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ABSTRACT

A better understanding of the effects that oxida-
tive lesions have on RNA is of importance to un-
derstand their role in the development/progression
of disease. 8-oxo-7,8-dihydroguanine was incorpo-
rated into RNA to understand its structural and func-
tional impact on RNA:RNA and RNA:DNA duplexes,
hairpins and pseudoknots. One to three modifica-
tions were incorporated into dodecamers of RNA
[AAGAGGGAUGAC] resulting in thermal destabiliza-
tion (�Tm – 10◦C per lesion). Hairpins with tetraloops
c-UUCG*-g* (8-10), a-ACCG-g* (11-12), c-UUG*G*-
g* (13-16) and c-ACG*G*-g* (17-20) were modified
and used to determine thermal stabilities, conclud-
ing that: (i) modifying the stem leads to destabi-
lization unless adenosine is the opposing base-
pair of 8-oxoGua; (ii) modification at the loop is
position- and sequence-dependent and varies from
slight stabilization to large destabilization, in some
cases leading to formation of other secondary struc-
tures (hairpin→duplex). Functional effects were es-
tablished using the aptamer for preQ1 as model. Mod-
ification at G5 disrupted the stem P1 and inhibited
recognition of the target molecule 7-methylamino-7-
deazaguanine (preQ1). Modifying G11 results in in-
creased thermal stability, albeit with a Kd 4-fold larger
than its canonical analog. These studies show the ca-
pability of 8-oxoG to affect structure and function of
RNA, resulting in distinct outcomes as a function of
number and position of the lesion.

INTRODUCTION

Oxidative damage has been an area of intense study on
DNA, due in part to its mutagenic implications (1). Al-
though it is known that oxidative stress can lead to 14–
25 times more damage in RNA (2,3) than its 2′-deoxy-
analog, oxidation of RNA has not been as studied. In-
terestingly, this phenomenon has been proposed to play a
role in the development/progression of disease (4–6) thus
making this topic of wide interest, relevance, and with po-
tential for new discoveries (4,7–9). The focus of this study
is on exploring the structural and functional effects of
arguably one of the most important oxidative lesions, 8-
oxo-7,8-dihydroguanine, in RNA using sequences that ar-
range into different structural motifs, i.e. RNA:RNA du-
plex, RNA:DNA heteroduplex, hairpins and pseudoknots,
as models.

Structure of 8-oxo-7,8-dihydroguanine

Among the four canonical nucleobases, guanosine has the
lowest redox potential [1.29 V versus normal hydrogen elec-
trode (NHE), pH 7] and is therefore a site prone for oxida-
tion in DNA and RNA (10,11). One of the main products
that forms is 8-oxo-7,8-dihydroguanine (8-oxoGua) and is
generated from different pathways that can be initiated via
the addition of reactive oxygen species (ROS) such as hy-
droxyl radical, superoxide or hydroperoxy radical onto the
C8-position of guanosine (12,13). Structurally, it is well es-
tablished that the keto-enol equilibrium lies toward the for-
mer, with two ionization values at (pKa, N1-H 8.6 and N7-H
11.7) (14). Importantly, functionalization at the C8-position
of guanosine induces a conformational change around the
glycosidic bond to its syn-isomer that may result in stable 8-
oxoGua:A base-pair mismatches. The rotation around the
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glycosidic bond is, in part, the source of differences in struc-
ture and reactivity (vide infra, Scheme 1) (15,16).

The redox activity of this lesion has been explored in
Torula yeast RNA (17) and its presence has been shown in
rRNA, which provides a site for redox active iron that in
turn promotes its formation (18). 8-oxoGua has also been
reported to form in mRNA in vivo via treatment of hu-
man cultured cells with paraquat (used as source to generate
ROS) (19). This lesion has in turn a lower redox potential
(0.74 V versus NHE, pH 7) (11) and may serve as an in-
termediate precursor to further oxidation products such as
spiroiminodihydantoin and 5-guanidinohydantoin (20) and
may also play a role in the generation of abasic sites in vitro
(21).

Relationship to disease and biochemical pathways

The link between oxidative modifications in RNA and dis-
ease has been reviewed recently and was suggested as a
contributing factor in the development/progression of di-
abetes, hemochromatosis, heart failure and �-cell destruc-
tion among others (6). Particular examples that illustrate
the presence of 8-oxoGua include instances where its for-
mation (i) was monitored via immunocytochemistry and re-
lated to increases in amyloid � in different regions of post-
mortem brains of patients that suffered from Alzheimer’s
disease (22); (ii) was found on urine samples of patients
with hereditary hemochromatosis in larger amounts than
in DNA (23); and (iii) was linked to patients with muscle
atrophy related to ageing or disuse (24).

Regarding functional aspects in mRNA, the presence of
8-oxoGua can stall the elongation phase of translation and
inhibit protein synthesis in a position independent manner
with a rate reduction greater than three orders of magnitude
(25). This is consistent with another report, where peptide
synthesis was greatly inhibited and led to the formation of
truncated products (26). Structurally, the anti→syn confor-
mational change induced by 8-oxoGua results in H-bond
destabilization of canonical Watson Crick basepair, G:C,
in addition to a basepair mismatching capability with ade-
nine (Ade). This variation has been reported as the root of
changes in function as follow:

- Basepairing properties of 8-oxoGua have been reported
using synthetic oligonucleotides (ONs) of RNA. Ther-
mal denaturation experiments demonstrated that the pres-
ence of a single lesion results in destabilization of an
RNA:RNA duplex structure. Sequences containing C or
U as the opposing basepair resulted in destabilization,
while stabilization was observed in the cases of A or G
(27), with respect to their canonical analogs. Interestingly,
a different pattern was observed on RNA:DNA heterodu-
plex structures, where the basepairing preference of 8-
oxoG was dC > T > dA > dG. A trend that was cor-
roborated using reverse transcriptases [human immunod-
eficiency virus (HIV-RT), Rous associated virus 2 (RAV2-
RT) and Moloney murine leukemia virus (MMLV)] in the
synthesis of cDNA (28,29).

- 8-OxoGTP was efficiently incorporated into RNA oppo-
site C and A by bacterial and human polymerases, Es-
cherichia coli RNA pol and RNA Pol II, displaying similar

kinetic parameters (30). These observations suggest that
the presence of 8-oxoGTP in the nucleotide pool may re-
sult in its incorporation into RNA.

- The mispairing capability was also demonstrated on nick
sealing (3′-OH → 5′-PO4) by Deinococcus radiodurans
RNA ligase, noting that ONs containing 8-oxoGua were
equally nicked when the opposing base was C or A. In
this same work, 8-oxoGua inflicted a 3-fold decrease in the
nicking rate with respect to its canonical analog (31).

- 8-oxoGua has also been incorporated into ONs of RNA
to study their chemical stability toward strand scission in
the presence of aniline. The lesion rendered a higher sta-
bility and resistance compared to its DNA analogs (us-
ing piperidine), however, it remains to be seen if 8-oxoGua
may survive for longer periods of time in cellular environ-
ments (32).

Mechanisms that cope with oxidative stress and its re-
sulting adducts (such as 8-oxoGua) have been proposed,
e.g. elimination of 8-oxo-GTP from the nucleotide pool as
an important process in protein synthesis (33); and selec-
tive protein recognition of RNA containing 8-oxoG (34–
37). Despite all these studies, the thermal stability and ef-
fects of this lesion has not been tested in the context of RNA
structure. To address this need, we set out to establish the ef-
fects and thermal stability of strands of RNA containing 8-
oxoGua with sequences designed to fold into structural mo-
tifs that are ubiquitous in nature such as duplexes (multiple
lesions), hairpins or pseudoknots (38–40). We chose a sys-
tem with established behavior to test for function–structure
relationships with the aptamer for pre-Q1 as model (41)
for functional outcomes. This aptamer is a relatively well-
understood system that, in contrast to other riboswitches,
is small in size (33-nucleotide long) and with available crys-
tal structures that contain its cognate bound ligand (preQ1)
(42).

MATERIALS AND METHODS

General methods
1H NMR, 13C nuclear magnetic resonance (NMR) and 31P
NMR spectra were recorded at 300, 75 and 121.5 MHz re-
spectively, using a standard broadband multinuclear probe
on a 300MHz Avance III platform from Bruker. IR spec-
tra were recorded on a diamond attenuated total reflectance
sampler using powders of pure materials. Pyridine, methy-
lene chloride, dimethyl sulfoxide, N,N-dimethylformamide
and Hunig’s base were distilled over calcium hydride.
Tetrahydrofuran was distilled over sodium and benzophe-
none. All other reagents were used as purchased without
further purification. All intermediates and compounds an-
alyzed for high-resolution mass spectrometry were carried
out via electrospray ionization/atmospheric pressure chem-
ical ionization.

The oxidative lesion 8-oxoGua was incorporated into
ONs of RNA via standard solid-phase synthesis using
its corresponding phosphoramidite. The synthesis was
achieved by using an adapted procedure from those pre-
viously reported (26,27). We found that keeping the C8-
benzyloxy group prior to tritylation led to increased yields
using standard procedures. Attempts to install the silane
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Scheme 1. Rotation around the glycosidic bond leads to the syn-conformation, that in turn, stabilizes the 8-oxoG:A basepair mismatch.

protecting groups without the benzyloxy group failed to
work in our hands or resulted in diminished yields. The re-
sulting phosphoramidite was obtained in good yields and
led to good coupling efficiencies (>97%, see Supplementary
Data pp. S21–23).

It is worth noting that the hybridization of all ONs was
carried out in the presence of MgCl2 (5 mM) and heat to
90◦C with slow cooling to rt (over ca. 3 h), and with no de-
tectable degradation. Since it has been reported that diva-
lent Mg2+ catalyzes the cleavage of RNA in a temperature-,
pH- and buffer-dependent manner (43,44) we further tested
the described conditions. The lack of non-enzymatic hydrol-
ysis was measured via mobility shift assays (no degradation
products observed), or mass spectrometry (MALDI-TOF
showed no degradation in samples before/after heating to
90◦C in the described buffer system). These observations in-
dicate the stability of the ONs used herein in the presence
of 5 mM MgCl2, 10 mM NaCl, 1 mM sodium phosphate
at pH 7.3 upon heating. Longer RNAs are known to be
unstable under physiological MgCl2 concentrations in vitro
(45), which suggests that the length of the strands used in
this work (12–34 nt long) play an important role in this re-
spect. A contributing role may be that larger strands can
fold into structurally more complex structures that create
micro-environments with distinct properties (46).

RNA synthesis

ONs 1–8, 10–13 and 15–23 were synthesized on a 394
ABI DNA/RNA synthesizer using controlled pore
glass (CPG) supports and 2′-O-t-butyldimethylsilyl-
phosphoramidites (purchased from Glen Research).
0.25M 5-Ethylthio-1H-Tetrazole in Acetonitrile was
used as the coupling reagent, 3% dichloroacetic acid
in dichloromethane was used for de-tritylation, a 2,6-
lutidine/acetic anhydride solution was used for capping
and an I2/tetrahydrofuran/pyridine solution was used in
the oxidation step. Coupling times of 10 min were used.
ONs were deacetylated/debenzoylated and cleaved from the
CPG support in the presence of 1:1 aq. methylamine (40%)
and aq. ammonia (40%) with heat (60◦C, 1.5 h). A mix-
ture of N-methylpyrrolidinone/triethylamine/hydrogen
fluoride (3:2:1) was used for deprotection of the tert-

butyldimethylsilyl groups (60◦C, 1 h) followed by purifica-
tion via electrophoresis [20% denaturing polyacrylamide
gel electrophoresis (PAGE)]. C18-Sep-Pak cartridges were
obtained from Waters and used to desalt the purified
oligomers using 5 mM NH4OAc as the elution buffer.
ONs were redissolved in H2O and used as obtained for
subsequent experiments. ONs 9 and 14 were purchased
from IDT-DNA and, following quantification via UV-vis,
used without further purification.

RNA characterization (MALDI-TOF)

Mass spectra (matrix assisted laser desorption-time of
flight, MALDI-TOF MS) for all the ONs were prepared us-
ing a slightly changed procedure from that reported previ-
ously (47). C18 Zip Tip pipette tips were used to desalt and
spot each ON as follows: (i) wash tip with 50% acetonitrile
(10 �l × 2); (ii) equilibrate tip with 0.1% trifluoroacetic acid
(TFA) (10 �l × 2); (iii) load tip with sample (typically 100–
150 picomol); (iv) wash tip with 0.1% TFA (10 �l × 2); (v)
wash tip with water (10 �l × 2); (vi) elute sample into matrix
(10 �l of 25 mM-2,4,6-trihydroxyacetophenone monohy-
drate, 10 mM ammonium citrate, 300 mM ammonium flu-
oride in 50% acetonitrile); (vii) spot directly onto MALDI
plate. All analyses were carried out on an ABI 4800 Plus
MALDI-TOF/TOF mass spectrometer in positive mode.

UV-vis spectroscopy

Concentrations of ONs for which a secondary structure
was not detected were obtained via UV-vis using a 1 mm
pathlength with 1 �l volumes. All other were calculated
at 65◦C using a cuvette with a 1 cm pathlength. Extinc-
tion coefficients for monomers were obtained by prepar-
ing stock solutions (1–5 mM) of guanosine or 8-oxo-7,8-
dihydroguanosine in water, followed by sequential dilutions
to yield concentrations in the 100–500 �M range prior
to measurement. Spectra corresponding to single stranded
samples of 9–17 were carried out by preparing solutions of
each ON (30 �M) in 5 mM MgCl2, 10 mM NaCl, 1 mM
sodium phosphate adjusted to pH 7.3. Spectra correspond-
ing to duplex samples were obtained by mixing both strands
of interest in a 1:1 ratio followed by heat to 90◦C with slow
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cooling to room temperature. Origin 9.1 was used to plot
and normalize spectra of monomers and ONs for compar-
ison.

CD spectroscopy

Circular dichroism (CD) spectra were recorded at vari-
ous temperatures (PTC-348W1 peltier thermostat) using
Quartz cuvettes with a 1 cm path length. Spectra were aver-
aged over three scans (350–200 nm, 0.5 nm intervals, 1 nm
bandwidth, 1 s response time) and background corrected
with the appropriate buffer or solvent. Solutions contain-
ing the RNA strands had the following composition: 2.5
�M RNA, 5 mM MgCl2, 10 mM NaCl, 1 mM sodium
phosphate-pH 7.3. All solutions prepared to record melt-
ing temperatures were hybridized prior to recording spec-
tra by heating to 90◦C followed by slow cooling to room
temperature. Melting temperatures were recorded at 210 nm
with a ramp of 1◦/min and step size of 0.2 with temperature
ranges from 4◦C to 95◦C. A thin layer of mineral oil was
added on top of each solution to keep concentrations con-
stant at higher temperatures. Origin 9.1 was used to deter-
mine all Tm values and to normalize CD spectra of ss-RNA
and ds-ONs for both RNA:RNA duplexesand RNA:DNA
heteroduplexes.

Oligonucleotide labeling

T4 polynucleotide kinase (PNK) and � -32P-ATP-5′-
triphosphate were obtained from Perkin Elmer. ONs were
labeled by mixing PNK, PNK buffer, ATP, RNA and
water (final volume = 50 �l) according to manufacturer’s
procedure followed by heating to 37◦C for 45 min. Radi-
olabeled materials were passed through a G-25 sephadex
column followed by purification via electrophoresis (20%
denaturing PAGE). The bands of interest (slowest) were
cut and eluted over a phosphate saline buffer solution (10
mM NaCl, 10 mM Na2P2O7, pH 7.2) for 6 h at 37◦C.
The remaining solution was filtered and concentrated to
dryness under reduced pressure followed by precipitation
over NaOAc and ethanol. Supernatant was removed and
the remaining ON was dried and re-dissolved in water. Ac-
tivity was assessed using a Beckmann LS 6500 scintillation
counter.

Electrophoretic mobility shift assays

Radiolabeled ONs were mixed in buffers under the desired
conditions and all samples were heated to 90◦C with slow
cooling to room temperature before loading. All samples
were electrophoresed using 20% non-denaturing PAGE.
Samples were typically mixed in a 1:1 mixture with 75%
glycerol buffer or 90% formamide buffer. Samples treated
with formamide buffer were also heated to 75◦C for 2 min
with rapid cooling to rt to ensure complete denaturation.
Quantification of radiolabeled ONs was carried out using
a Molecular Dynamics Phosphorimager 840 equipped with
ImageQuant Version 5.1 software.

Isothermal calorimetry

Measurements were acquired on a MicroCal iTC200 mi-
crocalorimeter (Microcal, Inc.) at 25◦C with an RNA con-

centration of 10 �M and small molecule concentration of
100 �M. Both the ligand and small molecule were dissolved
in a buffer consisting of 50 mM HEPES, 100 mM NaCl, and
6 mM MgCl2. PreQ1 was titrated into the sample cell in 2.5
�l injections, with a reference power of 10 �cal s-1, initial
delay of 600 s, 180 s spacing, and a stirring speed of 750
rpm. Analysis of the data was performed using Origin 7.0
ITC software (Microcal Software Inc) via fitting to a single-
site binding model.

RESULTS

RNA:RNA/RNA:DNA duplex studies

The oxidative modification (8-oxoGua) was incorporated
into dodecamers of RNA designed to form a duplex with
its complementary strand and without the possibility of
forming other thermodynamically stable secondary struc-
tures, e.g. hairpin, self-duplex or internal loop. Structural
parameters and thermal stabilities were obtained via CD
and UV-vis spectroscopy by recording the change in ellip-
ticity or absorbance at 210 and/or 270 nm as a function of
increasing temperature. Phosphate buffered solutions (pH
7.2) containing magnesium chloride were used in all experi-
ments. Furthermore, recording the change in absorbance or
ellipticity at ca. 270 nm showed no change in the observed
trends and only small differences in the ca. Tm (<1◦C) val-
ues were observed with respect to those obtained at 210 nm
(Table 1). The sequence that was used to establish the ef-
fects of the oxidative lesion on double stranded samples is
shown on Figure 1 and its design is such that 1–3 modifica-
tions were tested, where all three sites are placed in a con-
secutive manner. UV-vis spectra showed a trend displaying
higher hypochromicity in the band at ca. 290 nm as a func-
tion of increasing number of modifications, thus confirming
the presence of the lesion (s) (Figure 1B and Supplemen-
tary Data, Supplementary Figure S49 for UV-vis spectra
comparison of of 8-oxo-7,8-dihydroguanosine and guano-
sine). CD spectra obtained for the single strands (1-4) at
room temperature did not display any differences among
them and displayed the expected band with positive elliptic-
ity at ca. 260 nm (Figure 1C). Following hybridization, all
samples displayed A-form geometries, evidenced from their
spectral main features, i.e. two bands with positive and neg-
ative ellipticity at ca. 270 and 210 nm respectively. There
were no measurable differences in the spectra between ON
duplexes 1:5 – 4:5 and all melting transitions displayed a
monophasic behavior with thermal denaturation tempera-
tures (Tm) in the 30–80◦C range.

All thermal denaturation experiments were carried out
using CD (48–50) or absorbance [Optical Density, (51,52)]
by following the bands that can be unambiguously assigned
to formation of an A-form duplex with negative ellipticity
at 210 nm or positive ellipticity at 270 nm (Figure 2). In-
terestingly, each modification impacted the thermal stabil-
ity with decreasing Tm values of ca. 10 ± 1◦C per oxida-
tive lesion (Table 1). The same experiments were conducted
on RNA:DNA heteroduplex samples and displayed signals
corresponding to an A-form geometry. Generally the ob-
tained melting temperatures were ca. 10◦C lower than the
RNA:RNA duplex analogs, explained by the changes in the
geometrical parameters (53), containing features of both A-
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Figure 1. (A) Sequences used with underlined Gs indicating positions where 8-oxoG was incorporated; (B) UV-vis spectra of strands 1–4 (1-blue, 2-red,
3-green, 4-purple) displaying a hyperchromic shift at ca. 310 nm as a function of number of modifications; and (C) spectra representing RNA:RNA and
RNA:DNA heteroduplexes (2:5/2:6, 2 �M) and single stranded RNA (2, 7 �M).

Table 1. Tm (o C) values of RNA:RNA duplexes of canonical and modified RNAs

RNA:RNA Tm (210 nm) �Tm Tm (270 nm) �Tm OD �Tm

1:5 72.6 ± 0.3 71.5 ± 0.4 70.7 ± 0.5

2:5 62.4 ± 0.6 − 10.2 ± 0.5 62.1 ± 0.4 − 9.4 ± 0.3 62.6 ± 0.7 − 8.1 ± 0.7
3:5 53.4 ± 0.3 − 19.2 ± 0.2 52.3 ± 0.6 − 19.2 ± 0.5 52.8 ± 0.9 − 17.9 ± 1.1
4:5 42.4 ± 0.3 − 30.2 ± 0.2 39.2 ± 0.7 − 32.3 ± 0.7 39.9 ± 0.2* − 30.8 ± 0.3
mismatch
1:7 55.9 ± 0.2 − 16.4 ± 0.1 56.4 ± 0.5 − 15.1 ± 0.4 56.8 ± 1 − 13.9 ± 1.3
2:7 60.3 ± 0.9 − 12.3 ± 0.9 59.6 ± 0.8 − 11.9 ± 0.8 59.5 ± 0.6 − 11.2 ± 0.6
RNA:DNA
1:6 63.5 ± 0.1 62.1 ± 0.4* 64.9 ± 0.9*

2:6 52.1 ± 0.6 − 11.5 ± 0.4 50.5 ± 0.4* − 10.2 ± 0.5 53.8 ± 1.4* − 11.1 ± 2.8
3:6 43.5 ± 0.1 − 20.1 ± 0.1 39.4 ± 0.9* − 19.2 ± 0.2 38.4 ± 1* − 26.5 ± 1.8
4:6 29.6 ± 0.8 − 33.9 ± 0.7 30.1 ± 0.8* − 30.2 ± 0.2 nd

�Tm (o C) indicates the difference when compared to the canonical analog. All Tm values were obtained by recording the CD signal at 210 or 270 nm. The
error represents that of experiments carried out in triplicate or duplicate (*).

Figure 2. Representative CD spectra of (A) RNA:RNA duplex (2:5), (B) RNA:DNA heteroduplex (2:6) and (C) hairpin (8) obtained at 20◦and 75◦C.
Spectra for other oligonucleotides had the same features.

and B-form helices (54). As in the case of the RNA:RNA
duplex structures, increasing the number of modifications
resulted in thermal destabilization, corroborated via de-
creases in the melting temperatures that ranged between
8.5–13.9◦C per modification (Table 1, third column), as ob-
served in the RNA:RNA duplex samples.

Furthermore, we carried out the same analysis on ONs
containing a single basepair mismatch (G:A, 1:7) in the
middle of the strand and, not surprisingly, significant desta-
bilization was observed (ca. �Tm, 16.4◦C). On the other
hand, basepairing between 8-oxoG and A resulted in added
stability (RNA 2:7) with respect to canonical ON 1:7. These
observations support that rotation around the glycosidic

bond, yielding the syn-conformation, is facilitated in the
case of 8-oxoG and that a basepair between 8-oxoG and A
is thermodynamically more stable than its 8-oxoG:C ana-
log.

The trends outlined in Table 1 follow the patterns re-
ported previously on modified ONs at a single position,
where 8-oxoGua results in decreased thermal stability on
8-oxoGua:C basepairs (�Tm = −7.2◦C on purine rich 13-
mers) and increased stabilization on 8-oxoG:A basepairs
(�Tm = + 7.5◦C) (27). As well as on RNA:DNA heterodu-
plex samples, where 8-oxoG results in destabilization when
pairing dC and slight stabilization when pairing dA (the re-
sults by Kim et al. (29), show a greater affinity toward T).
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This is also in agreement with previous measurements car-
ried out on DNA:DNA duplexes displaying depressed Tm
values in the 1.6–13.8◦C range on decamers, dodecamers,
and 13-mers of DNA containing 8-oxodGua:C basepairs
(55,56).

We then decided to test the effect of 8-oxoGua on hair-
pins of RNA with tetraloops containing the lesion at the
closing basepair within the stem or at varying positions on
the loop. For our initial studies, we chose a dodecamer con-
taining tetraloop––(UUCG)––that is known to exist as a
hairpin [Figure 3, (57)] under our experimental conditions
(58, 59). Formation of the hairpin was corroborated via CD,
which displayed a band with negative ellipticity at 210 nm
and thermal denaturation values that were independent of
concentration of RNA. The Tm value that was obtained for
the canonical hairpin (ON 9) is ca. 4◦ higher than that ob-
tained previously by Williams et al., which can be attributed
to differences in the buffer system, i.e. added magnesium (5
mM), sodium phosphate (1mM) and sodium chloride (10
mM) in the case presented herein. As in the case of the
duplex samples, modification at the closing basepair (ON
10) led to a destabilization that was reflected in a drop in
the Tm of ca. 16◦C. This observation can be explained by
the disruption in the Hydrogen-bond network through the
presence of the C-8 carbonyl moiety and is in agreement
with calculated (60,61) values for a hairpin with a hexaloop
and stem (a:u, g:c, g:c) of 60.3◦C. Similarly, modification
at the loop (ON 8) led to destabilization, reflected with a
�Tm of −1.6 ± 0.5◦C. This observation was initially viewed
as a surprising result if one considers that 8-oxoadenosine
has been reported to stabilize a hairpin with tetraloop C-
(UUCA*)-G (62). However, analysis of the solution NMR
structure reported for hairpin 9 shows that stabilization of
the hairpin is imparted by the presence of a U:G trans-
wobble basepair (63,64), with position G8 existing in the
syn-conformation (also observed via Raman spectroscopy)
(65). Given the stabilization that is imparted by the vari-
ous H-bonding interactions (Figure 2, right), it is reason-
able to conclude that conformational changes arising from
the presence of 8-oxoGua imparts the observed structural
destabilization.

ONs 11 and 12 were synthesized to explore the basepair
mismatch capabilities of 8-oxo-Gua with A in the context
of hairpins at the first mismatch within the stem. Both ONs
displayed features of hairpin structures and a modest sta-
bilization (ca. �Tm 1± 0.6) of the hairpin when 8-oxo-Gua
basepairs A within the stem was observed. This difference is
smaller than that obtained in the case of the RNA:RNA du-
plex samples (ONs 1:7/2:7, 4.3 ± 0.9), suggesting that for-
mation of an 8-oxoG:A basepair mismatch plays a smaller
role on this structural motif.

We then decided to test the effect of a modification at a
different position in the tetraloop. To this end we synthe-
sized ONs 13–16, where, position C7 of model hairpin 9 at
the loop was replaced with a corresponding G (Figure 4). As
with systems 8–12, all thermal denaturation measurements
were independent of ON concentration. Tm measured for
ON 14 was lower than the analogous canonical hairpin 9 by
7.5 ± 0.6◦C, in agreement with previous observations, where
replacement of this position with U decreases the stability
by ca. 5.9◦C (66). Contrasting the destabilization observed

upon substitution at the loop on ONs 9 and 8, ON 13 dis-
played only a slight destabilization on the hairpin structure.
This suggests that the U:G wobble pair has a lesser impact
on structure stability of this hairpin and that it is more stable
toward the presence of an oxidative lesion at this position.
Furthermore, substitution at the basepair mismatch within
the stem (ON 15) led to the expected destabilization and
displayed the same thermal denaturation as that observed
for ON 10, not surprising given the nature of the stems in
both ONs 10 and 15. Interestingly, substitution at G7 (ON
16) had a stabilizing impact on structure that resulted in a
�Tm of ca. 2 ± 0.6◦C with respect to canonical hairpin 14.
This is a significant change that falls in a trend induced from
substitution at this position: C (9, 76.3◦C) to 8-oxoGua (16,
70.8◦C) to G (14, 68.8◦C) to U [64◦C, (67)]; and is not an
unreasonable result if one takes into consideration the con-
formational changes expected from 8-oxoG and the strong
dependence of stability with sequence on the loop (68). To
confirm the formation of a hairpin structure we carried out
two control experiments; (i) concentration independent Tm
values; and (ii) gel mobility shift assays; with both methods
consistent with a unimolecular arrangement.

To further explore the effect of a modification in the loop
and its possible interaction with an opposing A, we syn-
thesized hairpins 17–20, modeled after HP 11, containing
an –ACGG– tetraloop and a stem that is fully comple-
mentary. Thermal denaturation temperatures measured for
these ONs were independent of concentration and showed
a monophasic transition, thus confirming a unimolecu-
lar, distinct structure. In agreement with hairpin forma-
tion, calculated values for ON 18, displayed Tm values that
matched closely (ca. 51.8◦C) (61) with our experimental re-
sults (Figure 5). As would be expected from destabilization
of the duplex region, modification at the stem (ON 19) dis-
played a significant destabilization of the hairpin, reflected
by a drop in the Tm of 25 ± 0.9◦C. This result is in good
agreement with calculated values for a hexaloop containing
the au/au/cg stem with hexaloop –CACCGA– (ca. Tm =
27.4◦C).

In contrast to the observed destabilizing effect when com-
paring hairpins 8 and 9, substitution at position-8 in the
loop with 8-oxoGua (ON 17) led to increased stabiliza-
tion (�Tm = + 9.3 ± 0.1◦C). Although the result can be
explained via the facilitated 8-oxoGua:A basepair forma-
tion, we reasoned that this value was larger than what we
initially expected and therefore, decided to perform more
experiments under different conditions. At first we tested
a possible dependence on thermal denaturation tempera-
tures as a function of [RNA]-(0.5-100 M) and [NaCl]-(1
mM–1M). Slight changes in the Tm with increased [NaCl]
along with small increments in the ellipticity of both of
the main dichroic bands (hypochromic at 210 nm and hyp-
sochromic at 270 nm) were observed, suggestive of a quasi-
palindromic structure (ON 17′) stabilized by the presence of
two 8-oxoGua:A basepair mismatches. To confirm our hy-
pothesis we carried out electrophoretic mobility shift assays,
which showed formation of a slower moving band (duplex)
upon increasing [Na+] (see Supplementary Data, Supple-
mentary Figure S47). This behavior is not uncommon and
has been observed on hairpins containing internal basepair
mismatches (69) or upon methylation of guanosine at differ-
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Figure 3. Sequence and hairpins formed for structure 8–12 (left) and H-bonding network previously reported to stabilize the –UUCG– loop (57), deter-
mined via NMR and Raman (right). Blue and red dotted lines represent H-bonding that provides stabilization or destabilization respectively.

Figure 4. Sequence and hairpins formed for structure 13–16 along with
their corresponding Tm values.

ent positions within other tetraloops (70). The same obser-
vations were obtained in the absence of magnesium, where
structure 17′ was favored under high salt [Na+] concentra-
tions. Interestingly, neither ONs 18, 19, nor 20 displayed this
behavior under any of the described conditions, pointing to-
ward the importance of position G8 in the hairpin→duplex
transformation. As a last control in probing the stability of
8-oxoGua pairing with A within the loop, we introduced a
substitution containing a methoxy group at the C8 position
(ON 17-OMe). We hypothesized that the presence of this
group would not have an effect on the thermal stability of
the hairpin for two reasons: (i) as with the 8-oxoGua lesion,
this modification is known to favor the syn-conformation;
and (ii) due to the lack of the N7-H, no added stability is ex-
pected from possible H-bonding interactions with A5. First,
we determined that ON 17-OMe folded into its correspond-
ing hairpin (concentration independent Tm) as the most
thermodynamically stable structure. In agreement with our
hypothesis, the presence of this functional group did not af-
fect the structure significantly, with a Tm slightly lower than
its canonical analog 18 (�Tm = 0.8 ± 0.4◦C) but signifi-
cantly lower than the 8-oxoG:A stabilized hairpin 17 (�Tm
= 10.1 ± 0.4◦C). In addition, this ON did not display the
structural transformation to its quasi-palindromic sequence
under the conditions tested (up to 1 M NaCl), confirming
the significance of an 8-oxoGua lesion in this position.

Lastly we explored the effect at position-7 in the loop with
ON 20, which displayed a �Tm = 4.1 ± 0.5◦C higher than
its canonical analog but lower than the loop-modified ON
17 (�Tm = 5.2 ± 0.5◦C). This follows the trend observed
between ONs 14 and16, albeit with a larger stabilizing ef-
fect that is possibly due to basepair mismatch interactions
between A5 and 8-oxoG7.

Functional studies using the pre-Q1 aptamer as a model

With the acquired information, we then tested the func-
tional impacts of this lesion and opted to explore a system
with a well-established behavior. We decided to use the ap-
tamer of the preQ1 class I riboswitch, based on its size (34 nt
long), degree of understanding available on this system and
the presence of guanosine at various positions to test the
effect of 8-oxoGua. The 34-nt RNA portion from Fusobac-
terium nucleatum specifically recognizes 7-aminomethyl-7-
deazaguanine via a pre-organized pseudoknot in the pres-
ence of MgCl2 (71) (PK, Figure 6). These riboswitches regu-
late the biosynthesis of the hypermodified nucleotide queu-
osine, present at the wobble position of tRNAs with an an-
ticodon loop of GUN (72). In our experiments, we chose to
carry out substitutions at positions G5 and G11 (ONs 23
and 22) to probe formation of the hairpin→pseudoknot as
well as the recognition of the small molecule. While both of
these guanosine units are necessary, given their role in pro-
viding structure stability via base-pairing interactions, we
expected for position G5 to have a larger impact on the over-
all structure. The small molecule pre-Q1 was synthesized
and purified according to established procedures (73,74).
The mechanism for recognition of preQ1 is known to oc-
cur via a conformational selection mechanism (75) that uses
pre-organized pseudoknot PK to target the small molecule
and form complex PK* (Figure 6).

Since the addition of preQ1 is known to induce a mea-
surable change via CD (76), we decided to probe for vari-
ations at different structural stages in this manner using
ONs 21–23 (Figure 6). We hypothesized that substitution
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Figure 5. Sequence and hairpins formed for structure 17–19 along with the corresponding 17-17′ transformation under high salt concentrations and 8-OMe
modified ON 17-OMe. Tm values were obtained via CD by measuring the ellipticity change at 270 nm.

Figure 6. Sequence corresponding to the aptamer of a preQ1-I riboswitch (A) and the proposed structural transformation in the presence of Mg2+, (B) and
the small molecule preQ1 (C), before/after 8-oxoG modification at positions G5 and G11 (labeled in red, ONs 21–23). The structure of preQ1 is shown
with its charge density representation in the background. Provided tables indicate the measured Tm values for each ON, recorded via CD at 270 nm (Tm
measurements for PK are displayed in the inset, lower left corner).

at G5 would prevent pre-organization while substitution at
G11 would still enable formation of a pseudoknot, albeit
thermodynamically less stable than its canonical analog 21.
We decided to use a buffer system that would be compat-
ible with calorimetry studies, vide infra (50 mM HEPES,
5 mM MgCl2, 100 mM NaCl) at the expense of increased
background signal below 220 nm (bands of interest were at
ca. 270 and 240 nm). To ensure that the same concentra-
tion was used in all cases, UV-vis and CD were recorded at
75◦C before sample preparation. Importantly, we relied on
the obtained �Tm values as no differences in the CD spec-
tra were observed under any of the conditions described in
this section. First we probed the effect of 8-oxoG on hairpin
(HP) stability, where, thermal denaturation temperatures
were obtained in the absence of MgCl2. Knowing of the
dependence of pseudoknot (PK) formation with [MgCl2]
we took these values as ONs forming hairpins HP 21–23
exclusively. Gratifyingly, Tm values measured under these
experimental conditions displayed a trend consistent with
what one would predict from the behavior of hairpins con-
taining 8-oxoGua at the stem or at the loop. That is, HP 23
with a modification at the stem (G5) displayed a decrease in
the Tm that is consistent with destabilization associated with
the presence of 8-oxoG positioned at the closing base-pair
(Figure 6A). Furthermore, modification at the loop (posi-
tion G11, HP 22) did not affect the thermal denaturation
temperature of the hairpin given its remote location with
respect to the stem. These results were independent of the
presence of preQ1 (5 molar equivalents added in control ex-
periments). The noteworthy result in this series is the fact
that HPs 21 and 22 have unchanged Tm (different from re-

sults in the presence of MgCl2, vide infra), suggesting that
the obtained �Tm with HP 23 is indicative of destabiliza-
tion of the hairpin structure.

Taking into account that the presence of Mg2+ ions are
known to stabilize formation of secondary structures, we
then carried out experiments in the presence of MgCl2 (5
mM) without the small molecule. Given the likelihood that
pre-organization to pseudoknot PK occurs with the addi-
tion of this divalent cation, our goal was to gain informa-
tion on the effect of 8-oxoGua on a different structural mo-
tif. As indicated on Figure 6B, the �Tm between canon-
ical PK 21 and G5-modified PK 23 was within error of
strands in the absence of Mg2+, which is indicative of the
destabilization arising from formation of HP. The main dif-
ference in this series arose with the G11 modified PK 22,
where increased stabilization was observed with respect to
the canonical analog PK 21 and a �Tm of ca. + 1.8◦C. This
observation (in addition to the unchanged CD spectra) sug-
gests that a similar degree of pre-organization or duplex
character is present in these ONs (hairpin or pseudoknot)
and that the presence of G11 adds stability that may be as-
sociated with the A-rich sequence and the capability of 8-
oxoG to form basepair mismatches with A. The H-bonding
illustrated with A14 is highlighted on Figure 6B since this is
an interaction that has been reported [in crystal structures
(77) and models (78)], however, networks with other adeno-
sine units in the strand cannot be ruled out. In order to mea-
sure the effect of preQ1 we carried out the thermal denatu-
ration experiments after the addition of the small molecule
(3 molar equivalents) to observe the same trend (Tm, 22 >
21 > 23) as that observed without preQ1 or Mg2+ (Figure
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Figure 7. ITC data for the recognition of ONs 21–23 toward preQ1 is shown. ITC for ON 22 was taken with [RNA] = 5.5 �M in the case shown.

6C). Tm measurements in the presence of Mg2+ and preQ1
yielded values that were within error of those obtained in
the absence of the small molecule. Examples of aptamers
where the difference in the structural thermal stability be-
fore and after addition of the target molecule is not signifi-
cant or slightly lower have been reported (79).

We next set out to establish the recognition properties of
all ONs via isothermal titration calorimetry (ITC) as de-
scribed previously (80). ITC analysis carried out on control
aptamer 21 displayed a dissociation constant (Kd) within
error of that previously found via fluorescence [same se-
quence; (41)] and ca. 20-fold higher than that previously re-
ported via ITC, possibly due to variations in the sequence
(81). On the other hand, G11-modified aptamer 22 dis-
played binding to preQ1 with a 5-fold decrease in the dis-
sociation constant and a decrease in the binding affinity
(��G = + 1 kcal/mol) (Figure 7). Furthermore, consistent
with the disruption of pseudoknot PK formation, binding
to preQ1 was inhibited in the case of G5-modified ON 23.

DISCUSSION

The structural and functional effects that 7,8-dihydro-8-
oxoguanine (8-oxoGua) has on ONs of RNA folding into
different structural motifs is reported. It was found that
each lesion destabilized duplex structure by �Tm of ca.
10◦C per lesion (1:5, 2:5, 3:5, 4:5). The additive value can

be seen as a measure of how a carbonyl group destabilizes
the overall structure while retaining its Watson–Crick base
pairing capabilities with C. This is in agreement with a re-
cent report in which the presence of a methoxy group at
the C8-position amounts to a thermal destabilization of ca.
6.9◦C and a larger benzyloxy group follows this trend to ca.
12.2◦C (82). Furthermore positioning of an 8-oxoGua le-
sion opposing A stabilized the duplex structure by ca. 4.4◦C,
consistent with the previous observation that 8-oxoGua
basepairs with A upon glydosidic bond rotation to its syn-
conformational isomer (ONs 1:7, 2:7). The same destabi-
lization trend was observed on RNA:DNA heteroduplex
samples (ONs 1:6, 2:6, 3:6, 4:6), indicating that the car-
bonyl group exerts a similar destabilization effect on either
RNA:RNA or RNA:DNA structures. It is noteworthy that
Tm measurements obtained at 210 and 270 nm are in close
agreement of each other, a result that has been corroborated
by our group recently [using modified ONs of RNA (83)]
and that highlights the added versatility of using CD for this
purpose. Furthermore, the thermal destabilization induced
by 8-oxoGua on dodecamers of RNA is within range of pre-
vious studies that used DNA:DNA or RNA:RNA duplexes
(55,56). We are in the process of examining the effects of the
presence of this lesion on duplexes with different sequence
contexts and/or position of the lesion.

We then set out to establish how the presence of the ox-
idative lesion affects structure of hairpins with tetraloops
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c-UUCG*-g* (8-10), a-ACCG-g* (11-12), c-UUG*G*-g*
(13-16) and c-ACG*G*-g* (17-20), where an asterisk (*)
represents a site of modification, and rationalized the re-
sults as follow:

i) Modification at the closing base-pair on the stem re-
sulted in destabilization of the hairpin in all cases (ONs
10, 15, 19), evidenced from depressed Tm values, consis-
tent with disruption of H-bonding at the closing base-
pair and resulting in a hexaloop with three base-pairs
at the stem. Interestingly, while modification of a du-
plex structure (ON 2:5) retains pairing interactions, the
impact that 8-oxoG has on the loop is larger as the
Watson–Crick bonding is not present. On the other
hand, a slight stabilization was observed upon chang-
ing of the base to adenosine (ON 11). A direct cor-
relation between this position and structural stability
has been reported with other modifications such as
8-oxoadenosine (62, destabilizing), pseudouridine (84,
stabilizing) and canonical basepairs (85, varies) and
thus, it is reasonable that 8-oxoGua destabilizes struc-
ture unless it has an A as an opposing basepair.

ii) Modification at position 4 of the tetraloop had vari-
ous effects that depended on the position and sequence
of the hairpin, and that resulted in stabilization, desta-
bilization or formation of other secondary structures.
Hairpin 8 (-UUCG*-) led to a large destabilization, pre-
sumably due to disruption of the U-G trans- wobble
pair known to stabilize this hairpin. On the other hand,
modified hairpin 13 resulted in a small degree of desta-
bilization (�\Tm ca. + 1◦C) while hairpin 17 stabilized
the hairpin (�Tm ca. + 9.3◦C) via an 8-oxoGua:Ade
mismatch. Furthermore, the effect on this position in
ON 17 was unique in the family of hairpins studied
herein in that a hairpin→duplex transformation was
observed as a function of [NaCl], also facilitated via a
quasi-palindromic sequence (ON 17′) induced by two 8-
oxoGua:Ade basepair mismatches. These observations
indicate that this position is highly sensitive to modi-
fications and thus conformational changes that are re-
flected in the overall structure.

iii) Modification at position 3 of the tetraloop (ON 16 &
20) resulted in stabilization of the structure that was
reflected in higher �Tm of 2 and 4.1◦C, with a higher
stabilization in the latter occurring from a possible 8-
oxoGua:Ade intraloop basepair. Clearly more exam-
ples are necessary to establish on whether this is a gen-
eral trend, however, at least in these sequences, the stabi-
lization is significant and may have an impact on func-
tion.

Tetraloops are common secondary structures that have
been identified to carry out a variety of biological roles in
silencing (86), and as precursors in RNA folding via RNA–
RNA and RNA–protein binding interactions (87) among
others and thus the importance of maintaining their in-
tegrity. While structure destabilization, following oxidative
damage, may be a desirable path that leads to degradation
of the strand, formation of thermodynamically more stable
structures will result in a longer-lived damaged strand that
may result in unwanted behavior, e.g. errors in protein syn-

thesis, alterations in RNA–protein interactions, or affected
binding affinities (as reported herein).

To put this information in the context of function, we
modified the aptamer for preQ1 at positions G5 and G11
(ONs 21–23) and found no change in the CD bands be-
fore addition of the small molecule, suggesting a similar de-
gree of secondary structure present, e.g. double-stranded re-
gions. Thermal denaturation measurements complemented
this information with the trend (Tm 22 > 21 > 23), as-
signed to the destabilization of hairpin HP in the case of
G5 and added H-bonding interactions in the case of ON 22.
In agreement with this statement, ITC analysis showed that
ON 23 does not recognize the small molecule while mod-
ified aptamer at G11 selects preQ1 as target, albeit with a
dissociation constant 4-fold higher than the canonical ana-
log. These binding affinity differences are in agreement with
magnitudes observed previously for mutation studies on
other aptamers (88). While the effect at position G5 has
been addressed (via destabilization at the stem region), that
at G11 may be more complex. Since the Tm shows an in-
crease in the thermal stability, it is possible that 8-oxoGua
contributes to the stability of the pseudoknot via other H-
bonding interactions (PK 22) while sacrificing binding affin-
ity. The lower change in entropy obtained for unmodified
aptamer 21 (Figure 7, �S) suggests that it has a more rigid
structure, a phenomenon that has been observed in other
DNA aptamers (89).

In conclusion, we have established that the effects of 8-
oxoguanine may vary from destabilization or stabilization
of secondary structures, with some cases shifting to a differ-
ent structural motif, in a position dependent manner. Four
small hairpins were used as models that proved to be useful
in explaining the function of an oxidatively damaged ap-
tamer. In addition, the position at which a guanosine is ox-
idized does have an impact on the functional capabilities of
the RNA of interest. As new discoveries are made in the field
of oxidative damage of RNA, the described behavior should
prove useful in addressing function and potential outcomes
of the effects of oxidation on RNA and its relationship to
other pathways such as maturation, degradation or protein
binding amongst others.
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