Stacking with the unnatural DNA base 6-ethynylpyridone

Douglas J. Gibson and Tanja van Mourik”

EaStCHEM School of Chemistry, University of St Andrews, North Haugh, St Andrews KY16 9ST
(UK)

Abstract

It was previously reported that the incorporation of 6-ethynylpyridone (E) into a DNA duplex
(replacing T in a T:A base pair) leads to DNA duplexes that are more stable than the T:A-
containing duplexes. DFT calculations at the M06-2X/6-31+G(d) and BLYP-D3/6-31+G(d) levels
on various base pairs, stacked bases and stacked base pairs in continuum solvation water
suggest that the observed increased stability of E:A-containing duplexes is due to the
combined effects of stronger base pairing and enhanced stacking of the E:A base pair.
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1. Introduction

DNA is one of life’s most important molecules, as it carries all genetic information. DNA
uses a four-letter alphabet to encode genetic instructions: A (adenine), T (thymine), G
(guanine) and C (cytosine). T selectively pairs with A and C with G, via specific hydrogen bonds.
Cytosine-guanine (C:G) base pairs have three hydrogen bonds (H-bonds), whereas thymine-
adenine (T:A) base pairs have only two (see Scheme 1); C:G base pairs are therefore more
stable than T:A base pairs. Specific pairing is essential for the correct transmission of the
genetic information through DNA replication (the process of producing two identical copies
of DNA from one original DNA molecule), transcription (where a DNA segment is copied into
messenger RNA — mRNA) and translation (decoding of mRNA produced by transcription to
produce a chain of amino acids). Over the last few decades, nucleotide analogues have been
used to increase the DNA alphabet, forming unnatural base pairs. This increases the genetic
information that can be encoded by DNA. A plethora of studies have explored extending the
genetic lexicon by incorporating unnatural base pairs into DNA or RNA [1-10]. Most unnatural
base pairs successfully incorporated into DNA or RNA contain different hydrogen-bond
patterns than the canonical base pairs, though also base pairs with no hydrogen bonds at all
have been employed [11-14].
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Scheme 1. Atom numbering in the G:C, A:T and A:E base pairs, consisting of the methylated
forms of the bases.

6-Ethynylpyridone (E), a thymine analogue, was recently reported to bind to adenine with
greater selectivity and affinity than thymine itself, even when incorporated into a DNA duplex
[15]. Compared to T:A, an E:A base pair contains one additional intermolecular interaction, a
C-Heeert interaction (Scheme 1). The increased stability when replacing a T:A pair in the
examined DNA duplex (5'-TCTTTCXTTTCT-3":3'-GAAAAGYAAGAA-5’) by an E:A pair is of similar
magnitude as replacing the T:A pair with a C:G pair [15]. This was deducted by measurements
of UV melting temperature, which showed that the replacement of a T:A pair with an E:A pair
increased the melting point of the DNA duplex by 2.6 °C, comparable to the observed increase
(2.8 °C) when the T:A pair was replaced by a C:G pair. These observations indicate that the
stability of the E:A base pair almost equals that of a C:G pair. A subsequent DFT study found
that E does indeed bind with adenine with more affinity than thymine does; however, the
calculations showed that the stability of the E:A pair is intermediate between those of the
canonical T:A and C:G base pairs [16]. Thus, the computed stability of E:A does not fully
explain the remarkable increased stability (similar to the C:G base pair) observed in the
experiments. This implies that the increased stability of E:A observed experimentally cannot
be explained fully by base-pair interactions, and that other interactions must also contribute.
One hypothesis put forward is that the increased stability observed is due to enhanced
stacking interactions within the DNA duplex structure [16]. We also note here that the
stability of DNA is largely due to stacking interactions, rather than H-bonding interactions [17].



It seems therefore reasonable to assume that the increased stability of duplexes with T:A
replaced by E:A is due to greater stacking.

In the current manuscript we investigate using dispersion-corrected density functional
theory whether an E:A base pair stacks more strongly with A:T or C:G than other base pairs.
We find that increased stacking is not evident when considering stacking of individual bases.
However, calculations on stacked base pairs provide indication of increased stacking of E:A
compared to the canonical base pairs.

2. Methodology

Stacking orientation: Due to their low symmetry, DNA bases have two distinguishable faces
[18]. Rose et al. [19] proposed a naming convention for the different faces of ring compounds:
if the direction of ascending atom numbers in the ring is clockwise, the face is labelled a; if it
is counterclockwise, it is . Scheme 1 shows the atom labelling in the DNA bases as well as 6-
ethynylpyridone. Note that in the following, A, T, C, G and E refers to the methylated forms
of the bases (9-methylation for the purines and 1-methylation for the pyrimidines and E). The
atom numbering of 6-ethynylpyridone is decided in correspondence to thymine (taken into
account how both bases bind to adenine). In B-DNA, Watson-Crick paring between a
pyrimidine and purine base occurs as a with a or B with . When looking down the 5’-strand
in the antiparallel arrangement of the two strands in double-helical DNA, the purines show
their B-faces and the pyrimidines their a-faces. Adjacent pyrimidine bases therefore stack
with the B-face of the 5’-base on the a-face of the 3’-base (B/a stacking). Adjacent purine
bases stack a/B, whereas a 5’-pyrimidine/3’-purine pair stacks B/B and a 5’-pyrimidine/3’-
purine pair stacks a/a. Previously, we had denoted these as face-to-face (a/a or B/B) or face-
to-back (a/B or B/a) in stacked DNA base pairs [20-22]. Note that if there is no information on
which base is on the 3’ or 5’ side (like in isolated stacked base pairs), then there is no
distinction between a/a and B/ or between a/p and B/a.

H-bonded base pairs: The geometries of the methylated bases adenine (A), guanine (G),
thymine (T) and cytosine (C), and the unnatural base 6-ethynylpyridone (E) were optimised
with the M06-2X density functional [23] and the 6-31+G(d) basis set. The calculations were
doneinthe gas phase and in aqueous solution, modelled by the Polarizable Continuum Model
(PCM) [24] using the integral equation formalism variant (IEFPCM). All calculations were
performed with the Gaussian 09 package [25] and employed Gaussian’s “ultrafine”
integration grid. Base pairs were then constructed by placing the bases in favourable base-
pair positions using the visualisation program GDIS [26]. The bases were placed such that the
bonds that model the link to the sugar moiety in DNA (N3-Cnethyl in the purines; N1-Chethyl in
the pyrimidines; C1-Cmethyl in E) are in a suitable position for linking to the sugar-phosphate
backbone in DNA (pointing down-left in the left base and down-right in the right base - see
Scheme 1). We considered the natural base pairs (G:C and A:T), the mispairs containing T (T:C,
T:G and T:T) and the unnatural base pairs consisting of E paired with the four natural bases
(E:A, E:C, E:G and E:T). The base pairs were optimised with M06-2X/6-31+G(d) in the gas phase



and in aqueous solution. The gas-phase interaction energies were corrected for basis set
superposition error (BSSE) using the counterpoise procedure [27], invoked by Gaussian’s
“Counterpoise” keyword. As it is not possible to implement counterpoise during a PCM
calculation with Gaussian, the interaction energies in water were corrected using the BSSE
calculated form the gas-phase calculation:

AE(PCM) = EZ¥? (AB)(PCM) — BSSE (gas) — EX¥¥ (A)(PCM) — EP*(B)(PCM) (1)

BSSE (gos) = EX™ (AB)(ges) + EL™ (AB)(ges) — EX (AB)(ges) — EL” (AB)(ges) (2)

In egs. (1) and (2) A and B refer to the two separate fragments (individual bases, in this
case); the superscripts in curly brackets indicate the basis set (monomer basis set {A} or {B},
or the dimer basis set {AB}); subscripts denote the molecular system; and systems in round
brackets denote the geometry employed for the energy calculation (dimer geometry (AB) or
optimised monomer geometry (A) or (B)).

Stacked bases: We considered T stacked with the four natural bases as well as E, and E
stacked with the five bases considered. As isolated stacks preferably adopt relative
orientations (twist angles) that are not feasible in DNA [20-22], we first optimised the
structures of the corresponding dinucleotides (the stacked bases connected by the sugar-
phosphate backbone). We considered dinucleotides with T or E at the 3’-end and one of the
five bases at the 5’-end as well as dinucleotides with T or E at the 5’-end and the other base
at the 3’-end. After optimisation of the dinucleotides, the sugar-phosphate backbone was
removed and a methyl group added at the N1-position in C or T, the N9-position in A and G
or the C5 position in E. The positions of the atoms belonging to the methyl group were
optimised using M06-2X/6-31+G(d), keeping the rest of the base at the dinucleotide
geometry. The stacking energy was then calculated at the same level of theory as for the H-
bonded base pairs (CP-corrected M06-2X/6-31+G(d)/PCM).

Stacked base pairs: Like for the stacked bases, we initially included the sugar-phosphate
backbone. For the stacked base pairs, we adopted the numbering scheme of a base pair step
following Svozil et al. [28]. The stacked base pairs are denoted 12/34, where 12 and 34 are
base pairs. Base 1 is stacked above 3 and 2 above 4, with bases 1 and 4 at the 5’ end and 3
and 2 at the 3’-end. We considered CG/XY and XY/AT, with XY replaced by TA, EA and CG. The
starting structures were constructed from the corresponding optimised dinucleotides, placed
in favourable base-pair positions in duplex conformation using GDIS. The dinucleotide
duplexes were optimised with BLYP-D3 (BLYP augmented with Grimme’s D3 dispersion
correction [29]) in conjunction with the TZVP basis set [30] and PCM water. As for the stacked
bases, the sugar-phosphate backbones were then removed, methyl groups were added and
the positions of the methyl atoms optimised with M06-2X/6-31+G(d). The stacking interaction
was then calculated at the same level of theory as for the H-bonded base pairs and stacked
bases (CP-corrected MO06-2X/6-31+G(d)/PCM), taking the H-bonded base pairs as the
fragments.



SAPT: The stacked base pairs were also analysed with Symmetry-Adapted Perturbation
Theory (SAPT) [31]. SAPT calculates the interaction energy directly without computing the
dimer and monomer energies. We employed a scaled version, sSAPTO [32], of the simplest
truncation of the SAPT expansion (SAPTO), with a truncated aug-cc-pVDZ basis set labelled
jun-cc-pVDZ (previously called aug-cc-pVDZ’ [33]), using the program Psi4 [34]. The
sSAPTO/jun-cc-pVDZ level of theory was recommended as an efficient, good-performing level
of SAPT [32]. For comparison with the SAPT results, “vertical” gas-phase interaction energies
were computed as well:

AE"™ (ges) = E5” (AB)(ges) — EX™ (A)(ges) — EL™ (B)(ges) (3)

These correspond to gas-phase counterpoise-corrected interaction energies without
inclusion of monomer deformation energies.

Geometrical analysis: We calculated the DNA base-step parameters Tilt, Rise and Twist
using an in-house Fortran program, described in Ref. [21]. The Tilt is the angle between the
two (H-bonded or stacked) base planes, the Twist (for stacked bases) is the rotation of the upper
base with respect to the lower, whereas the Rise is the vertical distance between two stacked
bases. A detailed description how these parameters are calculated can be found in the
Supplementary material.

Optimised structures: The Cartesian coordinates of all optimised base pairs, dinucleotides,
and dinucleotide duplexes, as well as the stacked base pairs extracted from the optimised
dinucleotides and the stacked base pairs extracted from the optimised dinucleotide duplexes
can be found in the Supplementary material.

3. Results and discussion

3.1 H-bonded base pairs

The structures of the optimised H-bonded base pairs are shown in Figure 1. Table 1
compares the CP-corrected M06-2X/6-31+G(d)/PCM interaction energies of the H-bonded
base pairs with the CP-corrected MP2/aug-cc-pVDZ single-point energies by Halder et al. [16].
The MO06-2X and MP2 results are in close agreement. The largest deviation occurs for E:A,
which MP2 predicts to be 5 kJ/mol more stable than M06-2X. The tilt values listed in Table 1
show that the natural base pairs (A:T and G:C), as well as the T:G and T:T mispairs, are very
nearly planar. Other pyrimidine:pyrimidine mispairs and all base pairs involving E are
considerably non-planar. Note that we found two distinct E:G base pairs: E:Ga, which
corresponds to the base pair optimised by Halder et al., and E:Gb. E:Gb is the more stable,
but also the most non-planar, of the two. Overall, the C:G base pair is the most stable base
pair as it is stabilised by three H-bonds. The E:A base pair is more stable than the natural T:A
base pair. This is partially due to the C-Hee e interaction present in E:A but not in T:A. Halder
et al. used AIM (Atoms in Molecules) analysis to show that the C-Hee e interaction in E:A and



the N-Hee e interaction in E:Ga (but not the C-HeeeQ interaction in T:A) can be classified as
H-bonds [16]. In addition, NBO (Natural Bond Orbital) analysis and IR frequency data suggest
the N-HeeeQ interaction is stronger in E:A than in T:A [16]. However, the E:A base pair is
considerably less stable than C:G (which is stabilised by three conventional H-bonds).
Therefore, the increased stability of E:A over T:A alone cannot explain the increased
thermostability observed experimentally when a T:A pair is replaced by an E:A pair in DNA
duplexes [35]. It was suggested that base pairing is not the only source of the increased
stability observed in DNA duplexes containing EA pairs, but that enhanced stacking, facilitated
by the conjugation of acetylenic & electrons with the © system of the ring, may contribute to
their greater stability [16]. In the next section we compare the stacking strength of E with
those of the other bases.

Fig. 1. Base-pair structures optimised at the M06-2X/6-31+G(d)/PCM level of theory.



Table 1.

Interaction energies (in kJ/mol) of the H-bonding base pairs in water®

AE(PCM)

Base pair MO06-2X/6-31+G(d)  MP2/aug-cc-pVDZP Tilte
C.G -62.4 -61.1 2
T:A -37.6 -39.7 0
T:.C -34.6 -33.9 47
T:G -40.5 -41.8 3
TT -36.0 -38.1 0
E:A -40.9 -46.0 21
E:C -38.0 -40.6 60
E:Ga -23.3 -21.3 41
E:Gb -34.7 n/a 71
E:T -22.3 -23.0 41

@ All interaction energies are CP-corrected.

b Taken from Ref. [16]. Calculated at M05-2X/6-31+G(d,p) optimised geometries. Solvent
modelled using CPCM.

¢ Using the M06-2X/6-31+G(d)/PCM optimised geometries.

3.2 Stacked bases

The interaction energies, tilt and rise of the stacked bases are listed in Table 2. The
corresponding structures are given in Figure 2. The mixed purine/pyrimidine stacks have tilt
values close to 180° because they stack a/a or B/B. The purine/purine and
pyrimidine/pyrimidine pairs have face-to-back stacking (/B or B/a) and therefore have tilt
values close to 0°. With a tilt value of 155°, E/G exhibits the largest deviation from the ideal
structure of two parallel bases. It also has the largest rise (3.58 A). All other stacks have a rise
value around 3.2 — 3.3 A. This is slightly shorter than the average distance between
consecutive bases in B-DNA (3.4 A [36]), but about 0.1-0.2 A longer than in stacks optimised
at the same level of theory but in the absence of the sugar-phosphate backbone [20-22]. In
some stacks (for example A/T), replacing T by E leads to a slight increase in stacking energy.
However, in other cases (for example C/T) such a replacement causes a decrease in stacking
energy. Overall there is no indication that E stacks better than T in isolated stacks.



E/E G/E E/A E/C E/G

Fig. 2. Stacked bases optimised at the M06-2X/6-31+G(d)/PCM level of theory. The 5’-base is
always on top.

Table 2.

Stacking interaction energies (in kJ/mol) of the stacked bases in water, calculated at
the CP-corrected M06-2X/6-31+G(d)/PCM level. Rise (in A) and Tilt (in degrees) are
given as well.

5-X/Y-3’ AE(PCM) Rise Tilt 5'-X/Y-3’  AE(PCM) Rise Tilt
A/T -30.9 3.19 174 A/E -32.4 3.20 173
c/T -21.6 330 12 C/E -19.7 334 14
E/T -25.2 3.24 19 E/E -26.7 333 16
G/T -20.8 3.26 173 G/E -19.8 3.25 174
T/T -24.4 3.21 15 T/E -23.4 331 16
T/A -30.5 3.19 173 E/A -27.7 3.30 171
T/C -23.0 3.24 16 E/C -22.1 3.27 17
T/E 2234 331 16 E/T -25.2 3.24 19
T/G -28.4 3.19 170 E/G -27.3 3.58 155

3.3 Stacked base pairs

Table 3 shows the stacking interaction energies (in kJ/mol) of the stacked base pairs. The
structures are displayed in Figure 3. The first three rows show systems with a 5’-C:G-3’ base
pair stacking with 3’X:Y-5" (X:Y = C:G, T:A and E:A, respectively), whereas the last three rows
show systems with a 3’-T:A-5’ base pair stacking with 5-X:Y-3’ (X:Y = C:G, T:A and E:A,
respectively). This conforms to the duplex studied by Halder et al., where X:Y is located
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between a 5’-C:G-3’ and 3'T:A-5’ base pair. Note that the 5'C/3’'T:5’A/G3’ system is shown
twice in Table 3 to aid analysis. Note that the carbonyl oxygen in EA/TA forms two hydrogen
bonds; one of these links the E unnatural base in the upper base pair with the A base in the
lower base pair. This H-bond may be responsible for the large stacking interaction in this
stacked base pair.

Considering the base pairs stacking with 5’-C:G-3’, replacing the 3’-C:G-5" base with 3’-E:A-
5’ yields significantly increased stabilisation (from -2.46 to -20.00 kJ/mol, using the PCM
numbers). However, replacing 3’-T:A-5" by 3’-E:A-5’ yields a slight destabilisation (from -23.30
to -20.00 kJ/mol). Inspection of the last three rows in Table 3 shows that, with the 3’-T:A-5’
base pair, E:A stacks more strongly than either C:G or A:T.

TA/TA EA/TA

Fig. 3. Stacked base pairs optimised at the BLYP-D3/6-31+G(d)/PCM level of theory. The 5’-
base of the left and right base pair are at the top left and bottom right, respectively.



Table 3.

Stacking interaction energies (in klJ/mol) of the stacked base pairs in water
and gas phase, calculated at different levels of theory.?

Stacked base pair AE(gas) AE(PCM)  AE'®"{(gas) sSAPTO

CG/CG 7.69 -2.46 -43.85 -49.86
CG/TA -22.26 -23.30 -63.64 -71.91
CG/EA -16.45 -20.00 -52.26 -65.10
CG/TA -22.26 -23.30 -63.64 -71.91
TA/TA -25.32 -24.80 -65.73 -76.88
EA/TA -23.89 -27.94 -69.41 -84.57

2 The interaction energies are calculated taking the H-bonded base pairs
as the fragments.

Table 4.
Base-step parameters (Rise in A; Tilt in degrees) of the stacked base pairs in water
calculated at the CP-corrected M06-2X/6-31+G(d)/PCM level.?

Stacked base pair Tilt (up) Tilt (low) Rise(l) Tilt(l) Twist(l) Rise(r) Tilt(r) Twist(r)

CG/CG 12 9 3.24 8 37 3.34 2 46
CG/TA 10 19 3.30 10 38 3.45 4 34
CG/EA 18 13 3.42 7 26 3.47 5 32
TA/TA 24 30 3.30 12 37 3.50 10 37
EA/TA 35 41 3.70 14 47 3.47 10 41

2 For a stacked base pair 12/34, “up” (upper) and “low” (lower) refer to the H-bonded base
pair 1:2 and 3:4, whereas “I” (left) and “r” (right) refer to the stacked bases 1/3 and 2/4.

Table 4 lists the base step parameters for the separate fragments (H-bonded base pairs
and stacked bases) of the stacked base pair structures. In an idealised DNA helix, the Twist is
36°, the average distance between two adjacent base pairs (Rise) is 3.4 A and the Tilt is 0°
(conforming to planar and parallel base pairs). However, DNA is very dynamic and it has been
shown by analysis of a database consisting of 40 DNA oligomers that significant variations
from the idealised values can occur [36]. The Twist angle can vary from as little as 10° to as
much as 60°, whereas the Tilt can vary by -25 to +25°. Most of the Rise values calculated for
the stacked base pairs are close to the idealised value. The largest deviation occurs for EA/TA
(Rise of 3.7 A for the E/T stack). The Twist angles in our optimised structures vary from 26 to
46° and are all in the accepted range. The Tilt in the stacked bases (left and right) are all within
the range observed in the database oligomers, whereas the Tilt in the H-bonded base pairs
(upper and lower) exceeds this range in some cases. Again, the largest deviation from the
idealised value occurs for the H-bonded base pairs in EA/TA (Tilt values of 35 and 41° for E:A
and T:A, respectively). This appears to be due to the preference of E to form non-planar base
pairs (see also Table 1); the Tilt of the T:A base pair stacking with E:A is also large (despite
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isolated A:T having a Tilt of 0° - see Table 1) as it attempts to keep good stacking with the E:A
base pair (which can also be deduced from the relatively small Tilt values for the left and right
stacked bases). It thus appears that stacking interactions have a larger effect on nucleotide
geometry than H-bonding interactions. The Tilt values in EA/TA are however not much
different from those in TA/TA. We also note that the values for CG/EA are in line with those
of the other base pairs. We therefore expect that the distortion caused by incorporation of
E:A into DNA will likely be minimal.

Also shown in Table 3 are SAPT interaction energies. As the SAPT results do not take into
account deformation energies, these are best compared to the vertical CP-corrected gas-
phase interaction energies, AEV®™(gas), also listed in Table 3. The SAPT results are somewhat
larger than the DFT values, but generally follow the same trend. SAPT also provides a
decomposition of the interaction energy in physically meaningful components (electrostastic,
exchange, induction and dispersion interactions). Figure 4 shows the individual components
for the five stacked base pairs considered in this work. Dispersion is clearly the largest
component. The electrostatic term is mainly responsible for the order of stability of the
different structures; the other terms show smaller variability for the different stacked base
pairs. Thus, the electrostatic term is largely responsible for the increased stacking of E:A with
T:A. The increased electrostatic term may be due to the hydrogen bond formed between the
carbonyl oxygen on E in the upper base pair and an amino hydrogen on A in the lower base
pair (see also Figure 3).

50 L —hk— Exchange —%— Dispersion |
—&— Induction —8— Electrostatics

— E —»— BLYP-D3/TZVP i
£
:"‘ 0 B & H— n
= ¢ _ DO
o L i
<

-100 - -

CG/CG CG/TA CG/EA TA/TA EA/TA

Fig. 4. Energy components for the stacked base pairs considered in this work calculated at
the SAPTO/jun-cc-pVDZ level.

4, Conclusions

To investigate the increased stability previously reported for a DNA duplex, following
replacement of a T:A base pair by an E:A base pair (where E is the thymine analogue 6-
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ethynylpyridone), we studied base-pairing and stacking interaction energies in various H-
bonded base pairs, stacked bases and stacked base pairs, at the counterpoise-corrected M06-
2X/6-31+G(d) and BLYP-D3/6-31+G(d) levels of theory in PCM continuum solvation water.
Whereas E does bind stronger to A than T does, the increased stability of the H-bonded E:A
base pair compared to T:A is insufficient to explain the observed increase in melting
temperature of the previously investigated DNA duplex, confirming previously reported
results. To investigate whether the increased stability is caused by enhanced stacking of the
E:A base pair, we calculated stacking energies of stacked bases and stacked base pairs.
Calculations on the stacked bases do not reveal any indication that E stacks stronger than T.
However, calculations on the stacked base pairs show that 5-E:A-3’ binds convincingly
stronger with a 3’-T:A-5’ base pair than the canonical base pairs. There is also some indication
that 3’-E:A-5’ stacks stronger with a 5’-C:G-3’ base pair. SAPT analysis shows that the
increased stacking of E:A with T:A is mainly caused by the electrostatic term.

The calculations show that the unnatural E:A base pair experiences increased H-bonding
interaction as compared to T:A, as well as increased stacking interaction with adjacent base
pairs. Whereas this may aid to explain the increased melting temperature observed
experimentally upon replacement of an T:A base pair by an E:A base pair, we would like to
point out that the calculations and experiment cannot be directly compared. The DNA melting
temperatures are determined by free energies, which result from a concoction of numerous
energy contributions, not just stacking and base pairing interactions, and can be context
dependent [37,38]. In addition, the calculations and experiments are done with respect to
different reference states. DNA melting temperature relates to the temperature at which DNA
denatures into single strands, in which probably still some stacking is present, whereas the
computations use reference states with no interaction between the bases. However, we do
believe the results shed light on aspects of the experimental findings and contribute to a more
complete understanding of the effect of substitution of T:A by E:A.
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