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Abstract

Expansion of a trinucleotide repeat (TNR) sequence is the molecular signature of several 

neurological disorders. Formation of non-canonical structures by the TNR sequence is proposed to 

contribute to the expansion mechanism. Furthermore, it is known that the propensity for expansion 

increases with repeat length. In this work we use calorimetry to describe the thermodynamic 

parameters (ΔH, TΔS, and ΔG) of the non-canonical stem-loop hairpins formed by the TNR 

sequences (CAG)n and (CTG)n, and also the canonical (CAG)n/(CTG)n duplexes, for n = 6–14. 

Using a thermodynamic cycle, we calculated the same thermodynamic parameters describing the 

process of converting from non-canonical stem-loop hairpins to canonical duplex. In addition to 

these thermodynamic analyses, we used spectroscopic techniques to determine the rate at which 

the non-canonical structures convert to duplex, and the activation enthalpy ΔH‡ describing this 

process. We report that the thermodynamic parameters of unfolding the stem-loop (CTG)n and 

(CAG)n hairpins, along with the thermodynamic and kinetic properties of hairpin to duplex 

conversion, do not proportionally corresponding to the increase of length, but rather show a unique 

pattern that depends on whether the sequence has an even or odd number of repeats.
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INTRODUCTION

Trinucleotide repeat (TNR) expansion has been identified as the molecular basis for 

numerous neurodegenerative disorders including Friedrich’s ataxia, Myotonic dystrophy, 

Spinocerebellar ataxias, Fragile X syndrome, Kennedy’s disease, and Huntington’s disease 

(HD).1–4 For example, HD is caused by the expansion of a (CAG)n/(CTG)n TNR sequence 

in exon 1 of the huntingtin gene. Healthy individuals have fewer than 35 repeats; 36–39 

repeats is a pre-mutation range which can expand further upon transmission to offspring; 

and the disease state is characterized by 40 or more repeats.5

Although the mechanism(s) of TNR expansion are still not fully understood, DNA 

replication- and DNA repair-dependent mechanisms have been proposed.4 In both instances, 

formation of non-canonical secondary structures, such as stem-loop hairpins, is proposed to 

contribute to the expansion mechanism. In a replication-dependent expansion, stem-loop 

hairpin formation is proposed in a polymerase-slippage model6,7 or a replication-restart 

model.8,9 In a repair-dependent event, such as repair of the oxidative DNA lesion 8-oxo-7,8-

dihydroguanine (8-oxoG),10,11 stem-loop hairpins are formed and can be ligated into DNA, 

which leads to the expansion.12 In either replication- or repair-dependent expansion, the 

thermodynamic and kinetic stabilities of the TNR stem-loop hairpins are crucial factors. 

Expansion is expected when these stem-loop hairpins are stable and persist on a 

biologically-relevant timescale. In contrast, if the stem-loop hairpins convert to canonical 

duplex with the complementary DNA, expansion is not expected to occur.

Previous spectroscopic and calorimetric studies of TNR stem-loop hairpins revealed that the 

thermodynamic stability of these structures depends on both the TNR sequence and the 

number of repeats.13–15 Notably, a common procedure in these prior studies was to examine 

DNA substrates in which the number of TNR repeats was incrementally increased by 5 or 

10. While this methodology allows for a large range in the number of TNR repeats, these 

studies lack the resolution to observe differences that might occur with smaller changes in 

repeat number.

For this reason, we previously examined the stability of a series of (CTG)n stem-loop 

hairpins in which the size of the hairpin was varied in increments of one repeat (within the 

range n = 6–14).16 Using spectroscopic techniques and van’t Hoff analysis, we observed a 

pattern whereby the enthalpic stability (ΔH) of the (CTG)n stem-loop hairpins generally 

increases with repeat number; however, instead of increasing linearly with the number of 

repeats, an apparent stepping is observed. Indeed, ΔH is comparable for the pairs of stem-

loop hairpins when n = even and n = odd (throughout this manuscript “odd” is defined as 

“even + 1”). Notably, a plateau in ΔH was observed with greater than 10 repeats due to the 

failure of the melting transition to follow a two-state model.16 Instead of melting directly 

from stem-loop hairpin to an unstructured form, the DNA exists as a population of structural 

intermediates throughout the melting transition. Indeed, a limitation of van’t Hoff analysis is 

the required assumption that the melting transition follows a two-state model. In addition to 

determining ΔH, our previous structural and biophysical studies showed that when n = odd 

one repeat overhangs the end of the stem.16 The presence of this overhang shortens the 
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lifetime of the non-canonical structure and facilitates conversion to the canonical CAG/CTG 

duplex.

To circumvent the limitation of the model-dependent van’t Hoff analysis used in our 

previous study, in this work we used differential scanning calorimetry (DSC) to characterize 

the thermodynamic properties of (CTG)n stem-loop hairpins (n = 6–14). In addition, we also 

studied the complementary (CAG)n stem-loop hairpins (n = 6–14). DSC allows for direct 

measurement of the heat supplied to or released from a system during a melting transition 

and provides a model-independent measure of the thermodynamic properties of the stem-

loop hairpins.17,18 Furthermore, in this work we also define the thermodynamic properties of 

the canonical (CAG)n/(CTG)n duplex and the conversion from non-canonical stem-loop 

hairpins to canonical duplex. In addition to these thermodynamic analyses, we performed 

kinetic studies to determine the rates at which complementary (CAG)n and (CTG)n stem-

loop hairpins convert to canonical (CAG)n/(CTG)n duplexes, as well as the activation 

enthalpies (ΔH‡). We find that the rate of conversion to canonical duplex is significantly 

faster when n is odd due to a lower ΔH‡. Taken together, our data provide a thermodynamic 

and kinetic description of the non-canonical hairpin structures involved in the proposed 

expansion mechanisms.

EXPERIMENTAL PROCEDURES

Oligonucleotide synthesis and purification

All oligonucleotides were synthesized using standard phosphoramidite chemistry with a 

BioAutomation MerMade 4 DNA/RNA synthesizer. Oligonucleotides were purified using a 

Dynamax Microsorb C18 reverse phase HPLC column (10 × 250 mm) according to 

published procedures.19 Oligonucleotide concentrations were determined at 90 °C using the 

molar extinction coefficient estimated for single-stranded DNA20 using a Beckman Coulter 

DU800 UV-visible spectrophotometer equipped with a Peltier thermoelectric device. The 

identity of the oligonucleotides was confirmed by electrospray ionization mass spectrometry.

Differential scanning calorimetry (DSC) analysis

Calorimetric experiments were performed using a TA Instruments Nano DSC III. The 

(CTG)n sequences were at concentrations of 50 μM and the (CAG)n sequences were at 

concentrations of 100 μM. All oligonucleotides were suspended in 20 mM sodium 

phosphate, 100 mM NaCl, pH 7.0. Both the oligonucleotide samples and reference buffer 

sample were degassed in vacuo for 15 min at 25 °C before analysis. All data were recorded 

with TA Instrument Nano DSCRun software version 4.2.6. Data were obtained by 

continuously monitoring the excess power required to maintain both sample cell and 

reference cell at the same temperature. The samples were heated from 0 °C to 105 °C 

followed by cooling from 105 °C to 0 °C, both at 1.0 °C/min. The sample equilibrated for 10 

min at 0 and 105 °C between each cooling and heating cycle, respectively. The resulting 

thermograms display excess heat capacity as a function of temperature. A total of 12 

thermograms were obtained for each DNA sequence. A buffer reference was analyzed using 

the same procedure described above and the thermograms were corrected using this 

background. Further analyses were performed on TA NanoAnalyze software version 3.5.1 
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and thermodynamic parameters were obtained from the forward scans. The thermograms 

were normalized for concentration and a baseline correction was performed using a 5th order 

polynomial baseline (Figure S1). The ΔH was obtained by integrating the area under the 

thermogram curve. The melting temperature was determined as the Tmax of each transition. 

In cases where there is overlap between the lower and higher temperature transitions, the 

data were deconvoluted using Origin software, assuming each transition follows the two-

state model of unfolding,21 to determine ΔH for the transition of interest (Figure S2).

A flash-cooling experiment was also performed for (CTG)9. The sample was heated to 90 °C 

for 5 min and immediately place in an ice/water bath for at least 30 min before loading into 

the DSC sample cell, which was pre-equilibrated at 4 °C.

Native polyacrylamide gel electrophoresis

Following analysis by DSC, the samples were retrieved and 15 μL of each sample was added 

to 30,000 cpm of the corresponding dried radiolabeled oligonucleotide. In all cases, the 

amount of radiolabeled DNA is less than 5 pmol and the change in concentration is neglible. 

The samples were heated at 105 °C for 15 min and then the temperature was decreased at a 

rate of 1 °C/min to the final temperature of 10 °C. Fifteen μL of native loading dye (15 % 

Ficoll, 0.25 % bromophenol blue and 0.25 % xylene cyanol) were added and 3,000 cpm of 

each sample was resolved by 12 % native polyacrylamide gel electrophoresis (PAGE), where 

the gel was pre-run at 100 V at 4 °C for at least 1 h, and the gel was run at 35 V at 4 °C for 

12 h and visualized by Phosphorimagery.

Kinetics of hairpin to duplex conversion

The (CTG)n and (CAG)n oligonucleotides (2 μM each) were separately incubated at 37 °C 

for 20 min followed by mixing of 162 μL of each oligonucleotide. Using a Beckman Coulter 

DU800 UV-visible spectrophotometer the absorbance at 260 nm was monitored as a 

function of time while the sample temperature was maintained at 37 °C. Data were collected 

until the absorbance remained constant for at least 10 min. The absorbance values were 

normalized such that the Y-axis represents the fraction of hairpin remaining.22 The data were 

fit with KaleidaGraph software to a second-order equation23 that describes the rate of duplex 

formation from two equimolar complementary hairpins with a 15 s time correction24 to 

account for the time lag between mixing the two oligonucleotides and beginning to monitor 

the absorbance.

(1)

where I is the absorbance at any time point, I0 is the absorbance at the start of the reaction, 

εduplex, εCTG and εCAG are the ε260 for the CAG/CTG duplex, CTG and CAG hairpins, 

respectively, k is the rate constant, and t is the reaction time in seconds. At least 5 replicate 

experiments were performed for each hairpin to duplex conversion and a representative 

graph of hairpin fraction remaining versus time is provided.
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The activation enthalpy (ΔH‡) describing hairpin to duplex conversion can be determined by 

performing the same experiment described above at multiple temperatures, where all of the 

temperatures are below the melting temperature of the hairpin. For these experiments the 

(CTG)n and (CAG)n oligonucleotides were diluted to the same concentration such that after 

mixing of the complementary sequences, the final UV-visible absorbance was ~0.3–0.4 (~1–

2 μM). The resulting data were fit using the Eyring equation to determine ΔH‡.25,26

(2)

where k is the rate constant, T is the absolute temperature, R is the gas constant, kB is the 

Boltzmann constant, h is Planck’s constant, and ΔH‡ and ΔS‡ are the activation enthalpy and 

activation entropy, respectively.

RESULTS AND DISCUSSION

In this work we used a series of (CAG)n and (CTG)n DNA oligonucleotides where n = 6–14 

to provide a comprehensive calorimetric and thermodynamic analysis of: (1) the stability of 

non-canonical stem-loop hairpins formed by the single-stranded oligonucleotides, (2) the 

stability of canonical (CAG)n/(CTG)n duplexes, and (3) the factors affecting the conversion 

of the non-canonical structures to canonical duplex. In addition, we performed a 

spectroscopy-based kinetic analysis of the rates at which the non-canonical stem-loop 

hairpins convert to canonical duplexes and report ΔH‡ for this process.

DSC Characterization of (CAG)n and (CTG)n Stem-Loop Hairpins

Using DSC we obtained thermograms characterizing the melting of the (CTG)n and (CAG)n 

samples under physiologically relevant salt conditions (Figure 1). In the thermograms excess 

heat capacity is plotted as a function of temperature. As seen for the (CTG)n sequences 

(Figure 1A), when n = 6–14, a transition centered at ~65 °C is observed in each 

thermogram; furthermore, when n = 6, 7, 8, 9, 11, or 13, a second transition is observed and 

is centered at 25–45 °C. In contrast, when n = 10, 12, or 14 this lower temperature transition 

is not observed. Similar behavior is observed for the (CAG)n sequence when n = 6–14 

(Figure 1B). When n = 6–14, all thermograms for (CAG)n display a transition centered at 

~65 °C, and only when n = 9, 11, or 13, a lower temperature transition is observed and is 

centered at 15–25 °C. Although previous studies only reported single transition for (CTG)n 

or (CAG)n hairpins of similar length,15 this work did not include repeat number of n = 7 and 

9, where the lower temperature transitions are most prevalent in our study.

Electrophoretic Mobility of (CAG)n and (CTG)n by Native PAGE

To determine whether the two transitions observed by DSC are due to the melting of two 

different structures, we performed native PAGE analysis for both (CAG)n and (CTG)n 

(Figure 2). For (CTG)n two distinct species (labeled species A and B) are observed when n 

is odd and the relative intensity of the two species varies depending on n (Figure 2A). While 

species B is prevalent when n is odd, it is much less prevalent when n is even. Similar results 
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were reported previously for (CTG)n when n = 2–10.27 For (CAG)n we observe only one 

species by native PAGE, except n = 13 when two species are observed (Figure 2B).

Using (CTG)7 as a representative sample, the electrophoretic mobility of species A and B 

were compared to authentic standards. Native PAGE reveals that species A of (CTG)7 co-

migrates with a (CTG)7 stem-loop hairpin control while species B co-migrates with a 

(CTG)7/(CAG)7 canonical heteroduplex control (Figure S3). As described previously by 

Lam, we assign species B as (CTG)7/(CTG)7 homoduplex due to its slower electrophoretic 

mobility relative to (CTG)7 stem-loop hairpin.27 Further analysis showed that the amount of 

homoduplex increases as a function of both oligonucleotide and salt concentration (Figure 

S3). It is noteworthy that using a flash-cooling annealing procedure prior to native PAGE or 

DSC, a process which is expected to trap any kinetically favored species, did not influence 

the amount of stem-loop hairpin or homoduplex (data not shown). Consistent with this 

result, previous studies using the dimerization initiation site of HIV-1 genomic RNA showed 

that concentration of the RNA, rather than the annealing procedure, is the major parameter 

dictating stem-loop hairpin formation.28

Previous work from our16 and other laboratories13,15,22 has shown that (CTG)n and (CAG)n 

stem-loop hairpins show very little change in melting temperature (Tm) as a function of 

length. A lack of dependence on length is also seen for the higher temperature transitions in 

DSC; this observation suggests that the transitions centered at ~65 °C are due to the melting 

of the stem-loop hairpins. Thus, the length-dependent transitions at lower temperature are 

ascribed to melting of homoduplexes. Shown in Table 1 are the Tm values obtained by DSC 

for the homoduplexes and stem-loop hairpins. For the (CTG)n sequences the Tm values of 

the stem-loop hairpins vary from 62.8–69.2 °C. The Tm values for the homoduplexes 

increase with n over a range of ~26–45 °C. For the (CAG)n sequences there is very little 

variation in the Tm of the stem-loop hairpins when n = 6–14; the average Tm is 64.3 °C. The 

Tm for (CAG)n homoduplexes increase as a function of length over a range of ~16–25 °C. It 

is noteworthy that due to the very low melting temperature of the short (CAG)n 

homoduplexes, these structures likely melt due to the heat generated during electrophoresis 

and explains why no homoduplex species are observed by native PAGE characterization but 

the species is observed by DSC.

For both (CTG)n and (CAG)n, the Tm of their homoduplex forms increases as a function of 

length, similar to the canonical heteroduplex. In contast, the Tm of their hairpin forms show 

either weak length-dependence for (CTG)n hairpins or no length-dependence for (CAG)n 

hairpins, a phenomenon which has been observed previously.15,16 Lah and coworkers 

showed that incorporation of a 4-base loop into a canonical duplex, generating a hairpin with 

a 4-base loop, greatly enhanced thermal stability of the duplex.29 We therefore propose that 

the 4-base loop region of our hairpins dictates the Tm of the hairpins and is why the Tm of 

the hairpins is independent of length.

Determining the Nature of Homoduplex Melting

Here we are particularly interested in the thermodynamic parameters describing melting of 

the stem-loop hairpins, which are the transitions centered at ~65 °C. While the 

thermodynamic parameters of the homoduplex are not our focus per se, the nature of 
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homoduplex melting could affect our analysis of the transition centered at ~65 °C. In order 

to determine thermodynamic parameters from a DSC thermogram, the concentration of the 

species undergoing the melting transition must be known.

We envision two possible scenarios to describe homoduplex melting: (1) the homoduplex 

converts to a stem-loop hairpin; the stem-loop hairpins subsequently melt to unstructured 

single-stranded DNA at the transition centered at ~65 °C, or (2) the homoduplex melts 

directly to unstructured single-stranded DNA. If scenario 1 is followed, the transition at 

~65 °C would correspond to melting of the entire population of DNA in the sample. In 

contrast, if scenario 2 is followed and the homoduplex melts directly to unstructured single-

stranded DNA, the transition at ~65 °C would not involve the entire population but rather 

some fraction of the entire DNA population. To determine the nature of homoduplex 

melting, we performed DSC and native PAGE experiments as a function of concentration for 

(CTG)9 (Figure S4). Native PAGE was used to obtain the percentage of stem-loop hairpin 

and homoduplex present at each concentration. Since both the percentages of stem-loop 

hairpin and homoduplex are concentration-dependent, based on the amount of stem-loop 

hairpin and homoduplex, we obtained values for ΔH corresponding to stem-loop hairpin 

melting using the DSC thermograms and assuming either scenario 1 or scenario 2 (Figure 

S4). It is known that ΔH for stem-loop hairpin melting would be independent of 

concentration,17 which is the data we obtain assuming scenario 1 is followed; thus, we 

conclude that scenario 1 is followed and the homoduplex converts to a stem-loop hairpin 

first. Therefore, the remaining DSC thermograms were analyzed assuming that the transition 

at ~65 °C corresponds to melting of a stem-loop hairpin for the entire population of DNA.

Analysis of DSC Thermograms for (CAG)n and (CTG)n Stem-Loop Hairpins

The assignment of the two thermal transitions in DSC allows us to further analyze the 

thermodynamic parameters for unfolding of (CAG)n and (CTG)n stem-loop hairpins. It is 

straightforward to analyze thermodynamic parameters for samples with only a single 

transition or with two well-separated transitions. For samples with overlapped transitions in 

the thermograms, it is best to deconvolute the experimental data into three transitions, 

assuming each of the transitions follows the two-state model of unfolding (Figure S2).21 

Notably, ΔH for the hairpin to unstructured transition remains the same regardless of the 

number of transitions used during the deconvolution (Figure S2). Based on the 

deconvolution results, it is clear that for samples with overlapped transitions, all of the 

homoduplex has been converted to hairpin before the Tm of the hairpin itself, so the higher 

temperature transition contains the entire concentration of DNA and simplifies the analysis 

of thermodynamic parameters. The thermodynamic parameters describing the transition 

from stem-loop hairpin to unstructured single strand are summarized in Table 1. Notably, the 

reported values describe the process of melting from stem-loop hairpin to unstructured 

single strand and ΔH, TΔS, and ΔG are all positive values. We observe that when n is the 

same, the (CTG)n stem-loop hairpins are enthalpically (ΔH) stabilized and entropically 

(TΔS) destabilized relative to the (CAG)n stem-loop hairpins, as the values for ΔH and TΔS 
are greater for the (CTG)n stem-loop hairpins. It can also be seen that (CTG)n stem-loop 

hairpins with n = even have similar thermodynamic parameters, as when n = odd [i.e., 

(CTG)6 and (CTG)7 have similar thermodynamic parameters, as do (CTG)8 and (CTG)9, 
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(CTG)10 and (CTG)11, and (CTG)12 and (CTG)13] (Figure 3). The same pattern is observed 

for the (CAG)n stem-loop hairpins (Figure 3). These results can be explained based on our 

previous structural characterization of the (CTG)n hairpins.16 For hairpins with n = even and 

n = odd, they both contain 4 bases in the loop and the same numbers of C•G base pairs and 

T•T mismatches in the stem region. The only difference is that when n = odd, a single CTG 

repeat overhangs at either 3′ or 5′ end of the hairpin. These 3 bases are unstructured and do 

not contribute to the stability of the hairpin. Finally, while n = even and n = odd hairpins 

have similar thermodynamic parameters, there is an overall increase in ΔH, ΔS, and ΔG as a 

function of repeat length across the series n = 6–14.

With this understanding of the length dependence of hairpin thermodynamics, we can return 

to explain why (CTG)6 and (CTG)8 showed a low temperature transition by DSC. Because 

of their small repeat number, these hairpins are not as thermodynamically stable as the 

hairpins with a greater number of repeats. We propose that some population of the short 

hairpins convert to homoduplex and melting of this homoduplex represents the low 

temperature transition. This analysis is also consistent with our kinetic data (vida infra) that 

show the conversion of short hairpins to duplex is kinetically favored relative to longer 

hairpins.

In order to confirm the validity of our analysis of the thermograms containing overlapping 

transitions, we also looked for experimental conditions where no or minimal homoduplex 

was observed. It is known that at low concentrations, (CAG)n and (CTG)n will form 

predominantly intramolecular stem-loop hairpins, as confirmed by the hairpin control in our 

native gel (Figure S3). We also found that the homoduplex population was decreased in low 

salt buffer conditions. Therefore, we repeated the calorimetry experiments for (CAG)n and 

(CTG)n under conditions where the homoduplex population is significantly reduced, as 

shown by native gel electrophoresis (20 mM potassium phosphate, pH 7.2) (Figure S5). As 

expected, we only observed a single transition for all samples, while the even/odd pattern 

remains as indicated by the almost superimposed thermograms for the even and odd number 

of hairpins (Figure S6, S7). Due to the reduced salt concentration, both the Tm and ΔH 
values derived from the stem-loop hairpin to unstructured transitions decrease compared to 

previous analyses (Table S1). Both sets of the calorimetry results suggest that the change in 

ΔH for hairpin melting is not only proportional to the number of CAG or CTG repeats, but 

also depends on whether the number is even or odd. Although the low salt conditions used in 

this experiment are less biologically relevant compared to the experiments described above, 

the results provide support for our analysis of thermograms with overlapping transitions.

Our results show that (CTG)n stem-loop hairpins are enthalpically and thermodynamically 

more stable than the (CAG)n stem-loop hairpins with the same number of repeats. The 

notable difference between these stem-loop hairpins is the presence of T•T or A•A 

mismatches in the stem. Mitas has shown that the T•T mismatches in (CTG)n stem-loop 

hairpins are well stacked and can form two hydrogen bonds, while the A•A mismatches in 

(CAG)n are less well stacked, and no hydrogen bonds are formed in the mismatch.30 

Furthermore, Arnold and co-workers showed by 1H-NMR that in canonical duplex, the 

adenines in an A•A mismatch are tilted and pushed apart to avoid overlap of the exocyclic 

amino groups.31 In contrast, the T•T mismatch results in little distortion of the bases or 
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sugar-phosphate backbone. Both of these observations are consistent with the increased 

stability of (CTG)n stem-loop hairpins relative to the corresponding (CAG)n hairpins.

Thermodynamics of Stem-Loop Hairpin to Duplex Conversion

In addition to the thermodynamic characterization of the (CAG)n and (CTG)n stem-loop 

hairpins, we are interested in the thermodynamic parameters describing conversion of the 

non-canonical stem-loop hairpins to canonical duplex when the two complementary hairpins 

are combined. However, the DSC experiments do not allow us to monitor the process 

directly; a significant amount of the stem-loop hairpins convert to duplex during the dead 

time of the experiment. Instead, thermodynamic parameters for the stem-loop hairpin to 

duplex conversion process were calculated using a thermodynamic cycle, a procedure which 

was validated previously by Breslauer and co-workers for Ω-DNA structures.32 In order to 

utilize this cycle, the thermodynamic parameters for melting of (CAG)n/(CTG)n duplexes 

are required, and these values were determined by DSC. The thermograms for (CAG)n/

(CTG)n duplexes all show a single transition where the Tm and ΔH increase as a function of 

length (Figure 3) as compared to the stepwise increase of (CTG)n and (CAG)n hairpins. 

Indeed, a linear increase with repeat length is observed for all the thermodynamic 

parameters (ΔH, TΔS, and ΔG) as expected for duplexes of increasing length (Figure S8, 

Table S2).

A thermodynamic cycle was used to calculate the thermodynamic parameters describing the 

stem-loop hairpin to duplex conversion (Table 2, HFigure 4). It is noteworthy that the values 

for Δ, TΔS, and ΔG are all negative, indicating the process is enthalpically and 

thermodynamically favored but entropically disfavored. Importantly, both ΔH and TΔS 
display an oscillating pattern across the range of sequence lengths; when n = odd the values 

are more negative than when n = even. This observation can be rationalized by structural 

differences in the stem-loop hairpins. When n = odd, one repeat overhangs the end of the 

stem, and this overhang provides three additional base pairs and additional base stacking 

when duplex is formed. However, this enthalpic stabilization is not expected for stem-loop 

hairpins when n = even; in the latter case, the stem has a blunt end with no overhang. 

Nevertheless, for all values of n, the ΔH term is always more negative than TΔS. Thus, the 

process of stem-loop hairpin to duplex conversion is enthalpically driven. Converting the 

mismatches in the stem and the unpaired bases in the loop to well-matched base pairs in 

duplex provides the enthalpic driving force. The values for ΔG also show an oscillating 

pattern depending on whether n = even or n = odd, although the difference is much less 

pronounced than for ΔH and TΔS. Importantly, as n increases, the duplex is increasingly 

more thermodynamically stable than the stem-loop hairpins.

In light of our observation that the canonical duplex is increasingly thermodynamically 

favored over stem-loop hairpins as the repeat length increases, the question arises whether 

this conversion will proceed within a biologically-relevant time scale. Therefore, we also 

characterized the kinetic parameters describing the stem-loop hairpin to duplex conversion.
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Kinetic Analysis of Stem-Loop Hairpin to Duplex Conversion

In order to determine how repeat number influences the rate at which non-canonical stem-

loop hairpins convert to duplex, we performed a spectroscopy-based kinetic analysis. In 

these experiments, complementary (CAG)n and (CTG)n stem-loop hairpins were combined 

at 37 °C and the absorbance at 260 nm was monitored as a function of time. The data were 

fit to a second-order equation to obtain the rate of stem-loop hairpin to duplex conversion 

(Table 3).23 Importantly, at the DNA concentrations used for these kinetic analyses, no 

homoduplex was observed by native PAGE, and the starting species were exclusively stem-

loop hairpins (data not shown). Over the range of n = 6–14 we observe that when n is odd, 

the stem-loop hairpins convert to duplex faster than when n is even (Figure 5). Furthermore, 

when n = even there is a statistically significant decrease from n = 6 to n = 8, but with 

continued increase in n, the rate remains the same (Figure 5A,C). When n = odd the rate of 

conversion to duplex decreases with n (Figure 5B,C). To determine whether the rates of 

hairpin to duplex conversion reach a lower limit with increasing repeats, especially when n = 

even, we measured the rate at which (CAG)25 and (CTG)25, and also (CAG)30 and (CTG)30, 

stem-loop hairpins convert to duplexes. When n = 25, a significant decrease in rate for 

hairpin to duplex conversion is observed relative to n = 7, 9, 11, 13; however when n= 30, 

only a small decrease in rate was observed relative to when n = 8, 10, 12, or 14 (Table 3, 

Figure 5C).

The conversion from stem-loop hairpins to duplex is proposed to involve two possible 

mechanisms: interaction of the complementary stem-loop hairpins by either the loop regions 

or the stem termini.28,33 We previously showed that both mechanisms are utilized when 

(CAG)10 and (CTG)10 stem-loop hairpins convert to duplex.33 We also previously reported 

that the rate of formation of (CAG)10/(CTG)11 duplex is 4-fold faster than formation of the 

(CAG)10/(CTG)10 duplex.16 We postulated that the unpaired nucleobases of the overhanging 

repeat of the (CTG)11 stem-loop hairpin facilitated interactions at the termini of the stems 

and this additional triplet overhang is responsible for the faster conversion to duplex. In the 

current work, we show that when both stem-loop hairpins have n = odd, the rate of 

conversion to duplex is faster than when n = even. We propose that this faster rate of duplex 

formation is aided by the presence of the overhangs on the stem-loop hairpins. In detail, the 

three-base overhang for hairpins with odd number of repeats is able to form three base pairs 

to initiate the hairpin to duplex conversion, and formation of such base pairs will facilitate 

the breaking of the hydrogen bonds in the stem region of the hairpins. This facilitation 

provides a lower energy transition state for hairpin to duplex conversion. This facilitation is 

not present for even number repeat hairpins without the overhang.

By conducting similar kinetics experiments as a function of temperature, we determined the 

activation enthalpy (ΔH‡), which is used to characterize the transition state during the 

process of converting from the non-canonical stem-loop hairpins to canonical duplex (Figure 

S9). The error associated with this experiment is large; thus, ΔH‡ are not reported for all 

values of n, but rather for n = 6, 7, 10, 11 and 14 (Table 3). For both n = even and n = odd, 

the values of ΔH‡ increase as a function of n. This result is consistent with the rates of stem-

loop hairpin to duplex conversion obtained at 37 °C where the rates decrease as a function of 

n both when n = even and n = odd. Indeed, this increase in ΔH‡ provides a potential rationale 
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for the propensity of longer TNR sequences to expand – the non-canonical stem-loop 

hairpins persist rather than convert to canonical duplex. Besides, the ΔH‡ determined for 

each hairpin-to-duplex conversion is less than the total enthalpy required for melting the 

(CTG)n and (CAG)n stem-loop hairpins (Table 1,3). This observation confirms our previous 

proposal that the conversion from stem-loop hairpins to canonical duplex does not require 

the stem-loop hairpins to be denatured globally;32,34 rather, the structured stem-loop hairpins 

interact via the loop and/or stem regions to convert to duplex.

CONCLUSION

In summary, our results reveal differences for both (CAG)n and (CTG)n stem-loop hairpins 

depending on whether n = even or n = odd; differences in the thermodynamic stability of the 

non-canonical stem-loop hairpins, rate of conversion to canonical duplex, and ΔH‡ were 

observed (Figure 6A). The conversion of hairpin to duplex is thermodynamically and 

kinetically more favorable for n = odd, as indicated by the more stabilized duplex ΔHH→D 

and lower activation enthalpy ΔH‡ when compared to n = even (Figure 6A). As a result of 

the even/odd pattern, changing the length of hairpins does not linearly influence the 

biophysical properties of either stem-loop hairpin unfolding or the hairpin-to-duplex 

conversion. However, within the even (n = 6, 8, 10, 12, 14) or odd (n = 7, 9, 11, 13) series, in 

other words, by increasing the repeat number n by 2, the hairpin-to-duplex conversion is 

thermodynamically more favorable but kinetically unfavorable as evidenced by the more 

stabilized duplex ΔHH→D but higher ΔH‡ (Figure 6B). Taken together, our analyses of 

length dependence of (CTG)n and (CAG)n hairpin related thermodynamic and kinetic 

properties may contribute to the understanding of the role of non-canonical structures in 

TNR expansion and should be considered when evaluating proposed mechanisms for 

expansion.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the National Institute of Environmental Health Sciences (R01ES019296). We thank 
Ms. Katharina Bilotti, Ms. Erin Kennedy, and Dr. Eric Olmon for helpful discussions.

References

1. McMurray CT. Mechanisms of Trinucleotide Repeat Instability during Human Development. Nat 
Rev Genet. 2010; 11:786–799. [PubMed: 20953213] 

2. Kozlowski P, de Mezer M, Krzyzosiak WJ. Trinucleotide Repeats in Human Genome and Exome. 
Nucleic Acids Res. 2010; 38:4027–4039. [PubMed: 20215431] 

3. Lopez Castel A, Cleary JD, Pearson CE. Repeat Instability as the Basis for Human Diseases and as a 
Potential Target for Therapy. Nat Rev Mol Cell Biol. 2010; 11:165–170. [PubMed: 20177394] 

4. Mirkin SM. Expandable DNA Repeats and Human Disease. Nature. 2007; 447:932–940. [PubMed: 
17581576] 

5. Huntington’s Disease Collaborative Research Group. A Novel Gene Containing a Trinucleotide 
Repeat That Is Expanded and Unstable on Huntington’s Disease Chromosomes. Cell. 1993; 72:971–
983. [PubMed: 8458085] 

Huang and Delaney Page 11

J Phys Chem B. Author manuscript; available in PMC 2017 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



6. Kang S, Jaworski A, Ohshima K, Wells RD. Expansion and Deletion of CTG Repeats from Human 
Disease Genes Are Determined by the Direction of Replication in E. coli. Nat Genet. 1995; 10:213–
218. [PubMed: 7663518] 

7. Kang S, Ohshima K, Shimizu M, Amirhaeri S, Wells RD. Pausing of DNA Synthesis in vitro at 
Specific Loci in CTG and CGG Triplet Repeats from Human Hereditary Disease Genes. J Biol 
Chem. 1995; 270:27014–27021. [PubMed: 7592950] 

8. Samadashwily GM, Raca G, Mirkin SM. Trinucleotide Repeats Affect DNA Replication in vivo. 
Nat Genet. 1997; 17:298–304. [PubMed: 9354793] 

9. Fouche N, Ozgur S, Roy D, Griffith JD. Replication Fork Regression in Repetitive DNAs. Nucleic 
Acids Res. 2006; 34:6044–6050. [PubMed: 17071963] 

10. Kovtun IV, Liu Y, Bjoras M, Klungland A, Wilson SH, McMurray CT. OGG1 Initiates Age-
Dependent CAG Trinucleotide Expansion in Somatic Cells. Nature. 2007; 447:447–452. [PubMed: 
17450122] 

11. Jarem DA, Wilson NR, Schermerhorn KM, Delaney S. Incidence and Persistence of 8-Oxo-7,8-
Dihydroguanine within a Hairpin Intermediate Exacerbates a Toxic Oxidation Cycle Associated 
with Trinucleotide Repeat Expansion. DNA Repair. 2011; 10:887–896. [PubMed: 21727036] 

12. McMurray CT. Hijacking of the Mismatch Repair System to Cause CAG Expansion and Cell 
Death in Neurodegenerative Disease. DNA Repair. 2008; 7:1121–1134. [PubMed: 18472310] 

13. Paiva AM, Sheardy RD. Influence of Sequence Context and Length on the Structure and Stability 
of Triplet Repeat DNA Oligomers. Biochemistry. 2004; 43:14218–14227. [PubMed: 15518572] 

14. Amrane S, Mergny JL. Length and pH-Dependent Energetics of (CCG)n and (CGG)n Trinucleotide 
Repeats. Biochimie. 2006; 88:1125–1134. [PubMed: 16690198] 

15. Amrane S. Length-Dependent Energetics of (CTG)n and (CAG)n Trinucleotide Repeats. Nucleic 
Acids Res. 2005; 33:4065–4077. [PubMed: 16040598] 

16. Figueroa AA, Cattie D, Delaney S. Structure of Even/odd Trinucleotide Repeat Sequences 
Modulates Persistence of Non-B Conformations and Conversion to Duplex. Biochemistry. 2011; 
50:4441–4450. [PubMed: 21526744] 

17. Marky, La; Breslauer, KJ. Calculating Thermodynamic Data for Transitions of Any Molecularity 
from Equilibrium Melting Curves. Biopolymers. 1987; 26:1601–1620. [PubMed: 3663875] 

18. Chalikian TV, Völker J, Plum GE, Breslauer KJ. A More Unified Picture for the Thermodynamics 
of Nucleic Acid Duplex Melting: A Characterization by Calorimetric and Volumetric Techniques. 
Proc Natl Acad Sci U S A. 1999; 96:7853–7858. [PubMed: 10393911] 

19. Jarem, Da; Wilson, NR.; Delaney, S. Structure-Dependent DNA Damage and Repair in a 
Trinucleotide Repeat Sequence. Biochemistry. 2009; 48:6655–6663. [PubMed: 19527055] 

20. Warshaw MM, Tinoco I. Optical Properties of Sixteen Dinucleoside Phosphates. J Mol Biol. 1966; 
20:29–38. [PubMed: 5970660] 

21. Dettler JM, Buscaglia R, Le VH, Lewis EA. DSC Deconvolution of the Structural Complexity of c-
MYC P1 Promoter G-quadruplexes. Biophys J. 2011; 100:1517–1525. [PubMed: 21402034] 

22. Gacy, aM; McMurray, CT. Influence of Hairpins on Template Reannealing at Trinucleotide Repeat 
Duplexes: A Model for Slipped DNA. Biochemistry. 1998; 37:9426–9434. [PubMed: 9649325] 

23. Gacy, aM; McMurray, CT. Hairpin Formation within the Human Enkephalin Enhancer Region. 1. 
Kinetic Analysis. Biochemistry. 1994; 33:11951–11959. [PubMed: 7918414] 

24. Ramalanjaona N, De Rocquigny H, Millet A, Ficheux D, Darlix J-L, Mély Y. Investigating the 
Mechanism of the Nucleocapsid Protein Chaperoning of the Second Strand Transfer during HIV-1 
DNA Synthesis. J Mol Biol. 2007; 374:1041–1053. [PubMed: 18028945] 

25. Vander Meulen KA, Butcher SE. Characterization of the Kinetic and Thermodynamic Landscape 
of RNA Folding Using a Novel Application of Isothermal Titration Calorimetry. Nucleic Acids 
Res. 2012; 40:2140–2151. [PubMed: 22058128] 

26. Chen C, Wang W, Ge J, Zhao XS. Kinetics and Thermodynamics of DNA Hybridization on Gold 
Nanoparticles. Nucleic Acids Res. 2009; 37:3756–3765. [PubMed: 19380378] 

27. Chi LM, Lam SL. Structural Roles of CTG Repeats in Slippage Expansion during DNA 
Replication. Nucleic Acids Res. 2005; 33:1604–1617. [PubMed: 15767285] 

Huang and Delaney Page 12

J Phys Chem B. Author manuscript; available in PMC 2017 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



28. Bernacchi S, Ennifar E, Tóth K, Walter P, Langowski J, Dumas P. Mechanism of Hairpin-Duplex 
Conversion for the HIV-1 Dimerization Initiation Site. J Biol Chem. 2005; 280:40112–40121. 
[PubMed: 16169845] 

29. Lah J, Serucnik M, Vesnaver G. Influence of a Hairpin Loop on the Thermodynamic Stability of a 
DNA Oligomer. J Nucleic Acids. 2011; 2011:513910. [PubMed: 21904665] 

30. Mitas M. Trinucleotide Repeats Associated with Human Disease. Nucleic Acids Res. 1997; 
25:2245–2254. [PubMed: 9171073] 

31. Arnold FH, Wolk S, Cruz P, Tinoco I. Structure, Dynamics, and Thermodynamics of Mismatched 
DNA Oligonucleotide Duplexes d(CCCAGGG)2 and d(CCCTGGG)2. Biochemistry. 1987; 
26:4068–4075. [PubMed: 3651437] 

32. Volker J, Makube N, Plum GE, Klump HH, Breslauer KJ. Conformational Energetics of Stable and 
Metastable States Formed by DNA Triplet Repeat Oligonucleotides: Implications for Triplet 
Expansion Diseases. Proc Natl Acad Sci U S A. 2002; 99:14700–14705. [PubMed: 12417759] 

33. Avila Figueroa A, Delaney S. Mechanistic Studies of Hairpin to Duplex Conversion for 
Trinucleotide Repeat Sequences. J Biol Chem. 2010; 285:14648–14657. [PubMed: 20228068] 

34. Paiva AM, Sheardy RD. The Influence of Sequence Context and Length on the Kinetics of DNA 
Duplex Formation from Complementary Hairpins Possessing (CNG) Repeats. J Am Chem Soc. 
2005; 127:5581–5585. [PubMed: 15826196] 

Huang and Delaney Page 13

J Phys Chem B. Author manuscript; available in PMC 2017 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
DSC thermograms for (A) (CTG)n and (B) (CAG)n sequences where n = 6–14. Conditions 

are 50 μM (CTG)n or 100 μM (CAG)n in 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.

Huang and Delaney Page 14

J Phys Chem B. Author manuscript; available in PMC 2017 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Native PAGE characterization for (A) (CTG)n sequences (n = 6–14) at 50 μM; (B) (CAG)n 

sequences (n = 6–14) at 100 μM. In all cases DNA was in 20 mM sodium phosphate, 100 

mM NaCl, pH 7.0.
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Figure 3. 
Enthalpy change (ΔH) for stem-loop hairpin (CTG)n or (CAG)n and duplex (CTG)n/(CAG)n 

(n = 6–14) to unstructured single-stranded DNA transition.
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Figure 4. 
Thermodynamic parameters for conversion of stem-loop hairpins to duplex calculated via a 

thermodynamic cycle. Entropy (TΔS) and free energy (ΔG) were determined at 37 °C.
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Figure 5. 
Kinetic characterization of stem-loop hairpin (CTG)n and (CAG)n to duplex (CTG)n/(CAG)n 

(n = 6–14, 25, 30) conversion for (A) n = even (B) n = odd at 37 °C. Insets show results in 

longer time scale. Reaction was monitored by UV absorbance at 260 nm. Each single strand 

was present at 2 μM in 20 mM sodium phosphate, 100 mM NaCl, pH 7.0. (C) Plot of rate 

constant k at 37 °C as a function of repeat number.
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Figure 6. 
Length dependence of ΔH for the conversion of stem-loop hairpins to canonical duplex. (A) 

Comparison between even and odd hairpins and (B) comparison among even or odd series.
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Table 2

Thermodynamic Parameters for Conversion of (CAG)n and (CTG)n Stem-Loop Hairpins to (CAG)n/(CTG)n 

Duplex.1,2

n ΔH (kcal mol−1) TΔS3 (kcal mol−1) ΔG3 (kcal mol−1)

6 −59.4 ± 3.2 −51.2 ± 2.8 −8.2 ± 0.4

7 −86.0 ± 2.8 −73.6 ± 2.5 −12.4 ± 0.3

8 −80.7 ± 2.3 −66.7 ± 2.1 −13.9 ± 0.2

9 −113 ± 4 −94.5 ± 3.2 −18.7 ± 0.5

10 −116 ± 5 −94.0 ± 3.9 −21.8 ± 1.5

11 −135 ± 3 −109 ± 3 −25.9 ± 2.2

12 −138 ± 7 −109 ± 6 −28.1 ± 1.0

13 −163 ± 5 −132 ± 5 −31.3 ± 0.7

14 −154 ± 8 −121 ± 7 −32.7 ± 1.2

1
In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.

2
Errors represent standard deviation from the analysis of three scans of a single sample preparation.

3
Values at 37 °C.
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Table 3

Rate and Activation Enthalpy for Stem-Loop Hairpin to Duplex Conversion at 37 °C.1

n k37°C
2 (M−1 s−1) / × 103 ΔH‡ 3 (kcal mol −1)

6 15.2 ± 2.0 29.1 ± 3.2

7 44.4 ± 2.7 6.76 ± 0.57

8 6.2 ± 0.6 -

9 40.2 ± 1.6 -

10 5.7 ± 0.4 35.8 ± 4.1

11 31.4 ± 2.3 21.4 ± 3.6

12 5.1 ± 0.9 -

13 26.8 ± 1.7 -

14 6.3 ± 0.8 41.0 ± 5.1

25 11.0 ± 0.5 -

30 4.6 ± 0.2 -

1
In 20 mM sodium phosphate, 100 mM NaCl, pH 7.0.

2
Errors represent standard deviation from a minimum of three experiments.

3
Errors represent the uncertainty derived from fitting the rate constants at four different temperatures to the Eyring equation.
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