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Abstract 

The heteroduplex hybridization thermodynamics of DNA with either RNA or TNA are greatly affected by 
DNA pyrimidine content, where increased DNA pyrimidine content leads to significantly increased 
duplex stability.  Little is known however, about the effect that purine or pyrimidine content has on the 
hybridization kinetics of these duplexes.  In this work, single-molecule imaging is used to measure the 
hybridization kinetics of oligonucleotides having varying DNA pyrimidine content with complementary 
DNA, RNA, and TNA sequences.  Results suggest that the change in duplex stability from DNA pyrimidine 
content (corresponding to purine content in the complementary TNA or RNA) is primarily due to 
changes in the dissociation rate, and not single-strand ordering or other structural changes that increase 
the association rate.   Decreases in heteroduplex hybridization rates with pyrimidine content are similar 
for RNA and TNA, indicating that TNA behaves as a kinetic analog for RNA. 
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Nucleic acid molecular recognition plays a central role in biological processes and has been harnessed to 
control cellular function in synthetic biological systems and enable new biotechnology applications. The 
most common motif utilized by nucleic acids is that of Watson-Crick-Franklin duplex formation, and this 
can be categorized by homoduplexes comprised of two nucleic acids having the same backbone 
structure or heteroduplexes having different backbone structures.  While storage of genetic information 
in Nature primarily relies on DNA:DNA homoduplexes, heteroduplex association and dissociation is a 
fundamental aspect of many natural and synthetic biological processes.  For example, in natural systems 
RNA:DNA duplexes are associated with DNA replication (through Okazaki fragments),1 CRISPR-CAS gene 
editing,2 and telomere reverse transcriptase.3  Alternatively, artificial nucleic acid systems, termed xeno 
nucleic acids (XNAs) rely on heteroduplex formation during transcription and reverse transcription, 
which enables in vitro selection of aptamers and nucleic acid enzymes.4-7 Of particular interest among 
XNA structures is threose nucleic acid (TNA),8 which utilizes a 2’-3’ backbone connection yet retains the 
ability to base pair with complementary DNA and RNA sequences. TNA benefits from exceptional 
nuclease stability,9 imparting utility in synthetic biology and nanotechnology applications that require 
stability in blood serum or other biological media.  Natural and artificial heteroduplexes are also formed 
in many siRNA and antisense methods,10 in addition to imaging techniques such as FISH assays.11  Finally, 
the dynamics of heteroduplex formation and information transfer from one nucleic acid variant to 
another is fundamental in the study of the evolution of nucleic acids and the role they might have 
played in the origins of life.12 
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Compared to DNA:DNA or RNA:RNA homoduplexes, far less thermodynamic and kinetic information is 
available for heteroduplex formation.  Heteroduplexes are more challenging to model because the 
composition of bases on each of the two backbones can greatly influence the conformation and 
thermodynamics of the duplex. For instance, an RNA:DNA duplex can display significantly different 
stability and conformational properties than a DNA:RNA duplex having the same base-pairing 
interactions but with the identity of the bases in each strand swapped.13  Specifically, thermodynamic 
and conformational studies on RNA:DNA and TNA:DNA duplexes have shown that increased purine 
content on the RNA or TNA sequence generally increases the stability of the duplex.8, 13, 14  However, 
little is known about how the purine content affects the hybridization kinetics of either of these 
duplexes.  The kinetic parameters illuminate how base content affects the duplex transition state and 
single-strand conformations,15 and influence applications such as oligonucleotide therapeutics, where 
long-lived complexes allow time for nuclease attack,16 and DNA nanotechnology, where hybridization 
kinetics affect the rate and mechanism for assembly of nanostructures or circuits.5 

Single-molecule imaging has proven to be a powerful tool for quantifying the association and 
dissociation kinetics of oligonucleotide duplexes, as this method allows for direct measurement of 
hybridization kinetics on a molecule-by-molecule basis17, 18 and has a number of advantages over 
ensemble techniques.19 To initiate a kinetic relaxation response, ensemble kinetics measurements 
require a perturbation, such as a concentration step, that can affect the observed kinetics due to slow 
mass transport or mixing. Single molecule techniques can measure kinetics at equilibrium where there 
are no concentration gradients and mass transport limitations. Additionally, unlike ensemble 
techniques, single-molecule kinetics measurements provide independent measurements of association 
and dissociation rates and do not require modeling of transport to interpret kinetic relaxation 
responses. Finally, by measuring association and dissociation rates at individual molecules, we can 
better assess heterogeneity, and use that information to correct for nonspecific adsorption or other 
spurious interactions.18 Our lab and others have recently reported methods that use total internal 
reflection fluorescent TIRF microscopy to image individual fluorescently-labeled DNA hybridizing with 
DNA immobilized in random arrays on surfaces.20-22 Videos are acquired of this stochastic hybridization 
process proceeding at equilibrium, then the centroid coordinate of each fluorescence spot is determined 
for every molecular event, similar to the imaging techniques used in DNA-PAINT.23-25  By identifying the 
coordinates of every molecular visit on the surface, the location of DNA probe molecules can be 
determined by finding clusters of repeated visits to the same location over the course of the video.  
Once the sites are identified, duplex association and dissociation rates are determined by counting how 
many frames it takes for a molecule to associate with or dissociate from a site. 

In this work, we apply this single-molecule imaging and analysis technique to determine the effect of 
purine/pyrimidine content on the kinetics of heteroduplex formation. We observe increasing purine 
content in the RNA or TNA sequences decreases the dissociation rate, while the association rate is 
slightly reduced. Additionally, we observe similar effects for both RNA and TNA, suggesting that this 
change in dissociation kinetics arises from the structural adaptation of DNA to these binding partners. 
These trends in heteroduplex stability are seen in all target sequences studied, and do not appear to be 
an artifact of dye-labeling or surface immobilization. Together, these data provide new insight into the 
source of the purine-dependent increase in duplex stability observed for DNA:RNA and DNA:TNA 
duplexes, and may inform the design of synthetic biology systems where the desired activity would 
depend on heteroduplex dissociation kinetics.  
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To analyze the kinetics of heteroduplex 
association and dissociation, two different 
10 base pair DNA probe sequences were 
prepared having different recognition 
regions containing either 30% or 70% purine 
content; we also synthesized the 
complementary DNA, RNA, and TNA targets 
having a Cy3 fluorophore for use in the 
single-molecule imaging  (Figure 1 and 
Supporting Information). We also prepared 
additional 9 bp DNA and RNA probes and 
complementary DNA and RNA targets to test 
how sequence, surface immobilization, and 
terminal nucleotide Cy3 attachment affects 
the kinetics. These target sequences have 

66% and 33% purine/pyrimidine content, and have more G-C content (44%), but have no repeated 
nucleotides as seen in the 10-mer target (see Supporting Information). The DNA probe oligonucleotide 
includes a 5’ repeating (GpT)9 segment to allow hybridization with a complementary (ApC)9 ‘capture’ 
strand covalently immobilized on a passivated glass slide. The probe oligonucleotide is immobilized at 
the interface by allowing it to spontaneously hybridize with the  capture strand, as described in the 
Supporting Information.22  The glass slides were fitted to a custom flow cell and mounted on an 
objective-type TIRF microscope with a variable temperature controller set to 25.0 +/- 0.1 °C.  Solutions 
of probe oligonucleotides were injected into the flow cell and allowed to equilibrate with the surface-
immobilized DNA before video acquisition.  Each DNA probe sequence on the surface was identified by 
observation of three or more association events within an 80-nm radius, where the microscope-stage 
drift was corrected using a previously described algorithm.22  The lifetimes of every association and 
dissociation event were measured at each molecule site.  The sites were then filtered to remove those 
that displayed anomalous kinetics, including excessive single-frame events, hybridization during a only a 
small portion of the video, and outlier rate constants.  The association and dissociation lifetimes were 
pooled for all filtered probe-site events and plotted as survival-time histograms. These histograms were 
fit to a single exponential decay function to extract the average association or dissociation time, τon or 
τoff.22 Video exposure times and intervals between exposures were optimized to reduce photobleaching 
of Cy3 while providing sufficient time resolution to sample the lifetimes of the hybridized duplex. The 
purine-rich RNA target showed the greatest (30%) influence of photobleaching on the apparent off-rate.  
For these data, the dependence of the apparent dissociation rate constant on illumination intensity was 
extrapolated to zero laser power to report koff. 

The average τon and τoff were measured at four different concentrations for each duplex.  The association 
rate constant, kon, was determined by plotting the association rate, 1/τon, vs concentration of target in 
solution and fitting the curve to Equation 1 (Figure 2 top panels): 

1
𝜏𝜏𝑜𝑜𝑜𝑜

= 𝑘𝑘𝑜𝑜𝑜𝑜 ∙ [𝑇𝑇𝑇𝑇𝑇𝑇𝑔𝑔𝑒𝑒𝑒𝑒] 

 
(1) 

The dissociation rate constant is inversely proportional to τoff (Equation 2): 

Figure 1.  Schematic of the hybridization of fluorescently 
labeled (A) purine-rich target oligonucleotide or (B) 
pyrimidine-rich oligonucleotide target with an immobilized 
complementary DNA probe. (C)  Chemical structures of the 
target oligonucleotides investigated in this study.   
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 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 =
1

𝜏𝜏𝑜𝑜𝑜𝑜𝑜𝑜
 (2) 

The resulting plots show that 1/τon varies linearly with concentration of target, indicating minimal 
unwanted interaction between target molecules in solution at these nM concentrations and that 
hybridization is not influenced by variations in the structure of the target.   The dissociation rate of the 
10-mer duplex is independent of target concentration (Figure 2 bottom panels) and koff was determined 
by averaging the rate constant calculated at each concentration point. 

The determination of kon and koff for both 
pyrimidine-rich and purine-rich sequences in 
the varying backbone contexts enabled 
comparison of how these structures affected 
the hybridization rates.  Overall, there was a 
modest increase of 1.5-2.3 fold in kon for 
pyrimidine-rich vs purine-rich target 
oligonucleotides for all backbone types 
(Figure 3A). This effect appears to be a result 
of the specific sequence context; the 
alternate 9-mer target sequence has a 2-fold 
faster association rate for the purine-rich 
compared to the pyrimidine-rich sequences 
(SI Figure S6). Interestingly, the kon of DNA 
homoduplex is higher than that of the RNA 
or TNA heteroduplexes for both the 9-mer 
and 10-mer target sequences. These 
differences in kon however, were 
overshadowed by the large differences in koff 
both between the purine/pyrimidine-rich 
strands and the different sugar backbones 
(Figure 3B).  The koff for purine-rich TNA and 

 

Figure 2.  Plot of 1/τon (top) and koff (bottom) versus [Cy3-probe] for hybridization with A) DNA, B) RNA, and C) 
TNA 10-mer target sequences. The response of 1/τon to target concentration was fit to Equation 1 to determine 
kon. Lines fit to dissociation rates have a slope not significantly greater than zero, showing that dissociation 
rates are independent of target concentration. 

 

CBA

 

Figure 3.  Hybridization kinetics of purine and pyrimidine-
rich 10-mer DNA:DNA duplexes (dPu and dPy respectively), 
DNA:RNA (rPu, rPy), and DNA:TNA duplexes (tPu, tPy) with 
(A) Comparison of kon and (B)  comparison of koff. Error bars 
are two standard deviations of the mean. 

 

B

A



5 
 

RNA strands was lower by over a factor of 20 compared to the corresponding pyrimidine-rich targets 
within each class of backbones.  The sugar backbone also greatly affected the dissociation rate for 
purine-rich targets, with a 22-fold variation between slowest and fastest koff values, and a trend of RNA < 
TNA < DNA.  Interestingly, the trend for pyrimidine-rich targets was partially inverted, where DNA ≈ RNA 
< TNA, with a 6-fold difference between the fastest and the slowest. This large increase in dissociation 
rate with increased pyrimidine content is not an artifact of this specific sequence; the 9-mer target also 
shows a 15-fold increase in koff for the pyrimidine-rich sequence. 

We next determined the binding affinity (Ka) for each duplex using the relationship Ka = kon/koff, and then 
calculated the Gibbs Free energy of hybridization from ΔG = -RTln(Ka), and compared these to previously 
reported trends.  In line with our previous observations, the Ka for TNA:DNA and RNA:DNA 
heteroduplexes increased with higher purine content (Table 1).   Anosova26 recently reported a Ka value 
of 7.43 x 106 M-1 for a 10’mer TNA:DNA having 60% purine content using isothermal calorimetry, and 
this value falls between the Ka value of 0.57 x 106  M-1 for the 25% purine target and 23 x 106 M-1 for the 
75% purine target measured in this study (Table 1).   The measured ΔG for the purine-rich and 
pyrimidine-rich DNA:DNA homoduplexes matched well with nearest-neighbor (NN) parameters:27 
(https://bioinf.fisica.ufmg.br/app/comparetm.pl) with less than 5% difference between the calculated 
and predicted values (Table 1).  A recently developed calculator for predicting the rates of hybridization 
for DNA:DNA duplexes also closely matched our measured kon for the pyrimidine rich DNA target with a 
predicted value of 5.1 x 106 M-1s-1 versus the observed value of 3.5 x 106 M-1s-1.28  The measured ΔG 
values for the RNA:DNA duplexes are less than those predicted by the model,29 and the predicted 
change in ΔG due to the purine exchange is -2.2 kcal/mol vs the observed -1.7 kcal/mol.  However, this 
difference between the NN parameters and kinetics measurements for RNA:DNA duplexes is likely 
attributable to coarser NN parameters and ionic strength corrections for these heteroduplexes 
compared to DNA:DNA homoduplexes. 

Table 1.  Thermodynamic parameters for DNA:DNA, DNA:RNA, and DNA:TNA duplex hybridization 
and comparison to NN models. 

Sequence 
Ka (mol

-1
) 

x 10
6 

ΔG° 
(kcal/mol) 

ΔG°NN 
(kcal/mol) 

ΔΔG°pu-py 
(kcal/mol) 

dPu 7.2±0.2 -9.35±0.02 -9.68 
0.23 

dPy 11±2 -9.57±0.09 -9.68 

rPu 73±8 -10.72±0.07 -12.21 
-1.67 

rPy 4.3±0.1 -9.05±0.02 -9.98 

tPu 23±3 -10.05±0.07 - 
-2.20 

tPy 0.57±0.05 -7.85±0.05 - 

     

Our findings show that the purine-dependent stability trends observed in heteroduplexes are primarily 
attributable to changes in koff.  A recent meta-analysis has also shown koff as being the key factor to 
influence the stability of DNA:DNA, RNA:DNA, and RNA:RNA duplexes,30  and suggests that the 
differences in stability between the different backbone types are driven by changes in the free energy of 
the duplex relative to the transition state.  Our data also indicate that the purine content does more to 
stabilize the duplex structure than to organize the single-stranded target oligonucleotide into a 
conformation closer in energy to the transition state.  Our observations are also in line with data from 

https://bioinf.fisica.ufmg.br/app/comparetm.pl
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Martin31 and Martins32 which show that that dA-rU base pairing has reduced strength compared to rA-
dT.  The TNA duplexes display a similar trend to the RNA duplexes, with TNA exhibiting a slightly larger 
difference in koff between the purine-rich and pyrimidine-rich strands. The similar trends likely indicate 
that changes in TNA:DNA duplex stability are primarily due to changes in duplex structure and stability 
and not the result of single-strand conformations.  

In contrast to these large effects observed for DNA:RNA and DNA:TNA heteroduplexes, the modest 
difference in stability between the purine-rich and pyrimidine-rich DNA:DNA homoduplexes is primarily 
due to kon.  These differences appear to be sequence specific, as the 10-mer and alternate 9-mer targets 
show opposite trends in kon with purine content. This may be due to differences in single-strand 
conformation, since one strand is free to diffuse in solution and the other is tethered to the double-
stranded anchor section. The strands could adopt different conformations in the free or tethered state 
which might affect the accessibility of individual nucleotides to initiate hybridization, or the diffusion 
coefficient in solution. We have previously measured how hybridization kinetics at the interface 
compare to hybridization in free solution, and immobilization primarily affects the association rate 
constant.33 To ensure that the tethering scheme did not significantly influence the stability trends seen 
for heteroduplex formation, we tested a flipped target-probe system with immobilized RNA and 
solution-phase DNA. We synthesized chimera probes containing a DNA poly-GpT segment to immobilize 
them at surface-attached poly-ApC capture sites, and an RNA target-recognition sequence. The 
immobilized purine-rich 9-mer RNA was still significantly more stable (~14-fold) than the pyrimidine-rich 
sequence, which was comparable to the increase in stability seen for the equivalent purine-rich Cy3-
labeled solution-phase 9-mer RNA (~30-fold, see Figure S7). Thus, the differences in heteroduplex 
stability observed for solution-phase and immobilized RNA-DNA duplexes is primarily due to differences 
in association rate constant, as seen for the DNA-DNA duplexes. 

It should also be considered that cyanine dyes interact with oligonucleotides in a sequence-dependent 
manner and previous reports have shown that the identity of the terminal base to which the dye is 
attached can affect duplex stability.34  Therefore, it is possible that the Cy3 label stabilizes the purine-
rich and pyrmidine-rich duplex structures to different degrees since they have different 5’ terminal 
nucleotides. Although both the 10-mer and 9-mer target systems share the same terminal base pairs, 
they differ in the terminal attachment point: Cy3 is bound to a terminal adenosine for the purine-rich 
10-mer target, and a terminal thymidine for the pyrimidine-rich target, and vice versa for the 9-mer 
targets. Despite the differences in Cy3 terminal base attachment, both the 9-mer and 10-mer RNA-DNA 
duplexes show similar increases in duplex stability with purine content, indicating that this trend is not 
an artifact of DNA-dye interactions. Since the same nucleotide sequences were used across all three 
backbones, this contribution to stabilization does not impact our ability to draw conclusions from 
comparisons of different sugar backbone identities. 

This work reinforces previous observations that increased purine content in RNA and TNA leads to 
increased hybridization stability with complementary DNA.  Using single-molecule experiments to 
measure hybridization kinetics, we observe that this is driven by decreases in koff, which suggests that 
TNA or RNA purine content plays a larger role in stabilizing duplex formation than pre-ordering of the 
single-stranded oligonucleotides. If pre-ordering of the conformation of the single-stranded RNA or TNA 
played a significant role, we would expect large increases in the association rate as a result of increased 
collisional binding efficiency.  The kinetics trends between TNA and RNA were also very similar, 
demonstrating that TNA is an excellent nuclease-resistant kinetic behavioral analog to RNA. Together, 
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these results provide insight into the kinetic behavior of heteroduplexes that are found in Nature and 
are widely used in synthetic biology systems, and are anticipated to be of utility in informing the design 
of sequences for biotechnology applications where hybridization kinetics play a key role. 
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