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ABSTRACT: In the phenomenon of trinucleotide repeat (TNR)
expansion, an important interplay exists between DNA damage repair of
8-oxo-7,8-dihydroguanine (8-oxoG) and noncanonical structure formation.
We show that TNR DNA adapts its structure to accommodate 8-oxoG.
Using chemical probe analysis, we find that CAG repeats composing the
stem−loop arm of a three-way junction alter the population of structures in
response to 8-oxoG by positioning the lesion at or near the loop.
Furthermore, we find that oligonucleotides composed of odd-numbered
repeat sequences, which form populations of two structures, will also alter
their structure to place 8-oxoG in the loop. However, sequences with an
even number of repeats do not display this behavior. Analysis by differential scanning calorimetry indicates that when the lesion is
located within the loop, there are no significant changes to the thermodynamic parameters as compared to the DNA lacking 8-
oxoG. This contrasts with the enthalpic destabilization observed when 8-oxoG is base-paired to C and indicates that positioning
8-oxoG in the loop avoids the thermodynamic penalty associated with 8-oxoG base-pairing. Since formation of stem−loop
hairpins is proposed to facilitate TNR expansion, these results highlight the importance of defining the structural consequences
of DNA damage.

Cellular DNA is constantly bombarded with reactive
oxygen species (ROS) from both intra- and extracellular

sources.1 Of the four DNA nucleobases, guanine (G) has the
lowest redox potential2 and is most readily oxidized by ROS. A
commonly observed form of oxidatively damaged DNA is
8-oxo-7,8-dihydroguanine (8-oxoG).3 Interestingly, 8-oxoG is
able to rotate about the glycosidic bond to convert from the
canonical anti conformation to the syn conformation. When in
the syn conformation, 8-oxoG can base pair with A via Hoogsteen
bonding. Because of its ability to pair with A, 8-oxoG is mutagenic
and can cause G to T transversion mutations if this mispair is not
repaired prior to replication. In order to maintain genetic integrity,
8-oxoG is removed from DNA by the repair protein 8-oxo-7,
8-dihydroguanine glycosylase (Ogg1), which recognizes the
modified G and catalyzes cleavage of the N-glycosidic linkage to
the sugar−phosphate backbone.4
Surprisingly, while repair of DNA damage is usually

beneficial, removal of 8-oxoG by Ogg1 has been implicated
in the expansion of CAG/CTG trinucleotide repeat (TNR)
sequences.5−7 CAG/CTG repeats in exon 1 of the huntingtin
gene are genetically unstable and their expansion provides the
molecular basis for Huntington’s disease (HD).8 Using a mouse
model of HD, expansion at CAG/CTG repeat tracts was
abrogated in mice lacking Ogg1.5 Subsequent work in vitro led
to the proposal of a “toxic oxidation cycle” fueling the
expansion of CAG/CTG repeats.5,6 As part of this cycle, Ogg1
removes 8-oxoG from duplex DNA and polymerase β performs
strand-displacement synthesis, incorporating multiple nucleo-
tides as part of a long-patch base excision repair (LP-BER)

event. The formation of a noncanonical structure by the
displaced flap, a TNR stem−loop hairpin, renders the DNA
refractory to cleavage by flap endonuclease, and ligase
incorporates the stem−loop hairpin into the DNA, causing
expansion. Additionally, we have shown that the stem−loop
hairpin formed by the displaced flap is hypersusceptible to
oxidation and that Ogg1 does not efficiently remove 8-oxoG
from the stem−loop hairpin.9,10 We proposed that this
combination of susceptibility to oxidation and inefficient repair
would exacerbate TNR expansion during LP-BER.10

While we have previously shown that a TNR stem−loop
hairpin is more susceptible than duplex to oxidative damage,
the effect of this damage on the structure and stability of the
DNA has not been defined. Substrates that are expanded during
LP-BER are differentiated from substrates that are properly
repaired by the formation of noncanonical structures. Thus,
given the known propensity for damage to accumulate in the
noncanonical structure formed by TNR sequences, it is
necessary to define the structural and thermodynamic impact
of this damage. Here we provide a structural analysis of TNR
DNA containing 8-oxoG. We find that TNR DNA has the
ability to modulate its structure to accommodate 8-oxoG, both
in the context of a three-way junction and in single-stranded
oligonucleotides. Furthermore, we show that this structural
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change minimizes the thermodynamic impact of the DNA
lesion. The implications of these findings on TNR expansion
are discussed.

■ EXPERIMENTAL PROCEDURES
Oligonucleotide Synthesis and Purification. Oligonu-

cleotides were synthesized using standard phosphoramidite
chemistry on a BioAutomation DNA/RNA synthesizer. The
oligonucleotides containing 8-oxoG were synthesized trityl-off
(on instrument removal of the 5′-dimethoxytrityl group), and
the oligonucleotides were deprotected in 1 M β-mercaptoetha-
nol in NH4OH at 55 °C for 24 h. Two rounds of HPLC
purification were then carried out using a Dionex DNAPac
PA100 anion-exchange column (4 × 250 mm) using 10%
acetonitrile (solvent A) and 0.8 M ammonium chloride in 10%
acetonitrile (solvent B) as the mobile phases (gradient: solvent
B was increased from 55% to 75% over 5 min, then 75% to 90%
over 15 min, and 90% to 100% over 5 min; 1 mL/min).
For the synthesis of oligonucleotides lacking 8-oxoG, the

5′-trityl group was retained to facilitate purification by HPLC.
Purification of these oligonucleotides was performed on a
Dynamax Microsorb C18 column (10 × 250 mm) using
acetonitrile (solvent A) and 30 mM ammonium acetate
(solvent B) as the mobile phases (gradient: solvent A was
increased from 5% to 25% over 25 min; 3.5 mL/min).
Following removal of the 5′-trityl group by incubation in 80%
glacial acetic acid for 12 min at room temperature, the
oligonucleotides were subjected to a second round of HPLC
purification (gradient: solvent A was increased from 0% to 15%
over 35 min; 3.5 mL/min). The longer sequences used to
construct the three-way junctions were purified as described
above, but an additional gel purification step was performed
after HPLC to ensure removal of longer failure sequences.
Samples were suspended in denaturing loading buffer (80%
formamide, 10 mM EDTA, 1% xylene cyanol), applied to a 14%
denaturing polyacrylamide gel, and electrophoresed at 80 W until
the dye had migrated 8 in. The DNA was then excised and
eluted from the gel by crushing and soaking. The supernatant,
containing the purified DNA, was collected and desalted using
Sephadex G50 fine resin.
Chemical Probe Analysis. Oligonucleotides were 5′-32P

end-labeled using T4 polynucleotide kinase (New England
Biolabs) following the manufacturer’s protocol. 10 pmol of
labeled DNA was suspended in 100 μL of Tris buffer (20 mM
Tris-HCl, 70 mM NaCl, 10 mM EDTA, pH 7.5), heated to
90 °C for 5 min, and slowly cooled to room temperature. Samples
were then divided to 2 pmol per aliquot, mixed with 5 μg of calf
thymus DNA, and brought to 100 μL total volume before being
incubated with either 1% DEPC (v/v) or 0.05% DMS in
ethanol (v/v) for 5−30 min at 37 °C. Reactions were quenched
by addition of 20 μL of stop solution (1.5 M sodium acetate,
1 M β-mercaptoethanol, 250 μg/mL tRNA, pH 7.0), ethanol
precipitated, and the pellet dried in vacuo. Samples were then
treated with 10% piperidine (v/v) for 30 min at 90 °C before
drying in vacuo. Samples were resuspended in denaturing
loading buffer (80% formamide, 10 mM EDTA, 1% xylene
cyanol, 1% bromophenol blue), incubated at 90 °C for 3 min
before loading onto a 16% denaturing polyacrylamide gel.
Samples were electrophoresed at 80 W until the xylene cyanol
and bromophenol blue dyes were separated by 4 in. The
products were visualized by phosphorimagery, using a BioRad
FX scanner and the accompanying Quantity One software.
Histograms were generated by drawing a line through the lane

corresponding to the 15 min time point and were background
subtracted using the “rolling ball” technique with the radius set
to 25.
Three-way junction constructs were formed by annealing 10 pmol

of radiolabeled CAG16-TWJ or CAG16-8-TWJ with a 1.5-fold
excess of the complementary sequence CTG6-TWJ. DEPC
reactions on the three-way junction constructs were performed
using 2.5% DEPC (v/v) and incubated for 5−30 min at 37 °C.
Sample work-up was the same as above except that samples
were run on a 14% gel.

Differential Scanning Calorimetry. Calorimetry was
performed using a TA Instruments NanoDSC III. Oligonucleo-
tides were suspended in 700 μL of 20 mM sodium phosphate,
70 mM NaCl, pH 7.5. All samples were degassed in vacuo for
12 min at 25 °C before analysis. Data were obtained by
monitoring the excess power required to maintain the same
temperature in both the sample cell and a reference cell filled
with degassed buffer. Each cycle of the experiment consists of a
forward scan, in which the temperature is raised from 10 to
95 °C at a rate of 1 °C/min, a reverse scan, in which the
temperature is decreased from 95 to 10 °C at 1 °C/min, and an
equilibration period of 10 min between each forward and
reverse scan. The resulting thermograms display the excess heat
capacity (Cp) as a function of temperature. Ten thermograms,
consisting of both forward and reverse scans, were obtained for
each DNA substrate. The thermograms were normalized for
concentration, background corrected using a buffer−buffer
scan, and a polynomial baseline correction was performed using
the NanoAnalyze software after fitting the linear portions of the
pre- and post-transitional baseline. ΔH was determined by
integrating the area under the excess heat capacity curve. ΔS
was determined by plotting Cp/T against the temperature in K
and integrating under the resulting curve. ΔG was calculated at
37 °C using the values obtained for ΔH and ΔS and the
equation ΔG = ΔH − TΔS where T is in K.

■ RESULTS AND DISCUSSION
Structural Characterization of a TNR Three-Way Junc-

tion. A DNA three-way junction mimics a genomic repeat
tract after an expansion has occurred, where there are more
CAG repeats present than complementary CTG repeats. To
determine the influence of 8-oxoG on these postexpansion
TNR sequences, we used a chemical probe of nucleobase
solvent accessibility to investigate the structure of three-way
junctions by revealing the presence of loops, bulges, or
overhangs. These three-way junctions contain 16 CAG repeats,
six of which base pair with a CTG repeat in the complementary
strand, and the remaining ten are predicted to form a stem−
loop hairpin. We have shown previously that a single strand
containing 10 CAG repeats adopts a stem−loop hairpin in
which the loop contains four nucleobases and G-C base pairs
and A·A mismatches comprise the stem.9,11,12 Here, the stem−
loop hairpin is flanked by duplex in order to form a three-way
junction. Furthermore, the CAG/CTG repeats are bordered by
a well-matched duplex comprised of a mixed sequence.
The first three-way junction lacks 8-oxoG and was assembled

using the sequences CAG16-TWJ and CTG6-TWJ (Table 1);
this three-way junction, which lacks damage, serves as a control.
In the second three-way junction, G8 in CAG16-TWJ is site-
specifically replaced by 8-oxoG, where G8 refers to the guanine
in the eighth CAG repeat when counting from the 5′-end of the
TNR sequence (CAG16-TWJ-8OX). Because of the repetitive
nature of the sequence in these three-way junctions, it is
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expected that the CAG stem−loop can position itself in several
ways relative to the six complementary CTG repeats. Indeed,

such behavior was confirmed by structural analysis using the
chemical probe diethyl pyrocarbonate (DEPC), a small
molecule that reveals the solvent accessibility of purines, with
preferential modification of adenines.13 Upon incubation with
DEPC, the CAG16-TWJ/CTG6-TWJ substrate shows hyper-
reactivity at A6 through A12 (Figure 1A, Supporting
Information Figure S1A), though interestingly, we do not
observe equal reactivity at these adenines. This result indicates
that the CAG stem−loop hairpin forms at six of the seven
possible positions along the complement but that each of these
structures does not form in equal amounts. Based on the level
of reactivity at A11 and A12, which exhibit the highest degree
of modification by DEPC, the top structure in Figure 1A is
most likely predominant within the population. The
composition of the flanking duplex regions may skew the
formation of stem−loop hairpins. Indeed, while we had
anticipated that the stem−loop would be able to occupy all
seven positions, the two G−C base pairs flanking the first CAG
repeat may limit the dynamics of the system and prevent the
first CAG repeat from being part of the stem.

Table 1. DNA Sequences Used in This Study

name nucleotide sequencea

CAG16-TWJ 5′-(CCTTAGCTCC)(CAG)16(TAAGGGGAAC)-3′
CAG16-8OX-TWJ 5′-CCTTAGCTCC)(CAG)7(CAG

ox)
(CAG)8(TAAGGGGAAC)-3′

CTG6-TWJ 5′-(GTTCCCCTTA)(CTG)6(GGAGCTAAGG)-3′
CAG7 5′-(CAG)7-3′
CAG10 5′-(CAG)10-3′
CAG11 5′-(CAG)11-3′
CAG15 5′-(CAG)15-3′
CAG7-3′Overhang 5′-(CAG)2(CTTTTG)(CAG)3-3′
CAG7-5′Overhang 5′-(CAG)3(CTTTTG)(CAG)2-3′
CAG7-Blunt Stem 5′-(CAG)2(CTTTTTTTG)(CAG)2-3′
CAG10-5OX 5′-(CAG)4(CAG

ox)(CAG)5-3′
CAG10-6OX 5′-(CAG)5(CAG

ox)(CAG)4-3′
CAG11-5OX 5′-(CAG)4(CAG

ox)(CAG)6-3′
CAG11-6OX 5′-(CAG)5(CAG

ox)(CAG)5-3′
aGox represents 8-oxo-7,8-dihydroguanine.

Figure 1. Autoradiogram of DEPC reactions with (A) CAG16-TWJ/CTG6-TWJ and (B) CAG16-TWJ-8OX/CTG6-TWJ. Lanes 1 are DNA alone,
lanes 2 are piperidine-treated DNA, and lanes 3−5 are DNA treated with 2.5% (v/v) DEPC at 37 °C for 5, 15, or 30 min, respectively, followed by
treatment with piperidine. Lanes A are a marker created by treatment of the single-stranded CAG16-TWJ or CAG16-TWJ-8OX substrate with 1%
DEPC at 37 °C for 15 min. The proposed structures derived from the reactivity of each substrate are shown to the right of the autoradiogram.
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Notably, on the basis of reactivity toward DEPC, we propose
that the CAG repeats form a stem−loop hairpin as part of the
three-way junction and not an open bulge in which there is no
intrastrand hydrogen bonding between the CAG repeats. In a
bulge, every adenine in the CAG repeat region would be
unpaired and solvent accessible and thus highly reactive toward
DEPC. Furthermore, since a bulge would be able to shift its
position relative to the CTG repeats in the complementary
sequence, A2 through A16 would be equally accessible and
modifiable by DEPC. Because of the lack of intense, ubiquitous
DEPC reactivity at these adenines, we conclude that the CAG
repeats in the three-way junction form a stem−loop hairpin and
not a bulge. In fact, the formation of a stem−loop limits the
solvent accessibility of the adenines in the stem and protects
these nucleobases from modification by DEPC.
Recent work using the fluorescent adenine analogue 2-

aminopurine (2-AP), which exhibits increased florescence with
increasing solvent exposure, has shown that a stem−loop
hairpin, and not an open bulge, is formed by 15 CAG repeats
when part of a three-way junction.14 Interestingly, 8 CAG
repeats adopt an open bulge, not a structured stem−loop, in
the context of a three-way junction, but form a structured
stem−loop when the TNR sequence is not part of a three-way
junction.15,16 Degtyareva and co-workers proposed that in the
shorter tract of 8 CAG repeats folding into a stem−loop is
disrupted by A·A mismatches in the stem and by base-pairing in
the flanking duplex regions.16 Indeed, we propose here that the
flanking duplex regions influence the likelihood of formation of
the CAG stem−loop at various positions along the comple-
mentary CTG repeats.
In order to determine the extent to which 8-oxoG alters the

structure of the three-way junction, we replaced a G in the
CAG stem−loop with 8-oxoG. Importantly, when 8-oxoG is
introduced into the eighth repeat, in the center of the CAG
repeats, the observed hyper-reactivity to DEPC is restricted to
adenines A7 through A10 (Figure 1B and Figure S1B). Strand
cleavage is also observed at the 8-oxoG (Supporting
Information Discussion). This pattern of reactivity corresponds
to the formation of the stem−loop at three of the seven
potential positions along the CTG complement. These results
can be compared to those obtained in the absence of 8-oxoG, in
which A6 through A12 were hyper-reactive to DEPC and the
CAG stem−loop formed at six of the seven potential positions
along the CTG complement. Importantly, the loss of hyper-
reactivity at certain adenines indicates that 8-oxoG is
modulating the location where the stem−loop forms within
the repeat tract.
When considering the amount of reactivity to DEPC at each

adenine in CAG16-TWJ-8OX/CTG6-TWJ, these structures
seem to position the 8-oxoG directly either in the loop or in the
base pairs nearest the loop, eliminating the structures where the
lesion is positioned further down the stem (Figure 1B). We
hypothesize that positioning the lesion at or near the loop
within the three-way junction could decrease or eliminate the
enthalpic penalty associated with 8-oxoG-C base-pairing, as it is
known that 8-oxoG base-paired with C in a duplex confers an
enthalpic destabilization to the structure.17−19 To better
understand the behavior of the three-way junction, it is
advantageous to study the behavior of the stem−loop
component alone; this approach will allow us to better address
the combination of structural and energetic influences 8-oxoG
has on TNR DNA.

Influence of 8-OxoG on the Structure of an Even-
Numbered TNR Sequence. Since we observed that the
structure of the CAG16-TWJ-8OX/CTG6-TWJ sequence is
modulated in order to position 8-oxoG in or near the loop, we
wondered if 8-oxoG would have a similar effect on the TNR
sequence when removed from the three-way junction. To
investigate the inherent ability of 8-oxoG to impact the
structure of TNR DNA outside the context of a three-way
junction, we performed chemical probe experiments with
CAG10 (Table 1), as this mimics the stem−loop of the three-
way junction.
When incubated with DEPC, the CAG10 substrate shows

reactivity at every A, with increased reactivity at A5 and A6,
indicating their presence in a loop (Figure 2A). A histogram
displaying a graphical representation of the reactivity of CAG10
is provided in Figure 2B. Furthermore, when incubated with the
chemical probe dimethyl sulfate (DMS), which reveals the
solvent accessibility of guanines,20 reactivity is observed at every
G with hyper-reactivity at G5 (Figure S2A,B), consistent with
G5 being positioned in a loop. This pattern of reactivity to
DEPC and DMS indicates the formation of a four nucleobase
loop that includes A5, G5, C6, and A6 and a blunt-ended stem
(Figure 2B). Interestingly, the two reactive adenines in the
loop, A5 and A6, are not modified to the same extent by DEPC.
This difference in reactivity may derive from differences in
stacking interactions with the adjacent nucleobases, as we
proposed in earlier work.11 The folding of CAG10 into a stem−
loop is consistent with the structures observed for several other
TNRs, including those comprised of CAG, CTG, CGG, and
CCG repeats, which have been shown to form stem−loop
hairpins in vitro.9−12,14−16,21−30

It is important to note that while hyper-reactivity to chemical
probes was observed at particular adenines and guanines, some
level of reactivity was observed at every A and G in CAG10.
Indeed, this result is consistent with the established reactivity
patterns of DEPC and DMS. DEPC is known to modify
unpaired adenines in loops, bulges, and overhangs, but not
adenines in well-matched A−T base pairs.31,32 However, the
adenines in the stem of the TNR hairpins are part of A·A
mismatches, which are known to have increased dynamics
relative to an A−T base pair,33 and therefore we would expect
these adenines to be modified by DEPC, although to a lesser
extent than the unpaired adenines in the loop region. DMS is
known to modify guanines in G−C base pairs,20 and we
observed modification of such guanines in the stem region;
however, unpaired guanines, such as those in the loop, are
modified to a greater extent due to increased accessibility to
DMS. Interestingly, we observe only slight modification by
DEPC of the adenines in the stem of the three-way junctions,
and only for the longest incubation time; the flanking duplex
regions may minimize the dynamics of the stem, leading to less
modification by DEPC.
In order to determine the extent to which 8-oxoG influences

the structure of CAG10, we site-specifically replaced G5 or G6
with 8-oxoG to form CAG10-5OX and CAG10-6OX,
respectively. When an 8-oxoG is present in the CAG10 TNR
sequence, the reactivity to DEPC and DMS indicates that the
overall stem−loop structure does not change and that the
position of the four nucleobase loop and the presence of a
blunt-ended stem are maintained (Figure 2C,D, Figure S2C,D,
and Supporting Information Discussion). However, while the
overall stem−loop structure is maintained, there are subtle
differences in the DEPC reactivity profile when 8-oxoG is
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present; notably, we observe an increase in the reactivity of the
adenine 5′ to the 8-oxoG. In fact, of all the adenines in CAG10-
5OX, A5 exhibits the highest reactivity to DEPC (Figure 2C),
while A6 of the CAG10-6OX substrate exhibits the highest
reactivity to DEPC (Figure 2D). The observation of differing
levels of solvent accessibility near an 8-oxoG is consistent with
the recent work of Singh and co-workers, which demonstrated
that 8-oxoG has a disruptive effect on a base pair 5′ of an
8-oxoG-C base pair.19 Our data indicate that 8-oxoG can exert a
similar effect within a single-stranded DNA loop.
To confirm the presence of a blunt-ended stem in CAG10-

5OX and CAG10-6OX, we performed DMS reactions to
monitor the reactivity of G1 and G2. In particular, if the 8-oxoG
in CAG10-6OX were to be repositioned into the loop, a two
repeat overhang would form at the 5′ end, leading to greater
reactivity to DMS of the guanines in those repeats. We
observed no increase in DMS reactivity at G1 or G2, consistent
with a blunt-ended stem (Figure S2C,D). Thus, all three
CAG10 substrates, regardless of the presence of 8-oxoG, form
hairpins with a four nucleobase loop and a blunt-ended stem
(Figure 2B−D). Therefore, unlike the effects exhibited by
8-oxoG in the three-way junction, the presence of 8-oxoG in
CAG10 results only in minor changes to the solution
accessibility of the adjacent nucleobase and does not
dramatically alter the overall structure adopted by the sequence.
Recent work from our laboratory has indicated that single

strands containing an odd number of CTG repeats, the
complement of CAG, form populations composed of two
structures, both with four nucleobase loops and either a 3′ or a
5′ overhang.12 We hypothesized that if odd-numbered CAG
repeats exhibit the same behavior, they may have the ability to
reposition and better accommodate the lesion, which could
provide a more accurate model of TNR behavior within a three-
way junction. Therefore, we performed chemical probing
experiments on CAG sequences with an odd number of
repeats.

Chemical Probe Analysis of Odd-Numbered, Single-
Stranded TNR Sequences Lacking DNA Damage. When
CAG7, CAG11, and CAG15 were incubated with DEPC,
reactivity at every A in the sequence was observed, but hyper-
reactivity was observed at adenines in the center of each
sequence (Figure S3). Histograms displaying a graphical
representation of the reactivity of each sequence are provided
in Figure 3A and reveal that the adenines hyper-reactive toward
DEPC are as follows: A3, A4, A5, and A7 in CAG7; A5, A6, and
A7 in CAG11; and A7, A8, and A9 in CAG15. When each
single-stranded substrate was incubated with DMS, reactivity
was observed at each G, with hyper-reactivity observed at the
guanines in the center and at the ends of each sequence: G1,
G3, G4, and G7 in CAG7; G1, G5, and G6 in CAG11; and G1,
G7, and G8 in CAG15 (Figure 3B and Figure S3).
The results obtained in the chemical probing experiments

indicate the formation of stem−loop hairpins by CAG7,
CAG11, and CAG15, with the most highly modified adenines
and guanines in either the loop region or at the base of the stem
(Figure 3C). The remaining adenines and guanines in the
sequences participate in A·A mismatches and G−C base pairs
in the stem. However, there are two scenarios which could
produce the chemical reactivity profiles we observed for CAG7,
CAG11, and CAG15, and both would be consistent with a
stem−loop hairpin(s): (1) a homogeneous population of a
single stem−loop with a 7 nucleobase loop and blunt-ended
stem (Figure 3C(i)) or (2) a population consisting of two

Figure 2. (A) Autoradiogram of DEPC reactions with CAG10,
CAG10-5OX, and CAG10-6OX. Lanes 1 are DNA alone, lanes 2
are piperidine-treated DNA, and lanes 3−5 are DNA treated with
1% (v/v) DEPC at 37 °C for 5, 15, or 30 min, respectively,
followed by treatment with piperidine. Histograms of DEPC
reactivity, derived from lanes 4, with (B) CAG10, (C) CAG10-
5OX, and (D) CAG10-6OX. The dashed line in each histogram
demarks the level of reactivity of adenines in the stem region,
which serves as a baseline to establish hyper-reactivity of the
nucleobases in the loop. Proposed structures for CAG10,
CAG10-5OX, and CAG10-6OX are shown next to the
corresponding histogram. The closed wedge indicates hyper-
reactivity to DEPC and the open wedge indicates moderate
hyper-reactivity to DEPC.
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different stem−loop structures, each with loops containing 4
nucleobases along with either a 5′ or 3′ overhang of one CAG
repeat (Figure 3C(ii)).
Relative to the other guanines in the stem, the increased

reactivity toward DMS observed at G1 in CAG7, CAG11, and
CAG15 argues for the presence of a 5′ overhang, as G1 would
be positioned in the stem in scenario (i) and would not be
expected to have increased reactivity relative to G2. Since
neither the stem−loop with the 5′ nor the 3′ overhang should
be favored, we would expect both species to be present;
therefore, in addition to the 5′ overhang indicated by hyper-
reactivity to DMS at G1, we would also expect to observe a 3′
overhang. A 3′ overhang would be indicated by hyper-reactivity

to DMS at G7, G11, and G15 for CAG7, CAG11, and CAG15,
respectively. Indeed, hyper-reactivity at G7 of CAG7 was
observed (Figure 3B), which is consistent with CAG7 forming
a population of two stem−loop hairpins. However, because of
the longer length of CAG11 and CAG15, we did not obtain
sufficient electrophoretic resolution of the unmodified DNA
from the fragment corresponding to cleavage induced by DMS
at their respective 3′ guanines; this prevented direct observation
of the 3′ overhang species for these substrates. Note that we
used DMS, and not DEPC, to confirm the presence of
overhangs in CAG7, CAG11, and CAG15; this is because an A1
fragment is not retained on the gel.

Structural Characterization of “Locked-Loop” Stem−
Loop Standards. To confirm that CAG7, CAG11, and
CAG15 form a population of two stem−loop structures as
depicted in Figure 3C(ii), we mimicked both the blunt-ended
and overhang stem−loop hairpins using “locked-loop” stand-
ards. We chose to derive the locked-loop standards from CAG7
as it possesses the same pattern of reactivity to chemical probes as
the longer CAG11 and CAG15 substrates but also allows for
electrophoretic resolution of unmodified DNA from DNA that
is modified at the terminal 3′ repeat. In these standards, the
nucleobases in the loop of the proposed CAG7 structure in
either scenario (i) or (ii) are replaced by thymines, forcing the
stem to adopt a 3′ overhang (CAG7-3′Overhang), a 5′ overhang
(CAG7-5′Overhang), or a blunt-ended stem (CAG7-Blunt
Stem) (Figure 4A,B). CAG7-3′Overhang and CAG7-5′Overhang

were combined in equal amounts to replicate the proposed popula-
tion of structures with overhangs (CAG7-3′+5′Overhangs).
When incubated with DMS, both G1 and G7 of CAG7-

3′+5′Overhangs display hyper-reactivity compared to the
guanines in the neighboring repeats, consistent with the

Figure 3. Histograms displaying reactivity of CAG7, CAG11, and
CAG15 to (A) DEPC and (B) DMS. Histograms are derived from
lanes 4 of the autoradiograms shown in Figure S3, in which the DNA
was treated with the chemical probe at 37 °C for 15 min. The dashed
line demarks the level of reactivity of adenines or guanines in the stem
region, which serves as a baseline to establish hyper-reactivity of
nucleobases in the loop. The closed wedge indicates the greatest
degree of hyper-reactivity to DEPC, the open wedge indicates
moderate hyper-reactivity to DEPC, and the arrow indicates hyper-
reactivity to DMS. (C) Two potential scenarios for the structures of
CAG7, CAG11, and CAG15 derived from their reactivity to DEPC
and DMS. Structures containing a seven nucleobase loop and blunt-
ended stem are shown in C(i) while a population of two stem−loops
each containing a four nucleobase loop and either a 5′ or 3′ overhang is
shown in C(ii).

Figure 4. (A) Proposed structures for CAG7-3′Overhang (left) and
CAG7-5′Overhang (right) and (B) CAG7-Blunt Stem. Histograms
displaying reactivity to DMS for (C) CAG7-3′+5′Overhangs, (D)
CAG7-Blunt Stem, and (E) and CAG7. Histograms are derived from
lane 4 of the autoradiograms shown in Figures S4 and S5 where the
DNA was treated with 0.05% (v/v) DMS at 37 °C for 15 min. The
arrow indicates hyper-reactivity to DMS.
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increased reactivity expected for the solvent-exposed overhangs
(Figure 4C). Interestingly, while G7 of CAG7-Blunt Stem is
hyper-reactive to DMS, G1 reacts at the same level as G2
(Figure 4D). For this blunt-ended substrate, the hyper-
reactivity observed at G7 is likely due to end fraying of the
stem, since this nucleobase is part of the terminal base pair. The
reactions with DMS (Figure 4C and Figure S4) and DEPC
(Figure S5) confirmed the expected folding of all locked-loop
standards.
We then compared the reactivity of G1 and G7 toward DMS

in the locked-loop CAG7 standards to the reactivity of the same
nucleobases in CAG7. Since G1 and G7 of CAG7 display
hyper-reactivity to DMS similar to that of the CAG7−
3′+5′Overhangs standard (Figure 4E), and not that of CAG7-
Blunt Stem, we conclude that CAG7 and the other odd-
numbered repeat sequences, CAG11 and CAG15, form
populations of two stem−loop hairpins with four nucleobase
loops and either a 3′ or 5′ overhang (Figure 3C(ii)). Using
enzymatic probes, other laboratories have proposed the
presence of overhangs in structures formed by 15 CAG
repeats.29

Influence of 8-OxoG on the Structure of an Odd-
Numbered, Single-Stranded TNR DNA. The results
discussed above demonstrate the adaptability of odd-numbered
CAG repeats compared to CAG10. Thus, to better address the
impact of 8-oxoG on the structure of TNR DNA and provide a
better mimic for the stem−loop arm of the three-way junction,
we performed chemical probe experiments with odd numbered
substrates that contain 11 CAG repeats and in which a single G
was site-specifically replaced by 8-oxoG. We chose CAG11 as
the model substrate since it has the same number of base pairs
and mismatches in the stem as CAG10 and the stem−loop arm
of the three-way junction.
The first substrate contains 8-oxoG in the fifth repeat

(CAG11-5OX), and the second substrate contains 8-oxoG in
the sixth repeat (CAG11-6OX) (Table 1). As described above,
upon incubation with DEPC, CAG11 that lacks DNA damage
shows the highest degree of reactivity at A5, A6, and A7 (Figure 5B).
The CAG11-5OX substrate has increased reactivity toward
DEPC at A5 and A6 when compared to the flanking adenines
(Figure 5C). This result indicates that A5 and A6 are part of the
loop, while the remaining adenines are in A·A mismatches in
the stem. In order for these particular adenines to be present in
the loop, one CAG repeat must overhang at the 3′ end of the
stem. In contrast to CAG11-5OX, in which A5 and A6 were
most susceptible to modification by DEPC, CAG11-6OX
displays increased reactivity at A6 and A7 (Figure 5D). This
result indicates that CAG11-6OX also forms a stem−loop
structure with a four nucleobase loop, but unlike CAG11-5OX,
the loop includes A6 and A7. In this case one CAG repeat must
overhang the 5′ end of the stem. As observed for CAG10, the
two hyper-reactive adenines in CAG11-5OX and CAG11-6OX
are modified by DEPC to different extents, which could be an
effect of different stacking interactions with the adjacent bases.
Notably, in both CAG11-5OX and CAG11-6OX the 8-oxoG is
in the loop region.
We draw two conclusions from the chemical probing

experiments of the CAG11 substrates. First, stem−loop TNR
DNA containing 8-oxoG adopts a structure different from TNR
DNA lacking the damage. The presence of the 8-oxoG imposes
a structural constraint that results in formation of a single stem−
loop, as compared to the CAG11 control that is a mixed
population containing two species of stem−loop hairpins.

Figure 5. (A) Autoradiogram of DEPC reactions with CAG11,
CAG11-5OX, and CAG11-6OX. Lanes 1 are DNA alone, lanes 2 are
piperidine-treated DNA, and lanes 3−5 are DNA treated with 1% (v/v)
DEPC at 37 °C for 5, 15, or 30 min, respectively, followed by
treatment with piperidine. Histograms of DEPC reactivity, derived
from lanes 4, with (B) CAG11, (C) CAG11-5OX, and (D) CAG11-
6OX. The dashed line in each histogram demarks the level of reactivity
of adenines in the stem region, which serves as a baseline to establish
hyper-reactivity of the nucleobases in the loop. Proposed structures for
CAG11, CAG11-5OX, and CAG11-6OX are shown next to the
corresponding histogram. The closed wedge indicates the greatest
degree of hyper-reactivity to DEPC and the open wedge indicates
moderate hyper-reactivity to DEPC.
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Second, the position of the 8-oxoG within CAG11 determines
the structure. Indeed, the stem−loop adapts in order to
position 8-oxoG in the loop.
Calorimetric Analysis of Single-Stranded TNR DNA

Lacking DNA Damage. To characterize further the struc-
tures adopted by the CAG7, CAG10, CAG11, and CAG15
sequences lacking 8-oxoG, we employed DSC to elucidate the
thermal and thermodynamic parameters associated with the
transition from the stem−loop hairpin to the unstructured
state. Representative thermograms for CAG7, CAG10, CAG11,
and CAG15 are shown in Figure 6. A DSC thermogram

displays excess heat capacity as a function of temperature and
the area under the curve is a direct measure of the enthalpy
(ΔH) associated with the structural transition.34 Entropy (ΔS),
free energy (ΔG), and melting temperature (Tm) can be
obtained as described previously.34

While there is an increase in the Tm between CAG7 and
CAG10, and between CAG7 and CAG11, there is no significant
difference in Tm between CAG10, CAG11, and CAG15 (Table 2).
Previous work with CAG repeats, ranging in length from 6 to 25
repeats, has shown that, while there may be some fluctuations in
Tm, the there is no linear relationship between Tm and repeat
length.29

In contrast to the lack of linear relationship for Tm, we
observed increasing ΔH values with respect to the length of the
repeat sequence (Table 2), indicating that, as repeat length
increases, so too does the enthalpic stability of the structure.
With respect to nucleic acids, both hydrogen bonding and base
stacking interactions are reflected in the value of ΔH.34 Thus,
the increase in ΔH observed here is rationalized by the increase
in number of hydrogen bonds and base stacking interactions as
the length of the stem increases. However, this increase in
enthalpic stabilization as a function of TNR length is tempered
by an increase in the entropic contributions. Nevertheless, ΔG
increases with repeat length, indicating that the thermodynamic
stability of the stem−loop hairpins increases with length. These
thermodynamic data are consistent with previously reported,
DSC-derived values for similarly sized CAG repeats that lack
DNA damage.22,29

Analysis of Damage-Containing TNR Structures by
Calorimetry. All of the 8-oxoG-containing sequences, com-
posed of either 10 or 11 CAG repeats, show a decrease in Tm of
∼2−4 °C compared to their undamaged control substrates,
regardless of whether 8-oxoG is positioned in the loop or the
loop-closing base pair (Table 2). It is known that 8-oxoG is
thermally destabilizing when base-paired to C in a
duplex,17−19,35,36 although this is an example where 8-oxoG
decreases Tm when present outside the context of a well-
matched duplex. The decrease in Tm is likely caused by a
modest perturbation of the base-stacking interactions in the
loop when 8-oxoG is present, as supported by our chemical
probing experiments.
With respect to the thermodynamic impact of 8-oxoG, we

first considered its effects on the blunt-end CAG10 stem−loop
hairpin. Compared to the undamaged CAG10 control, we
observed no difference in the ΔH associated with the transition
from the stem−loop to the unstructured sequence for CAG10-
5OX, where 8-oxoG is positioned in the loop. When compared
to the value for CAG10, there is a small but significant decrease
in the ΔH for CAG10-6OX where the 8-oxoG is positioned in
the loop-closing base pair (Table 2) (Figure S6). However, it is
important to note that the ΔΔH of 4 kcal/mol observed for
CAG10-6OX is much smaller than the values reported for
8-oxoG base-paired to C in a duplex, where ΔΔH values ranging
from 7.3 to 52.9 kcal/mol have been reported depending on
sequence context and length of the duplex.17−19

As observed for ΔH, ΔS is the same for CAG10 and CAG10-
5OX, but there is a decrease in ΔS for CAG10-6OX compared
to CAG10, indicating that the stem−loop formed by CAG10-
6OX is more disordered than its counterparts. These changes in

Figure 6. Representative thermograms, both background corrected
using a buffer−buffer scan and baseline corrected using a polynomial
fit, for (A) CAG7 at 33.1 μM, (B) CAG10 at 30 μM, (C) CAG11 at
16.8 μM, and (D) CAG15 at 40 μM. All samples were suspended in
buffer containing 20 mM sodium phosphate, 70 mM NaCl, pH 7.5.

Table 2. DSC-Derived Thermodynamic Parameters

substrate Tm
a (°C) ΔHa,b (kcal/mol) ΔSa,b (cal/(mol K)) ΔGa,c (kcal/mol) ΔΔH (kcal/mol) ΔΔS (cal/mol/K) ΔΔG (kcal/mol)

CAG7 61.2 ± 1.3 23.7 ± 1.8 71.3 ± 5.2 1.72 ± 0.18
CAG10 63.0 ± 0.5 33.8 ± 1.3 100.7 ± 4.0 2.63 ± 0.09 −10.1 ± 2.2d −29.4 ± 6.6d −0.9 ± 0.2d

CAG11 63.3 ± 0.1 34.0 ± 2.0 101.1 ± 6.0 2.67 ± 0.15 −10.3 ± 2.7d −29.8 ± 7.9d −1.0 ± 0.2d

CAG15 63.5 ± 0.7 51.4 ± 2.0 152.8 ± 6.1 4.00 ± 0.15 −27.7 ± 2.7d −81.5 ± 8.1d −2.3 ± 0.2d

CAG10-5OX 60.2 ± 0.7 33.4 ± 1.1 100.1 ± 3.2 2.34 ± 0.16 N/Ae,f N/Ae,f N/Ae,f

CAG10-6OX 61.1 ± 0.5 29.8 ± 0.9 89.1 ± 2.5 2.15 ± 0.10 4.0 ± 1.8e 11.6 ± 4.7e 0.5 ± 0.1e

CAG11-5OX 59.5 ± 0.1 34.6 ± 2.7 104.1 ± 8.0 2.36 ± 0.18 N/Ae,f N/Ae,f N/Ae,f

CAG11-6OX 59.5 ± 0.1 34.9 ± 2.6 104.9 ± 7.9 2.37 ± 0.19 N/Ae,f N/Ae,f N/Ae,f

aDNA in 20 mM sodium phosphate, 70 mM NaCl, pH 7.5. The error represents the standard deviation derived from a minimum of three
experiments. bValues derived by integration of the area under the excess heat capacity curve. cValues at 37 °C. dWith respect to CAG7. eWith respect
to the equivalent substrate lacking 8-oxoG. fNot statistically different.
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ΔH and ΔS lead to a small but significant decrease in ΔG
compared to CAG10, indicating that the structure formed by
CAG10-6OX is thermodynamically less stable than the
structures formed by either CAG10 or CAG10-5OX.
For CAG11 we observed that 8-oxoG does not influence

ΔH. The ΔΔH comparing the melting transitions of CAG11-
5OX and CAG11-6OX with the CAG11 control are nearly zero
(Table 2) (Figure S6). The proposed structures for CAG11,
CAG11-5OX, and CAG11-6OX have the same number of base
pairs and mismatches in the stem and, therefore, the same
number of hydrogen bonds (Figure 5). Thus, the hydrogen-
bonding pattern is not expected to alter ΔH of the structures.
8-OxoG could potentially alter base stacking in the loop but
given the similar ΔH values for the CAG11 substrates the
contribution of base stacking to enthalpic stability must be
similar for all substrates. Therefore, while our chemical probe
data indicate that 8-oxoG alters base stacking in the loop, our
thermodynamic data suggest that any alteration of stacking
interactions caused by 8-oxoG in the loop of CAG11-5OX and
CAG11-6OX is not sufficient to significantly alter the enthalpic
stability of the stem−loop. Since it is known that 8-oxoG is
enthalpically destabilizing when base paired with C in
duplex,17−19 8-oxoG is likely positioned in the loop of these
stem−loop structures to avoid the enthalpic penalty associated
with base stacking and/or hydrogen bonding which would
occur if 8-oxoG were in the stem region.
Here, we find that the positioning of 8-oxoG in the loop of

TNR DNA decreases the Tm but does not affect ΔH. Another
example where a modified nucleobase alters thermal, but not
enthalpic, stability is 2-AP in a (CAG)6 stem−loop hairpin.37

When 2-AP was positioned in the loop, there was an increase in
Tm, but there was no change in ΔH. Lee and co-workers
proposed that the increase in thermal stability is a result of
favorable base stacking interactions of 2-AP.
As observed for ΔH, the ΔS describing the transition from

the structured to the unstructured state is the same for all three
CAG11 substrates. It is reasonable to expect that the proposed
structures would have similar degrees of disorder as each
structure has the same number of G-C base pairs, A·A
mismatches, and unpaired nucleobases. Thus, the similar ΔS
values observed here indicate that 8-oxoG in the loop makes no
significant contribution to the entropy of the system. Lastly,
since 8-oxoG does not influence ΔH or ΔS of the stem−loop
structure adopted by CAG11, the introduction of 8-oxoG to
CAG11 does not affect the thermodynamic stability of the
stem−loop hairpin.
Recent work done in the context of TNR Ω-DNA focused

on investigating the thermodynamics of the tetrahydrofuran
(THF) abasic site analogue, both alone and in combination
with 8-oxoG, can broaden our understanding of the impact that
8-oxoG has on the structure of CAG repeat DNA.38−40 The Ω-
DNA is a three-way junction that contains an open bulge
formed by 6 CAG repeats and is flanked on both sides by
mixed-sequence duplex. On the basis of a calorimetric analysis,
Völker and co-workers concluded that, because the Ω-DNA
accommodates the THF abasic site without altering the
thermodynamic parameters, the THF abasic site can alter
the distribution of the structural microstates occupied by the
Ω-DNA.38 In other work, the same authors proposed allosteric
coupling between a 8-oxoG and/or a THF abasic site in the
Ω-DNA.39,40 This finding again demonstrates the ability of these
lesions to alter the microstates adopted by the Ω-DNA. Besides
an abasic site, here we provide structural and thermodynamic

data that support the notion that the CAG repeats can also
adapt their structure to accommodate the oxidatively damaged
nucleobase 8-oxoG.
Our results demonstrate that when 8-oxoG replaces G5 or

G6 of CAG10, there is no overall change in the stem−loop
structure. In contrast, when 8-oxoG replaces G5 or G6 of
CAG11, the stem−loop structure changes to accommodate
8-oxoG in the loop, an adjustment that we propose is
enthalpically driven. Why then does CAG10-6OX not position
the 8-oxoG in the loop, and create a 5′ overhang, if a position in
the loop is favored for 8-oxoG? If an overhang were to form,
two base pairs in the stem would be lost, resulting in a decrease
in ΔH ∼ 10 kcal/mol, using nearest-neighbor calculations.41

The thermodynamic consequence arising from the loss of those
base pairs would be more detrimental to the stability of the
hairpin than the benefit that would come from positioning the
8-oxoG in the loop (+4 kcal/mol). Thus, the positioning of
8-oxoG in the TNR structure represents a thermodynamic
balancing act; when there is the possibility of positioning
8-oxoG in the loop while still maintaining the base pairs and
stacking of the stem, there is a significant favorability for
8-oxoG to occupy that position.
Reactions performed with DEPC showed the three-way

junction CAG16-TWJ-8OX/CTG6-TWJ forms several un-
equivalent structures; the 8-oxoG occupies different positions
within the stem−loop arm. Although DSC data obtained for
the three-way junction could potentially yield thermodynamic
parameters of the entire population, they cannot be used to
determine the thermodynamic parameters of the individual
structures. Importantly, we can use the thermodynamic
information obtained for the CAG10 and CAG11 sequences
to better understand the behavior of the stem−loop arm of the
three-way junction. Because substitution of 8-oxoG at either G5
or G6 of CAG11 leads to formation of a single structure, we are
able to determine thermodynamic parameters and evaluate the
impact of the lesion on the TNR DNA by comparing to the
unmodified substrate. In contrast to the enthalpic destabiliza-
tion observed in duplex DNA, we have shown that 8-oxoG
positioned in the loop of either a CAG10 or CAG11 stem−
loop conveys no enthalpic penalty to the structure, and an 8-
oxoG positioned in the loop closing base pair, as observed in
CAG10-6OX, shows only a minor decrease in enthalpy,
suggesting that positions in or near the loop are enthalpically
favorable. It is of note that the structures lost upon addition of
8-oxoG to CAG16-TWJ/CTG6-TWJ are those that position
the lesion furthest from the loop, where the lesion is expected
to have the largest destabilizing effect.

■ CONCLUSIONS AND BIOLOGICAL IMPLICATIONS
Analysis via chemical probing revealed the ability of 8-oxoG to
alter the population of structures formed by a three-way
junction containing 16 CAG repeats. To better understand the
innate ability of CAG repeat sequences to adapt to the presence
of 8-oxoG, we performed the same chemical probe analysis on
CAG10, which is identical in sequence to the stem−loop arm of
the three-way junction as well as two CAG10 substrates
containing 8-oxoG. We observed that 8-oxoG did not alter the
structure of CAG10 and positioned 8-oxoG in either the loop
or loop-closing base pair depending on the location of the
lesion within the sequence. However, when 8-oxoG was
introduced into CAG11, we observed a structural modification;
8-oxoG was positioned in the loop of both the CAG11-5OX
and CAG11-6OX structures. The ability of the CAG11
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sequence to adapt its structure to accommodate the 8-oxoG
lesion is likely due to the enthalpic penalty associated with the
formation of an 8-oxoG-C base pair in the stem region.
The formation of stem−loop hairpins has been proposed to

play a key role in mediating expansion by ligation of a
structured flap into the repeat tract during LP-BER.5−7,9,10 If 8-
oxoG is present in the repeat tract as these structures form in
the genome, they may form such that the 8-oxoG is positioned
at or near the loop. Furthermore, if 8-oxoG forms within a
stem−loop hairpin, the structure may rearrange to position the
8-oxoG in the loop. Importantly, our previous work has shown
that 8-oxoG is inefficiently repaired when positioned in the
loop of a stem−loop hairpin;9 thus, 8-oxoG would persist and
allow another round of the “toxic oxidation cycle” to occur.
These results underscore the importance of understanding
repeat structure and how the interplay with DNA damage can
influence expansion of TNR regions in the genome.
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