these observations
counter the intuitive notions discussed above, the higher
reactivity of DNA towards oxidation is readily understood
based on simple concepts from physical organic chemistry
[8]. So, like Jack in Wilde’s play, RNA represents itself
differently to different reactants: labile to those inter-
ested in hydrolysis, stable to those interested in oxida-
tion. Consideration of the chemical origins of this
dichotomy reveals that, like Jack, RNA is rightfully enti-
tled to this dual role. 

Evidence for greater oxidative stability of RNA
Chemical nucleases have been used for a number of years
to study the structures of nucleic acids and nucleoprotein
complexes [9–13]. Originally, oxidizing reagents were
shown to cleave the DNA backbone, generally by C–H
activation on the deoxyribose sugar [9]. Binding of a
protein at the oxidized site prevents such cleavage reac-
tions, which can therefore be used to generate very high-
resolution footprints of DNA-binding proteins [9]. Later,
similar reagents were shown to cleave RNA by related
reactions [14], and early indications were for a higher
selectivity for RNA cleavage. For example, Sigman and
coworkers [14] showed that single-stranded regions of
RNA were selectively oxidized by copper-phenanthroline
over double-stranded regions. Celander and Cech [15]
used Fe–EDTA to selectively cleave the ‘outside’ of a
complex RNA, revealing its secondary structure. Chow
and Barton [12] found high selectivities for sugar cleavage
by rhodium(III) photooxidants. Finally, Hecht [7] exam-
ined the action of iron bleomycin (FeBLM) on RNA and
found far fewer cleavage sites in a number of diverse
RNAs than had been observed in DNA.
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These observations prompted parallel experiments on
chemical cleavage of DNA and RNA analogues with
similar sequences and structures. Holmes and Hecht [16]
examined the action of FeBLM on the DNA analogue of a
tRNA, termed a ‘tDNA’. Although the tDNA exhibited a
number of intense cleavage sites, the tRNA was cleaved at
only a single site, even though tRNA bound FeBLM more
strongly than did tDNA. Similar experiments were carried
out for reactions of enediynes and rhodium(III) photooxi-
dants [12,17]. Our group [18–20] examined the reactions
of oxoruthenium(IV) complexes with tRNA and the stem–
loop structures found in the TAR RNA and the iron
responsive element (IRE) RNA. In each of these cases,
generally more cleavage sites were observed for DNA
than for the analogous RNA. 

The collective evidence suggests that C–H bond activa-
tion might be more demanding chemically in RNA than in
DNA, and that this difference might contribute, along
with differences in structure, to the greater selectivity
observed for oxidative RNA cleavage. Figure 1 shows the
pathways of deoxyribose oxidation that have been estab-
lished [21]. The oxoruthenium(IV) reagents oxidize DNA
sugars through activation of the 1′ C–H bond along the
pathway shown in Figure 1 [22]. Isotopic labeling shows

that the oxo ligand of the metal complex is transferred to
the DNA and winds up in the furanone product [20]. The
collective evidence on the chemistry of oxoruthenium(IV)
with small molecules and with DNA suggests an inner-
sphere reaction pathway, in which the initial oxidation step
is insertion of the oxo ligand into the 1′ C–H bond [23–26]:

(1)

The coordinated alcohol then undergoes further oxidation
eventually to produce ketone products, such as the fura-
none derived from the DNA reaction. 

A simple prediction from the reaction pathway shown in
equation 1 is a significant accumulation of positive charge
on the carbon of the activated C–H bond. An advantage of
the oxoruthenium(IV) system is that the reduction of
oxoruthenium(IV) can be monitored in real time by
stopped-flow spectrophotometry and these results can be
correlated with cleavage yields on sequencing gels [22].
We have measured the rates of reduction of RuO2+ by the
mononucleotides of DNA and RNA. In general, we
observe about a fivefold decrease in the oxidation rate for
2′-OH mononucleotides over the corresponding 2′-H
deoxymononucleotides [24]. This result was interpreted
as evidence of a polar effect of the 2′-OH on the activation
at the 1′ position, which implies significant positive charge
accumulation in the transition state for the reaction. This
notion provides a physical basis for the greater oxidative
stability of RNA than that of DNA.

Crich and Mo [6] have also addressed this ‘DNA/RNA
paradox’ in oxidation of sugars that are models of RNA
and DNA. In this study, sugars were synthesized that pro-
duced a cation radical at the 3′ position, which was less
stable when there was a 2′-OMe substituent than in the
2′-deoxy case. The reaction performed by Crich and Mo is
shown in Figure 2.

We have now applied this idea to the study of DNA
oligonucleotides with novel 2′ substituents that are com-
mercially available as phosphoramidites [5]. Reaction of
RuO2+ with oligonucleotides where a single nucleotide
contains either a 2′-H, NH2, OMe or F substituent pro-
duces decreasing extents of cleavage at the derivatized
site according to the polar Hammett parameter of the sub-
stituent, that is, H > NH2 > OMe > F. The extent of reac-
tion at the unsubstituted nucleotides does not change as a
function of the substituent. Analysis of the extent of
cleavage at the substituted site suggests a Hammett ρ
value of –1.4 (Figure 3), which is typical of reactions with
large accumulations of positive charge on the oxidized
carbon [27]. The ratio of rate constants for 2′-OH and 2′-H
mononucleotides [24] falls on the line defined by the elec-
trophoresis data (square, Figure 3).

Figure 1

Elucidated pathways of strand scission following activation of C–H
bonds in DNA. These pathways are reviewed in detail in [21].
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Potential biological benefits of differences in oxidative
reactivity
Given the accumulated evidence on cleavage studies of
related DNAs and RNAs and the more focused studies of
Crich and our group, we now have a firm theoretical basis
for the greater oxidative stability of RNA. This situation
raises the question of whether there is a biological advan-
tage of this RNA stability. In vivo, DNA is sensitive to
oxidative damage of the sugar, either through direct attack
of oxidants on the C–H bonds of the sugar or through
transfer of oxidative damage from the nucleobases to the
backbone [28,29]. Base complementarity, the double-
stranded structure and DNA repair enzymes combine to
help combat this oxidative damage and preserve the
integrity of the genome. The nuclear membrane and his-
tones presumably provide greater protection from oxidants.

In contrast, RNA does not have such highly developed pro-
tective mechanisms. RNA generally does not have an extra
complementary strand to keep a backup of the sequence
information [30], and the single-stranded structure provides
greater solvent accessibility of the bases and backbone to
small oxidants. Nonetheless, RNA ventures out into the
cytoplasm where oxidative stress is high [3]. Of course,
RNA is not required to maintain the genetic information
indefinitely, but resistance to oxidative damage might be an
advantage in getting the right sequence out of the nucleus
to a ribosome where it can be translated. The oxidative
resistance of RNA could therefore provide an advantage as
a messenger of genetic information to the rest of the cell.

Because the modern flow of genetic information from DNA
to RNA to protein clearly predates the accumulation of

oxygen in the atmosphere [31], it is difficult to speculate
that the oxidative stability of RNA was part of its selection
as the cytoplasmic messenger. The ‘RNA world’ hypothesis
has centered on the hydrolytic properties of RNA and its
ability to form diverse structures [32], and it is doubtful that
these new findings on the oxidative reactivity will add to
that discussion. However, the stability of RNA may have
provided part of the means by which life was able to survive
the accumulation of oxygen in the biosphere [31] and the
subsequent onslaught of reactive oxygen species [29]. Bio-
logical machinery based on signaling by oxygen radicals,
such as systemic acquired resistance in plants, activation of
NF-κB and apoptosis, could have been enabled by RNA
stability, as could the nitric oxygen signaling pathways [33].

Summary
There is considerable evidence now that although RNA is
hydrolytically much more labile than DNA, it is oxida-
tively more stable [5,6]. This property has a simple origin
in physical organic chemistry, as polar substituents like
–OH destabilize the cationic transition states necessitated
by oxidation of biomolecules [8]. This property and the
‘DNA/RNA paradox’ [6] could simply be coincidences
brought about by the need for DNA to be hydrolytically

Figure 2

Reaction studied by Crich and Mo [6] as a model for nucleotide
oxidation. When X = H, the reaction proceeds much faster than when
X = OH, which is attributed to a difference in kfrag. ABz = 6-N-
benzoyladenine, R = P(O)(OEt)2.

Figure 3

Results on the modulation of DNA cleavage by oxoruthenium(IV)
complexes in intact oligonucleotides containing a substituted cytidine
nucleotide. The graph shows relative rates obtained from gel
electrophoresis for inner-sphere C–H bond activation by the likely
mechanism shown below.
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stable and for RNA to perform hydrolytic chemistry and
form diverse structures. Furthermore, the oxidative stabil-
ity of RNA may not have enabled the accommodation of
oxygen by cells or the development of signaling pathways
based on reactive oxygen species. There are plenty of
other reasons for RNA and DNA to have their own identi-
ties. On the other hand, we may learn soon that the dual
life of RNA as a hydrolytic flibbertijibbet and an oxidative
stoic is more than a physical organic relic left over from the
need for control of stability or the simple differentiation of
DNA and RNA backbones. 

Acknowledgements
I thank my coworkers who have worked on oxoruthenium(IV), particularly
Brian Farrer, Pamela Carter, C.-C. Cheng and Gregory Neyhart. The
research was supported by the National Science Foundation. 

References
1. Alberts, B. (1994). Molecular Biology of the Cell. Garland Publishers,

New York, NY.
2. Adams, R.L.P., Knowler, J.T. & Leader, D.P. (1992). The Biochemistry

of the Nucleic Acids. Chapman & Hall, London.
3. Wickens, M., Anderson, P. & Jackson, R.J. (1997). Life and death in

the cytoplasm: messages from the 3′ end. Curr. Opin. Gen. Dev.
7, 220-232.

4. Pyle, A.M. (1993). Ribozymes: a distinct class of metalloenzymes.
Science 261, 709-714.

5. Farrer, B.T., Pickett, J.S. & Thorp, H.H. (2000). Hydride transfer in
oxidation of nucleic acid sugars: electronic effects of 2′-substituents
on activation of the 1′ C-H bond by oxoruthenium(IV). J. Am. Chem.
Soc. in press.

6. Crich, D. & Mo, X.-S. (1997). Nucleotide C3′,4′-radical cations and
the effect of a 2′-oxygen substituent. The DNA/RNA paradox. J. Am.
Chem. Soc. 119, 249-250.

7. Hecht, S.M. (1994). RNA degradation by bleomycin, a naturally
occurring bioconjugate. Bioconj. Chem. 5, 513-526.

8. Lowry, T.H. & Richardson, K.S. (1981). Mechanism and Theory in
Organic Chemistry. pp. 130-145. Harper & Row, New York, NY.

9. Tullius, T.D. & Dombroski, B.A. (1986). Hydroxyl radical ‘footprinting’:
high-resolution information about DNA-protein contacts and
application to lambda repressor and Cro protein. Proc. Natl Acad. Sci.
USA 83, 5469-5473.

10. Sigman, D.S., Bruice, T.W., Mazumder, A. & Sutton, C.L. (1993).
Targeted chemical nucleases. Accounts Chem. Res. 26, 98-104.

11. Thorp, H.H. (1995). Electron-, energy-, and atom-transfer reactions
between DNA and metal complexes. Adv. Inorg. Chem. 43, 127-177.

12. Chow, C.S. & Barton, J.K. (1992). Transition metal complexes as
probes of nucleic acids. Methods Enzymol. 212, 219-241.

13. Burrows, C.J. & Muller, J.G. (1998). Oxidative nucleobase reactions
leading to strand scission. Chem. Rev. 98, 1109-1152.

14. Murakawa, G.J., Chen, C.B., Kuwabara, M.D., Nierlich, D.P. &
Sigman, D.S. (1989). Scission of RNA by the chemical nuclease of
1,10-phenanthroline-copper ion: preference for single-stranded loops.
Nucleic Acids Res. 17, 5361-5375.

15. Celander, D.W. & Cech, T.R. (1991). Visualizing the higher order
folding of a catalytic RNA molecule. Science 251, 401-407.

16. Holmes, C.E. & Hecht, S.M. (1993). Fe•bleomycin cleaves a transfer
RNA precursor and its ‘transfer DNA’ analog at the same major site.
J. Biol. Chem. 268, 25909-25913.

17. Kappen, L.S. & Goldberg, I.H. (1995). Bulge-specific cleavage in
transactivation response region RNA and its DNA analogue by
neocarzinostatin chromophore. Biochemistry 34, 5997-6002.

18. Ciftan, S.A., Hondros, D.P. & Thorp, H.H. (1998). Quenching of
guanine oxidation by oxoruthenium(IV): effects of divalent cations on
chemical nuclease studies. Inorg. Chem. 37, 1598-1601.

19. Ciftan, S.A., Theil, E.C. & Thorp, H.H. (1998). Oxidation of guanines in
the iron-responsive element RNA: similar structures from chemical
modification and recent NMR studies. Chem. Biol. 5, 679-687.

20. Carter, P.J., Cheng, C.-C. & Thorp, H.H. (1998). Oxidation of DNA and
RNA by oxoruthenium(IV) metallointercalators: visualizing the
recognition properties of dipyridophenazine by high-resolution
electrophoresis. J. Am. Chem. Soc. 120, 632-642.

21. Pratviel, G., Bernadou, J. & Meunier, B. (1995). Carbon-hydrogen
bonds of DNA sugar units as targets for chemical nucleases and
drugs. Angew. Chem. Int. Ed. Engl. 34, 746-769.

22. Cheng, C.-C., Goll, J.G., Neyhart, G.A., Welch, T.W., Singh, P. &
Thorp, H.H. (1995). Relative rates and potentials of competing redox
processes during DNA cleavage: oxidation mechanisms and
sequence-specific catalysis of the self-inactivation of oxometal
oxidants. J. Am. Chem. Soc. 117, 2970-2980.

23. Farrer, B.T. & Thorp, H.H. (2000). Redox pathways in DNA oxidation:
kinetic studies of guanine and sugar oxidation by para-substituted
derivatives of oxoruthenium(IV). Inorg. Chem., in press.

24. Neyhart, G.A., Cheng, C.-C. & Thorp, H.H. (1995). Kinetics and
mechanism of the oxidation of sugars and nucleotides by
oxoruthenium(IV): model studies for predicting cleavage patterns in
polymeric DNA and RNA. J. Am. Chem. Soc. 117, 1463-1471.

25. Stultz, L.K. (1995). Oxidation of organic substrates by
oxoruthenium(IV). Ph.D. Dissertation, University of North Carolina,
Chapel Hill.

26. Stultz, L.K., Binstead, R.A., Reynolds, M.S. & Meyer, T.J. (1995).
Epoxidation of olefins by [Ru(bpy)2(py)O]2+ in acetonitrile solution.
A global analysis of the epoxidation of trans-stilbene. J. Am. Chem.
Soc. 117, 2520-2532.

27. Swain, C.G. & Lupton Jr., E.C. (1968). Field and resonance
components of substituent effects. J. Am. Chem. Soc. 90, 4328-4337.

28. Henle, E.S. & Linn, S. (1997). Formation, prevention, and repair of
DNA damage by iron/hydrogen peroxide. J. Biol. Chem.
272, 19095-19098.

29. Beckman, K.B. & Ames, B.N. (1997). Oxidative decay of DNA. J. Biol.
Chem. 272, 19633-19636.

30. Bass, B.L. (1997). RNA editing and hypermutation by adenosine
deamination. Trends Biochem. Sci. 22, 157-162.

31. Theil, E.C. & Raymond, K.N. (1994). Transition-metal storage,
transport, and biomineralization. In Bioinorganic Chemistry (Bertini, I.,
Gray, H.B, Lippard, S.J. & Valentine, J.S. eds), pp. 1-35. University
Science Books, Mill Valley, CA.

32. Gesteland, R.F., Cech, T.R. & Atkins, J.F. (1999). The RNA World: the
Nature of Modern RNA Suggests a Prebiotic RNA. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor.

33. Khan, A.U. & Wilson, T. (1995). Reactive oxygen species as cellular
messengers. Chem. Biol. 2, 437-445.

cm7210.qxd  03/03/2000  12:30  Page R36


