
Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier.com/locate/cplett

Research paper

DNA/TNA mesoscopic modeling o melting temperatures suggests weaker
hydrogen bonding o CG than in DNA/RNA

Maria Izabel Muniza, Hershel H. Lackeyb, Jennier M. Heemstrac, Gerald Webera,⁎

a Departamento de Física, Universidade Federal de Minas Gerais, 31270-901 Belo Horizonte, MG, Brazil
bDepartment of Chemistry, University of Utah, Salt Lake City, UT 84112, United States
c Department of Chemistry, Emory University, Atlanta, GA 30322, United States

H I G H L I G H T S

• Mesoscopic parameters o DNA/TNA hybrids were obtained rom melting temperatures and compared to DNA/RNA.

• Base pairs involving AT in DNA/RNA were ound to have similar hydrogen bonding strength as or DNA/RNA.
• For CG, base pairing strength is signicantly reduced, but this is compensated or by a stronger stacking interaction.
• Opening proles or DNA/TNA are mostly atted out with little dierence between AT and CG regions.
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A B S T R A C T

TNA/DNA hybrids share several similarities to RNA/DNA, such as the tendency to orm A-type helices and a
strong dependency o their thermodynamic properties on purine/pyrimidine ratio. However, unlike RNA/DNA,
not much is known about the base-pair properties o TNA. Here, we use a mesoscopic analysis o measured
melting temperatures to obtain an estimate o hydrogen bonds and stacking interactions. Our results reveal that
the AT base pairs in TNA/DNA have nearly identical hydrogen bond strengths than their counterparts in RNA/
DNA, but surprisingly CG turned out to be much weaker despite similar stability.

1. Introduction

TNA ( -L-(3′-2′)-threouranosyl nucleic acid) is a non-natural DNA
analog that is capable o orming anti-parallel duplexes with both DNA
and RNA [1], and was ound to be more stable and resistant to de-
gradation under physiological conditions [2]. Hybridization o DNA/
TNA (DT) was ound to be similar to that o DNA/RNA (DR) in a
number o ways [3], especially the strong dependence o thermal sta-
bility on purine/pyrimidine ratio [4]. Another important similarity is
the tendency o DT to orm A-type helices, similar to what is ound in
DR [5,6]. These similarities have led to discussions i TNA could have
been the natural precursor o RNA [7,8].

The sugar moiety in TNA contains carbon atoms and a single oxygen
atom, and the phosphodiester groups are linked to the 2′ and 3′ posi-
tions o the threouranose ring, as a result its backbone is shorter than
that o DNA [9]. Nuclear magnetic resonance (NMR) and X-ray ex-
periments largely conrmed the tendency o DT hybrids to orm A-type
helices [9,10,11]. This is hypothesized to result rom the ability o DNA
to adjust its conormation to TNA, reducing the inter-phosphate

distance in a similar way as DR hybrids [9]. DT nucleotides were ound
to be in anti conormation in regard the glycosidic bond [12], but
otherwise very little is known regarding their base-pair ormation such
as its hydrogen bonds and stacking interactions. Recently, we estab-
lished a mesoscopic model to iner some o the structural inormation o
oligonucleotides rom melting temperatures, or instance we were able
to show the stronger hydrogen bond in RNA [13], and also modeled DR
[4] where we conrmed the deoxypyrimidine dependence on thermal
stability. Here we apply the mesoscopic model to study the hydrogen
bonds and stacking interactions or the DT hybrids based on melting
temperatures.

The mesoscopic approach we use is the Peyrard-Bishop (PB) model
[14], a simplied way to include the two main intra-molecular inter-
actions o oligonucleotide duplexes which are the hydrogen bonds and
stacking parameters. The PB model has ound numerous applications,
such as modeling G-quadruplexes [15], chaotic properties o promoter
sequences [16], phonon modes [17] and DNA as a thermal transistor
[18].

To calculate the melting temperatures we use an index calculated
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rom the PB model and a correlation to measured temperatures [19].
We demonstrated that it is possible to run the model in reverse and to
extract model parameters rom the melting temperatures and in this
way gain an insight o the intra-molecular interactions [20]. With the
new parameters obtained in this way we are able to predict melting
temperatures o new sequences and also calculate a qualitative opening
prole o the double helix as unction o temperature.

2. Materials and methods

2.1. Notation

To acilitate the description about the hybrid DNA/TNA (DT) du-
plex, we introduce the usual notation dA, dC, dG and dT or DNA bases
and tA, tC, tG and tT or TNA bases. This is then used to describe the
base pairs as dAtT, dTtA, dGtC and dCtG. The nearest-neighbor model
allows us to dene

(1)

Note that due to symmetry considerations, dTtA–dAtT is same as
tTdA–tAdT. Thereore, or simplicity, we always use the notation
starting with deoxy. When grouping in terms o purine or pyrimidine
bases, we use the notation dR (tR) or dA, dG (tA, tG) and dY (tY) or
dT, dC (tT, tC). Note that some authors use Pu or R, and Py or Y.

2.2. Melting temperature data set

In this work, we use 8 DT sequences and melting temperature data
set rom Schöning et al. [1], 14 rom Lackey et al. [3] and 3 new as yet
unpublished sequences, all at 1.0 M NaCl, 10 mM NaH2PO4, 0.1 mM
EDTA, pH = 7.0 and at strand concentration Ct o 10 μM. The new
sequences were synthesized and measured under the same conditions as
in Re. [3]. The complete list o sequences is shown in the Table 1.

2.3. Mesoscopic model

The Peyrard–Bishop (PB) model is a physical statistical model, in
which the potential or describing the hydrogen bonds o two bases on
opposite strands is a Morse potential [14], which dened or ith base
pair as

=V y D e( ) ( 1) ,i
y / 2i (2)

where the parameter D represents the strength o the potential and
is the potential width o a base-pair o type . The stacking interaction
between two neighboring base pairs is described by a harmonic po-
tential, modied to consider a small twist angle [19,20]
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where k is the coupling constant o nearest neighbors o type , and the
angle is xed at = 0.01 rad. We did not use a anharmonic potential
[21], also known as the Peyrard-Bishop-Dauxois (PBD) model, as this
would only increase the number o parameters without improving the
parameter optimization, as shown in Re. [20]. Nevertheless, the new
parameters can be used together with the PBD model without problems.

With the two potentials o Eqs. (2) and (3) we can calculate the
classical partition unction rom which we obtain an adimensional
index i, which is proportional to the melting temperatures. Ad-
ditionally, we can calculate the average strand displacement yi or
each base pair i by calculating the expected value o y rom the partition
unction [14,22].

2.4. Calculation of melting temperatures

The measured melting temperatures Ti are linearly correlated to the
melting index P( )i within groups o sequences o length N and or a
given set o parameters P. This correlation allows us to calculate the
linear regression coefcients a N( )0 and a N( )1 rom which we can pre-
dict the melting temperature T P( )i or any sequence

= +T P a N a N P( ) ( ) ( ) ( ),i i0 1 (4)

where = …P p p p{ , , }L1 2 is a set o L. The coefcients a N( )0,1 ollow a
linear dependence with N1/2

= + =a N b b N k( ) , 0, 1.k k k0, 1,
1/2 (5)

2.5. Thermal equivalence optimization

For the same ith sequence there is dierence between the measured
temperature Ti and the predicted temperature T P( )i which depends on
the parameter set P used to calculate the melting index P( )i . Our aim is
to nd a new set o parameters P that minimizes this dierence

=
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where Pj is the jth tentative set o parameters [20].
Another equation considered in our discussion is the average ab-

solute melting temperature deviation

=

=
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Table 1
DNA/TNA sequences used in this work, o which only the TNA strand is shown, rom 3′ to 2′. Ti are the measured, and T i the calculated melting temperatures in °C.
The experimental temperatures Ti were obtained rom the reerences indicated, those marked with ∗ are reported in this work.

Sequence Reerence Ti T i Sequence Reerence Ti T i

t(TTTTTTTTTTTTTTTT) [1] 32 32.1193 t(CTTACGCT) [3] 22.8 21.2382
t(TAATAATATAAATTTT) [1] 47 42.755 t(AGTCCTGA) [3] 20 21.2645
t(TTTTAAATATAATAAT) [1] 43 42.755 t(CTGAGTCC) [3] 22.9 21.7645
t(CGCTGAAT) [1] 25 27.1983 t(GAGCCGTG) [3] 40.8 40.0352
t(AAAAAAAAAAAAAAAA) [1] 68 68.0211 t(GCCGTGAG) [3] 39.9 40.0352
t(AAAATTTATATTATTA) [1] 41 40.7773 t(ACGTCATTCCTC) [3] 44.6 44.9676
t(ATTATTATATTTAAAA) [1] 36 40.7773 t(GCAATGTTCAGC) [3] 51.1 52.014
t(ATTCAGCG) [1] 26 23.9367 t(GCTGAACATTGC) [3] 51 49.5808
t(AGATACAA) [3] 25.2 25.3398 t(GAGGAATGACGT) [3] 68.5 68.3511
t(AATACAGA) [3] 25.1 25.3398 t(ATGGCGTGAC) ∗ 55 54.8502
t(AAGCGTAG) [3] 36.1 35.5452 t(CGCCTGTCTAGAAGTT) ∗ 62 60.6895
t(AGCGTAAG) [3] 35 35.5452 t(AACTTCTAGACAGGCG) ∗ 63 64.8335
t(CTACGCTT) [3] 20.3 21.2382
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2.6. Minimization procedure

The challenge o minimizing Eq. (6) is to nd the optimal set P which
in the case o DT is comprised o 20 parameters, 4 Morse potentials and
16 stacking interaction potentials. The most important problem here is
the occurrence o local minima o 2 and to overcome this, a well tested
approach is to perorm the minimization procedure many times, each
time starting rom a dierent initial set o parameters, Pinit. The downhill
simplex algorithm was used or the numerical multi-dimensional mini-
mization. The implementation o this algorithm was extensively veried
with numerical test unctions and also compared to continuous scale
calculations o the PB parameters [23].

Here, we start with the same generic parameters as used or DNA
and RNA [13,20], = = = =D D D D30 meV, 80 meV,dAtT dTtA dCtG dGtC

= = × = = ×3.3333 10 nm, 1.25 10 nmdAtT dTtA
2

dCtG dGtC
2 , and

or all nearest-neighbors, =k 2.5 eV/nm2. We call this set the seed
parameters, Pseed, and or each new minimization we choose new initial
set Pinit where each initial parameter is randomly chosen within ± 10%

o their corresponding seed parameters. The are kept at xed values
during all minimizations as we ound that they have almost no inu-
ence over the nal results [20], otherwise we would have to deal with
yet another our parameters that would bring urther difculties or the
convergence o the optimization procedure.

Initial minimization, D only. In this minimization, we start rom the
generic seed parameters and only calculate the Morse parameters D,
while xing all others. We calculated the minimization starting with
1000 dierent sets o initial parameters, and the best value o 2

ound
was °235 C

2. The new Morse potentials were used as seed parameters or
the next minimization step.

Second minimization, D and k. Here, we now calculated all para-
meters D and k, using as seed parameters the Morse potentials rom the
previous round. Again, we started with 1000 dierent sets o initial
parameters around ± 10% o the previous seed parameters. We then
averaged the resulting D and k parameters and their quality parameters
were = °125 C

2 2 and = °T 1.8 C.
Third minimization, improving 2. We use the parameters rom the

second minimization as new seed values and calculated again 1000
rounds or urther optimization. The quality parameters were reduced
to = °67 C

2 2 and = °T 1.1 C.
Final minimization, estimate uncertainty. Lastly, we consider the in-

uence o the experimental uncertainty on our optimized parameters.
Instead o changing the initial parameters, we now modiy the melting
temperatures by small random amounts such that the standard devia-
tion rom the original set is 0.5 °C. Considering 1000 rounds o mini-
mizations, we obtain the nal average values o D and k as well as their
relative uncertainty. The nal quality parameters changed little com-
pared to the previous round, = °66 C

2 2 and = °T 1.1 C.

2.7. Availability

The DT parameters calculated were included in the latest version o our
ree TfReg sotware [23] which can be used to veriy our results. The
sotware and the parameters are available at http://tinyurl.com/tregumg.

3. Results and discussion

For the numerical optimization o the 20 new parameters (4 Morse
and 16 stacking potentials) we had only 25 independent sequences and
melting temperatures. The limited data set is because TNA is not com-
mercially available and is difcult to synthesize, and that is why there is
relatively little inormation about its hybridization properties. For a linear
system this would clearly be sufcient, but or a nonlinear model it is
harder to establish a priori i overtting is avoidable. A clear sign o
overtting is when the average temperature deviation o T results
much smaller than the estimated experimental uncertainty. Fortunately,
the resulting average temperature deviation was = °T 1.1 C, which
compared to a typical uncertainty o °0.5 C, gives us condence that
numerical overtting has not occurred. Note that or the nearest-neighbor
model, the amount o required parameters is 32 (16 enthalpy and 16
entropy variations) and calculating these would not be possible or such a
small amount o melting temperatures [24].

In Table 2 we show the calculated Morse potentials, which can be
associated to hydrogen bond strengths [20], or the DT hybrids. The
uncertainties shown are calculated ollowing the procedure outlined in
Section 2.6, they are not related to the numerical inaccuracy o the
minimization algorithm but represent the inuence o the experimental
uncertainty over the new parameters. The TNA purine base (tR) clearly
has a stabilizing inuence as shown by the much stronger Morse po-
tential o dTtA and dCtG over the pyrimidine base (tY), which suggest
that this known purine dependence [3] is primarily due to hydrogen
bonding. Note that dGtC with a tY base has a Morse potential which is
barely larger than the dTtA base pair, which indicates that or certain
applications there might be a problem discriminating between these
types o base pairs. Also shown in Table 2 are the Morse potentials we
obtained or DR hybrids in a previous work [4]. The comparison be-
tween the DT and DR Morse potentials shows two interesting results.
First, the very close similarity o the dTtA and dAtT Morse potentials to
their DR counterparts, indicating that the dT and dA bases accom-
modate really well to the TNA strand. This is consistent with the results
rom Pallan et al. [9] which observed this or dAtT and dTtA base pairs
embedded in a B-DNA and A-DNA, respectively. However, the second
result is probably more surprising: a comparatively weak Morse po-
tential or the CG-type DT base pairs. Even the stronger dCtG potential
alls well below the weaker DR dGrC potential. But the DT duplexes are
generally not less stable than their DR equivalents, so how should we
understand this results? As we will see next, it is the stacking potentials
that will provide the additional stability.

The calculated stacking potential constants k are shown in Table 3
and their values range between 1.48 eV/nm2

or dCtG-dAtT to
3.77 eV/nm2

or dAtT-dCtG. We ound no correlation between the DT
stacking potentials and their DR counterparts, which are also shown in
Table 3. Unlike the DR stacking potentials, which are quite small in
some specic cases, we obtained no such weak potentials or DT. In
act, the higher DT stacking appears to counteract the weaker CG Morse
potentials in several cases and provides or additional thermal stability.

The interplay o the various potentials within the nonlinear PB
model is better appreciated by examining the average displacement
proles or some example sequences. Average displacement proles are
obtained rom calculating the the expected value yi o the y distance o
Eq. (2) or the ith base pair [14]. These proles can be interpreted as the
expected base pair separation at certain temperatures. Unortunately, as
the PB approach is a 2D model, some o the relevant degrees o reedom
are absent rom the thermodynamics and or very short sequences one
has to set unrealistically low calculation temperatures. Note that this
calculation temperature is unrelated to the melting temperatures cal-
culated rom Eq. (4). There are several other mesoscopic models which
consider additional degrees o reedom, or a comprehensive review see
[25], however none o these were developed or high-throughput
melting temperature calculation and they would require additional
structural parameters or which we do not have the necessary

Table 2
The parameter o Morse potential depth D optimized or DT hybrids, compared
with previous results or related DR [4] base pairs. The standard deviation is
displayed in parenthesis in compact uncertainty notation.

type DT D (meV) type DR D (meV)

dYtR dTtA 38.8(4) dYrR dTrA 40(2)
dRtY dAtT 30.7(8) dRrY dArU 28(3)
dYtR dCtG 53.5(5) dYrR dCrG 74(1)
dRtY dGtC 42.0(3) dRrY dGrC 63(1)

M.I. Muniz, et al. Chemical Physics Letters 749 (2020) 137413

3



experimental data. Thereore, the displacement proles o the PB model
only give us a qualitative view o the expected base pair openings
which, nevertheless, is helpul to understand the detailed inuences the
various potentials have over the stability o the duplex. In Fig. 1 we
show six sequences adapted rom Table S1 o Re. [26], all are hy-
bridized to a probe DNA strand. The complementary DNA, RNA and
TNA are target sequences which are either purine or pyrimidine rich.
For DNA/DNA (DD) sequences, the purine content has little impact, as
these are homoduplexes, as seen in Fig. 1a, at higher temperatures the
displacement proles are still very similar. The situation changes
completely or DNA/RNA (DR), at higher temperatures the purine rich
target sequence is much more stable (lower yi ), even more so than is
DD equivalent, Fig. 1b. This purine/pyrimidine asymmetry is a well
established property o DR hybrids [4,27] and has important biological
consequences [28]. For DT hybrids, the thermal stability shows a si-
milar asymmetry to purine/pyrimidine content to DR as shown in
Fig. 1c. However, unlike DR, the DT shows a much more attened out

prole. While it is easy to make out the CG base pairs rom the opening
prole or DR, or DT it is much harder to tell where the CG base pairs
are rom the prole alone. Another example is shown in Fig. 2 where we
show sequences with varying deoxypyrimidine (dPy) content or DR
and DT. The DR proles show a characteristic bulged opening in the
central positions due to AT or AU base pairs. In contrast, or equivalent
DT sequences the proles are almost at, without any such pronounced
eatures. Also, or 0% dPy (100% tPy) content the DT sequence shows
much higher opening implying in a much weaker thermal stability,
which correlates to a very large dissociation rates observed or large tPy
content [26].

4. Conclusion

We calculated the mesoscopic parameters rom DNA/TNA melting
temperatures which can be associated to hydrogen bonding and
stacking interactions. Our results conrm the expected asymmetry o

Table 3
The parameter o harmonic potential, coupling constant k optimized or DT hybrids. The standard deviation
is displayed in parenthesis in compact uncertainty notation. Also shown, or comparison are the equivalent
stacking potentials o DR hybrid kDR rom Re [4]. All stacking potentials are given in eV/nm2.

Fig. 1. Temperature dependence o average displacement proles or (a) DD, (b) DR and (c) DT purine rich (blue) and pyrimidine rich (red) targets adapted rom Re.
[26]. Bullets connected by dashed lines are or a calculation temperature o 150 K and squares connected by ull lines are or 200 K. (For interpretation o the
reerences to colour in this gure legend, the reader is reerred to the web version o this article.)
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the thermodynamic properties in regard to purine/pyrimidine content,
similar to those o DNA/RNA hybrids. However, unlike DNA/RNA those
the Morse potentials or CG base pairs turned out very small or DNA/
TNA. The consequence o these small potentials is that or DNA/TNA
hybrids the duplex appears to dissociate much or uniormly and largely
independent o sequence composition. As researchers continue to ex-
plore the use o TNA in synthetic biology and nanotechnology appli-
cations, these data provide important insight into the design o se-
quences and prediction o duplex stability.
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