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Abstract

Density functional theory calculations of isolated Watson—Crick A:U and A:T base pairs predict that
adenine '*C2 trans-hydrogen bond deuterium isotope shifts due to isotopic substitution at the pyrimidine
H3, 2"A'3C2, are sensitive to the hydrogen-bond distance between the N1 of adenine and the N3 of uracil or
thymine, which supports the notion that 2"A'*C2 is sensitive to hydrogen-bond strength. Calculated
A C2 values at a given N1-N3 distance are the same for isolated A:U and A:T base pairs. Replacing
uridine residues in RNA with 5-methyl uridine and substituting deoxythymidines in DNA with deoxy-
uridines do not statistically shift empirical 2"A"*C2 values. Thus, we show experimentally and computa-
tionally that the C7 methyl group of thymine has no measurable affect on 2"A!*C2 values. Furthermore,
2h ABC2 values of modified and unmodified RNA are more negative than those of modified and unmodified
DNA, which supports our hypothesis that RNA hydrogen bonds are stronger than those of DNA. It is also
shown here that 2"A'3C2 is context dependent and that this dependence is similar for RNA and DNA.

Introduction

It is well established that there are significant
structural differences between RNA and DNA
(Saenger, 1984). However, it is still arguable whe-
ther there are any measurable differences in their
hydrogen-bond lengths or strengths. Even a small
difference in hydrogen-bond strength can have a
significant cumulative effect. Comparisons of the
highest resolved X-ray crystal structures of RNA
and DNA, however, revealed no differences within
the experimental scatter of N1-N3 hydrogen-bond
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lengths of Watson—Crick A:U and A:T base pairs
(Vakonakis and LiWang, 2004a). It was shown in
non-base paired mononucleotides that the differ-
ence in pK, values of rA and rU is less than that
for dA and dT, from which it was inferred that
RNA hydrogen bonds can be stronger than those
of DNA (Acharya et al., 2004). However, it has
been shown that pK, values of nucleobases can
shift significantly upon base pairing (Legault and
Pardi, 1997; Narlikar and Herschlag, 1997; Moody
et al., 2004).

Substitution of a proton for a deuteron changes
the average bond lengths at and near the site of
substitution, which in turn perturbs the nuclear
shielding of nearby spins (Dziembowska et al.,
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2004). The resulting change in chemical shift is
called the deuterium isotope shift and is defined
for °C as "A"*C=8"3C('H) - §'°C(*H), where n is
the number of bonds separating the '*C and the
site of substitution, and 6'*C('H) and 6"*C(*H)
are the '3C isotropic chemical shifts of the two
isotopomers. Studies of small molecules have
shown that 2A">C are sensitive to hydrogen-bond
strength (Abildgaard et al., 1998). For weak
hydrogen bonds, the normal-mode stretching
vibrational potentials for N-H (or O-H) bonds
become more anharmonic with increasing hydro-
gen-bond strength, which are reflected in larger
2A3C magnitudes.

In DNA, deuterium substitution of the imino
H3 of thymine produces a downfield shift of the
13C2 resonance of the Watson—Crick base-paired
adenine (Vakonakis and LiWang, 2004b), which is
a through-space or trans-hydrogen bond isotope
effect. In this case, the deuterium isotope shift is
MABC = 613C2("H3) — 6"°C2(*H3).  Recently,
M ABC2 values of RNA Watson—Crick A:U base
pairs were found to be more negative than those
of A:T base pairs of DNA, which suggests that
RNA NI-N3 hydrogen bonds are shorter than
those of DNA (Vakonakis and LiWang, 2004a).
However, investigators of a density functional
theory (DFT) calculation study proposed that
2 ABC2 of DNA are significantly affected by the
electron-donating character of the C7 methyl
group of thymine (Swart et al., 2004), and that,
importantly, the experimental differences observed
between 2"A3C2 values in RNA and DNA A:U
and A:T base pairs (Vakonakis and LiWang,
2004a) do not reflect differences in hydrogen bond
lengths but merely the absence or presence of the
C7 methyl group. Indeed, the utility of 2!A3C2 as
a gauge of hydrogen-bond length is inferred from
small molecule studies and is an untested pre-
sumption for nucleic acids. Independent lines of
evidence will be needed to establish 2"A'3C2 as a
measure of hydrogen-bond length for RNA and
DNA.

First, we will present DFT calculations of iso-
lated A:U and A:T base pairs that suggest that
MABC2 is sensitive to hydrogen-bond length.
Then, we will show using both computation and
experimentation, that the C7 methyl group of
thymine does not measurably influence 2"A3C2.
We will finally show that 2"A!*C2 has a context
dependence that is similar in RNA and DNA.

Materials and methods
NMR sample preparation and experiments

The DNA samples were purchased from Inte-
grated DNA Technologies (Coralville, IA, USA)
and the RNA samples were purchased from
Dharmacon (Lafayette, CO, USA). The DNA se-
quences are d(CGCGAATTCGCG),, d(CGTT
TTAAAACG),, d(CGAAAATTTTCG),, d(CG
TATATATACG),, and d(CGCGTATACGCG),.
For each DNA sequence there are corresponding
RNA, modified DNA, and modified RNA
sequences. The modified DNAs contain deoxy-
uridine in place of deoxythymidine. The modified
RNAs contain 5-methyl uridine instead of uri-
dine. All NMR experiments described here were
performed on natural-abundance samples equili-
brated in a solvent mixture of 50% H,O and
50% D,O as described previously (Vakonakis
et al., 2003). Proton resonance assignments were
determined from WATERGATE NOESY spec-
tra (Piotto et al., 1992). All chemical shifts were
referenced to internal DSS (Markley et al.,
1998).

To measure 2PAC2, we acquired 'H, Bc
gradient-enhanced TROSY-HSQC spectra corre-
lating adenine "H2 with '*C2, as described previ-
ously (Vakonakis and LiWang, 2004b). All
experiments were conducted at either 11.7 or
14.1 T (500 or 600 MHz 'H frequency) and a
sample temperature of 25 °C on Varian Inova
NMR spectrometers. Chemical shift evolutions for
the two-dimensional spectra were 50 ms along ¢,
and 181 ms along #;. An exponential 1.0 Hz line-
narrowing function was applied along the ¢
dimension during processing. Final digital resolu-
tions were 5.9 and 1.8 Hz along F2 and FI,
respectively. Each spectrum was collected in
approximately 20 h, used an interscan delay of
2.5s, and a delay of 3.3 ms for each INEPT
dephasing period. Sample concentrations varied
between 1.4 and 3.2 mM duplex for the oligonu-
cleotides. Buffer conditions were 125 mM NaCl,
50 mM NaH,PO,, 0.75 mM EDTA, 0.2 mM
DSS, 0.02% NaNj, pH 7, 50% H,O, and 50%
D,0. Peak positions were determined using poly-
nomial interpolation with the program PIPP
(Garrett et al., 1991). As exchange rates of RNA
and DNA imino protons with the 50% H,O, 50%
D»O solvent mixture are slow under the conditions



used here, each adenine 'H2, '*C2 pair presents
two peaks, one for each pyrimidine H3 isoto-
pomer. It was determined earlier that *C2('H3)
resonates upfield relative to '*C2(*H3) (Vakonakis
and LiWang, 2004b). The trans-hydrogen bond
deuterium isotope effect is defined here as
ZhABC2 =5"3C2("H3) - 8'°C2(*H3) and is there-
fore, negative.

It should be noted that *"A'3C2 values were
previously published for the unmodified RNA and
DNA sequences. However, only one spectrum was
collected for each unmodified DNA sample. As
such, one or two additional data sets were ac-
quired on the unmodified DNA samples and the
resulting "A'3C2 values averaged with the original
data set. Similarly, one additional data set was
acquired on the unmodified RNA samples and the
new 2"A3C2 values were averaged with the two
original data sets. For the modified RNA and
DNA samples, reported 2"A'3C2 values are the
averages from two or three spectra (Supplemen-
tary material, Table S3).

Density functional theory calculations

A C nucleus two bonds from the site of deute-
rium substitution (C-A-H) experiences a fre-
quency shift called the deuterium isotope shift,
2ABC=8"C('H) - 8"*C(*H), and can be approx-
imated by Equation 1 (Abildgaard et al., 1998;
Dziembowska et al., 2004):

2ABC = —do/dRan x AR, (1)

where o is the '3C NMR shielding constant, and
AR= Rau—Rap is the difference in the mean bond
lengths of A—'H and A—?H, respectively. The
DFT calculations are used to calculate do/dRan
and AR. Specifically, in order to calculate 2"A'3C2
using Equation 1, we need to calculate do/dRnh,
which is the first derivative of the NMR shielding
constant of '*C2 of adenine with respect to the
pyrimidine  N3-H3  bond  length, and
AR= Rnu—Rap,s where Ryu and Rnp are the
mean N3—'H3 and N3—?H3 bond lengths of the
base-paired uracil or thymine.

The DFT calculations of "A'3C2 were carried
out on isolated A:U and A:T base pairs (Figure 1)
according to the method of Abildgaard et al.
(1998), using Becke’s exchange (Becke, 1988) and
Perdew and Wang’s correlation functional (Per-
dew and Wang, 1992) (BPW91), as implemented in
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Figure 1. Model structures of A:U (X=H) and A:T (X=CH3)
base pairs used in the DFT calculations. The ribose groups were
replaced by methyl groups to reduce computational costs.

Gaussian03 (Frisch et al., 2001). Calculations were
carried out on an SGI Altix 3700 supercomputer at
the Texas A&M University Supercomputing
Facility. Full geometry optimization of A:U and
A:T base pairs were performed with the Pople
basis sets (Hariharan and Pople, 1973) 6-31G(d)
on all heavy atoms (C, N, O) and hydrogen atoms
bound to carbon, but with 6-31G(d, p) on hydro-
gen atoms bound to nitrogen (Abildgaard et al.,
1998).

From Equation 1, calculation of 2"AC2
requires the separate calculations of do/dRny
and AR. The do/dRny is determined from the
slope of calculated adenine '3C2 shielding values,
o, as a function of the U/T N3-H3 bond length
(Figure 2a): o at the N3-H3 bond length of fully
optimized base pairs is calculated with the
6-31G(d) basis set using the Gauge-Independent
Atomic Orbital (GIAO) method (Ditchfield,
1974; Wolinski et al., 1990). Then, the fully
optimized N3-H3 bond length is shortened by
0.01 A and the o is recalculated. These two
points are used to calculate do /dRny as shown
in Figure 2a for an isolated A:U base pair. It
should be noted that o is linear within a 0.05 A
range (data not shown) and that AR is only
~0.01A.

The AR was determined from a potential energy
surface scan along the pyrimidine N3-H3 bond in
0.05 A increments around the fully optimized U/T
N3-H3 bond lengths to produce a total of 18
points. The basis set used in these calculations was
the same as that for geometry optimizations. Nine
points surrounding the energy minimum were fit to
the Morse potential function (Atkins, 1998). Zero-
point energies were calculated using the reduced
masses from frequency calculations of protonated
(N3—'H3) and deuterated (N3—>H3) isotopomers
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Figure 2. DFT calculations of (a) the '*C2 shielding of adenine
and (b) the total energy change of a Watson—Crick A:U base
pair as functions of the N3-H3 bond length of uracil. The two
points in (a) correspond to N3-H3 bond lengths of 1.0682 and
1.0582 A, which were used to determine that do/
dRny=4.74 ppm/A. The nine calculated points in (b) were fit
to the Morse potential function (Equation 2). The zero-point
energies of the proton and deuteron are 3.3606 and 2.2572 kcal/
mol, respectively, with mean N3'H3 and N3’H3 bond lengths
of 1.0880 and 1.0809 A, which yield AR=0.0071 A. From (a)
and (b), we get A ¥C2=—do/dRniix AR=-4.74 ppm/A x
0.0071 A=-33.7 ppb.

of A:U and A:T base pairs. The mean pyrimidine
N3—!H3 and N3—?H3 bond lengths Ry and Rap
were then obtained from the Morse potential
equation by using the fit parameters and zero-point
energies (Figure 2b).

The Morse potential has the form given in
Equation 2 (Atkins, 1998):

AE = D{1 — Exp[—a(R — R.)]}?, 2)

where R is the pyrimidine N3-H3 bond length, R,
is the N3-H3 bond length at the potential mini-
mum, D is the ‘depth’ of the potential energy
function, a = [k/(2D)]"* describes the ‘width’ of the
potential, and k is the force constant of the bond.
The permitted energy levels are given in Equation
3:

AE = (v+1/2)hev — (v + 1/2)* yhes, (3)

where v is the vibrational quantum number and
can take the integer values 0, 1, 2, etc., y is called
the anharmonicity constant and is equal to
heo/(4D), 0 is the wave number, / is the Planck
constant, and ¢ is the speed of light. The wave-
number is defined as U= {1/(2nc)}(k/m)1/2,
where m is the reduced mass. The zero-point
energies, Ezp, for the two isotopomers are cal-
culated at v =0: Ezp = (het/2)(1 — y/2). Fitting
points such as those shown in Figure 2b to
Equation 2 yields D, a, and R,, from which y and
v can be derived and used to determine Ezp. The
Ry is the average of the two N3—!H3 bond
length solutions to the Morse potential function
at Eyp for the 'H3 isotopomer. The Ryp is
determined analogously.

The *"A3C2 is calculated as the product of
—do/dRnyg and AR (Abildgaard et al., 1998).
Calculations of 2PA'3C2 were performed at the
fully optimized A:U and A:T geometries and at
different (constrained) NI1-N3 distances. In
deriving AR for the structures with constrained
N1-N3 distances the reduced masses obtained
from frequency calculations of the fully opti-
mized base pairs were used since frequency cal-
culations are valid only at stationary points on
the potential energy surface (Foresman and
Frisch, 1996). Energy corrections for basis set
superposition error (BSSE) are very small (less
than 0.0007% of the counterpoise-corrected
energy of fully optimized A:U and A:T); hence
all calculations were performed without BSSE
correction). Several input files used in our
Gaussian calculations are provided in the Sup-
plementary Material.

Results

Studies have shown that A'*C2 is sensitive to
hydrogen-bond strength in small molecules (Abil-
dgaard et al., 1998; Dziembowska et al., 2004). We
showed previously that deuterium substitution at
the uracil or thymine imino H3 site results in a
trans-hydrogen bond isotope shift of '*C2 of the
Watson—Crick  base-paired adenine, 2"A'*C2
(Vakonakis and LiWang, 2004b). The notion that
2hA3C2 is a measure of hydrogen-bond length has
been inferred from small molecule studies, but was



never supported by independent lines of evidence
for RNA and DNA. Thus, in an effort to estimate
the sensitivity of 2"A'3C2 to hydrogen-bond length
in A:U/T Watson—Crick base pairs, we carried out
a series of DFT calculations using the approach
described by Abilgaard et al. (1998). The 2PA'3C2
was calculated using Equation 1: "PA*C2=—do/
dRny X AR, where do/dRny characterizes the
conveyance of the isotope effect through the
hydrogen bond.

Shown in Figure 3 is a plot of "A'*C2 calcu-
lated for isolated A:U and A:T base pairs as a
function of the hydrogen-bond distance between
the N1 of adenine and the N3 of uracil or thymine.
As the N1-N3 hydrogen-bond distance decreases,
the calculated "A'*C2 becomes increasingly neg-
ative. Thus, our calculations support the notion
that 2"A'3C2 is sensitive to hydrogen-bond length.
It can also be seen that isolated A:U and A:T base
pairs have very similar 2"A'>C2 values (within
1 ppb) at a given N1-N3 distance, which suggests
that the empirical difference between RNA and
DNA MA3C2 values (Vakonakis and LiWang,
2004a) is not due to the chemical difference be-
tween uracil and thymine, but shorter hydrogen
bonds in double-stranded RNA.

In order to further assess the effect of the
chemical difference between uracil and thymine on
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Figure 3. The calculated dependence of 2"A '3C2 on the
distance between the NI of adenine and N3 of uracil (solid
circle) and thymine (open circle). From the points calculated
near the fully optimized N1-N3 distance of 2.82 A, a change in
2hA 13C2 by 4+ 3 ppb corresponds to a 0.04 + 0.03 A change in
NI1-N3.
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2hAB3C2 values, we measured 2"A3C2 on chemi-
cally modified RNA and DNA, in which the
uridine residues of RNA were substituted with 5-
methyl uridine and the deoxythymidine residues of
DNA were replaced with deoxyuridine. We will
refer to the chemically modified RNA and DNA
as RNA’™Y and DNAYY. Shown in Figure 4 are
small regions of "H, *C TROSY-HSQC spectra of
the RNA™™Y dodecamer r(CGAAAAU™U™
U™U™CG), and the isosequential DNAY
dodecamer d(CGAAAAUUUUCG), dissolved in
a 50% H,0, 50% D,O buffer. Due to slow
exchange of the pyrimidine H3 with the solvent,
there are two peaks for every adenine 'H2, '*C2
pair. The peak with the higher '*C2 frequency
corresponds to the *H3 isotopomer, and the lower
frequency '*C2 peak arises from the 'H3 isoto-
pomer. The ZPA'>C2 values were determined
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Figure 4. Small regions of 'H, '*C TROSY-HSQC spectra of
(a) (CGAAAAU™U™U™U™CG), and (b) d(CGAAAAU-
UUUCG), dissolved in 50% H,0, 50% D,O at 25 °C at
500 MHz proton frequency. The adenine 'H2, '*C2 correlations
are labeled. Each spectrum took about 20 h to acquire.
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from the difference in the peak positions:
MABC2 = 5C2("H3) — 6"3C2(PH3).

The five pairs of chemically modified RNA>™Y
and DNAYY duplexes studied here are isose-
quential to the unmodified RNA and DNA du-
plexes whose “"A!'3C2 values were reported earlier
(Vakonakis and LiWang, 2004a, b). As can be
seen in Figure 5, there is no systematic difference
in 2PA'3C2 values between RNA and RNA™Y or
between DNA and DNAYY. Therefore, empiri-
cally there is no discernable effect of the C7 me-
thyl group on Z"A'C2 values. The chemically
modified RNA and DNA remained A- and B-
form, respectively, as determined by circular
dichroism (Supplementary Figure S1). The scatter
in Figure 5 is larger than the experimental
uncertainty and reflects the perturbing effects of
the chemical modifications, which can also be
seen from the moderate differences in the CD
spectra between the modified and unmodified
duplexes.

Shown in Figure 6 is a plot of 2"A'3C2 values
of DNA and DNAYY vs. those of RNA and
RNA™Y, Here it can be seen that 2"A'*C2 values
of RNA and RNA’™Y are 4+3 ppb more nega-
tive than those of DNA and DNA®Y. On the
basis of our DFT calculations near 2.82 A of

-35
— e
o -
Q -
2 -40+ o
~ 7
g R
< -45 g Ha
~
> el oo ﬁon
5 -50 o, °
< o oo,
% _,© o
o -55 _ 68 o o
© 70
e
é '60‘ e
[ i
e +
-65

65 -60 55 50 -45 40  -35
RNA>MU and DNA 2hA'3C2 (ppb)

Figure 5. Effect of the C7 methyl group on empirical
AC2 values. Correlations between RNA and RNA’™Y
and DNAYY and DNA values are shown using circles and
squares, respectively. The dashed line is along the diagonal. A
paired Student’s -test yields a probability of p>>0.05, which
shows that there is no statistically significant effect of the C7
methyl group on 2"A*C2 in the data presented here. Shown
in the lower right is the average uncertainty in the measure-
ments. The values used here are listed in the Supplementary
material.

-35
”
-~
4 ~
-40 2
—_ -~
e o~
2 45- Tl
=2 xg /xnn
2 0. n ok En
S an x R4%88
o o A "o OX A
=1 551 < Ox
ﬁ //X 86 x
r o A
0] - s = =
- A © e
-65

65 60 55 50 45 40 35
2hAT3C2pn (ppb)

Figure 6. Plot of "A*C2 values of DNA vs. those of RNA.
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both purines, a purine and a pyrimidine, and both pyrimidines,
respectively. The dashed line is along the diagonal. The average
uncertainty in the data is shown in the lower right corner of the
plot.

isolated base pairs (Figure 3), this 4+ 3 ppb dif-
ference is consistent with an N1-N3 hydrogen
bond that is 0.04+0.03 A shorter in RNA than
in DNA. It can also be seen from Figure 6 that
2hA3C2 values have a range of about 17 ppb,
depend on sequence context, and that this
dependence is the same for RNA and DNA. The
2hA3C2 values are most negative when the ade-
nine intrastrand nearest neighbors are purines
and least negative when the adenine is flanked by
pyrimidines.

Discussion

The work presented here set out to test 2"A*C2
as a measure of hydrogen-bond length and
thereby test our hypothesis that RNA hydrogen
bonds are shorter than those of DNA (Vakonakis
and LiWang, 2004a). Our DFT calculations pre-
dict that "A'3C2 is indeed sensitive to the N1-N3
hydrogen-bond length of A:U and A:T base
pairs. Furthermore, they predict that "A'*C2 is
insensitive to the chemical difference between
uracil and thymine, which is verified by our
empirical results.

Recently, investigators using DFT calculations
suggested that 2PA'*C2 values do not reflect



hydrogen-bond length, but merely the presence or
absence of the C7 methyl group (Swart et al.,
2004). Swart et al. investigated the relationship
between the NMR shielding of adenine '*C2 and
total hydrogen-bond energies of isolated A:U and
A:T base pairs using a technique they call ““cross-
coupling”. They found that, unlike '*C2 shielding,
hydrogen-bond energies are not completely
recovered through cross-coupling and therefore,
concluded that these two effects are separate and
not correlated. As with Swart et al., we also find
that the calculated '*C2 chemical shifts of uracil
and thymine differ by about 0.1 ppm as a result of
the C7 methyl group of thymine (Supplementary
Figure S3). However, Swart et al. use this chemical
shift difference as a measure of 2PA3C2, whereas
we find that using a more rigorous approach
ZhABC2 calculated for A:U and A:T base pairs
differ by <1 ppb at a given NI-N3 distance.
Importantly, our calculations are supported by
our empirical observation that the C7 methyl
group has no impact on *"A'3C2 values.

Instead, we think that the 4 ppb difference in
ZhAB3C2 values of RNA and DNA is because of a
stronger RNA N1-N3 hydrogen bond, which can
arise from a shorter distance (or differences in
hydrogen-bond angles). Perhaps the shorter RNA
hydrogen bonds are inherent to the A-form sec-
ondary structure. Alternatively, differences in
hydration between RNA and DNA may play a
role in their different hydrogen-bond lengths. Al-
though RNA has been shown to have more
structured water molecules in the major and minor
grooves and around the ribose 02" (Egli et al.,
1996), DNA is more hydrated overall (Chalikian
et al., 1999; Kankia and Marky, 1999). In small
molecules, hydrogen-bond strengths have been
demonstrated to increase in non-aqueous solvents
(Shan and Herschlag, 1996). Thus, the lower
hydration of RNA may promote stronger hydro-
gen bonds. Our results are consistent with only a
0.04 A shorter N1-N3 distance in RNA, which is
difficult to discern from the larger scatter in the
RNA and DNA X-ray crystal structures in the
Protein Data Bank. A thermodynamic comparison
of isosequential 12 base-pair duplexes found that
RNA was more stable than DNAY by 3.8 kcal/
mol and that RNA ™Y was more stable than DNA
by 4.7 kcal/mol, which gives an average of
0.4 kcal/mol more stabilization per base pair for
RNA (Wang and Kool, 1995). Our calculated
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energies suggest that ~25% of the 0.4 kcal/mol
arises from the shorter separation between the
RNA A:U base pairs (data not shown).

For both RNA and DNA, 2"A3C2 values are
most negative when the adenine is flanked by
purines and least negative when pyrimidines are the
intrastrand nearest neighbors. It is tempting to
postulate that hydrogen-bond strengths have a
sequence dependence such that they are strongest in
polypurine:polypyrimidine tracts. This hypothesis
predicts that hydrogen-bonding and base-stacking
interactions are coupled, which would have impli-
cations for cooperativity and long-range structure
and function. Indeed, recent calculations have
suggested that m—m interactions between aromatic
heterocycles play a significant role in the hydrogen-
bonding potential of an aromatic nitrogen base
(Mignon et al., 2005). However, we recognize the
distinct possibility that base-stacking interactions
may modulate *"A'*C2 without affecting hydrogen-
bond strengths. Thus, we are initiating extensive
DFT calculations of 2"A*C2 of A:U base pairs in
different sequence contexts in an effort to determine
the effect of base-stacking interactions on 2"A*C2
and hydrogen-bond strength.

Calculations and empirical data on DNA have
shown that not only are *"Jyn sensitive to the
hydrogen-bond length, but 'Jyy coupling con-
stants of imino groups are as well (Barfield et al.,
2001). Specifically, as the N1-N3 distance decreases
!Jnn is calculated to become less negative. The
utility of one-bond scalar couplings as reporters of
hydrogen-bond strength have also been demon-
strated for amide 'Jyy couplings in proteins (Jur-
anic et al., 1995, 1996). A recent study found that in
RNA 'Jyy values were 0.4+0.6' Hz less negative
than those of DNA (Manalo et al., 2005), which
according to calculations on a DNA triplex (Bar-
field et al, 2001) corresponds to an NI-N3
hydrogen bond that is 0.02+£0.03 A shorter (at
2.80 A). Thus, the 2"A®C2- and 'Jny-predicted
differences between RNA and DNA hydrogen-
bond lengths are similar. Furthermore, the L.
values showed a statistically significant correlation
with the 2"A3C2 values (Manalo et al., 2005).

' The 0.4+0.6 Hz is reported in the paper by Manalo et al.
(2005) as 0.4+0.4 Hz, which is an error. A Student’s z-test
calculation, which shows a statistically relevant difference be-
tween RNA and DNA 'Jny values, is reported correctly in that
manuscript.
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It should be noted that this study did not
consider G:C base pairs. Furthermore, the N6—-O4
hydrogen bond of A:U/T base pairs was not ob-
served in our experiments and any conclusions
regarding differences in overall hydrogen-bond
strengths require consideration of both A:U/T
hydrogen bonds. However, a recent study has
suggested that cooperativity between the N1-N3
and N6-0O4 hydrogen bonds of an A:T base-pair
contribute 31% to the overall stability (Asensio
et al., 2003), which raises the possibility that N6—
O4 hydrogen bonds in RNA are stronger than
those of DNA as well.

Electronic supplementary material is available
at http://dx.doi.org/10.1007/s10858-006-0021-y.
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