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Structural Insights into Conformational Differences between
DNA/TNA and RNA/TNA Chimeric Duplexes

Irina Anosova, Ewa A. Kowal, Nicholas J. Sisco, Sujay Sau, Jen-yu Liao, Saikat Bala, Eriks Roz-
ners, Martin Egli, John C. Chaput and Wade D. Van Horn’

Abstract: Threose nucleic acid (TNA) is an artificial genetic
polymer capable of heredity and evolution that is studied in the
context of RNA chemical etiology. Its simplified four-carbon
threose backbone replaces the five-carbon ribose in natural
nucleic acids. Nonetheless, TNA forms stable antiparallel Wat-
son-Crick homoduplexes and heteroduplexes with complimen-
tary DNA and RNA. TNA base pairs with RNA more favorably
than DNA, but the reason is unknown. Here, we employ NMR,
ITC, UV and CD studies to probe the structural and dynamic
properties of RNA/TNA and DNA/TNA heteroduplexes that give
rise to the differential stability. The results indicate that TNA
templates the structure of heteroduplexes, forcing an A-like
helical geometry. Further NMR measurements of kinetic and
thermodynamic parameters for individual base pair opening
events reveal unexpected asymmetric breathing fluctuations of
the DNA/TNA helix, which are also manifested at the molecular
level. These results suggest that DNA is unable to fully adapt to
the conformational constraints of the rigid TNA backbone and
that nucleic acid breathing dynamics are determined from both
backbone and base contributions.

TNA (a-L-(3'-2")-threofuranosyl nucleic acid) is an alterna-
tive genetic polymer in which the natural ribose sugar found
in RNA has been replaced with an unnatural four-carbon
sugar of a-L-threose (Scheme 1a).M! Despite a backbone
repeat unit that is one atom shorter than that found in DNA
and RNA, TNA is capable of adopting stable Watson-Crick
duplex structures with itself and with complementary strands
of DNA and RNA.P* 2 The ability to exchange genetic infor-
mation with RNA has raised significant interest in TNA as an
RNA progenitor during the early stages of life on Earth.

Relative to natural DNA and RNA, TNA has a sugar-
phosphate backbone composed of quasi trans-diaxial 3'-2'
phosphodiester linkages, which places the phosphate groups
in distinct relative positions./* Crystallographic analysis of B-
and A-form duplexes with a single TNA nucleotide inserted
into an otherwise natural DNA strand yielded only minor
effects on the duplex geometries, base-pair stacking interac-
tions, and the sugar puckers of neighboring native nucleo-
tides.”,® In both structures, the threose sugar adopts a C4'-
exo-pucker with a trans-diaxial orientation of the 3'- and 2'-
substituents. The preference for this sugar conformation,
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irrespective of the A- or B-form geometry, suggests that TNA
has a limited range of sugar conformations that are compati-
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ble with Watson-Crick base pairing.

Scheme 1. Backbone structure and nucleotide sequences of TNA, DNA,
and RNA. (a) Constitutional structure of the linear backbone and strand
directionality of TNA (left panel), and DNA/RNA (right panel). (b) Palin-
dromic nucleotide sequences used in this study. For the chimeric duplex-
es, the bottom strand was composed of TNA.

Previous studies have shown that sequence can have
dramatic effects on homo- and heteroduplex stability of both
natural and artificial genetic polymers.”! As a result, in this
study we focus on a single duplex sequence and examine
the structural properties and Watson-Crick base pairing
dynamics of a model palindromic decamer sequence
(Scheme 1b) constructed as DNA/TNA and RNA/TNA heter-
oduplexes. The bottom strands of the chimeric duplexes are
composed of TNA. The TNA strand was generated by solid-
phase synthesis using chemically synthesized TNA phospho-
ramidites.®! Equivalent DNA and RNA homoduplexes were
prepared and studied as a direct comparison to standard B-
and A-form helices, respectively.

1D *H NMR spectra of the homo- and heteroduplexes in-
dicate that all four helices form standard Watson-Crick inter-
actions as identified from the chemical shift and dispersion of
the imino proton resonances (12—-14 ppm, Figure S1). At low
temperature, each decamer has eight sharp imino proton
resonances, representative of stable duplexes with fraying
exclusively at the terminal bases. Imino proton NMR spectra
of the DNA and RNA helices between 5 and 50 °C (Figure
S2) indicate that the DNA structures have lower thermal
stability than the RNA structures. Consistent with the NMR
data, UV spectroscopy thermal denaturation curves yielded
melting temperature (Tm) values that are ~10 °C lower for the
DNA/TNA and DNA/DNA duplexes, compared to the
RNA/TNA and the RNA/RNA duplexes, respectively (Figure
1a).

Thermal denaturation studies show that each chimeric
duplex is similar in stability to its corresponding homoduplex
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(Figure 1a). This observation is consistent with previous
analyses performed on mixed-sequence TNA/RNA and
TNA/DNA hetero- and homoduplexes.*® Moreover, the Tr,
values observed by UV spectroscopy melting are partially
reflected by the thermodynamic parameters obtained by
isothermal titration calorimetry (ITC, Table 1, and Figure S3).
The ITC results indicate that all duplexes have similar asso-
ciation stabilities with an average AG of -43 + 3 kJ/mol. How-
ever, the dissociation constants (Kp) differ significantly be-
tween the duplexes (Table 1). While Kp values of the double
stranded DNA (15 nM), RNA (12 nM) and RNA/TNA (45 nM)
duplexes are all in the low nanomolar range, the Kp of the
DNAJ/TNA heteroduplex is clearly higher (135 nM), suggest-
ing that a modest degree of structural incompatibility or in-
creased dynamics exists within DNA/TNA heteroduplex.

Figure 1. Thermal stability and CD analysis of model duplexes composed
of DNA/TNA, DNA/DNA, RNA/TNA, and RNA/RNA. (a) Normalized UV-
detected melting curves collected at 260 nm. T, values for each curve are
provided in the lower right corner. (b) CD spectra overlaid for each duplex
acquired at pH 7.0 and 25 °C. Data are in units of mean residue molar
ellipticity (Ae, deg cm2 dmol-1).

CD spectra also reveal the existence of conformational
differences between the homo- and heteroduplexes (Figure
1b). As expected, the CD spectrum from DNA/DNA is typical
of a standard B-form helix, with low mean residue molar
ellipticity (Ag) arising from lower chirality of the perpendicular-
ly oriented base pairs, a positive peak at 275 nm and a nega-
tive peak at 245 nm. The CD spectrum of RNA/RNA is con-
sistent with an A-form helix with a positive peak at 260 nm
and a negative peak near 210 nm. Compared to the natural
duplexes, both the DNA/TNA and RNA/TNA heteroduplexes
exhibit Ae values comparable to double stranded RNA with
maxima near 270 nm, minima at 245 nm, and strong nega-
tive bands near 210 nm, consistent with an A-form confor-
mation and suggestive that TNA prefers an RNA-like helical
form.

Table 1. Thermodynamic parameters from ITC.

DNA/DNA  DNA/TNA  RNA/RNA  RNA/ TNA
Ko [NM] 150+30  1345+54 11730 450+46
AH [kJ mol] 278+11  -258+16  -3306 240+ 5
AG [kJ mol™] -448+05 -39.3:01 -454:06 -42.0%0.3
TAS[kImol]  234%11 219+ 16 284 +6 198+ 4

NMR-detected imino protons are very sensitive to nucleic
acid secondary structure.® To further evaluate the helical
nature of TNA heteroduplexes, we recorded 'H-'H NOESY
spectra for each construct in aqueous buffer at 15 °C and
assigned the imino proton resonances (Figure 2a). As ex-
pected, imino protons for terminal base pairs of C1-G20 and
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C10-G11 were not observed due to their rapid exchange with
water. However, all other imino protons were clearly identi-
fied. Consistent with their respective helical geometries,
standard A-form RNA and B-form DNA duplexes yield imino
NOE cross-peaks with high and low peak intensities, respec-
tively. In agreement with the CD analysis, the NMR imino
regions of the RNA/TNA, and DNA/TNA duplex spectra are
similar to the A-form RNA/RNA duplex (Figure 2a). This
result is most easily observed by comparing the G3-T(U)4
and T(U)7-G8 NOESY cross peaks.

Figure 2. Conformational analysis of TNA heteroduplexes by solution
NMR. (a) Imino regions of 1H-1H NOESY spectra of hetero- and homodu-
plexes measured at 15 °C. Spectra were scaled for comparison. Diagonal
peaks are assigned with the diagonal shown as black line. Sequential
peaks G3-T(U)4 and T(U)7-G8 used in quantitative analysis are indicated
and their Gaussian-fitted direct dimension profiles are shown in the lower
right corner of each panel with positions indicated by (1) and (2), respec-
tively. (b) Top: generalized sequence of the studied duplexes with posi-
tions of the analyzed sequential bases being boxed. Bottom: estimated
sequential 1H-1H distance (R) of G3H1:T(U)4H3 (gray bars) and
T(U)7H3:G8H1 in 5'-3" direction in the studied constructs, as compared to
standard values of canonical A- and B-form DNA (%). The strand identifiers
are color coded according to the nucleic acid of origin.
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Estimated sequential imino distances for the G3-T(U)4
and T(U)7-G8 bases in a 5'-3' direction were calculated from
NOE cross-peak intensities under the initial rate approxima-
tion™ (see Supporting Information). As expected, the dis-
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tances are consistent with the DNA/DNA duplex having a B-
form helix. The RNA/RNA, RNA/TNA and DNA/TNA duplex
distances are consistent with A-like helical geometries (Fig-
ure 2a).l Taken together, these data indicate that TNA tem-
plates heteroduplex structures to form A-like helices.

Figure 3. Individual base pair stabilities of DNA and RNA homoduplexes
and the corresponding TNA heteroduplexes. (a) Solvent exchange rates
(kex) of imino protons in individual base pairs of DNA/DNA and DNA/TNA
(top) compared to RNA/RNA and RNA/TNA (bottom) at 20 °C, depicted on
top of the corresponding sequences. (b) Temperature dependence of
imino proton solvent exchange rates (kex) for single base pairs in
DNA/TNA. The corresponding fits of temperature-dependent ke, data to
Equation 6 in the Sup-porting Information are shown as solid lines that are
color coded with the DNA/TNA duplex sequence below.

To better understand the stability and dynamics of the
TNA heteroduplexes, we measured the rate of single base
pair breathing events by NMR. Breathing motions in nucleic
acid polymers are accompanied by the exchange of base
imino hydrogens with water protons present in the aqueous
surrounding.™™ We measured and analyzed imino proton
solvent exchange rate constants (kex) and estimated the
individual base pair stability in each of the four duplexes
using solvent-exchange-based NMR methods (Figures 3a
and S4)."2 The directionality of each duplex was assigned
from 'H-'H NOESY anomeric-aromatic proton walks and
directional H1'-H6/H8 correlations.*® Single base pair
stability analysis was performed for base pairs C2-G19
through C9-G12. Terminal kex values were lower for RNA
self-pairing and cross-pairing with TNA as compared to DNA
self-pairing and cross-pairing with TNA (Figure 3a). Fraying
of the bases in the RNA duplexes is limited to the terminal
base pairs of C1-G20 and C10- G11 and the ke values are
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uniformly low throughout the sequence with a slight increase
in variability for the RNA/TNA duplex. With the exception of
the penultimate base pairs, the DNA/DNA homoduplex also
exhibits generally low flexibility in the core of the duplex
structure with kex rates comparable to those observed for the
RNA/RNA duplex. However, the penultimate base pair ex-
change rates rise symmetrically (~5-fold) over those ob-
served in the core of the helix, consistent with symmetric,
elevated motions at the duplex ends.

Base pair kinetics in the DNA/TNA heteroduplex revealed
a previously uncharacterized asymmetric terminal exchange
that is ~20-times faster kex (C2-G19) at the 572" end of the
helix than the rest of the helix, where key values remained low
and comparable to rates observed in the other constructs.
Fraying at the 3'/3" end was again limited solely to the termi-
nal base pair. Differences in the intramolecular dynamics of
the DNA/DNA and DNA/TNA were also observed at the
duplex level as differences in translational diffusion rates,
measured by NMR, with the DNA/TNA diffusing slower (Fig-
ure S5). The strong terminal fraying of DNA/DNA and
DNA/TNA may explain the observed differences in thermal
stability between them and the RNA homoduplex and heter-
oduplex with TNA. Surprisingly the TNA/DNA duplex forms a
dynamic, non-symmetric duplex structure in solution. The
experiments were recorded at buffer concentrations that
allow multiple closing and opening base-pair events prior to
imino proton exchange (EX2 regime). This indicates that the
asymmetric distribution of DNA/TNA kex values arise primarily
from increased flexibility of the 572" end of the DNA/TNA
heteroduplex. The lack of one carbon per residue in the
threose-linked strand presumably causes TNA to exhibit
increased backbone rigidity relative to the natural ribose-
based backbones. Our data suggests that unlike RNA, DNA
may be facing the limits of its structural variability when
paired with TNA. This hypothesis is rooted in the phosphate
group pitch differences of DNA (~6.8 A), RNA (~6.0 A) and
TNA (~5.7 A) caused by the sugar pucker. The high entropic
costs for pucker adaptation will increase with oligonucleotide
length, potentially explaining the elevated Kp of the DNA/TNA
duplex formation and limiting the duplex formation to relative-
ly short polymers.

To investigate asymmetric base pair breathing in the
DNA/TNA heteroduplex, we measured the individual base
pair imino proton exchange rates as a function of tempera-
ture (Figure 3b).*Y As expected, ke, (C2-G19) increased with
temperature until reaching a detection limit (asymptote) at 25
°C. By comparison, exchange rates of other base pairs fol-
lowed a much slower temperature-dependent exponential
curve, reaching their detection limits at 240 °C. By fitting the
temperature dependent kex (see Supporting Information,
Equation 6), we extracted the enthalpy (AHbiss) and entropy
(ASpiss) of single base pair dissociations in the DNA/TNA
duplex. The Gibbs free energy of the process (AGpiss) Was
calculated according to the Gibbs-Helmholtz equation (Table
2).

Table 2. Thermodynamics of DNA/TNA duplex individual base pair open-
ings@
ings'®.

DNA/TNA[b] AHDlss ASD\ss AGD\ss TASDlss
kImol™ [ mol* K] [kJ mol™] [kJ mol™]
[T=20°C] [T =20°C]
C2=G19 73+8 198 + 27 15+ 11 58 + 8
G3=C18 145+ 3 396+9 29+4 116 +3
T4=A17 42+3 74+ 10 20+4 22+3
A5 =T16 82+5 201 +17 23+7 59+ 5
A6 =T15 84+4 206 + 12 24+5 60+ 3
T7=Al14 44+ 4 80+ 15 2147 23+4
G8=C13 175+ 1 490 + 4 312 144 +1
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C9=G12 112+8 299 + 27 24+11 88+8

[a] Data were recorded at 20 °C. [b] TNA bases are colored blue.

The measured DNA/TNA heteroduplex thermodynamic
values for single base-pair breathing events are similar to
previously reported values from DNA and RNA duplexes,
stem regions of RNA loops™, and imino exchange rates
measured at elevated exchange catalyst concentrations.”®
The magnitude and sign of AHpiss suggest that the base pairs
of DNA/TNA are enthalpically stabilized. Higher values at the
ends for AHpiss(GC) than AHpiss(AT) in the middle of the
sequence likely reflect the formation of all three hydrogen
bonds between guanine and cytosine bases. Compared to
AGpiss reported for central bases in DNA duplexes (24 kJ/mol
to 32.6 kJ/mol)*** *%3 AGpss for DNA/TNA central pairs were
mostly at the lower end of the range. The asymmetry of
duplex breathing was reflected with a distribution of AGpiss
values. Central base pairs for the DNA/TNA helix showed
comparable AGpiss values; however, the AGpiss (C2-G19) is
consistent with the dynamic behavior and lower stability of
the 5'-DNA/2"-TNA end.

In general, AGpiss for each base pair was far less than the
absolute value of AG for the heteroduplex formation detected
by ITC, indicating that DNA/TNA heteroduplex stability is
highly cooperative in nature. The distribution of AGpiss values
suggest that the opening of single DNA/TNA base pairs is
primarily uncorrelated at 20 °C. Enthalpy-entropy compensa-
tion, i.e. the variations of AHpiss and ASpiss that offset one
another to allow biologically accessible AGpiss values, was
observed for single base pairs in the DNA/TNA helix, sug-
gesting that similar processes that underlie RNA duplex
melting are involved in TNA-DNA heteroduplex stabilization.
Historically, this effect was observed macroscopically across
related systems ™ and more recently was described at the
single base pair level in a double stranded RNA stem.*

In summary, we report an extensive biophysical and
thermodynamic characterization of base-pairing interactions
between TNA and DNA and RNA. Our results show that
despite similar thermal and thermodynamic stabilities TNA
strongly favors an A-like helical geometry when base paired
with either DNA or RNA. Thermodynamic characterization of
single base pair opening events indicates that the enhanced
stability of RNA/TNA base pairing over DNA/TNA base pair-
ing is due to asymmetric fraying at the 572" terminus of the
DNA/TNA duplex. This previously uncharacterized effect
manifests itself at the macromolecular level through distinct
hydrodynamic differences between the DNA/TNA heterodu-
plex and the DNA homoduplex. We suggest that this phe-
nomenon is likely due to an inability of DNA to fully adapt to
the conformational constraints of a rigid TNA backbone. As a
result, structural studies of DNA/TNA chimeric duplexes
could prove challenging. These data also suggest that in
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addition to thermodynamic differences in stability between
AT- and GC-rich nucleic acid segments, backbone contribu-
tions can significantly alter conformational fluctuations in
double-stranded nucleic acid breathing.
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TNA, a potential evolutionary precursor of RNA, forms stable anti-parallel Watson-Crick heteroduplexes with DNA and RNA. The
reason for its preference for RNA base pairing is unknown. A comparative conformation and dynamics analysis of RNA/TNA and
DNAJ/TNA chimeras shows that A-like helical geometry of heteroduplexes, enforced by TNA, induces previously uncharacterized
increased asymmetric breathing at the 52" terminus of TNA/DNA and puts DNA at the limits of its conformational adaptability.



