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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 DNdirect evidence is
lacking. Here, calculations and experimental measurements sugges
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 shft!3C, is a
sensitive gauge of Hbond strengthRecently, it was found that
the through-space or trans-Hbond deuterium isotope shiffG#
of adenine in A:T base pairg"A13C2) of DNA are more or less
negative, respectively, iRAR:YTY or YAY:RTR contexts R,
purine;Y, pyrimidine)# 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
2hALSC2 reflects variation of Hbond strengths in DNA is untested.

The adeniné3C2 nucleus experiences a frequency shift called
the trans-Hbond deuterium isotope sHf\13C2 = §13C2(IH3) —
018C2(H3), as a result of deuterium substitution at the imino
hydrogen site (H3) of the base-paired thymine, and can be
approximated by the equatiGfA3C2 = —do/dR x AR2*where
o is the’3C2 NMR shielding constant, aniR = Ryy — Ryp is the
difference in the mean bond lengths of N843 and N3-2H3 of
thymine. (For a more elaborate treatment of isotope effects, the
reader is referred to Ruden and Riyidhs described previously,
do/dR is determined from the slope of calculated as a function
of the thymine N3-H3 covalent-bond length, amtR is determined
from a potential-energy surface scan along the-N3 bond? AR
is a measure of the anharmonicity of the N33 vibrational
potential, whereasadR reflects the transmission of the isotope
effect from the site of substitution to the site of the chemical shift
measuremerit* The sequence dependencies ofdiR and AR of
2hA13C2 are calculated here in an effort to gain insight into the
physicochemical basis of the experimentally observed sequence
dependence 'A1C2.

Shown in Figure 1 are calculated valueg'#3C2 of A:T base
pairs in different sequence contexts as a function of the-NB
distance’, where it can be seen th&tA3C2 (1) decreases with
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Figure 1. Sequence-dependef\13C2 values of adenine of an A:T base
pait® calculated as a function of the NiIN3 distance. The upper and lower
solid curves are calculated forAY:RTR and RAR:YTY contexts,
respectively. The sequence dependent contributiorstfRIto 2'A13C2 is
given by the area colored red. The contributiomd 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 structutéghe
standard deviation about this average distance is given by the dashed vertical
lines. Computational details are provided in the Supporting Information.
ExperimentaP"A13C2 averages for the two different sequence contexts are
shown as triangleAY:RTR) and circle RAR:YTY).4

Figure 1 shows that at a given NAN3 separatiom\R is larger
intheRAR:YTY thanYAY:RTR context. This calculation suggests
that at the same N4:N3 distance an A:T Hbond is stronger in the
RAR:YTY than YAY:RTR context, and that this difference in
strengths is reported RAPASC2. Figure 1 also shows th&®AR:

YTY Hbonds are shorter than those YAY:RTR, on average.
Thus, these calculations suggest that the difference between
experimentaRAR:YTY andYAY:RTR 2"A3C2 values is due to
stronger and short&AR:YTY Hbonds. In addition, Figure 1 shows
that db/dR of 2"ASC2 is steeper in thRAR:YTY thanYAY:RTR
context. This result suggests that the sensitivity3a2 shielding

to changes in the N3H3 covalent bond length of thymine depends

in part on electronic interactions with adjacent bases as was also
suggested earliérin contrast, the difference inoddR of 1"A15N1
between th(RAR: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

decreasing Hbond length and (2) depends on nearest-neighboisensitivity of di/dR of 2"A*3C2 to context is unrelated to Hbond
interactions. Consistent with experimental measurements, calculatedstrength. As a result, it appears tH8A'*N1 is a more accurate

2hA13C2 is more negative in tHRAR:YTY thanYAY:RTR context.
Previously measure#'A3C2 value$ 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
structured.
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gauge of Hbond strength than313C2, at least for the B-form
conformation.

These calculations predict that the experimental dependence of
2hAI3C2 on sequendewill be lost upon reducing base-stacking
interactions. This prediction was tested by measufind3C2 in
dilute ethanot-water mixtures, as ethanol can be used as a cosolvent
to reduce hydrophobic aromatic stacking in DRAhe sequence
dependence of"A13C2 of DNA observed in water is indeed lost

10.1021/ja0692940 CCC: $37.00 © 2007 American Chemical Society
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Figure 2. Correlation plot of experiment&!A13C2 values of DNA in water
(x-axis) and 5 mol % ethanoy4{axis). A total of five DNA sequences were
examined here. Solid circles, squares, and triangles are usBARIYTY,
RAY:RTY, andYAY:RTR contexts, respectively. The open circle, square,
and triangle are the calculatéth3C2 values of A:T base pairs in tfiRAR:
YTY, RAY:RTY, andYAY:RTR (x-axis) and unstackeg-axis) contexts.
The yellow and red bars represent the contributionAét and d/dR,
respectively, to the change #A3C2 from the stacked to unstacked
environments. The small differences in the unstacked valué8Ad#C2
are due to the small differences in the ‘NIN3 distances as a result of
geometry optimizations in th®AR:YTY, RAY:RTY, and YAY:RTR
contexts. Computational details are given in the Supporting Information.

correlation between DNA elasticity or deformability and protein-
DNA binding15-1° 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 #hat interactions
between aromatic heterocycles play a significant role in the
Hbonding potential of an aromatic nitrogen b&%e.
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Supporting Information Available: Computational details, table
of 2'A13C2 values in water and 5 mol % ethan$l, 3C HSQC-TROSY
spectra of the DNA samples in water and 5 mol % ethanol, plots of
2hAL3C2 vs iminoH shift andJw, calculated sequence dependence

The average uncertainties in the experimental values are shown in the lowerof "A'N, and examples of Gaussian 03 input files. This material is

right-hand corner of the plot.

upon the addition of 5 mol % ethanol (Figure 2). Interestingly,
ethanol tends to increase and decré8A#’C2 values in théRAR:
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 %
ethanolt®

It can be seen in Figure 2 thA13C2 in theYAY:RTR context

is predicted to be close to that of the unstacked value. Thus, reduced

base stacking by ethanol should have little effectYohY:RTR
2hAL3C2. HoweverZ'A3C2 is also sensitive to Hbond lengthso

any ethanol-induced changes¥YAY :RTR 2"A3C2 should be due

to a change in the N1:N3 separation. As Figure 2 shows,
experimentaly AY :RTR 2"A3C2 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 moleclgscontrast

to the YAY:RTR context, the calculated stacking dependence of
both db/dR and AR in the RAR:YTY context is significant and
predicts an increase iA"A13C2 upon reducing base-stacking
interactions (Figure 2). Other studies suggest that poly(A) is less
hydrated than poly(AT}2 Thus, there should be less shortening of
Hbond lengths foRAR:YTY thanYAY:RTR as a result of reduced
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