
Determination ofγ and Stereospecific Assignment of H5′
Protons by Measurement of2J and3J Coupling Constants in
Uniformly 13C Labeled RNA

J. P. Marino, H. Schwalbe, S. J. Glaser, and C. Griesinger*

Contribution from the Institut fu¨r Organische Chemie, UniVersität Frankfurt,
Marie-Curie Strasse 11, Frankfurt/Main, Germany D-60439

ReceiVed October 24, 1995X

Abstract: The conformational analysis of the backbone angleγ (O5′-C5′-C4′-C3′) and the stereospecific assignment
of the H5′(pro-S), H5′(pro-R) diastereotopic protons in a uniformly13C,15N labeled RNA oligonucleotide was performed
using new Exclusive COSY (E.COSY) type multidimensional heteronuclear NMR experiments designed to measure
3J(H4′,H5′) homonuclear and2J(C4′,H5′) heteronuclear coupling constants. The experiments were demonstrated on
a uniformly13C,15N labeled 19-mer RNA hairpin (5′-rGCACCGUUGGUAGCGGUGC-3′) derived from the RNA I
transcript involved inCol E1 replication control. From the small3J(H4′,H5′) couplings constants observed for the
RNA hairpin, it was concluded that allγ angles assume a gauche+ rotamer conformation (γ ) 60°). From the signs
of the 2J(C4′,H5′) coupling constants, the H5′ protons were stereospecifically assigned. In the helical stem region
of the hairpin, the H5′(pro-S) protons were found to resonate downfield (∼0.4 ppm) of the H5′(pro-R) protons. In the
loop region of the hairpin, the chemical shift differences between the H5′(pro-S), H5′(pro-R) resonances were found to
be smaller, and in most cases, the H5′(pro-S) protons were found to resonate upfield of the H5′(pro-R) protons. The
different chemical shift patterns observed for the H5′(pro-S)and H5′(pro-R)protons in the two secondary structure elements
are discussed.

Introduction

The quality of structures determined by NMR spectroscopy
relies on the extent to which a full interpretation can be made
of the experimentally determined NOEs andJ coupling con-
stants. To this end, the unambiguous assignment of NOE
distances and torsion angles to one of two diastereotopic groups
can provide a significant improvement in the use of NOE
distance and torsion angle constraints in NMR structure
determination.1-4 In RNA and DNA oligonucleotides, assign-
ment of NOE distances, andJ coupling constants stereo-
specifically to one of the two H5′ protons is rather critical for
the precise determination of nucleic acid backbone geometry.3,4

The NOEs and coupling constants that involve the H5′ dia-
stereotopic protons not only define the backbone torsion angle
γ (O5′-C5′-C4′-C3′) but also can reveal other long-range
correlations either within the given ribose or along the oligo-
nucleotide backbone. In particular, stereospecific assignment
of the H5′ protons can be critical for determining the angleâ
(P5′-O5′-C5′-C4′) by allowing the stereospecific assignment
of the heteronuclear3J(H5′,P) coupling constants.
Previous methods for stereospecific assignment of H5′ protons

in oligonucleotides have included the use of the proton chemical
shifts,5 the interpretation of NOEs together with small homo-
nuclear3J(H,H) couplings6,7 and stereoselective deuteration.8

In DNA, empirical rules based on chemical shift arguments have
been used quite successfully to stereospecifically assign the H2′
diastereotopic protons. In most cases, the H2′(pro-S) proton is
found to resonate upfield of the H2′(pro-R) proton.7 A similar
chemical shift analysis has been proposed for the stereoselective
assignment of H5′ protons found in the context of a canonical
A-form RNA conformation,5 according to which the H5′(pro-S)
proton resonates downfield from H5′(pro-R). In sum, however,
the chemical shift approach to stereospecific assignment has
obvious fallibilities such as inapplicability in regions of non-
canonical structure or in the presence of bound ligands.
The use of measured or estimated3J(H4′,H5′) couplings about

γ combined with a comparison of the relative intensities of the
H3′, H5′(pro-S) and H3′, H5′(pro-R) cross peaks in a 2D NOESY
(nuclear Overhauser effect spectroscopy) experiment3,6 has also
been used for stereospecific assignment in oligonucleotides (e.g.,
if γ ) 60° as determined from small3J(H4′,H5′) couplings,
the distancesd(H3′,H5′(pro-R)) andd(H3′,H5′(pro-S)) should differ
by∼1.5 Å). Although this method has been applied with some
success to small DNA oligonucleotides, it has been quite limited
in application to RNA oligonucleotides due to the extremely
poor resolution of the ribose (H2′, H3′, H4′, and H5′) protons.
NOE-based methods for stereospecific assignment may also be
subject to errors due to spin diffusion or conformational
averaging.
In comparison to methods based on the interpretation of

chemical shifts and NOEs, the synthesis of stereospecifically
deuterated samples is a much more precise and unambiguous
method for stereospecific assignment.8 It, however, has the
drawback of requiring the stereoselective synthesis of additional
samples for the sole purpose of stereospecific assignment. It
is therefore of great interest to establish an alternative robust
experimental method for determining the stereospecific assign-
ments of H5′ diastereotopic protons in oligonucleotides.
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From work on model systems it has been established that in
an H-C-C-X system, where X is an electronegative atom,
the sign of the2J(C,H) coupling shows a dependence (Figure
1a) on the torsion angleθ between H and X.9 From theoretical
calculation on ethanol, the2J(C,H) was found to be negative
when 0° < |θ| e 90°, zero when|θ| ) 90°, and positive when
90° < |θ| e 180°, with maximum values observed for 0° and
180°. Hines and co-workers10 exploited this2J correlation and
showed that the sign dependence (Figure 1b) of the2J(C4′, H5′)
coupling constants associated withγ could be used both to
stereospecifically assign the H5′ protons and to determine the
conformation of theγ angle. Using a 30%13C labeled UUCG
tetraloop RNA sample, stereospecific assignments for the
H5′ protons were obtained from the sign of the2J(C4′,H5′)
coupling constants measured using E.COSY patterns observed
in X-filtered NOESY and TOCSY (total correlation spectros-
copy) experiments.11 The X-filtered experiments used in these
studies, however, suffered from insensitivity and cross peak
overlap to such an extent that only the2J(C4′,H5′) coupling
constants for three out of 12 residues were reported.
In this paper, we report new sensitive heteronuclear NMR

methods that measure the homonuclear3J(H4′, H5′) and
heteronuclear2J(C4′,H5′) coupling constants in uniformly13C
labeled oligonucleotides.12-15 A “directed” HCC-TOCSY-
CCH-E.COSY tailored for the measurement of vicinal3J(H4′,H5′)
coupling constants and a family of C5′,H5′-selective experiments
for the measurement of geminal2J(C4′,H5′) coupling constants
are presented. The coupling constants measured using these
NMR experiments have provided fairly complete stereospecific

assignment of H5′ protons and allowed analysis of the confor-
mation about all theγ backbone angles in the 19-mer RNA
hairpin under investigation.

NMR Experiments

A. Measurement of3J(H4′,H5′) Coupling Constants. In
order to increase resolution,3J(H4′,H5′) homonuclear coupling
constants were measured using a “directed” HCC-TOCSY-CCH-
E.COSY experiment16,17as shown in Figure 2. The “directed”
HCC-TOCSY-CCH-E.COSY experiment first excites proton
magnetization, which is frequency labeled int1 and then
transferred via a refocused INEPT step into in-phase carbon
magnetization. The refocusing period (∆′ ) 3.0 ms), duration
of the isotropic C,C-TOCSY mixing period (DIPSI-3 duringτI
) 13.5 ms), and13C constant time evolution delay (T ) 7.6
ms) that are then applied have been exactly matched such that
coherence originating from H1′ during t1 frequency labeling
forms predominantly “forward directed” antiphase coherence
of the type 2Si,ySi+1,z (with i ) 3, 4; 1) C1′, 2 ) C2′, 3 )
C3′, 4 ) C4′ and 5) C5′) at the end of the constant time
evolution.17 Finally, a 13C COSY (correlation spectroscopy)
pulse is applied and a reversed DEPT is utilized for the Cf H
back-transfer step18 with a small flip angle proton pulse (â )
45°)19,20 applied to meet the E.COSY requirement of leaving
the spin state of the passive spins (the H3′ and H4′ protons in
this experiment) unperturbed. In this experiment, the undesired
coherence transfer between nonconnected transitions that results
from theâ pulse is removed by a post-acquisition processing
procedure.22 The experiment allows both the correlation of the
HCCH-E.COSY21,22 cross peaks (Figure 5a) with the usually
well resolved H1′ chemical shifts within a given ribose and the
extremely selective coherence transfer within the ribose spin
system. As a result, the experiment yields well-resolved C4′,
H5′ cross peaks that are normally overlapped in the standard
2D HCCH-E.COSY22 with the autocorrelated C4′, H4′ cross
peaks and the backward-directed C4′, H3′ cross peaks.
The “directed” TOCSY principle relies on a judicious

combination of isotropic and longitudinal mixing periods23 in
linear spin systems with uniform coupling constants. For an
initial density operatorσ(0)) S1,x, isotropic mixing alone yields
opposite signs but equal magnitudes of the expectation values
of forward-directed coherence of spinsi (i.e., 2Si,ySi+1,z) and of
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Figure 1. (a) Newman projection showing the sign dependence of
the 2J(C,H) on the angleθ for a generalized XC-CH fragment. (b)
Newman projection aroundγ with the predicted signs and coupling
constants for the three rotamer states (gauche+, trans, and gauche-).

Figure 2. Pulse sequence for the “directed” HCC-TOCSY-CCH-
E.COSY used for the determination of3J(H4′,H5′) coupling constants
in this study. The details of the parameters used to implement this pulse
sequences are given in part B of the Experimental Section.
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backward-directed coherences of spini + 1 (i.e., 2Si,zSi+1,y) for
all mixing timesτI because of the conservation of coherence
order. Hence, it is impossible to select forward-directed
coherences (2Si,ySi+1,z) and suppress backward-directed coher-
ences (2Si,zSi+1,y) and in-phase coherence (Si,x) for all spins i
using pure isotropic mixing experiments. However, this coher-
ence transfer symmetry can be broken by additional periods of
longitudinal mixing.16,17 The optimal combinations of∆′, τI,
andT delays needed to selectively generate forward-directed
coherence transfer were found using a series of computer
simulations in which weak13C-13C coupling (longitudinal
mixing) was assumed during the∆′ andT periods and ideal
isotropic mixing conditions were assumed during theτI period.
While the duration of∆′ ) [21J(I,S)]-1 ) 3.0 ms was dictated
by the heteronuclear coupling constant1J(C,H) ) 160 Hz, the
duration of the isotropic mixing period could be varied to
achieve the desired distribution of coherences along the linear
spin system formed by S1 ) C1′ to S5 ) C5′ with approximately
uniform coupling constants1J(C,C)) 40 Hz. For the desired
case in this paper, the optimum coherence transfer from S1 to
S3 and S4 was found usingτI ) 13.5 ms. Figure 3 shows the
evolution of the coherences of interest for fixed delays∆′ )
3.0 ms andτI ) 13.5 ms and variable delays ofT (0 e T e 20
ms). This simulation yields an optimal duration of the constant

time evolution period ofT ) 7.6 ms, where the expectation
values of almost all undesired in-phase and backward-directed
coherences approach zero while the expectation values of the
desired forward-directed coherences 2S3,yS4,z and 2S4,yS5,z are
close to their optimal values.
B. Measurement of2J(C4′,H5′) Coupling Constants. The

family of C5′,H5′-selective experiments (the selective C5′,H5′-
HSQC (heteronuclear single quantum spectroscopy), the selec-
tive HCC5′H5′-COSY, and the selective HCC5′H5′-TOCSY)
designed to measure2J(C4′,H5′) coupling constants are shown
in Figure 4. The core element found in all these experiment is
the selective correlation of the C5′ carbon with the H5′ protons,
while leaving the spin state of the C4′ carbon unperturbed. This
is achieved in similar fashion in each of the experiments by
using a selective C5′ carbon 90° pulse for the C5′ f H5′ back-
transfer and selective carbon decoupling inω2.24 This selective
pulse sequence element was used previously to measure
2J(HR,C′) coupling constants in proteins.25 In all experiments,
E.COSY type20,26 cross peaks (Figure 5b) are generated by
allowing the relatively large associated1J(C4′,C5′) coupling to
evolve during the C5′ chemical shift evolution which resolves
the small 2J(C4′,H5′) coupling that evolves during proton
acquisition.
In the selective C5′,H5′-HSQC (Figure 4a), approximately

60% of the potential C5′,H5′ cross peaks were resolved so that
their 2J(C4′,H5′) coupling constants could be extracted. For
this reason the 3D selective HCC5′H5′-COSY (Figure 4b) and
3D selective HCC5′H5′-TOCSY (Figure 4c) were implemented
to resolve the C5′, H5′ cross peaks by labeling them in theω1

dimension with the chemical shift of either the C4′ carbon or
the H1′ proton, respectively. The 3D selective HCC5′H5′-
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Figure 3. Plots of the evolution of the coherences of interest as a
function of the constant time delay,T, for the spins S1 ) C1′ through
S4 ) C4′ in a linear spin system (S1-S2-S3-S4-S5) with ap-
proximately uniform coupling constants1J(C,C) ) 40 Hz and fixed
delays of∆′ ) 3.0 ms andτI ) 13.5 ms. In each panel, the forward-
directed coherences (2Si,y Si+1,z) are drawn as solid lines, while the
backward directed (2Si-1,zSi,y) and in-phase coherence (Si,x) are drawn
as short and long dashed lines, respectively. Vertical lines through the
four panels denote the durations of the three mixing periods∆′, τI, and
T. At T ) 7.6 ms, the forward-directed coherences 2S3yS4z and 2S4yS5z
are close to their optimal values, while all other backward-directed and
in-phase coherences are all close to zero.

Figure 4. Pulse sequences for the (a) selective C5′,H5′-HSQC, (b)
selective HCC5′H5′-COSY, and (c) selective HCC5′H5′-TOCSY used
for the determination of2J(C4′,H5′) coupling constants in this study.
The details of the parameters used to implement these pulse sequences
are given in part B of the Experimental Section.
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COSY experiment (Figure 4b) was designed to resolve cross
peaks that belong to residues in nonhelical regions of the RNA
structure. In these regions, such as the loop in this hairpin, the
C4′ carbons are usually dispersed well enough to resolve the
C5′, H5′ cross peaks. In the 3D selective HCC5′H5′-COSY
experiment, the labeling of the C5′,H5′ cross peaks with the
C4′ carbon resonances is obtained by a constant time carbon
evolution of 3[41J(C,C)]-1 prior to the13C COSY pulse, which
also serves simultaneously to generate antiphase carbon mag-
netization of the form 2C4yC5z. The proton 90° pulse applied
simultaneously with the second 90° 13C pulse converts operators
associated with non-refocused proton magnetization into non-
observable multiquantum coherence.
For the residues in the helical portion of the RNA where the

C4′ carbons are severely overlapped, the 3D selective HCC5′H5′-
TOCSY experiment (Figure 4c) was used to correlate the
C5′,H5′ cross peaks to the usually well resolved H1′ protons.
In this experiment, a C,C-TOCSY mixing period of 24 ms was
chosen to obtain the maximum transfer from the C1′ to the C5′
carbon. The optimal C,C-TOCSY mixing period was extracted
from transfer functions that were originally calculated for the
aliphatic carbon spin systems found in amino acid side chains.27

For the ribose five-carbon spin system with1J(C,C)∼40 Hz,
the transfer function calculated for the five-carbon linear spin
system of lysine was used with a simple rescaling of the1J(C,C)
couplings from 35 to 40 Hz. The correlation to the H1′ proton
via the C,C-TOCSY is the most favorable way to resolve most
of the C5′,H5′ cross peaks, but it suffers in sensitivity with
respect to the COSY experiment due the fact that magnetization
that originates from the C1′ carbon is transferred to a certain
extent over all carbons in the ribose ring. The choice of
experiment should therefore be made on the basis of the
requirements for resolution vs sensitivity in a given sample.
Both the HCC-TOCSY-CCH-E.COSY- and C5′H5′-selective

experimental methods are relatively insensitive to strong
coupling effects. It can be shown by simulations that strong
coupling between the H5′ protons starts to systematically alter
the size of the coupling constants extracted only when∆Ω <
2π‚20 Hz (data not shown). Nonetheless, even in the limit of
strong coupling between H5′ protons, the sign of the2J(C4′,H5′)
couplings remain true.

Results and Discussion

A. NMR Experiments. In the study of macromolecules
(10-25 kDa), the precise determination of coupling constants

from the multiplet patterns of simple COSY-type experiments
is difficult due to the fact that line widths normally are of the
same size or exceed the size of the couplings of interest.
Moreover, in RNA molecules, severe chemical shift overlap of
H2′, H3′, H4′, and H5′ ribose protons makes even an estimation
of coupling constants from H,H-COSY cross peaks all but
impossible. In macromolecules where the line widths are on
the order of the coupling of interest, a partial cancellation of
the antiphase components results in the observation of antiphase
splittings that are systematically larger than the true coupling
constant. By using the E.COSY method20,26 only connected
transitions are observed in a particular multiplet and therefore
passive couplings can be measured without interference from
components of opposite phase. Heteronuclear-based E.COSY
methods, as discussed in this paper, utilize relatively large
associated1J couplings to resolve the smaller couplings of
interest and so allow the sign and magnitude of a coupling
constant to be determined in macromolecules where the
couplings are usually smaller than the line widths. As previ-
ously discussed,28 however, the faster relaxation of the antiphase
terms as compared to in-phase terms results in an observed value
Jeff from an E.COSY-type multiplet which tends to be smaller
than the actual coupling constant. For the measured3J(H4′,-
H5′) coupling constants, the effect of this differential relaxation
leads to systematic errors when the correlation time,τc, becomes
exceedingly large. In this case these coupling constants should
be determined using the DQ/ZQ methodology29 which largely
suppresses differential relaxation effects. In contrast, the
measured2J(C4′,H5′) couplings constants will only be affected
by differential relaxation for correlation times,τc, that are greater
than 100 ns because13C-1H dipolar relaxation becomes less
effective with increasingτc and13C-13C dipolar relaxation can
be neglected forτc < 100 ns.
The schematic cross peaks of the correlated spins in a

multiplet from the “directed” HCC-TOCSY-CCH-E.COSY
experiment is shown in Figure 5a. As in the parent HCCH-
E.COSY experiment,21,22a relatively large1J(C4′,H4′) hetero-
nuclear coupling is used to displace the two components of the
E.COSY cross peak multiplet in the inverse carbon dimension.
The sign and magnitude of the passive3J(H4′,H5′) couplings
is extracted from the displacement of two components of the
E.COSY multiplet observed in the proton acquisition dimension.
The schematic cross peak pattern for the family of selective
C5′,H5′ experiments is shown in Figure 5b. In these experi-
ments, the relatively large1J(C4′,C5′) homonuclear coupling
is again utilized to displace the two components of the E.COSY
multiplet in the inverse carbon dimension. As in the “directed”
HCC-TOCSY-CCH-E.COSY experiment, the sign and magni-
tude of the passive2J(C4′,H5′) couplings is extracted from the
displacement of two components of the E.COSY multiplet
observed in the proton acquisition dimension.
B. Conformation Analysis of γ and Stereospecific As-

signment of H5′(pro-S) and H5′(pro-R). The assignment of
conformation about the angleγ to one of three possible
staggered conformations (gauche+, gauche-, and trans) can be
made using the3J(H4′,H5′) and2J(C4′,H5′) coupling constant
signatures that are found for each of the three rotamers (Figure
1b). Each of the three rotamers (gauche+, gauche-, and trans)
aboutγ shows a characteristic and distinguishable pattern of2J
and3J coupling constants. In the canonical A-form geometry
(γ ) 60°, gauche+), both 3J(H4′,H5′) coupling constants are
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Reson.1990, 90, 452-463.
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Griesinger, C.J. Am. Chem. Soc.1995, 117, 10389-10390.

Figure 5. Schematic E.COSY multiplet pattern observed in the (a)
HCC-TOCSY-CCH-E.COSY experiment and (b) C5′, H5′ selective
experiments.
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expected to be small and positive. For this rotamer conforma-
tion, the2J(C4′,H5′(pro-S)) coupling constant is expected to be
large and negative and the2J(C4′,H5′(pro-R)) coupling constant
is expected to be small and positive, which yields the stereo-
specific assignment of the H5′ protons. In the other rotamer
states (i.e. trans and gauche-), one large and one small
3J(H4′,H5′) coupling constant is expected. To distinguish the
trans and gauche- conformers, stereospecific assignment of the
H5′(pro-S) and H5′(pro-R) protons using the signs of the
2J(C4′,H5′(pro-S)) and 2J(C4′,H5′(pro-R)) coupling constants is
necessary.
The E.COSY cross peak patterns observed in the “directed”

HCC-TOCSY-CCH-E.COSY and the selective C5′,H5′-HSQC
for residues A3 and U11 are shown in Figure 6. The E.COSY
cross peak patterns shown for residues A3 and U11 are
representative of those observed for stem and loop residues,
respectively. For the A3 residue, the3J(H4′,H5′) coupling
constants measured in the “directed” HCC-TOCSY-CCH-
E.COSY experiment (Figure 6a) were found to be both small
(1.0 and 2.6 Hz) and positive. In the selective C5′,H5′ HSQC
experiment (Figure 6b), the coupling constant measured for the
downfield C5′, H5′ cross peak was found to be relatively large
(-3.2 Hz) and negative, while the coupling constant measured

for the upfield C5′, H5′ cross peak was found to be small (0.3
Hz) and positive. This leads to the stereospecific assignment
of the downfield proton to H5′(pro-S) and the upfield proton to
H5′(pro-R). For the U11 residue, the3J(H4′,H5′) coupling
constants measured in the “directed” HCC-TOCSY-CCH-
E.COSY experiment (Figure 6c) were also both found to be
small (0.7 and 1.0 Hz) and positive. In the selective C5′,H5′
HSQC experiment (Figure 6d), the coupling constant measured
for the downfield C5′, H5′ cross peak was found to be small
(0.7 Hz) and positive, while the coupling constant measured
for the upfield C5′, H5′ cross peak was found to be relatively
large (-4.9 Hz) and negative. In contrast to residue A3, this
pattern leads to the stereospecific assignment of the downfield
proton to H5′(pro-R)and the upfield proton to H5′(pro-S). In Table
1 it can be seen that all the measured3J(H4′,H5′) coupling
constants were found to be relatively small (∼1-5 Hz) and that
no significant distinction in the coupling patterns was observed
between the stem and loop residues of this hairpin. This
indicates that all residues (independent of the secondary structure
element) in the hairpin haveγ angles that are in a gauche+

conformation (Figure 1b). The rather uniform gauche+ con-
formation observed for allγ angles in this hairpin seems to
suggest thatγ is not involved in any loop “kinks” or turns.
The signs and magnitudes of the2J(C4′,H5′) coupling

constants that were used to stereospecifically assign the H5′
protons as either pro-S or pro-R for the residues in the 19-mer
RNA hairpin are also shown in Table 1, with the observed
chemical shifts for the more downfield H5′ protons highlighted
in bold. For the residues in the helical stem region of the
hairpin, with the exception of residue G13, all the more
downfield resonating H5′ protons have been assigned to
H5′(pro-S). This is in agreement with the expected chemical shift
for a nucleotide in a helical conformation3,10 and follows the
original chemical shift rules proposed by Remin and Shugar.5

Within the loop region (residues U8 through A12) of the hairpin,
with the exception of residue U8, the H5′(pro-R) protons were
found to resonate slightly downfield of the H5′(pro-S)proton. The
correlation of stereospecific assignment and chemical shift for
these H5′ protons was therefore opposite from what was
observed for the residues in the helical stem region. In addition,
the proton chemical shift differences between the H5′(pro-S)and
H5′(pro-R) resonances were found to be smaller and less regular
than for the H5′(pro-S) and H5′(pro-R) resonances found in the
helical stem, where the chemical shift differences between the
H5′ resonances were found usually to be∼0.4 ppm. For the
loop residues, the proton chemical shift differences observed
between the H5′ protons in the loop were found to be less than
0.1 ppm (Table 1).
An inversion of the chemical shifts of the H5′(pro-S) and

H5′(pro-R) resonances similar to the one described here for the
RNA I hairpin has been observed in UUCG tetraloop RNA,
where the stereospecific assignment of the H5′ protons has been
determined.10 From the measured signs of the2J(C4′,H5′)
coupling constants aboutγ in the UUCG tetraloop,10 the more
downfield proton was assigned to H5′(pro-R), rather than
H5′(pro-S) for residues C7 and G8, which are both found within
the U6-G8 loop of the hairpin. In a DNA TTTA tetraloop
hairpin studied by Blommers and co-workers,6 the more
downfield proton was assigned to H5′(pro-R), rather than
H5′(pro-S) for residues T3 and A4, which are also both found
within the T1-A4 loop of this hairpin.
A plot of the C5′, H5′ region of a normal constant time

1H,13C-HSQC is shown in Figure 7a with cross peaks labeled
according to their stereospecific assignment (bold cross peaks
indicate an assignment of the H5′ proton resonance to pro-S

Figure 6. Expansion of the regions from the 3D “directed” HCC-
TOCSY-CCH-E.COSY showing the C4′,H5′ cross peaks associated
with (a) residue A3 (H1′ plane of A3,ω1 ) 5.96 ppm) and (c) residue
U11 (H1′ plane of U11,ω1 ) 5.89 ppm) and an expansion of the 2D
C5′,H5′ selective HSQC experiments showing the C5′,H5′ cross peaks
observed for (b) residue A3 and (d) residue U11 of the 19-mer RNA
hairpin.
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and thin-lined cross peaks indicates an assignment of the H5′
proton resonance to pro-R). Figure 7b shows a schematic of
the secondary structure of the RNA I hairpin and indicates the

position in bold of the residues for which the more downfield
proton is assigned to H5′(pro-R), rather than H5′(pro-S)as normally
predicted in a double-helical conformation. It is interesting to
note that there is an overall anticorrelation of the C5′ carbon
chemical shifts and the difference of the H5′ proton chemical
shifts for the residues of this hairpin (Figure 7c).
Currently, the available data base of oligonucleotides for

which the stereospecific assignment of H5′ protons has been
determined and from which the chemical shift patterns of the
H5′(pro-S)and H5′(pro-R) protons can be predicted is quite limited.
In the 19-mer RNA hairpin investigated here, the phenomeno-
logical observation that the chemical shift patterns correlate with
the secondary structure shifted by one residue toward the 3′
end of the primary sequence (Figure 7b) hints at an influence
of the preceding nucleotide on the chemical shifts of the H5′
protons of each particular nucleotide. Although intranucleotide
influences on the differential shielding of the H5′ protons can
not be ignored, it is interesting to note thatab initio quantum
mechanical calculations on 3′- and 5′-phosphate mononucleotide
systems30 predict that the chemical shielding for the H5′ protons
should be rather equivalent in both C2′-endo and C3′-endo sugar
conformations when the backbone anglesâ, γ, andε assume
canonical conformations.
A possible means via which the preceding nucleotide could

influence the chemical shifts of the H5′ protons is through
hydrogen bonding networks involving the preceding ribose 2′
OH. In A-form RNA where the ribose sugars are in a C3′-
endo conformation, a hydrogen bridge can potentially form
between the 2′ OH(i-1) hydroxyl and O4′(i) and a water-mediated
hydrogen bridge can potentially form between the 2′ OH(i-1)
hydroxyl and PO(i). Both interactions, although probably weak
and transient, are unique to the A-form geometry and are not
seen for C2′-endo sugar puckers.31 Since a significant C2′-
endo conformation is found for all the loop residues (U8 through
A12),16 the inverted pattern of H5′ chemical shifts observed
for residues G9 through G13 corroborates this interpretation.
This mechanism of influence on the chemical shifts also
provides a potential explanation for the observed anticorrelation
between the chemical shifts of the C5′ carbon resonances and

(30) Giessner-Prettre, C.; Pullman, B.Q. ReV. Biophys.1987, 20, 113-
172.

(31) Sänger, W.Principles of Nucleic Acid Structure; Springer-Verlag:
New York, 1988.

Table 1. C5′ and H5′ Chemical Shifts and3J(H4′,H5′) and2J(C4′,H5′) Couplings aboutγ Determined for the 19-mer RNA

residue Ω(C5′)a Ω(H5′(S))a 3J(H4′,H5′(S))b 2J(C4′,H5′(S))b Ω(H5′(R))a 3J(H4′,H5′(R))b 2J(C4′,H5′(R))b

1 64.19 4.34d ndc ndc 4.23d ndc ndc

2 65.06 4.10 2.6 -3.4 4.00 ndc -0.5
3 62.82 4.60 1.0 -3.2 4.21 2.6 0.3
4 62.41 4.51 1.0 -3.7 4.06 <0.2 0.8
5 62.86 4.48 <1.0 -3.9 4.00 1.4 0.6
6 62.44 4.47 1.0 -5.1 4.06 <1.0 -0.2
7 62.10 4.45d 2.1 ndc 4.03d <1.0 ndc

8 63.99 4.27 1.0 -4.9 4.02 1.1 1.4
9 65.38 4.00 3.0 -5.1 4.05 4.4 1.0
10 65.36 4.02 2.5 -5.4 4.06 2.3 1.2
11 65.66 3.93 1.0 -4.9 4.02 0.7 0.7
12 65.98 4.30 <1.0 -3.0 4.32 <1.0 <1.0
13 65.55 4.28 0.7 -4.3 4.37 <1.0 0.2
14 62.33 4.46 <0.2 -6.7 4.05 1.0 -1.5
15 63.61 4.45 2.7 -4.3 4.11 <1.0 -1.4
16 63.23 4.47 1.3 -5.0 4.06 1.6 -1.2
17 62.19 4.54d <1.0 ndc 4.03d <1.0 ndc

18 62.95 4.54 0.6 -3.0 4.10 0.6 -1.0
19 65.22 4.01d ndc ndc 3.94d ndc ndc

a The chemical shift of the proton and carbon resonances is given in parts per million.b The3J and2J coupling constants are given in hertz.c nd.
) stereospecific assignment not determined due to chemical shift overlap of the residue cross peaks.d For H5′ protons that have not been
stereospecifically assigned, the more downfield resonance is listed in the H5′(pro-S) column. The proton chemical shifts of the more downfield H5′
resonances are highlighted in bold.

Figure 7. (a) Expanded plot of the C5′, H5′ region of a constant time
HSQC performed on the 19-mer RNA hairpin with the residue cross
peak assignments indicated. The cross peaks stereospecifically assigned
to H5′(pro-S)and H5′(pro-R) protons are shown with bold and normal lines,
respectively. (b) Schematic of the secondary structure of the 19-mer
RNA hairpin with residues having “noncanonical” proton chemical
shifts for their H5′(pro-S) and H5′(pro-R) protons highlighted in bold. (c)
Plot of the C5′ carbon versus the difference in H5′(pro-S) and H5′(pro-R)
proton chemical shifts (ppm) for each of the stereospecifically assigned
residues in the 19-mer hairpin together with a best-fit line (the
correlation coefficientR is -0.96) to show the general anticorrelation
trend observed for the chemical shifts of these resonances.
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difference in the chemical shifts of H5′ proton resonances since
it is well-known that perturbations in the electronic network of
a molecule can have an alternating through-bond effect on the
chemical shifts of atoms that are distant from the perturbation
by differing numbers of intervening bonds.32 A similar “shifted”
pattern of correlation between H5′ chemical shifts and the
secondary structure is also observed in the UUCG tetraloop,
where a significant C2′-endo conformation is found for the loop
residues (U6 and C7) and an inverted pattern of H5′ chemical
shifts is observed for residues C7 and G8.
We propose this model for the interpretation of the H5′

chemical shifts with some confidence because the only gross
conformational change observed in the backbone geometry of
this RNA hairpin seems to be confined to the backbone angle
δ. In contrast, the backbone anglesâ, γ, andε all appear not
to vary significantly from the expected canonical A-form
geometry as determined from measuring3J(H,P) and3J(H,H)
coupling constants (data not shown). In addition, although the
anglesR and ú cannot be measured directly, none of the
observed phosphorus chemical shifts are significant outliers,
indicating a rather uniform behavior forR andú.33 In addition,
we also have an indication in the RNA loop that the angleø
does not play a decisive role in determining the chemical shift
of the H5′ protons since residues G9 and G10, which are both
found to be in the syn conformation,33 are not significant outliers
from the observed chemical shift patterns.

Conclusion

In summary, we present here robust methods for the measure-
ment of 3J(H4′,H5′) and 2J(C4′,H5′) coupling constants in
uniformly 13C labeled oligonucleotides. These NMR methods
have been demonstrated to unambiguously determine the
backbone angleγ and stereospecifically assign H5′ protons in
a uniformly 13C labeled RNA hairpin. They rely on through-
bond heteronuclear correlation of resonances and therefore in
contrast to NOE-based methods do not have the drawback of
poor resolution and low sensitivity. Like in NOE-based
methods, however, conformational averaging will also make it
difficult to unambiguously interpret a measured coupling
constant. The NMR methods proposed here can be easily
extended to the stereospecific assignment of H5′ protons in
uniformly 13C labeled DNA. In addition, the selective C5′,H5′
correlation methods presented here can be adapted to measure
other 2J(C,H) couplings in uniformly 13C labeled oligo-
nucleotides and thereby provide further information about sugar
pucker conformations and dynamics.

Experimental Section

A. Sample Preparation. The 19-mer RNA stem-loop, derived from
the RNA I transcript of theCol E1 replication control system,34 was
synthesized by T7 run-off transcription and purified using standard gel
electrophoresis methods. The13C,15N labeled NTPs were prepared from
RNA isolated fromMethylophylus Methylotrophsgrown in minimal
media with [13C]methanol and15NH4Cl as the sole carbon and nitrogen
sources, respectively. The monomeric state of the 19-mer RNA stem-
loop at the NMR concentrations (∼1.5 mM) used in this study has
been documented by mobility shift gel electrophoretic analysis.33 The
NMR sample was prepared to contain∼1.5 mM oligonucleotide in
99.9996% D2O, 25 mM NaCl, 1 mM MgCl2, and 1 mM cacodylate
[pH ) 6.5]. The experiments were measured in a Shigemi limited-
volume NMR tube with a sample volume of∼180µL. The complete
resonance assignment of the 19-mer RNA I stem-loop, with the

exception of stereospecific assignment of H5′ protons, has previously
been determined.33

B. Acquisition and Processing of NMR Data. The “directed”
HCC-TOCSY-CCH-E.COSY experiment, the C5′,H5′-selective HSQC
experiment, the selective HCC5′,H5′-COSY experiment, and the
selective HCC5′H5′-TOCSY experiment were all recorded at 298 K
on a Bruker AMX-600 spectrometer equipped with a triple-resonance
broad-band probe with actively shielded gradients and linear amplifiers
on all three channels. All spectra were processed using Felix 2.30
software (Biosym Technologies) on a Silicon Graphics workstation.
The “directed” HCC-TOCSY-CCH-E.COSY experiment used in this

study is shown schematically in Figure 2. Narrow and wide pulses
denote 90° and 180° flip angle pulses, respectively. The protonâ )
45° pulse was implemented as a pair of 90° pulses that were phase
shifted byâ. The eight-step phase cycle was as follows:φ1 ) 2(x),
2(-x), φ2 ) x,-x; φ3 ) 4(x),4(-x), rec) (x,-x,-x,x). The delays
were∆ ) 3 ms,∼[21J(C,H)]-1; ∆′ ) 3.0 ms,∼[21J(C,H)]-1, which is
optimized for the transfer of the CH groups andτ ) 6.25 ms,
∼[41J(C,C)]-1. The C,C-TOCSY was accomplished using DIPSI-3,35

with γB1/2π ) 6.0 kHz and a mixing time of 13.5 ms, and the constant
time periodT) 7.6 ms. The carbon transmitter frequency was centered
on the ribose region of the spectrum (∼80 ppm), and the proton
transmitter was centered on the residual HDO signal (4.75 ppm).13C
decoupling was achieved with GARP36 usingγB1/2π ) 2.0 kHz. 31P
decoupling was achieved with GARP usingγB1/2π ) 1.25 kHz.
Quadrature detection was obtained inω1 by incrementingφ1 and inω2

by incrementing all carbon pulses after thet2 evolution according to
States-TPPI.37

The HCC-TOCSY-CCH-E.COSY experiment was collected with 512
(t3max ) 128 ms), 36 (t2max )7.6 ms), and 46 (t1max ) 24 ms) complex
points inω3,ω2, andω1, respectively. Sixteen scans pert1, t2 increment
were collected with spectral widths of 4000, 5000, and 2000 Hz inω3,
ω2, andω1, respectively. Total experiment time was 48 h. Mirror
image linear prediction38was used to expandω2 from 36 to 118 complex
points using 24 poles and 12 peaks. Square cosine bell apodization
and zero-filling was applied in all dimensions, with strip transformation
from 6.1 to 3.8 ppm inω3 yielding a final matrix size of 512× 128×
128 real points inω3, ω2, andω1, respectively.
The family of selective C5′,H5′ experiments used in this study is

shown schematically in Figure 4. Narrow and wide pulses denote 90°
and 180° flip angle pulses, respectively. Gaussian selective 90° pulses
are drawn schematically. Selective C5′ decoupling was achieved using
MLEV-16 expansions of G3-pulses.21 31P decoupling was achieved
using a WALTZ sequence (γB1/2π ) 1.25 kHz). Selective inversion
G3-pulses40 used for the decoupling of C5′ carbons during acquisition
were applied with a duration of 4.096 ms, and the selective 90° G4
and time-reversed G4-pulses39 were applied with durations of 3.2 ms.
All selective pulses used a 5% truncation factor.
The selective C5′,H5′-HSQC (Figure 4a) employed an eight-step

phase as follows:φ1 ) 4(x), 4(-x), φ2 ) x,-x; φ3 ) 2(x),2(-x), rec
) (x,-x,-x,x), (-x,x,x,-x). The delay∆ ) 3.0 ms,∼1/2J(C,H). The
two carbon 90° pulses were applied as Gaussian G4- and time-reversed
G4-pulses for the selective excitation of the C5′ resonances. The carbon
transmitter frequency was centered in the middle of the C5′ carbons
(∼63.5 ppm), and the proton transmitter was centered on the residual
HDO signal (4.75 ppm). Quadrature detection was obtained in theω1

dimension by cycling phaseφ2 according to States-TPPI.37 The
selective C5′H5′-HSQC experiments with 16 scans pert1 increment
were collected with 190 (t1max ) 23.75 ms) and 2048 (t2max ) 512 ms)
complex points recorded inω1 andω2, respectively. Total experiment
time was 2.5 h. Lorentz-to-Gauss transformation was used to enhance
the resolution in the H5′, C5′ cross peak region and by comparing the
extracted couplings of well-resolved cross peaks at different levels of
resolution enhancement; an internal check was available to ensure that

(32) Buckingham, A. D.Can. J. Chem.1961, 38, 300.
(33) Marino, J. P. Thesis, Yale University, 1995.
(34) Eguchi, Y.; Itoh, T.; Tomizawa, J.Annu. ReV. Biochem.1991, 60,

631-652. Eguchi, Y.; Tomizawa, J.J. Mol. Biol. 1991, 220, 831-842.

(35) Shaka, A. J.; Lee, C. J.; Pines, A.J. Magn. Reson.1988, 77, 274-
293.

(36) Shaka, A. J.; Barker, P.; Freeman, R. J.J. Magn. Reson.1985, 64,
547-552.

(37) Marion, D.; Ikura, R.; Tschudin, R.; Bax, A.J. Magn. Reson.1989,
85, 393.

(38) Zhu, G.; Bax, A.J. Magn. Reson.1990, 90, 405-410.
(39) Emsley, L.; Bodenhausen, G.J. Magn. Reson.1989, 82, 211-221.

Emsley, L.; Bodenhausen, G.Chem. Phys. Lett.1990, 165, 469-476.
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no artifacts had been introduced by the apodization. The data were
zero-filled and strip-transformed from 4.75 to 3.8 ppm inω2 to yield
a final matrix size of 1024× 1024 real points.
The selective HCC5′H5′-COSY (Figure 4b) employed a four-step

phase as follows:φ1 ) 2(x), 2(-x), φ2 ) x,-x; rec ) (x,-x,-x,x).
The delays were∆ ) 3.0 ms, ∼[21J(C,H)]-1; ∆′ ) 2.2 ms,
∼[41J(C5′,H5′)]-1; and T ) 18.75 ms,∼3[41J(C,C)]-1. The final
carbon 90° pulse was applied as a G4-pulse for the selective excitation
of the C5′ resonances. The carbon transmitter frequency was centered
in the middle of the C5′ carbons (∼63.5 ppm), and the proton transmitter
was centered on the residual HDO signal (4.75 ppm). Quadrature
detection was obtained inω1 by cycling φ1 and inω2 by cycling all
carbon pulses after thet2 evolution according to States-TPPI.37 The
selective HCC5′H5′-COSY experiment was collected with 58 (t1max )
14.5 ms), 36 (t2max ) 48.3 ms), and 512 (t3max ) 128 ms) complex
points recorded inω1, ω2, andω3, respectively. Eight scans pert1, t2
increment were collected with spectral widths of 4000, 1200, and 4000
Hz in ω3, ω2, andω1, respectively. Total experiment time was 28 h.
A linear phase correction40 was applied in thet1 dimension to shift the
center of the carbon spectrum downfield by∼2500 Hz from 63.5 ppm
(C5′ center) to 80 ppm (center of the ribose carbons). Mirror image
linear prediction38 was used to expandω1 from 58 to 174 complex
points using 24 poles and 12 peaks, and linear prediction was used to
expandω2 from 36 to 72 complex points using 12 poles and 6 peaks.
Square sine bell apodization shifted by 60° was applied in all
dimensions, and the data were zero-filled, with strip transformation
from 4.75 to 3.8 ppm inω3 to yield a final matrix size of 512× 128
× 256 real points inω3, ω2, andω1, respectively.
The selective HCC5′H5′-TOCSY (Figure 4c) employed a four-step

phase as follows:φ1 ) x; φ1 ) 2(x), 2(-x); φ2 ) x,-x; rec) (x,-
x,-x,x). The delays were∆ ) 3.0 ms,∼[21J(C,H)]-1; ∆′ ) 2.2 ms,
∼[41J(C5′,H5′)]-1. The C,C-TOCSY was accomplished using DISPI-
2,35 with γB1/2π ) 6 kHz and a mixing time of 24 ms. The carbon
transmitter frequency was centered in the middle of the ribose carbons
(∼80 ppm), and the proton transmitter was centered on the residual
HDO signal (4.75 ppm). The final carbon 90° pulse was applied as an
off-resonance Gaussian G4-pulse (centered at∼63.5 ppm) for the
selective excitation of the C5′ resonances. Quadrature detection was
obtained inω1 by cycling φ1 and inω2 by cycling all carbon pulses
after the t2 evolution according to States-TPPI.37 The selective

HCC5′H5′-TOCSY experiment was collected with 92 (t1max) 36.8 ms),
32 (t2max ) 40 ms), and 512 (t3max ) 128 ms) complex points recorded
in ω1 and ω2, respectively. Eight scans pert1, t2 increment were
collected with spectral widths of 4000, 800, and 2500 Hz inω3, ω2,
and ω1, respectively. Total experiment time was 40 h. Linear
prediction was used to expandω1 from 92 to 184 complex points using
32 poles and 16 peaks. Square sine bell apodization shifted by 60°
was applied in all dimensions, and the data were zero-filled, with strip
transformation from 4.75 to 3.8 pm inω3 to yield a final matrix size
of 128× 64× 256 real points inω3, ω2, andω1, respectively.

C. Coupling Constant Determination. The 3J(H4′,H5′) and
2J(C4′,H5′) coupling constants were determined by first extracting the
appropriate rows inω3 of a “directed” HCC-TOCSY-CCH-E.COSY,
ω2 of a selective C5′,H5′-HSQC, andω3 of the selective HCC5′H5′-
COSY and selective HCC5′H5′-TOCSY. For each E.COSY multiplet,
two ω3 traces corresponding to the upfield and downfield components
of the multiplet were obtained by a summation of the slices that
comprise each of the multiplet components. The coupling constants
were fit using a procedure of minimizing the power difference spectrum
in the time domain after subtraction of the two respective rows extracted
from the cross peaks of the observed E.COSY multiplet. The details
of the fitting procedure and error analysis have been previously
described.41
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