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Hydrogen bonds (Hbonds) and aromatic base stacking in nucleic
acids are usually assumed to be independent interactions. Although
thermodynamic studies have tentatively suggested that Hbonds and
base-stacking interactions are coupled in DNA,1 direct evidence is
lacking. Here, calculations and experimental measurements suggest
that Hbond strengths of DNA base pairs are modulated by electronic
interactions with adjacent bases to different extents depending on
sequence context. It has been shown experimentally and compu-
tationally that the two-bond deuterium isotope shift,2∆13C, is a
sensitive gauge of Hbond strength.2,3 Recently, it was found that
the through-space or trans-Hbond deuterium isotope shift of13C2
of adenine in A:T base pairs (2h∆13C2) of DNA are more or less
negative, respectively, inRAR:YTY or YAY:RTR contexts (R,
purine;Y, pyrimidine).4 This result suggests that Hbonds are shorter
in RAR:YTY than in YAY:RTR tracts, which implies that
consideration of the coupling between Hbonds and base stacking
may be important to understanding sequence-dependent DNA
elasticity. However, the notion that the sequence dependence of
2h∆13C2 reflects variation of Hbond strengths in DNA is untested.

The adenine13C2 nucleus experiences a frequency shift called
the trans-Hbond deuterium isotope shift,2h∆13C2 ) δ13C2(1H3) -
δ13C2(2H3), as a result of deuterium substitution at the imino
hydrogen site (H3) of the base-paired thymine, and can be
approximated by the equation2h∆13C2 ) -dσ/dR × ∆R,2,4 where
σ is the13C2 NMR shielding constant, and∆R ) RNH - RND is the
difference in the mean bond lengths of N3-1H3 and N3-2H3 of
thymine. (For a more elaborate treatment of isotope effects, the
reader is referred to Ruden and Ruud.5) As described previously,
dσ/dR is determined from the slope ofσ calculated as a function
of the thymine N3-H3 covalent-bond length, and∆R is determined
from a potential-energy surface scan along the N3-H3 bond.4 ∆R
is a measure of the anharmonicity of the N3-H3 vibrational
potential, whereas dσ/dR reflects the transmission of the isotope
effect from the site of substitution to the site of the chemical shift
measurement.2,4 The sequence dependencies of dσ/dR and∆R of
2h∆13C2 are calculated here in an effort to gain insight into the
physicochemical basis of the experimentally observed sequence
dependence of2h∆13C2.

Shown in Figure 1 are calculated values of2h∆13C2 of A:T base
pairs in different sequence contexts as a function of the N1‚‚‚N3
distance,6 where it can be seen that2h∆13C2 (1) decreases with
decreasing Hbond length and (2) depends on nearest-neighbor
interactions. Consistent with experimental measurements, calculated
2h∆13C2 is more negative in theRAR:YTY thanYAY:RTR context.
Previously measured2h∆13C2 values4 placed on these calculated
curves correlate with N1‚‚‚N3 distances that are within one standard
deviation of those observed in high-resolution X-ray crystal
structures.7

Figure 1 shows that at a given N1‚‚‚N3 separation∆R is larger
in theRAR:YTY thanYAY:RTR context. This calculation suggests
that at the same N1‚‚‚N3 distance an A:T Hbond is stronger in the
RAR:YTY than YAY:RTR context, and that this difference in
strengths is reported by2h∆13C2. Figure 1 also shows thatRAR:
YTY Hbonds are shorter than those ofYAY:RTR, on average.
Thus, these calculations suggest that the difference between
experimentalRAR:YTY andYAY:RTR 2h∆13C2 values is due to
stronger and shorterRAR:YTY Hbonds. In addition, Figure 1 shows
that dσ/dRof 2h∆13C2 is steeper in theRAR:YTY thanYAY:RTR
context. This result suggests that the sensitivity of13C2 shielding
to changes in the N3-H3 covalent bond length of thymine depends
in part on electronic interactions with adjacent bases as was also
suggested earlier.8 In contrast, the difference in dσ/dR of 1h∆15N1
between theRAR:YTY andYAY:RTR contexts at any given N1‚
‚‚N3 separation is proportionally much smaller (Table S7, Figure
S4, Supporting Information). This comparison suggests that the
sensitivity of dσ/dR of 2h∆13C2 to context is unrelated to Hbond
strength. As a result, it appears that1h∆15N1 is a more accurate
gauge of Hbond strength than is2h∆13C2, at least for the B-form
conformation.

These calculations predict that the experimental dependence of
2h∆13C2 on sequence4 will be lost upon reducing base-stacking
interactions. This prediction was tested by measuring2h∆13C2 in
dilute ethanol-water mixtures, as ethanol can be used as a cosolvent
to reduce hydrophobic aromatic stacking in DNA.9 The sequence
dependence of2h∆13C2 of DNA observed in water is indeed lost
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Figure 1. Sequence-dependent2h∆13C2 values of adenine of an A:T base
pair6 calculated as a function of the N1‚‚‚N3 distance. The upper and lower
solid curves are calculated forYAY:RTR and RAR:YTY contexts,
respectively. The sequence dependent contribution of dσ/dR to 2h∆13C2 is
given by the area colored red. The contribution of∆R is given by the area
colored yellow. The solid vertical line is the average distance determined
from an analysis of high-resolution DNA X-ray crystal structures.7 The
standard deviation about this average distance is given by the dashed vertical
lines. Computational details are provided in the Supporting Information.
Experimental2h∆13C2 averages for the two different sequence contexts are
shown as triangle (YAY:RTR) and circle (RAR:YTY).4
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upon the addition of 5 mol % ethanol (Figure 2). Interestingly,
ethanol tends to increase and decrease2h∆13C2 values in theRAR:
YTY and YAY:RTR contexts, respectively. Comparisons of
chemical shifts (Table S13) and circular dichroism spectra show
that these DNA samples retain their native structure in 5 mol %
ethanol.10

It can be seen in Figure 2 that2h∆13C2 in theYAY:RTR context
is predicted to be close to that of the unstacked value. Thus, reduced
base stacking by ethanol should have little effect onYAY:RTR
2h∆13C2. However,2h∆13C2 is also sensitive to Hbond length,2,4 so
any ethanol-induced changes inYAY:RTR 2h∆13C2 should be due
to a change in the N1‚‚‚N3 separation. As Figure 2 shows,
experimentalYAY:RTR 2h∆13C2 values tend to decrease with the
addition of ethanol, which is consistent with Hbond shortening,
and in line with studies that have shown that Hbond strengths
increase in nonaqueous solvents for small molecules.11 In contrast
to theYAY:RTR context, the calculated stacking dependence of
both dσ/dR and ∆R in the RAR:YTY context is significant and
predicts an increase in2h∆13C2 upon reducing base-stacking
interactions (Figure 2). Other studies suggest that poly(A) is less
hydrated than poly(AT).12 Thus, there should be less shortening of
Hbond lengths forRAR:YTY thanYAY:RTR as a result of reduced
water activity by ethanol. Together, these considerations forecast
that ethanol-induced changes inRAR:YTY 2h∆13C2 may be
dominated by decreases in dσ/dR and∆R as a result of a reduction
in π-π stacking, and is in fact consistent with experimental
observations (Figure 2). Thus, our calculations are able to rationalize
the opposite effects of ethanol on the2h∆13C2 values ofRAR:YTY
andYAY:RTR.

Calculations by Barfield and co-workers suggest that1JNH of
imino groups in DNA is also sensitive to the N1‚‚‚N3 Hbond length
of Watson-Crick base pairs.13 Yet, the correlation between1JNH

and2h∆13C2 is weak (Figure S3), which may now be explained at
least in part by the sensitivity of dσ/dR and∆R terms of2h∆13C2
to base-stacking interactions.

Aromatic base stacking and DNA stiffness in general increase
as TA < AT < AA.14,15 Several studies have demonstrated a

correlation between DNA elasticity or deformability and protein-
DNA binding.15-19 Generally, proteins bind more weakly to stiffer
DNA. It appears that a better understanding of the sequence
dependence of DNA elasticity may require consideration of the
interdependence between Hbonds and aromatic base stacking. Our
work predicts that proteins that reduce aromatic base stacking, by
bending DNA for example, are expected to cause a greater decrease
in Hbond strengths for poly(R) than poly(YR) tracts. Recent
calculations by others have also suggested thatπ-π interactions
between aromatic heterocycles play a significant role in the
Hbonding potential of an aromatic nitrogen base.20
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Figure 2. Correlation plot of experimental2h∆13C2 values of DNA in water
(x-axis) and 5 mol % ethanol (y-axis). A total of five DNA sequences were
examined here. Solid circles, squares, and triangles are used forRAR:YTY,
RAY :RTY, andYAY:RTR contexts, respectively. The open circle, square,
and triangle are the calculated2h∆13C2 values of A:T base pairs in theRAR:
YTY, RAY:RTY, andYAY:RTR (x-axis) and unstacked (y-axis) contexts.
The yellow and red bars represent the contribution of∆R and dσ/dR,
respectively, to the change in2h∆13C2 from the stacked to unstacked
environments. The small differences in the unstacked values of2h∆13C2
are due to the small differences in the N1‚‚‚N3 distances as a result of
geometry optimizations in theRAR:YTY, RAY:RTY, and YAY:RTR
contexts. Computational details are given in the Supporting Information.
The average uncertainties in the experimental values are shown in the lower
right-hand corner of the plot.
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