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a b s t r a c t

The non-natural ethynylmethylpyridone C-nucleoside (W), a thymidine (T) analogue that can be incorpo-
rated in oligonucleotides by automated synthesis, has recently been reported to form a high fidelity base
pair with adenosine (A) and to be well accommodated in B-DNA duplexes. The enhanced binding affinity
for A of W, as compared to T, makes it an ideal modification for biotechnological applications, such as effi-
cient probe hybridization for the parallel detection of multiple DNA strands. In order to complement the
experimental study and rationalize the impact of the non-natural W nucleoside on the structure, stability
and dynamics of DNA structures, we performed quantummechanics (QM) calculations along with molec-
ular dynamics (MD) simulations. Consistently with the experimental study, our QM calculations show
that the A:W base pair has an increased stability as compared to the natural A:T pair, due to an additional
CH-p interaction. Furthermore, we show that mispairing between W and guanine (G) causes a distortion
in the planarity of the base pair, thus explaining the destabilization of DNA duplexes featuring a G:W pair.
MD simulations show that incorporation of single or multiple consecutive A:W pairs in DNA duplexes
causes minor changes to the intra- and inter-base geometrical parameters, while a moderate widen-
ing/shrinking of the major/minor groove of the duplexes is observed. QM calculations applied to selected
stacks from the MD simulations also show an increased stacking energy for W, over T, with the neighbor-
ing bases.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Molecular recognition in the double helical structure of DNA
follows H-bonding complementarity, where the hydrogen bond
donors on one nucleobase pair with the hydrogen bond acceptors
on the opposite base. In natural DNA structures, the Watson-
Crick pairing occurs within the two canonical base pairs, A:T and
G:C, with the latter featuring a higher stability, due to the forma-
tion of one more strong H-bond. Besides the canonical A/T(U)/G/
C bases, however, a number of natural modified bases have been
reported, in DNA and especially in RNA molecules [1,2].

In addition, during the past three decades, a number of syn-
thetic nucleotide analogues have been incorporated in DNA and
RNA molecules for a range of applications, including the probing
of biological interactions and the expansion of the genetic alphabet
[3–10]. An active area of research in bioengineering and therapeu-
tic applications is the synthesis of nucleobase analogues that
possess enhanced binding affinity when paired to their comple-
mentary bases. They would allow, for example, an efficient probe
hybridization, independently of the complementary sequence, thus
facilitating the parallel detection of multiple DNA strands [11,12]
Examples of such modifications include expanded bases [13,14],
clamp-like base derivatives [15] as well as bases with ankynyl
functionalization [16,17].

Regarding this last class of modified bases, in 2013 Minuth and
Richert reported on the C-nucleoside 6-ethynylpyridone, abbrevi-
ated as E (Fig. 1), a T analogue where an ethynyl group replaced
the carbonyl oxygen at the C2 position. This functional group can
potentially give a CH-p interaction with the C2-H atom on A and
is also expected to strengthen the stacking interactions with the
neighboring bases in the duplex structure [18]. Experimental
results evidenced that E indeed H-bonds to A more strongly than
T. In fact, UV-melting experiments confirmed that the replacement
of a T:A pair by an E:A pair increased the melting temperature of a
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Fig. 1. A/B) Sequence of the 12-mer (1AW) and 11-mer (6AW) double-stranded B-DNA oligomers, from Ref. [12], featuring 1 or 6 central A:W pairs, respectively; the A:W
pairs are highlighted in red. C) Chemical structures of the four natural nucleobases in DNA (A, G, C, T) and of the non-natural E and W bases. In order to emphasize their
similarity, T, E and W are highlighted in a blue shaded box. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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12-mer DNA duplex by an extent comparable to that observed for
the substitution of T:A with G:C (2.6 vs 2.8 �C) [18]. This confirmed
that the A:E base pair is almost as strong as the G:C pair. A subse-
quent theoretical study, based on quantum chemistry and
focusing on H-bonding, indicated that the energetic stability of
the A:E pair is intermediate between those of a A:T and a G:C base
pair [19]. Later on, a dispersion corrected DFT study addressed the
impact of stacking interactions between E and the neighbor-
ing bases, showing a strengthening in the stacking of the A:E
base pair as compared to the canonical base pairs [20]. Taken
together, results of such calculations explain the increased
stability of duplexes incorporating the non-natural E base facing
a natural A. However, E has to be incorporated into DNA by a
manual coupling after strand phosphorylation on solid support,
resulting in low yield. Furthermore, it lacks the methyl group at
the C5 position, which makes it difficult to be recognized by
proteins on the major groove, including the crucial repair enzymes
[18,21].

To circumvent this problem, in a recent study, Walter and
Richert reported the synthesis of the ethynylmethylpyridone
C-nucleoside, abbreviated as W, a novel T analogue that features
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an ethynyl group at C2 while preserving the methyl group at C5
(see Fig. 1). The modified W could be incorporated in high yield
by automated synthesis in several oligonucleotides, where it
caused significant increase in the melting temperatures over the
corresponding A:T containing duplexes [12]. In addition, it exhib-
ited high pairing fidelity, with a single G:W mismatch causing a
dramatic melting point depression. On these grounds, W has been
proposed as an ideal ‘‘fifth base”, to be used to target weakly pair-
ing A-rich sequences in biological applications [12].

To complement the reported experimental study and to
rationalize the impact of the non-natural W base on the stability
and dynamics of nucleic acids structure, we have performed quan-
tum mechanics (QM) calculations along with classical molecular
dynamics (MD) simulations, both having been proven to be effec-
tive in the study of base pairing and stacking interactions in nucleic
acids [12,22–31]. QM calculations have initially been focused on
the geometry and energetics of the H-bonding for the non-
natural A:W base pair, which have then been compared to those
of the natural A:T and G:C Watson-Crick pairs. Next, we have
investigated the geometry and energetics of possible H-bonded
mismatched pairs between W and the natural G/C/T bases.
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Further, to investigate the structure and stability of A:W in the
context of real DNA structures and the possible structural pertur-
bation induced due to the incorporation of an ethynyl group on
C2 atom, we have also carried out MD simulations of two of the
duplexes as investigated in [12]. In particular, we have simulated
a 12-mer DNA duplex featuring a single central A:W base pair
(abbreviated by us as 1AW-DNA from here on), and a 11-mer
duplex including six central A:W pairs (abbreviated by us as
6AW-DNA; see Fig. 1). Both these duplexes were experimentally
shown to exhibit increased melting temperatures as compared to
the corresponding A:T containing duplexes, by 4.4 and 17.5 �C,
respectively. Finally, snapshots from the MD simulations have
been extracted to investigate by QM techniques the impact of W
on the stacking interactions with adjacent bases in the duplex.

As a result of these analyses, we can now dissect and explain the
effect of the W modification on the DNA geometry, stability, and
dynamics.
2. Materials and methods

2.1. Quantum mechanics calculations

All systems were investigated in the canonical cis Watson Crick
geometry. They correspond to the four non-natural base pairs: A:
W, G:W. C:W, T:W, and the corresponding natural pairs: A:T, G:
T, C:T T:T, For all the systems described above, the base pairs were
truncated at the C10 atom of the ribose. This is the standard
approach used in literature [23,26,32–38].

Geometry optimizations were performed within a DFT
approach, based on the hybrid B3LYP functional as implemented
in the Gaussian09 package [39–41]. The correlation-consistent
polarized valence triple-n cc-pVTZ basis set [42], was used for all
the geometry optimizations in gas phase as well as in water,
modeled with the C-PCM continuum solvation model [43]. Since
dispersion interactions might contribute differently to the stability
of the base pairs under study, we also added an empirical disper-
sion term, with the Becke-Johnson damping scheme, to the elec-
tronic energy [44]. Interaction energies were calculated on the
B3LYP-D3BJ/cc-pVTZ optimized geometries at the second order
Møller-Plesset (MP2) [45] level of theory using the augmented
aug-cc-pVTZ basis set. For these calculations, we used the RIMP2
[46] method as implemented in Turbomole 6.1 package, with
water modeled with the continuum solvation model COSMO
[43]. All the interaction energies were corrected for the basis set
superposition error (BSSE) using the counterpoise procedure
proposed by Boys and Bernardi [47]. Thus, the binding energy
EBind is calculated as in Eq. (1):

EBind ¼ EComplex � ðEM1 þ EM2Þ þ BSSE; ð1Þ
where EComplex is the electronic energies of the optimized M1:M2
base pair, and EM1 and EM2 are the electronic energy of the isolated
M1 and M2 bases, and BSSE is the basis set superposition error.
Within this approach the deformation energy, which is the energy
required to deform the bases from the isolated geometry to the
geometry they have in the base pair, is included in our calculations.
This is a rather standard approach used in this kind of calculations
[22,27,48–52]. In the present study, we also derived the interaction
energies in water, which were calculated using the same recipe as
suggested by Sponer and coworkers [48,53].

To have an immediate and intuitive understanding of the
impact of a specific modification, we introduced the modification
energy, EMod, defined as the energy difference between the binding
energy of the modified/non-natural pair (for instance W:A) and of
the corresponding base pair where the non-natural base pair was
substituted with the natural one [23], as shown in Eq. (2).
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EMod ¼ EBind modifiedð Þ � EBind unmodifiedð Þ: ð2Þ
Within this definition, negative and positive EMod values indicate
increase or decrease in the stability of a specific base pair, respec-
tively, as compared to the reference natural base pair system.

We evaluated the base-base stacking interaction energy as
described in Eq. (1), using the RIMP2 method with aug-cc-PVTZ
basis set and BSSE correction. Also for these calculations, the
sugar-phosphate backbone was removed and the bases were trun-
cated at the C10 position with a methyl group.

In order to evaluate the accuracy of the calculated RIMP2 single
point energies, we have also performed single point energy calcu-
lations using the DLPNO-CCSD(T) method of Neese and co-workers
[54–56] for all the base pairs under investigation as implemented
in ORCA 4.0 [57]. Tighter than the default ‘‘TightPNO” DLPNO
settings (TCutPairs = 10�5, TCutPNO = 10�7, and TCutMKN = 10�3)
were used [58]. The triple and quadruple-f correlation consistent
basis sets of Dunning augmented with diffuse functions were used
in the present work to describe hydrogen, carbon, nitrogen and
oxygen atoms [42]. The correlation fitting basis sets aug-cc-
pVQZ/C developed by Hättig and co-workers [59], necessary for
the resolution of identity approximation as a part of DLPNO
scheme, were used. All aug-cc-pVQZ/C basis sets were used as
implemented in ORCA 4.0 suite of programs [57].

To account for the basis set incompleteness effects, we applied
the extrapolation schemes for Hartree-Fock and DLPNO-CCSD(T)
correlation energies proposed by Helgaker and co-workers
[60–62], see Eqs. (3) and (4). For two adjacent triple and
quadruple-f basis sets:

En
HF ¼ E1

HF þ ae�1:63n ð3Þ

En
corl ¼ E1

corl þ bn�3 ð4Þ

where n = 3 and 4 for triple and quadruple-f basis sets; E1
HF=E

1
corl are

the Hartree-Fock and correlation energies at the complete basis set
(CBS) limit; a/b are parameters to be obtained from a system of the
two equations.

2.2. Molecular dynamics simulations

2.2.1. Model building
The DNA sequences, 1AW-DNA and 6AW-DNA (see Fig. 1), used

in the MD simulations correspond to the duplexes 19 and 18,
respectively, from the experimental study [12]. Initially, the corre-
spondingwild type B-DNA duplexes, featuring A:T in place of the A:
W pairs, were built by using the Make-NA server (http://structure.
usc.edu/make-na/server.html), then the coordinates of the central
nucleobases (1 in in 1AW and 6 in 6AW) were replaced with those
of the geometrically optimized A:W pair by using VMD [63].

2.2.2. Parametrization of W
The geometrically optimized coordinates of the W nucleoside

structures obtained from QM calculations (see above) were used
to derive the structural force field parameters (bonds, angles and
dihedrals) of the nucleobase portion for the non-natural W
nucleotide. The force constants were assigned taking into account
analogous values in standard nucleobase fragments, included in
the Amber bsc1 force field library [64]. The electrostatic poten-
tial surface was generated by the Merz–Kollman method at the
HF/6-31G(d) level of theory, followed by multi configurational
two-stage RESP fitting using the RED IV program [65,66], by using
the standard protocol proposed by Cornell et al. [67]. All the
parameters corresponding to the deoxyribose sugar moiety
connecting to the non-natural bases and the phosphate group
were derived from the Amber bsc1 force field library values [64].

http://structure.usc.edu/make-na/server.html
http://structure.usc.edu/make-na/server.html


M. Chawla, S. Gorle, Abdul Rajjak Shaikh et al. Computational and Structural Biotechnology Journal 19 (2021) 1312–1324
2.2.3. Simulation protocol
All the MD simulations were performed with NAMD [68] in a

water box with 50 Å * 52 Å * 66 Å dimensions solvated using the
TIP3P water model [69] and simulating standard biological condi-
tions by considering a 150 mM NaCl concentration with additional
22Na+ ions to neutralize the system. Electrostatic interactions were
treated using the particle mesh Ewald method and a non-bonded
cutoff of 1.4 nm was used for the Lennard-Jones potential. The sim-
ulations were run under NPT conditions (298 K and 1 bar) using
the Berendsen algorithm [70] to control temperature and pressure,
with a coupling constant of 5 ps for both parameters, a benchmark
protocol by the ABC consortium (https://bisi.ibcp.fr/ABC/Protocol.
html). Periodic boundary conditions were employed and the
SHAKE algorithm [71] was used to constrain all bonds involving
hydrogens. An integration time step of 2 fs was used and the coor-
dinates were saved every 5 ps for further analyses. In both systems
the water molecules were relaxed by performing energy minimiza-
tion and followed by 500 ps of MD in NVT ensemble at 298 K,
restraining the atomic positions with a weak harmonic potential.
The systems were heated up gradually to 298 K in a six-step pro-
cess, starting from 50 K to 298 K. After heating, the systems were
simulated under NPT standard conditions, without restraints, for
0.5 ls (500 ns).
2.2.4. Post-simulation analyses
The analyses of the MD trajectories were done by the VMD [63],

Pymol [72] and GnuPlot [73]. For the interaction energies calcula-
tion, 800 MD frames each were extracted from the trajectories of
1AW-DNA and 1AT-DNA, every 0.5 ns, between 100 ns and
500 ns of simulation time. Interaction energies for the central A:
W and A:T base pairs were calculated with the NAMDEnergy
plugin of VMD, as the difference between the total energy of the
nucleobase pair and the sum of total energies of the individual
nucleobases, and averaged over the 800 frames. Finally, 5 frames
every 100 ns were extracted from the MD simulations for each
system, to calculate the stacking interaction energies of the non-
natural W base, as compared to A, with the adjacent neighboring
bases by a QM approach (see QM calculations). The glyosidic bond
preference was assessed by measuring the dihedrals between
atoms O40-C10-N9-C4 (for A), O40-C10-N1-C2 (for T), and O40-C10-
C1-C2 (for W). The Curves+ program [74] was employed for the
calculation of helical parameters.
3. Results and discussion

3.1. Optimal geometries and stability of the W-containing base pairs

Eight base pair combinations have been investigated in their
canonical cis Watson-Crick geometry (abbreviated as cWW from
here on [75]). They include the base pairs given by W with the four
natural DNA bases, A, G, C, T, all previously inserted in the middle
of a model DNA duplex and experimentally characterized [12], and
the corresponding unmodified base pairs, A:T, G:T, C:T and T:T, as
reference systems.

For all the above base pairs, we calculated the optimal geometry
and interaction energy both in the gas phase and in water. To have
an immediate understanding of the comparative stability of a nat-
ural vs. a W-containing base pair, we calculated the ‘‘modification”
energy, Emod (see Methods). By definition, a negative Emod value
implies that a modified pair is more stable than the corresponding
natural pair (and vice versa). All the calculated energies are
reported in Table 1. The obtained optimal geometries in the gas
phase are shown in Fig. 2, with the corresponding H-bond
distances calculated in the gas phase and in water reported.
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3.1.1. A:W cWW base pair
The optimized geometry of A:W presents two strong H-bonds,

along with an additional CH-p interaction between the C2-H atom
of A and the ethynyl group of the W base. The two strong hydrogen
bonds are identical to those of A:T, with a slight elongation of the
N1(A)–N3(W) H-bond and a slight compression of the N6(A)–O4
(W) H-bond, by �0.09 Å each. The C10–C10 distance in the gas-
phase optimized geometry is 10.88 Å, that is extremely similar to
that of the canonical G:C/A:T cWW pairs (10.69/10.53 Å). This
means that this base pair is perfectly isosteric with the natural
base pairs found in DNA. Optimization of the A:W pair in water
resulted in a geometry consistent with the gas phase one, with
differences in the calculated H-bond distances and the C10–C10

distances within 0.02 Å.
Focusing on energetics, the non-natural A:W pair is more stable

than A:T (with Emod of �2.20 kcal/mol and �1.45 kcal/mol in the
gas phase and in water, respectively), which is in line with the
experimental finding that replacement of T with W increases the
stability of a DNA duplex [12]. It is to be remarked that the electro-
static component of the interaction energy gets attenuated by
solvent screening in water, resulting in significantly lower interac-
tion energies for the A:W/A:T base pairs as compared to the gas
phase calculations.

To shed light on the enhanced stability of the A:W pair
relatively to A:T, we compared the electron densities of both the
systems. Differences in the electron density between the W and
T bases and the A:W and A:T base pairs in the gas phase are plotted
in Fig. 3A, B. From the figure, it is clear that a depletion in electron
density is observed around the O4 atom of W, which makes it a
poorer H-bond acceptor. The electron density is instead increased
around the N6 atom of the A base and decreased around its bound
hydrogen, thus making N6(A) a better H-bond donor. These
opposite effects result overall in a stronger H-bond between N6
(A) and O4(W), as compared to the corresponding H-bond in the
unmodified A:T pair. On the contrary, the H-bond between N1(A)
and N3(W) is weaker than the corresponding one in the unmodi-
fied base pair, as an increase in the electron density is observed
around the hydrogen on N3(W), making it a poorer H-bond donor,
while the electron density around N1(A) is unchanged in the two
base pairs. In agreement with the above analysis, the H-bond
distances of the optimized structures (see Fig. 2) show a respective
shrinking and elongation of the N6(A)–O4(W) and N1(A)–N3(W)
H-bonds in A:W as compared to A:T. Therefore, the balance of
these effects result in a similar stability of the two base pairs in
terms of H-bonding.

The short distance between the C2-H group on A and the ethy-
nyl group on W suggests that the increased stability of the A:W
pair could be explained by an attractive CH-p type interaction
between these groups. To shed light on this point, we performed
a Non Covalent Interaction (NCI) analysis, using the approach
developed by Yang and coworkers [76,77] (Fig. 3C, Fig. S1). As
supposed, in addition to the expected attractive interactions
corresponding to the above H-bonds (blue patches), the NCI isosur-
face of the A:W base pair shows a similarly attractive interaction
between C2-H on A and the ethynyl group on W.

3.1.2. T:W cWW base pair
The optimized geometry of T:W in the gas phase is planar and

stabilized by two strong H-bonds, similarly to the natural T:T pair.
Its C10–C10 distance is 8.62 Å, which compares with 8.55 Å in T:T.
Not surprisingly for the pairing between two 6-membered rings,
this distance is significantly shorter (by �2 Å) than that of the
canonical A:T/G:C pairs. In water optimization results in a geome-
try which is perfectly consistent with the gas phase optimized one,
with differences in the calculated H-bond and C10–C10 distances
within 0.08 Å. Regarding energy, it is more stable than T:T, with

https://bisi.ibcp.fr/ABC/Protocol.html
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Table 1
Interaction energies, Eint, and binding energies, Ebind, for the cWW A:T and G:C base pairs and the modified pairs involving W. All energies are reported in kcal/mol. EMod is the
difference between the binding energy of the modified base pair and of the reference natural pair. Negative and positive values of EMod indicate that the modified base pair is more
stable or less stable than the reference pair. Energies calculated at the RIMP2/aug-cc-pVTZ level on B3LYP-D3BJ/cc-pVTZ optimized geometries and Ebind and EMod values
calculated by CCSD(T)-DLPNO/CBS in the gas phase are reported.

System Eint gas (MP2) Edef gas (MP2) Ebind gas (MP2) Ebind gas (DLPNO) EMod gas (MP2) EMod gas (DLPNO) Ebind water (MP2) EMod water (MP2)

G:C �30.74 2.75 �27.98 �28.08 – – �12.49 –
A:T �16.35 1.43 �14.92 �15.01 – – �7.89
A:W �18.50 1.38 �17.12 �16.41 �2.20 �1.40 �9.34 �1.45
C:T �15.30 1.90 �13.40 �13.45 – – �6.32 –
C:W �19.73 1.69 �18.04 �17.66 �4.64 �4.21 �8.48 �2.16
T:T �13.39 0.98 �12.41 �12.53 – – �7.01 –
T:W �16.33 1.21 �15.12 �15.46 �2.71 �2.93 �8.26 �1.25
G:T �18.07 2.05 �16.02 �16.42 – – �7.87 –
G:W �9.43 0.59 �8.84 �8.57 7.18 7.85 �5.67 2.20

Fig. 2. Stick representation of the investigated base pairs. H-bond distances, in Å, are reported as red dashed lines for the optimized geometries in the gas phase (water).
Interaction mediated by the ethynyl group of W are also indicated, by blue dashed lines. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Electron density difference, in the base plane, (A) between the W and T bases and (B) the A:W and A:T base pairs. Density difference curves are plotted between �0.02
and 0.02 a.u., with a spacing of 0.001 a.u. Blue (red) lines refer to negative (positive) density difference curves, i.e., to areas where the W base and AW base pair presents
reduced (increased) electron density as compared to the system including T base and AT base pair. (C) NCI isosurface of the A:W base pair with representation of the reduced
density gradient isosurface, s = 0.5 a.u. The surface is colored on a blue-to-red scale according to values of sign(k2)q, ranging from �0.5 to 0.5 a.u. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Emod of �2.71 and �1.25 kcal/mol in the gas phase and water,
respectively.

3.1.3. G:W cWW base pair
The base pair formed by W with G results to be significantly

propeller twisted both in the gas phase and in water. While main-
taining C10–C10 distances close to the canonical ones (10.84 Å in the
gas phase and 10.99 Å in water), the optimized geometries deviate
indeed significantly (by 52.8�/51.8�, in the gas phase/water) from
the planarity expected for a canonical cWW base pair. This is a
1316
consequence of the steric repulsion between the G amino group
and the W ethynyl group, which would crash in a planar cWW
geometry.

In both the media, the H-bond between O6(G) and N3(W) is
preserved, although being slightly elongated (by 0.04/0.05 Å),
and a weak attractive interaction seems to establish between the
W ethynyl group and the N1(G) atom, as shown by the NCI analysis
(see Fig. S1C).

Clearly, the G:W optimized geometries would not fit into a reg-
ular DNA duplex. Furthermore, they are weaker than the G:T base
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pair, with Emod values of 7.18 and 2.20 kcal/mol in the gas phase
and in water, respectively.

3.1.4. C:W cWW base pair
In the gas phase optimization, C:W is stabilized by two strong

H-bonds within a planar geometry, similarly to the natural C:T
pair. The C10–C10 distance is 8.94 Å/8.47 Å in the gas phase and
in water, which compares with the distance of 8.52 Å/8.59 Å in
C:T pair. In water optimization resulted in a optimized geometry
substantially consistent with the gas phase one, with differences
in the calculated H-bond distances within 0.20 Å and a C10–C10

distance within 0.03 Å. As for the energy, the C:W pair results to
be more stable than C:T, with Emod of �4.64 kcal/mol and
�2.16 kcal/mol in the gas phase and in water, respectively.

3.1.5. Reliability of calculated energetics of the H-bonded base pairs
In order to test the capability of the RIMP2 interaction energies

to capture the modification of the heterocycle skeleton, along with
its further functionalization of the non-natural nucleobase moiety
(W base), we also calculated the gas phase DLPNO-CCSD(T)/CBS
energies, considered to be the golden standard in quantum chem-
istry [30,31], for all the non-natural and unmodified base pairs
under study. The values of calculated energies are reported in
Table 1. Analogously to what recently reported [78], the compar-
ison between the DLPNO-CCSD(T)/CBS energy values and those
obtained by the RIMP2 approach shows that differences of the
calculated energies are minor. They range between 0.1 kcal/mol
for classical the A:T/G:C cWW base pairs and 0.7 kcal/mol for the
non-natural base pairs under study. Further, differences in the
corresponding Emod values are small: 0.80 kcal/mol for A:W,
0.43 kcal/mol for C:W, 0.22 for T:W and 0.67 kcal/mol for G:W.
This substantial agreement between the DLPNO-CCSD(T)/CBS and
RIMP2/aug-cc-pVTZ calculated energy values further supports the
usage of computationally less expensive RIMP2 energies in the
context of H-bonded base pairs in nucleic acid structures. This is
a relevant conclusion, as the DLPNO-CCSD(T) approach still is very
expensive for very large systems, which are instead doable at the
RIMP2 level. Further, the reported RIMP2 values allows to compare
results in this work with a vast amount of literature in the field
[24,28,78–85].

3.2. Dynamic behavior of a DNA duplex featuring
a central A:W base pair

In order to investigate the effect of a central A:W pair on a DNA
double helix, we simulated by classical MD the 12-mer DNA duplex
previously proposed and experimentally characterized in [12] (see
Fig. 1). We also simulated the same duplex with a central natural
A:T pair, as a reference system, with the natural duplex being
experimentally shown to feature a melting temperature of 4.4 �C
lower than the corresponding modified one [12]. Each of the
obtained MD trajectories was 500-ns long.

MD simulations showed that both the modified 1AW-DNA and
unmodified 1AT-DNA duplexes maintain their overall topology
during the simulations. The root mean square deviation (RMSD)
profiles of all the atoms, excluding the capping base pairs, are fairly
similar for the two systems with mean values of 2.68 ± 0.02 and 2.
56 ± 0.04 Å, for the 1AW-DNA and the 1AT-DNA duplex, respec-
tively (see Fig. 4A).

The distances between the heavy atoms of the central A:W and
A:T base pairs potentially involved in inter-base H-bonds in the
two systems have been monitored along the corresponding trajec-
tories. Not surprisingly, the two strong H-bonds are retained in the
1AT-DNA duplex with average distances of 2.98 ± 0.01 and 2.94 ± 0.
01 Å for N6(A)–O4(T) and N1(A)–N3(T), respectively, which are
slightly larger than those obtained from the QM calculations.
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The two expected H-bonds in 1AW-DNA, N6(A)–O4(W) and N1
(A)–N3(W), are also maintained, with distances of 2.92 ± 0.01
and 2.99 ± 0.01 Å, respectively (Fig. S2), which are again only
slightly larger than those obtained from the QM calculations. The
C10–C10 distance for the central base pair also remains stable under
dynamic conditions, for both the 1AT-DNA and 1AW-DNA, with
average values of 10.60 ± 0.02 Å and 10.96 ± 0.04 Å, respectively
(Fig. S3). These values are also extremely close (deviations within
0.08 Å) to the ones obtained from the QM calculations. The interac-
tion energies calculated by a molecular mechanics approach for the
central A:T and A:W base pairs over the MD simulation time are
�10.58 ± 0.04 kcal/mol and �12.28 ± 0.17 kcal/mol, respectively,
being perfectly in line with the stability trend outlined by the
QM calculations.

The glyosidic bond preference, i.e. the orientation of the nucle-
obase with respect to the furanose sugar, was also assessed for the
central T7 and W7 nucleotides in the 1AT-DNA and 1AW-DNA
duplexes. In either duplex, T/W samples conformations within
the anti region (Fig. S4), the glyosidic angle being in the 181�–29
5�/151�–266� ranges, with average values of 237� and 194�, respec-
tively (Fig. S5). The glycosidic torsion of the complementary A
nucleotide (A18) is also, not surprisingly, peculiar to an anti confor-
mation, and ranges between 161� and 312�, irrespectively of the
identity of the complementary nucleotide (T7 or W7), with average
values of 246�/250� for 1AW-DNA/1AT-DNA.

To assess the effect of the central A:W base pair on the global
features of the DNA duplex, we calculated all the inter- and
intra-base pair parameters describing the double helix structure.
The values averaged over the final 400 ns of relative MD trajecto-
ries are reported in Table 2, where they are also compared to
standard values mediated over four X-ray structures and from a
long-timescale MD trajectory for a canonical 12-mer B-DNA duplex
of sequence d(CGCGAATTCGCG)2, the Drew–Dickerson dodecamer
(DDD) [86,87].

From Table 2, it is clear that all the parameters of the modified
duplex are close to those of a canonical B-DNA crystal structure,
with maximum deviations in average angles and distances of 5.4�
(for the buckle) and of 0.67 Å (for the slide). As for the comparison
with the corresponding natural duplex, 1AT-DNA, deviations are,
as expected, even smaller, with differences in angles within 2.4�
and in distances within 0.2 Å.

The mean rise/twist parameters are 3.42 Å/33.3� for the
1AW-DNA system and 3.19 Å/32.9� for the 1AT-DNA system,
respectively. These values are extremely close to those of a stan-
dard B-DNA, namely 3.35 Å for the rise and 35.2� for the twist;
see Table 2 [87]. Their values are also consistent with those of
the reference MD trajectory [86,87]. For example, the average
intra-base propeller and inter-base rise values of �10.3/�10.9�
and 3.42/3.19 Å that we calculated both for the 1AW-DNA and
the 1AT-DNA duplexes, are consistent with the values of approxi-
mately �10� and 3.3 Å from ref. [87], reported in Table 2. On a
residue basis, it is clear from Fig. 5 that no considerable difference
in the base-pair parameters for both 1AW-DNA and 1AT-DNA are
observed near the modification site, except for the propeller and
twist parameters, which deviate by ~10–15� for the base pair at
the 50 side.

Furthermore, the spatial exploration of W relatively to the com-
plementary A base in the 1AW-DNA is very similar to that of T in
the 1AT-DNA duplex, indicating that the modification does not
substantially change the dynamical behavior of the base pair in
the context of a DNA duplex (see Fig. 6).

The rather small standard deviation for all the average struc-
tural parameters reported in Table 2 and for the RMSD of Fig. 4A
clearly indicates that there is no drift in these parameters over
time, confirming that the simulations can be considered equili-
brated in the examined time window.



Fig. 4. A) Top. Root mean square deviation (RMSD) of the 1AW-DNA (grey and blue lines) and of the 1AT-DNA (black and red lines) systems, calculated on all the atoms but
the capping base pairs. Blue and red lines correspond to rolling RMSD averaged over 500 MD frames. Bottom. Averaged 1AW-DNA structure shown in a ribbon representation;
the central base pair, W7:A18, is shown in a stick representation. B) Top. RMSD of the 6AW-DNA (grey and blue lines) and of the 6AT-DNA (black and red lines) duplexes,
calculated on all the atoms but the capping base pairs. Blue and red lines correspond to rolling RMSD averaged over 500 MD frames. Bottom. Averaged 6AW-DNA structure
shown in a ribbon representation, with the central base pair, W6:A17, shown in a stick representation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Helical parameters for the modified 1AW-DNA and 6AW-DNA duplexes and the corresponding unmodified 1AT-DNA and 6AT-DNA duplexes, averaged over the final 400 ns of
relative MD trajectories. In the last two columns, the base pair parameters from a long time scale dynamics and from X-ray structures of the Drew–Dickerson Dodecamer (DDD)
[87] are reported for comparison.

1AW-DNA 1AT-DNA 6AW-DNA 6AT-DNA DDD_MDa DDD_X-rayb

Intra-Base Pair
Buckle (�) �5.9 ± 0.3 �8.3 ± 0.3 �7.1 ± 0.2 �4.8 ± 0.3 0.0 ± 9.7 �0.5
Opening (�) 2.3 ± 0.3 2.0 ± 0.3 �0.7 ± 0.1 1.4 ± 0.5 1.3 ± 4.0 1.6
Propeller (�) �10.3 ± 0.5 �10.9 ± 0.3 �11.6 ± 0.1 �8.7 ± 1.0 �9.2 ± 8.4 �14.4
Shear (Å) 0.04 ± 0.03 �0.01 ± 0.07 0.02 ± 0.05 �0.32 ± 0.10 0.0 ± 0.30 0.03
Stagger (Å) 0.02 ± 0.02 0.19 ± 0.05 0.84 ± 0.29 0.29 ± 0.24 0.10 ± 0.38 0.21
Stretch (Å) �0.20 ± 0.05 �0.41 ± 0.07 �0.11 ± 0.06 �0.44 ± 0.11 0.02 ± 0.12 0.19

Inter-Base Pair
Twist (�) 33.3 ± 0.2 32.9 ± 0.4 34.1 ± 0.1 33.2 ± 0.2 34.3 ± 5.5 35.2
Roll (�) 1.4 ± 0.3 2.2 ± 0.4 �0.4 ± 0.2 4.1 ± 0.8 1.5 ± 5.5 �0.7
Tilt (�) 1.3 ± 0.1 1.3 ± 0.4 1.9 ± 0.1 �0.1 ± 0.6 �0.1 ± 4.7 �0.4
Shift (Å) 0.22 ± 0.02 0.22 ± 0.04 0.21 ± 0.01 0.32 ± 0.05 �0.01 ± 0.81 �0.07
Slide (Å) �0.53 ± 0.02 �0.43 ± 0.02 �0.03 ± 0.02 �0.50 ± 0.02 �0.24 ± 0.53 0.14
Rise (Å) 3.4 ± 0.10 3.2 ± 0.0 3.4 ± 0.0 3.3 ± 0.1 3.32 ± 0.29 3.35

Base pair axis
Axbend (�) 18.8 ± 1.1 25.8 ± 0.8 17.3 ± 0.4 21.4 ± 2.0 – –
Inclination (�) 2.7 ± 0.6 5.6 ± 0.5 �0.4 ± 0.2 4.9 ± 0.8 2.2 ± 5.7 �0.6
Tip (�) �1.7 ± 0.3 0.1 ± 0.4 �2.9 ± 0.1 �3.8 ± 0.8 0.1 ± 6.9 �2.6
X-disp (Å) �0.91 ± 0.07 �0.95 ± 0.02 0.00 ± 0.04 �1.19 ± 0.05 �0.58 ± 1.05 �0.15
Y-disp (Å) �0.03 ± 0.03 �0.12 ± 0.03 �0.04 ± 0.01 �0.26 ± 0.05 0.00 ± 0.84 0.52

a From a reference on long-timescale MD simulations [87].
b Averaged over the X-ray structures with PDB IDs: 1BNA, 2BNA, 7BNA and 9BNA.
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Fig. 5. Average values of the inter base-pair (A), and intra base-pair (B) helical parameters (C) groove parameters corresponding to the 1AW-DNA and the 1AT-DNA duplexes,
calculated from the MD simulation trajectories. Translational parameters are in angstroms (Å) and rotational parameters in degrees (�). The error bars are the standard
deviation.

M. Chawla, S. Gorle, Abdul Rajjak Shaikh et al. Computational and Structural Biotechnology Journal 19 (2021) 1312–1324
Finally, it is well known that a B-DNA duplex possesses distinct
grooves with a wide major groove and narrow minor groove. The
width of the 1AW-DNA major and narrow minor grooves over
the simulation time average to 13.03 ± 0.08 Å and 5.25 ± 0.04 Å,
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respectively (Fig. 5C), values which are very close to those of the
unmodified 1AT-DNA (major and minor groove widths of 12.97 ±
0.06 Å and 5.52 ± 0.05 Å, respectively). These values are also within
1.5/0.5 Å from those of a standard B-DNA duplex.



Fig. 6. Best superimposition of A in 20 representative snapshots of the WA and TA base pairs in the 1AW-DNA and 1AT-DNA duplexes, respectively, extracted from the MD
simulations every 25 ns.
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3.3. Dynamic behavior of a B-DNA duplex featuring
multiple A:W base pairs.

To investigate the effect of multiple neighboring A:W base pairs
on a DNA double strand, we simulated a model 11-mer DNA
duplex by MD simulations, also experimentally characterized
[12], featuring six consecutive A:W base pairs in its center
(6AW-DNA, see Fig. 1). We simulated as well its unmodified coun-
terpart, featuring 6 A:T base pairs in place of the modified A:W
pairs (6AT-DNA) which has a lower melting temperature of
17.5 �C [12]. Each of the obtained MD trajectories was 500-ns long.

The RMSD profiles of 6AW-DNA and 6AT-DNA, calculated on all
the atoms but the capping base pairs, are fairly similar, with mean
values of 2.17 ± 0.03 and 2.43 ± 0.03 Å, respectively (see Fig. 4B).
The H-bonding within all the six A:W base pairs were retained
during the simulation time.

The C10–C10 distance for the six central base pairs also remains
stable under dynamic conditions, for both the 6AT-DNA and 6AW-
DNA, with average values of 10.59 ± 0.01 Å and 10.95 ± 0.01 Å,
respectively, from the MD trajectories. These values are also extre-
mely close (deviations within 0.07 Å) to the ones obtained from the
QM calculations.

Both in the 6AT-DNA and in the 6AW-DNA duplex, W and T
sample conformations within the anti region. The average glyosidic
torsion angles vary between 235� and 244� for the six central T
bases in the 6AT-DNA system (Fig. S6), while they vary between
211� and 250� for the six central W bases in the 6AW-DNA system
(Fig. S6). The glycosidic torsion values of the complementary A
nucleotides are also, not surprisingly, peculiar to an anti-conforma-
tion, with average values in the 241-263� range for both the
systems, irrespectively of the identity of the complementary
nucleotide. The distribution of glycosidic torsion angles for the
six central W/T nucleotides and their paired A nucleotides is
reported in Figs. S7 and S8.

The inter- and intra-base pair parameters values averaged over
the final 400 ns of relative MD trajectories are reported in Table 2
and compared to standard values for a canonical X-ray B-DNA
structure and for a reference MD trajectory, as explained above.

From Table 2, it is clear that all the parameters of the
modified 6AW-DNA duplex are close to those of a canonical
B-DNA, with maximum deviations in average angles and distances
of 6.6� (for the buckle) and of 0.63 Å (for the stagger). As for the
comparison with the corresponding natural duplex, 6AT-DNA,
deviations are, as expected, even smaller, with differences in angles
within 4� (for roll) and in distances within 0.5 Å (for stagger), see
Table 2.
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The mean rise/twist parameters are 3.4 Å/34.1� for the 6AW-
DNA system and 3.3 Å/33.2� for the 6AT-DNA system, respectively.
These values are extremely close to those of a standard B-form
DNA, namely 3.32 Å for the rise and 34.3� for the twist [87]. In
addition, average structural parameters in Table 2 are also consis-
tent with those reported for the reference B-DNA MD trajectory
[86]. For example, the average intra-base propeller and inter-
base rise values of �11.6/�8.7� and 3.30/3.32 Å that we calculated
for both the 6AW- and 6AT-DNA duplexes are consistent with the
values of approximately �10� and 3.3 Å reported in ref. [86] (see
also Table 2). On a residue basis, it is clear from Fig. 7 that no con-
siderable difference between corresponding base-pair parameters
in 6AW-DNA and 6AT-DNA is observed.

As compared to 1AW-DNA, 6AW-DNA shows moderately higher
stretch and shear values (Fig. S9). Consistently higher stagger values
(within 1.0 Å) are also observed for all the base pairs in 6AW-DNA,
as compared to 1AW-DNA and the standard B-DNA duplex.

Finally, the major and minor groove widths over the simulation
time average to 12.96 ± 0.11 Å and 4.44 ± 0.09 Å, respectively,
which values very close (within 0.55 Å) to those of the correspond-
ing unmodified 6AT DNA (with major and minor groove widths of
12.48 ± 0.13 Å and 4.99 ± 0.06 Å, respectively, Fig. 7C). These values
are also within 1.5 Å from those of a standard B-DNA duplex.
3.4. Stacking energies of the central bases in the 1AW/6AW-DNA
and 1AT/6AT-DNA duplex

Geometries corresponding to five snapshots extracted every
100 ns from the MD simulations were also used to investigate,
by a QM approach, the impact of the non-natural W base on the
stacking with adjacent nucleobases in DNA duplexes.

For 1AW-DNA, we calculated the stacking energies of the single
bases in the central pair with the stacked bases in the 30 and in the
50 directions, for a total of 4 stacked bases, 2 for 1AW-DNA, 2 for
1AT-DNA (see Fig. 8). Consistently with the experimental evidence,
our QM calculations indicate a stabilization of 2.53 kcal/mol when
the 30 W7 base is stacked on the 50 C6 base, as compared to the
corresponding natural 50-C6//T7-30 stacking interaction in the
1AT-DNA duplex, and similar stabilization for the W base stacked
on the 30 T8 base in 1AW-DNA, as compared to the corresponding
50-T7//T8-30 interaction in 1AT-DNA (Fig. 8A, B).

For 6AW-DNA, stacking energies for a total of 6 stacked base
pairs, 3 for 6AW-DNA and 3 for 6AT-DNA, were calculated, at the
central positions 5//6, and at the positions immediately down
and upstream to the modifications, 3//4 and 10//11. The stacking
energy of the two consecutive W bases giving the 50-W5//W6-30



Fig. 7. Average values of the inter-base-pair (A), and intra-base-pair (B) helical parameters (C) groove parameters corresponding to the 6AW-DNA and 6AT-DNA duplexes
calculated from the MD trajectories. Translational parameters are in angstroms (Å) and rotational parameters in degrees (�). The error bars are the standard deviation.
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interaction is more stable by ~1 kcal/mol as compared to the
50-T5//T6-30 interaction in 6AT-DNA (Fig. 8C, D). Further, the
50-C3//W4-30 30interaction is more stable by ~0.5 kcal/mol as com-
pared to the 50-C3//T4-30 interaction in 6AT-DNA (Fig. 8E, F).
1321
Finally, a similar stability is observed for the 50-W9//G10-30 stack-
ing interaction and the corresponding 50-T9//G10-30 interaction in
6AT-DNA (with a difference in energy of only ~0.04 kcal/mol;
Fig. 8G, H).



Fig. 8. Side view of the three central bases in the 1AT-DNA (A) and 1AW-DNA (B) duplexes. The side views of the stacked base//base pairs in the 1AT-DNA (A) and 1AW-DNA
(B) systems. Side view of the two central bases in the 6AT-DNA (C) and 6AW-DNA (D) duplexes. The side views of the stacked base//base pairs in the 6AT-DNA (C, E, G) and
6AW-DNA (D, F, H) systems with the corresponding gas phase interaction energies, EStack, in kcal/mol. Nucleotides are numbered according to the scheme proposed in [12],
see Fig. 1.
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The above findings thus point overall to a stabilizing contribu-
tion from the non-natural W base to the stacking with neighboring
bases, for both the duplexes.
4. Conclusions

The T analogue abbreviated as W, bearing an ethynyl group at
the C2 position in place of the T carbonyl oxygen, proposes itself
as an ideal fifth base for biotechnological applications where a
comparable stability of the base pairs, independently from the
DNA/RNA sequence, is wanted. It was experimentally shown to
be incorporated in nucleotide sequences by automated synthesis
in high yield, to exhibit high pairing fidelity and to introduce ther-
mal stabilization over the corresponding A:T containing duplexes.

Herein, by an integrated QM and MD approach, we dissected
and explained the effect of the W modification on the base pairing
with A and the other natural bases, and on stacking interactions
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with neighboring bases; furthermore, we explored theoretically
the compatibility of single and multiple W insertions with the
dynamical features of B-DNA duplexes.

First of all, our QM calculations revealed that the optimized W:
G pair results in a geometry distorted in its planarity and incom-
patible with a regular DNA duplex, thus explaining the severe
depression in the UV-melting point, by 20.5 �C, for duplexes carry-
ing even a single G:W mismatch [12] and the high base pairing
fidelity of the W base.

The A:W base pair, in its classical cis Watson-Crick geometry,
was shown instead to preserve planarity and to exhibit a CH-p
interaction between the C2-H on A and the ethynyl group on W,
in addition to the two A:T hydrogen bonds, which are preserved.
This results in a stronger modified A:W base pair, as compared to
the unmodified A:T one.

MD simulations on two duplexes, 1AW-DNA and 6AW-DNA,
carrying one and six consecutive W bases, respectively, paired
to complementary A bases, showed that they preserve the
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anti- conformation of their glycosidic bonds and, overall, the struc-
tural parameters of a B-DNA duplex. Only minor changes are
observed as compared to the corresponding unmodified duplexes
and also to a standard B-DNA (the Drew-Dickerson dodecamer)
used as a golden standard to compare both static and dynamical
DNA helix parameters [86,87]. Within these minor changes, there
is a propeller-twist by ~10–15� for the base pair at the 50 side of
the modified W in 1AW-DNA.

Both the 1AW-DNA and 6AW-DNA exhibit distinctly different
groove widths, as expected for a B-DNA. The difference in the
major and minor groove sizes is even enhanced in the modified
duplexes, with average changes in widths within 1.5 Å both from
the corresponding unmodified duplexes and from the ‘standard’
Drew-Dickerson dodecamer. The maximum local deviation is
observed for the minor groove, which is shrinked by ~2 Å in the
middle of the 6AW-DNA duplex, as compared to the unmodified
6AT-DNA. These moderate deviations are still compatible with a
B-DNA duplex.

Snapshots of adjacent base pairs, extracted from the MD simu-
lations of the duplexes, allowed us to also investigate, by a QM
approach, the energy of the relative stacking interactions, which
resulted consistently stronger for W as compared to T. Therefore,
the enhanced stability of duplexes including single or multiple W
bases in place of A can be explained with the enhanced stability
of the modified A:W base pairs, along with the stronger stacking
interaction of W with neighboring bases. Importantly, this gained
stability is achieved while maintaining the canonical geometrical
features of a B-DNA, even under dynamical conditions, thus pre-
sumably preserving the interaction with physiological partners in
the cell; this holding true also for the insertion of several consecu-
tive W bases.

In conclusion, our study confirms W as an extremely promising
fifth base for biotechnological applications, while explaining in
detail the reasons for its stabilizing effect.
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