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Relative energetic contributions from the base-pairing [DGo
bp] vis-a-vis stacking [DGo

stacking] to the total free-energy
of stabilization [DGo

37] for 14 pairs of isosequential hybrid DNA–RNA duplexes (taken from E. A. Lesnik and
S. M. Freier, Biochemistry ,1995, 34, 10807) have been dissected in order to understand the differences in the intrinsic
nature of the electrostatic forces that are responsible for the self-assembly of the heteroduplexes compared to
homoduplexes. The pKa differences between the monomeric nucleotide 3′-ethylphosphates [(d/rN)pEt] as well as
nucleotide 3′,5′-bis-ethylphosphates [Etp(d/rN)pEt] in both 2′-deoxy (dN) and ribo (rN) series (N = A/G/C/T/U),
as the model donor and acceptor (in which stacking is completely eliminated) mimicking those of the internucleotide
monomer building blocks of a duplex, can be qualitatively used (P. Acharya, P. Cheruku, S. Chatterjee, S. Acharya
and J. Chattopadhyaya, J. Am. Chem. Soc., 2004, 126, 2862) to understand the strength of base-pairing energies in
different DNA–RNA (DR), RNA–DNA (RD), DNA–DNA (DD), and RNA–RNA (RR) duplexes. The study has
led us to show the following. (1) As the number of excess %T in DR duplexes compared to the isosequential RD
duplexes increase the differences in their thermal stabilization [DTm]DR–RD increase and vice-versa (2) The total relative
stabilizations, [DDGo

37]DR–RD among the 14 pairs of isosequential DR and RD duplexes (E. A. Lesnik and
S. M. Freier, Biochemistry ,1995, 34, 10807) are wholly dependent on the differences in the number of 5-Me(T)
stacking interactions with the nearest-neighbors in the D strands of DR duplexes compared to that of the RD
duplexes (3) In the relative stabilization of the DR or RD duplexes differences in the free-energy of stackings
[DDGo

stacking]DR–RD play a more significant role than the differences in the free-energy of base-pairing, [DDGo
bp]DR–RD. In

contradistinction, our experimental data shows that RNA–RNA duplexes are more stable than DNA–DNA duplexes
because of larger energy gain from the base-pairing in the former compared to the latter (P. Acharya, P. Cheruku,
S. Chatterjee, S. Acharya and J. Chattopadhyaya, J. Am. Chem. Soc., 2004, 126, 2862).

Introduction
The RNA–RNA (RR) duplexes are more stable than DNA–
DNA (DD)/DNA–RNA (DR)/RNA–DNA (RD) duplexes1

with the identical sequence context. The actual order of the
thermodynamic stability of DD, DR and RD however depends
upon their sequence composition.2–6 Understanding of factors
governing the stability of the heteroduplexes (DR versus RD) are
important because they occur in cells as a result of transcription,7

in Okazaki fragments in replication,8 and in reverse transcription
when cells are infected by retroviruses9 or in the down-regulation
of genes by inhibition of mRNAs10–13 using the antisense strategy.
In homoduplexes, DD and RR, two types of base-pairings are
possible, i.e. rA–U/rG–rC in RR and dA–dT/dG–dC in DD. In
DR and RD heteroduplexes, however, four types of base-pairings
are possible depending upon the location of the nucleobases in
the DNA or in the RNA strand, [i.e. (1) dG–rC, (2) dC–rG, (3)
dT–rA, and (4) dA–rU in DR, and (1) rG–dC, (2) rC–dG, (3)
rA–dT, (4) rU–dA in RD].

On the basis of the pKa differences between the model donor
and acceptor of the monomeric nucleotide 3′-ethylphosphates
[(d/rN)pEt] as well as nucleotide 3′,5′-bis-ethylphosphates
[Etp(d/rN)pEt] in both 2′-deoxy (dN) and ribo (rN) series, which
are completely devoid of internucleotidic base–base stacking,14

we have demonstrated that the hydrogen bondings in rA–rU
and rG–rC base-pairs in RR duplexes are more stable than that
of the dA–dT and dG–dC base-pairs14 in DD duplexes by 4.3
and 1 kJ mol−1, respectively, which have been also confirmed

† Electronic supplementary information (ESI) available: Additional
tables of calculations. See DOI: 10.1039/b511139k

by TROSY-HSQC experiments,15 as well as by imino-proton
exchange rate of G–C base-pair flanking the (A–U/T) pair.16

Additional stabilization in RR duplexes by 2′OH(n)–O4′(n + 1)
hydrogen bonding has also been shown to play a key role in
the X-ray structure of hammerhead ribozyme17 as well as in the
MD simulation study.18 Kool and coworkers have shown that
the effects of thyminyl-methyl and the 2′-OH group of ribose are
independent of one another and that the C5-methyl group in
pyrimidines are in all cases stabilizing, while 2′-OH groups can
be stabilizing or destabilizing, depending on the type of double
or triple helical nucleic acid complexes.19

Crystal structures of various TATA box binding proteins
(TBP) bound to their promoter DNA (TATA box: [3′−TATA−5′

5′−ATAT−3′ ]20)
showed a number of CH–Csp2(p) contacts between the nu-
cleotides adjacent to each other within the same strand at the
boundary of TBP and the TATA box minor groove,20 which
consequently forms very stable robust AT tract.20–22 Recent
crystal structure analysis of TATA boxes, [3′−TATA−5′

5′−ATAT−3′ ],21 within
DD duplexes have also clearly shown that the C3 symmetric 5-
methyl group in the 1-thyminyl moiety favorably interacts with
the p cloud of the fused imidazole ring of the 9-adeninyl base
at the 5′-end [Me(T)–p(A)interaction]. This is consistent with
the fact that C5 methyl group of 1-(5-methylcytosinyl)23 or C5-
propynyl derivative23 of 1-uracilyl in the D strand stabilizes the
DR duplex by ∼2.5 ◦C per modification compared to native 1-
cytosinyl. These interactions20,21 between the C5-methyl group
of 1-thyminyl and the p cloud of the preceding nucleobase at the
5′-end indeed is also known to stabilize the intrastrand stack-
ing in the heteroduplexes (“twin A/T–Me interaction”),21,24,25

the basis for the construction of DNA curvature26 and
bending.27D
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In our earlier study14 we have shown that RNA–RNA duplex
is more stabilized than the isosequential DNA–DNA (DD)
duplex because of stronger hydrogen bonding in the rC–rG
and rA–rU base-pairing in comparison with the dC–dG and
dA–dT base-pairings than that of the stacking interaction. We
here show, in contradistinction, that in case of isosequential
DR and RD duplexes the main contribution to DGo

37 arises
from the contribution of the stacking energies, not from the
base-pairing energies. We here also show that it is the 5-methyl
group of T interactions with the neighboring bases that is the
most important contributor than that of the other stacking
interactions in the overall stacking-promoted stabilization of the
heteroduplexes. We have come to this conclusion by comparing
the effect of excess number of T in the D strand by pairwise (14
pairs) subtraction of T residues among the isosequential DR
and RD duplexes.

Results and discussion
From the Tm analysis of the isosequential DR and RD duplexes
(1–14)4 (Table 1 and its legend), it can be seen that the relative
stability of the DR duplex compared to the isosequential RD
duplexes, [DTm]DR–RD, increases as the excess %T residues in
DR increases compared to RD, [%T]DR–RD, and vice versa. Thus,
a linear regression plot of [DTm]DR–RD versus [%T]DR–RD shows
(Fig. 1) that as the excess %T moieties in the DR heteroduplex
increases over the RD, the relative stability of the former
increases in comparison with the latter [Pearson’s correlation
coefficient, R = 0.93]. This can be more clearly seen upon

Fig. 1 A plot of the relative thermal stability, [DTm]DR–RD, of isose-
quential DR compared to RD duplexes as a function of increase of
excess %T in DR with respect to the RD, [%T]DR–RD. The chain length
of all the sequences, 1–14 (Table 1), are marked as the subscript in the
correlation plots (1–3). Note when the number of T is the same in DR
and RD duplexes (i.e. [%T]DR–RD = 0, shown by arrow and ellipse) their
corresponding thermal stabilities, [DTm]DR–RD, are also very close to zero.

inspection of the plot in Fig. 1, when the number of T’s is the
same in DR and RD duplexes (i.e. [%T]DR–RD = 0, shown by
arrow) their corresponding thermal stabilities, [DTm]DR–RD, are
also very close to zero. This means that when [%T]DR–RD is larger
than zero, the [DTm]DR–RD is also larger than zero, and vice versa.

Table 1 The relative Tm stabilities of heteroduplexes (DR/RD)4, DTm[DR–RD], is related to their differences in %T-content, [%T]DR–RD. and quantification
(kcal mol−1) of the energetic contributions from the relative base-pairing [DDGo

bp]DR–RD, and stacking [DDGo
stacking]DR–RD in [DGo

37]DR–RD

Eqn (1) Eqn (2c) Eqn (3)

[DDGo
37]DR–RD

c/kcal mol−1

Sequencea Duplex sequencesa DTm [DR–RD]
b DR RD DR–RD [DDGo

bp]DR–RD
d [DDGo

stacking]DR–RD
e [% T]DR–RD

f

(1DR–1RD) 5′-TCCCTCCTCTCC 18.0 −15.6 −9.6 −6.0 +0.55 −6.55 33.3
3′-AGGGAGGAGAGG

(2DR–2RD) 5′-CCTTCCCTT 24.3 −10.0 −5.8 −4.2 +2.16 −6.36 44.4
3′-GGAAGGGAA

(3DR–3RD) 5′-TTCCCTTCC 29.3 −10.1 −5.1 −5.0 +2.26 −7.26 44.4
3′-AAGGGAAGG

(4DR–4RD) 5′-GCTCTCTGGC 10.10 −11.2 −8.9 −2.3 +3.21 −5.51 30.0
3′-CGAGAGACCG

(5DR–5RD) 5′-CTCGTACCTTCCGGTCC 8.8 −17.0 −12.7 −4.3 +2.22 −6.52 23.5
3′-GAGCATGGAAGGCCAGG

(6DR–6RD) 5′-CTCGTACCTTTCCGGTCC 8.4 −18.1 −14.6 −3.5 +3.47 −6.97 27.7
3′-GAGCATGGAAAGGCCAGG

(7DR–7RD) 5′-TAGTTATCTCTATCT 10.5 −10.5 −7.5 −3.0 +5.19 −8.19 33.3
3′-ATCAATAGAGATAGA

(8DR–8RD) 5′-GCACAGCC 1.6 −8.1 −7.9 −0.2 −3.67 3.47 −25.0
3′-CGTGTCGG

(9DR–9RD) 5′-GAGCTCCCAGGC 3.6 −14.3 −13.4 −0.9 −1.87 0.93 −8.4
3′-CTCGAGGGTCCG

(10DR–10RD) 5′GCCGAGGTCCATGTCGTACGC 0.1 −17.2 −18.0 +0.8 +1.26 −0.46 4.1
3′CGGCTCCAGGTACAGCATGCG

(11DR–11RD) 5′-TGTACGTCACAACTA 1.4 −11.8 −11.2 −0.6 −2.40 1.80 −6.6
3′-ACATGCAGTGTTGAT

(12DR–12RD) 5′-TATACAAGTTATCTA −0.7 −7.7 −7.8 +0.1 −0.57 0.67 0.0
3′-ATATGTTCAATAGAT

(13DR–13RD) 5′-CGACTATGCAAAAAC −8.3 −8.7 −11.3 +2.6 −7.43 10.03 −33.4
3′-GCTGATACGTTTTTG

(14DR–14RD) 5′-CGCAAAAAAAAAACGC −21.5 −5.9 −13.0 +7.1 −13.74 20.84 −62.5
3′-GCGTTTTTTTTTTGCG

a All oligo sequences (1DR/1RD–14DR/14RD) in DR and RD combinations and their corresponding Tm data set have been taken from Lesnik. et al.4 For
example, in DR, the 5′→3′ is D and 3′→5′ is R. and for the RD, the 5′→3′ is R and 3′→5′ is D. All T in the R strand of DR or RD is substituted with U.
b Thermal stability of DR duplexes relative to their isosequencial RD duplexes in ◦C. c The data for helix stability [DDGo

37]DR–RD of DR (1DR–14DR) and
RD duplexes (1RD–14RD) with the same sequence context used in this study are taken from ref. 4 d [DDGo

bp]DR–RD (kcal mol−1) = [{R DDG◦
pKa

(DR) −
R DDG◦

pKa
(RD)}/4.2], [1.0 kcal mol−1 = 4.2 kJ mol−1]. e [DDGo

stacking]DR–RD (kcal mol−1) = [DDGo
37]DR–RD − [DDGo

bp]DR–RD. f [%T]DR–RD = [%T]DR −
[%T]RD, excess %T in DR in comparison with RD, [%T]DR = [total number of T/nucleotidic chain length of the duplex]DR × 100. [%T]RD = [total
number of T/nucleotidic chain length of the duplex]RD × 100.
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So, what is the origin of this T effect? Is it contributing toward
the intrastrand stacking interactions or base-pairing? It was
however clear to us from our earlier work14 that the A:T base-
pairing in DNA–DNA duplexes is weaker than the A:U base-
pairing in RNA–RNA duplexes. This has led us to suspect that
the stacking interaction is probably a more dominating force in
the stabilization of helix in the heteroduplex, which is backed by
our present analysis.

For the sake of simplicity, if we consider that there are
two dominating contributors to DGo

37 of a duplex (from Tm)
which are H-bonding and stacking (eqn (1) and (2)). We can
easily dissect these two forces by estimating the strength of H-
bonding from the differences in pKa values (DpKa) between
the donor and acceptor in the base-pairing.14 Thus, we have
estimated DGo

base-pairing (bp) from all DpKa
14,28,29,30 [DpKa = (pKa

of the donor) − (pKa of the acceptor)] for all A–U/T or G–
C base-pairings within a duplex by summation of all DDGo

pKa

(from R DpKa) (eqn (2a) and (2b)). Since the strength between
donor (D) and acceptor (A) in D–H · · · A is proportional to
the pKa difference (DpKa) between the hetero atoms making the
hydrogen bond,14,28,31,32 we expected that a hydrogen bond (D–
H · · · A � D · · · H–A) is to be the strongest when DpKa = 0,29

i.e. the pKa of the donor is the same as the pKa of acceptor (“pKa

match”).32

Since, in DR duplex, DpKa for the middle (dT–rA) and (dA–
rU) base-pairs are respectively 6.43 and 5.43, it signifies that
dA–rU is forming a more stable hydrogen bond (DDGo

pKa =
31.1 kJ mol−1) than dT–rA (DDGo

pKa = 36.4 kJ mol−1) (see Table
S1 in SI). Again, the dC–rG or rG–dC as the middle base-pair are
more stable (DpKa = 4.94, DDGo

pKa = 28.2 kJ mol−1) than those
of dG–rC or rC–dG (DpKa = 5.35, DDGo

pKa = 30.6 kJ mol−1)
(see Table S1 in SI†).

Since (R DpKa) (Tables S3 and S4 in SI) is the sum of the
total number of middle and terminal base-pairs (eqn (2b)),
calculation of base-pairing energy of heteroduplexes in Table
S5 in SI), of the DR or RD duplex (contributing to the total
duplex stability, DGo

37), we have plotted [DGo
37]DR or RD as a

function of [R DpKa]DR or RD (Fig. 2A and 2B and Table S3
and S4 in SI) for all 14 oligos, and performed the regression
analysis and compared them with those of DD and RR duplexes
(Fig. 2C and 2D and Table S3), which showed that DGo

37 and
the [R DpKa] are well correlated for all types of homo and
heteroduplexes, thereby showing that the estimation of R DpKa is
indeed a valid tool to dissect the energetic contribution of DGo

bp

from DGo
37.

Calculation of the relative base-pairing energy of DR du-
plexes over the isosequential RD duplexes, [DDGo

bp]DR–RD, can
simply be achieved by multiplying R DpKa[DR–RD] values with
2.303RT 14 (eqn (2a) and Table S5). Thus, the subtraction of
this [DDGo

bp]DR–RD from the difference of total free-energy of
isosequential DR and RD duplexes, [DDGo

37]DR–RD, gives us
directly the relative contribution of stacking, [DDGo

Stacking]DR–RD,
(eqn (3) and Table 1).

[Go
37] = [DGo

base-pairing (bp)] + [DGo
stacking] (1)

[DGo
stacking] = [DGo

37] − [DGo
bp] (2)

[DGo
bp] = 2.303RTpKa (all donors–acceptors in the duplex) (2a)

[DGo
bp] = [R DGo

pKa (middle bp)] + [R DGo
pKa (terminal bp)] (2b)

[DDGo
bp]DR–RD = [R DDGo

pKa (all bp)]DR–RD (2c)

[DDGo
stacking]DR–RD = [DDGo

37]DR–RD − [DDGo
bp]DR–RD (3)

Finally, Fig. 3A shows (eqn (2c)) that as the number of excess
T ([%T]DR–RD) increases the relative strength of the base-pairing
[DDGo

bp]DR–RD (Table 1) decreases because of weaker A:T
base-pairing compared to that of A:U. But in contradistinction,
as the number of excess T ([%T]DR–RD) increases, the relative

Fig. 2 Panels (A) and (B) show linear regression plots of [DGo
37]DR

versus (R DpKa)DR and [DGo
37]RD versus (R DpKa)RD. For details of R DpKa

calculation of all base-pairings, (see Table S3 in SI). Panels C and D show
similar regression plots of overall free-energy of stabilization for DD and
RR duplexes as a function of R DpKa (i.e. the sum of pKa differences
between the model monomeric donors and acceptors) (Scheme 1 of ref.
14) for the sake of comparison. The TA or AT rich sequences (in blue), 7
and 12 in RD (Panel B) and 7, 11, 12, 13, 14 in DR (Panel A), 7 and 12 in
DD (Panel C) did not show any correlation because of Me(T)–pN (N =
A/G/C/T) interaction22 which make the AT tracts robust and gives a
rigid geometry. Hence these duplexes show unusual melting tendencies.
Again, 7, 11, 12, 13, 14 in RR duplexes (Panel D) also show unusual
melting tendencies because of high content of A–U base-pairings which
gives relatively more rigid geometry for those RR duplexes compared to
the other RRs with fewer A–U base-pairings16 (1–14, marked with the
chain length size as the subscript).4
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Fig. 3 Panel (A) shows that with the increase in the excess %T, [%T]DR–RD, in DR with respect to RD the relative base-pairing energy, [DDGo
bp]DR–RD,

decreases (R = 0.93). Panel (B) shows that with the increase in [%T]DR–RD in DR with respect to the RD the relative stacking energy, i.e. [DDGo
stacking]DR–RD

increases (R = 0.96). The [% T]DR–RD interactions signify the sum of excess % of Me(T)–p(A/G/C/T) interactions plus the excess % of Me(T)–Me(T)
interactions. All sequences with their sequence number (Table 1) and chain length as the subscript are given in the Fig. 1.

strength of the stacking forces ([DDGo
stacking]DR–RD) increases

(eqn (3)) (Fig. 3B) because of more number of Me–T inter-
actions with the neighboring nucleobases.

Conclusions
The dissection of the relative energetic contribution from the
base-pairing and stacking in the relative free-energy of stabi-
lization (DDGo

37 from DTm) of the isosequential heteroduplexes
(DR and RD) has been achieved by examining the DGo

37 as a
result of variation of the number of T in the D strand in the
DR duplex vis-à-vis that in the RD duplex. This has been only
possible in the heteroduplexes (DR/RD) because in these types
of duplexes T can be placed only in the DNA strand and U can
be placed in the RNA strand in order to examine the effect of
excess of %T in the D strand.

(1) One of our major conclusions is that the intrastrand
stacking interaction between the C5-methyl group of 1-thyminyl
and the p cloud of the neighboring nucleobase as well as Me(T)–
Me(T) interactions plays the dominant role over other stacking
interactions. This is because when [%T]DR–RD are nearing zero,
[DTm]DR–RD are also very close to zero (Fig. 1). This means that
the other stacking interactions in the pairs 1–14 (Table 1) are
relatively small.

(2) The relative DGo
bp decreases as the number of excess Ts in

DR over RD increases (Fig. 3A).
(3) As the number of excess T increases in DR compared to

isosequential RD, the relative stacking stabilization in DR in-
creases because of the methyl-T effect [Me(T)–Me(T) + Me(T)–
p(N), N = A/G/C/T, interactions] (Fig. 3B and Table 1).

(4) Clearly, this work shows that such methyl-T effect in the
stabilization of DD duplexes should also play a key role in the
overall DG◦

37 of DD. This methyl-T effect can however be only
distinguished by the present comparison of DR versus RD in
which we can fully control the presence of T in the D strand
when the R strand can be constituted of only U. This means that
using our present strategy, we compare only stabilization owing
to the intrastrand T stacking interactions in the D strand and
interstrand A:T base-pair interactions compared to intrastrand
U interaction and A:U base-pair.

(5) The highest bonding energy is found for the single
hydrogen bond, when the two negative atoms in the best donor
and acceptor can freely adopt a collinear orientation. Clearly
the pKa matching in those cases are fully applicable. The role
of pKa matching for those cases which form two or three
hydrogen bonds, as in the base-pairs of DNA–RNA duplexes
which deviate from the collinear orientation, has not so far
been energetically estimated. Electrostatic calculations in the gas

phase however suggest that deviation from linearity can lead to
a decrease in the hydrogen-bonding energy,37 which is however
difficult to compare with the solution state conformation. Since
the N–H · · · O angle in base–base interactions in homo and
hetero duplexes are known to vary by 3–23◦,36 it is therefore
likely that our estimation of the relative strength of the base-
pairing [DGo

bp]DR–RD from R DpKa[DR–RD] values may have some
intrinsic error, which we however can not estimate14 accurately
despite the fact that our pKa measurement error is ±0.02, which
means that we have an error of ±0.1 kJ mol−1 in our experimental
DGo

pKa calculation. Our control study on the pKa matching
of ribo(G:C) and 2′-deoxyribo(G:C) showed a difference in
DDDGo

pKa of only 1.0 kJ mol−1 for a base-pair,14 owing to the
fact that their respective sugar conformations represent two
extreme conformations in the pentose-sugar pseudorotational
cycle (which may bring about different energy cost for their
respective hydration). This means that the A:U base-pairs are
stabilized over the A:T base-pairs by at least 1.0 ± 0.2 kcal
mol−1 by our pKa matching procedure based on DDDGo

pKa .
Interestingly, this observation goes hand-in-hand with the recent
comparative TROSY study15 with homologous RNA and DNA
sequences in the solution, which shows again 0.4 kcal mol−1

stabilization of A:U over the A:T base-pairs. Although recent
high-level quantum-mechanical gas phase study of A:U versus
A:T dimeric base-pairs suggests only a marginal difference
(0.1 kcal mol−1) in the stability of A:T and A:U base-pairs,
this discrepancy can perhaps be attributed to their modeling
in the gas phase compared to the thermodynamic parameters
produced in the actual experimental solution studies,14,15 as the
authors38 have rightly pointed out.

Further convincing experimental data that supports the fact
that the A:U base-pairing is indeed stronger than A:T base-
pairing can be found through the present work (Fig. 3A)
that as the number of excess T increases in the D strand the
relative strength of the base-pairing in the heteroduplexes simply
decreases but the relative strength of the stacking forces increases
(Fig. 3B) because of more number of Me–T interactions with
the neighboring nucleobases.

Experimental
(A) pH-dependent 1H NMR measurement

All NMR experiments were performed in Bruker DRX-500
and DRX-600 spectrometers. The NMR samples of all 2′-
deoxy (6a–10a) and ribo (6b–10b) pairs of nucleoside 3′,5′-bis-
ethylphosphates, Etp(d/rN)pEt, and 2′-deoxy (1a–5a) and ribo
(1b–5b) pairs of nucleoside 3′-ethyl-phosphates were prepared
in D2O solution14(concentration of 1 mM in order to rule
out any chemical shift change owing to self-association) with
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dDSS = 0.015 ppm as internal standard. All pH-dependent NMR
measurements have been performed at 298 K. The pH values
[with the correction of deuterium effect] correspond to the
reading on a pH meter equipped with a calomel microelectrode
(in order to measure the pH inside the NMR tube) calibrated
with standard buffer solutions (in H2O) of pH 4, 7 and 10. The
pD of the sample has been adjusted by simple addition of micro
liter volumes of NaOD solutions (0.5 M, 0.1 M and 0.01 M).
The assignments (see Supporting Information of ref. 14) for
all compounds have been performed on the basis of selective
homo-(1H) and heteronuclear (31P) decoupling experiments. All
1H spectra have been recorded using 128 K data points and 64
scans.

(B) The pH titration of aromatic protons

The pH titration studies [over the range of pH 1.8 < pH <

12.2, with an interval of pH 0.2–0.3,] for 2′-deoxy (6a–10a)
and ribo (6b–10b) pairs of nucleoside 3′,5′-bis-ethylphosphates,
Etp(d/rN)pEt, and four 2′-deoxy (1a–5a) and ribo (1b–5b)
pairs of nucleoside 3′-ethylphosphates.14 All pH titration studies
consist of ∼20–33 data points and the corresponding Hill plots
for all compounds are given in the Supporting Information of ref
14 and the pKas shown in Table 1 (ref 14) have been calculated
from Hill plot analysis.

(C) pKa determination

The pH-dependent [over the range of pH 1.8 < pH < 12.2,
with an interval of pH 0.2–0.3] 1H chemical shifts (d, with
error ±0.001 ppm) for all compounds (for 2′-deoxy series: 1a–5a
and 6a–10a as well as ribo series: 1b–5b and 6b–10b)14 show a
sigmoidal behavior (Fig. 1).14 The pKa determination is based
on the Hill plot analysis using equation: pH = log ((1 − a)/a) +
pKa, where a represents fraction of the protonated species. The
value of a is calculated from the change of chemical shift relative
to the deprotonated (D) state at a given pH (DD = dD − dobs. for
deprotonation, where dobs is the experimental chemical shift at
a particular pH), divided by the total change in chemical shift
between neutral (N) and deprotonated (D) state (DT). So the
Henderson–Hasselbach type equation can then be written as
pH = log ((DT − DD)/DD) + pKa. The pKa is calculated from the
linear regression analysis of the Hill plot.14

(D) Tm and corresponding Gibb’s free energies of hybrid
duplexes

Tm data and corresponding Gibb’s free energy of duplex
formation of 14 isosequencial DNA–RNA hybrid duplexes have
been taken from Lesnik et al.4
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