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Multidimensional heteronuclear magnetic resonance experi-
ments are revolutionizing the solution-structure determinations
of isotopically labeled proteins and nucleic acids.l? One recent
advance in this area has been the unambiguous sequential as-
signment of amino acid residues in 13C,!5N isotopically labeled
proteins using 3D and 4D 'H,!*C,!5N triple-resonance NMR
correlation experiments, which rely solely on through-bond scalar
connectivities.>-* Current assignment techniquesin nucleicacids,
however, still employ conformation dependent, through-space
NOE interactions to establish intraresidue correlations between
the sugar and base protons. Such techniques suffer from the
inability to wunambiguously distinguish interresidue from in-
traresidue interactions. To alleviate this ambiguity, we present
here the first application of a through-bond, 3D 'H,13C,15N triple-
resonance NMR correlation experiment to the assignment of
3C,!5N isotopically labeled RNAs.

Figure 1 depicts the H,C,(NC)yH, 3D 'H,*C,I5N triple-
resonance experiment used to unambiguously correlate the H1’
and C1’ assignments of the ribose to the H6/8 assignment of the
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base within each nucleotide. The subscript s in the sequence
name denotes spins on the ribose; and b, spins on the base. The
H,C,(NC),Hyexperiment seeks to provide H1/(#3)-C1/(2,)-(N1/
9-C6/8)-H6/8(1) correlations in nucleotides. The pulse se-
quence is more complex than its protein-applied counterparts
due to the more intricate scalar-coupling network within the
nucleotide base (vide infra). The delay, Ton = 74 + 75 + 76
(Figure 1), during which time the N1/9 coherence evolves to
become antiphase to C6/8, respectively, has initially been
optimized at 30 ms for guanosine. For pyrimidines, this rcn
value incurs an ~10% loss in sensitivity compared to their
optimum 7¢y value of ~42 ms. The difference in optimum 7¢cn
values is primarily due to the relatively large N9~N3 scalar
coupling in guanosine, which cannot be selectively refocused due
to chemical shift overlap between the N9 and N3 resonances in
this nucleotide.!% Although the same N9-N3 coupling exists for
adenosine, one can selectively refocus it since the chemical shift
of its N3 is approximately 47 ppm downfield of N9.10

Figure 2 presents the !H,!*C,'H intraresidue sugar-to-base
correlations for C3,U6,Ul11,and C12inthe 99%!3C,!5N-labeled
RNA duplex r(GGCGCUUGCGUC),.> Note that the ex-
tremely high resolution obtained in the C1’ dimension allows for
the separation of closely spaced carbon resonances. The sugar-
to-base correlations in Figure 2 are anchored to the H1’,C1’
resonance pair, requiring only that no two pyrimidines have the
same H1’ and C1’ chemical shifts. From these data, the H6
chemical shift of each pyrimidine base can be correlated to the
H1’and C1’ chemicalshifts of its respective ribose. Unambiguous
intraresidue sugar-to-base correlations have been observed for
allseven pyrimidines in this duplex and are consistent with previous
assignments.!4 The sensitivity of the H;C,(NC)yH, experiment
is also good considering the overall length of the sequence. U7
yields the weakest correlation, potentially due to the presence of
a minor conformer for this nucleotide (unpublished observations).
U6 and Ul present the next weakest correlations, being only
45% more intense than that for U7. The most intense correlation
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Figure 1. The 3D 1H,13C,15N triple-resonance sequence H,Cs(NC),Hy, used to establish intraresidue sugar-to-base correlations in 13C,15N-labeled RNA
pyrimidine nucleotides. 90° pulses are represented by narrow lines; simple 180° pulses, by black rectangles; and composite 90,240,90, inversion pulses,®
by diagonally striped rectangles. Unless otherwise indicated, all pulses have phase x. The phase cycle is ¢ = x, -x; 2 = 2(x), 2(-x); ¢3 = 8(x), 8(-x);
04 = 4(x), 4(-x); ¢5s = 16(x), 16(-x); and ¢ = @1 + ¢2 + ¢35 + ¢4 + ¢5s. Complex data were collected in ¢; by States-TPPI” with FIDs for ¢n = x,
y being stored separately. Complex data were collected in #, with FIDs for ¢, = (x, -x)? being stored separately. The 3D hypercomplex data set was
processed as described by Palmer et al.® to achieve a quadrature-detected, phase-sensitive display along the C1’ dimension with sensitivity enhancement.
All pulses on lines labeled with a particular spin group were Gaussian-shaped (64 steps, 5¢ cutoff) and are selective for that spin group. The subscript
FS appended to certain pulse phases denotes a frequency-shifted pulse achieved by phase modulation.®
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Figure 2. 2D planes from the H,C,(NC),Hy experiment used to complete the intraresidue sugar-to-base correlation for (A) C3; (B) Ué; (C) Ull;
and (D) C12. Each plane is taken at the respective C1’ chemical shift for that nucleotide. All spectra were recorded on a UNITY 600 spectrometer
at 30 °C with teo('H) = 7.5 us, t90('*C) = 13.4 ps, 1150(C2’) = 896 us, 9o(C6) = 1130(C6) = 704 us, vB, (C1’ decouple) = 1.29 kHz with WALTZ16,"!
tog(1SN) = 37 us, sw(H6) = 650.0 Hz, r,™*(H6) = 35.38 ms, sw(C1’) = 600.0 Hz, 1,*(C1’) = 25.00 ms, sw('H) = 3 kHz, r;(H1") = 120.0 ms, 1,
=148 ms, 7 = 18.52 ms, 13, = 20.00 ms, v4 = 16.20ms, s = /4, 77 =240 ms, 74 = 14— T5s— T, T§ = T3 — (t12/2), 19 = 12 - (I;,fz), and 79 =
71+ (12/2). The '*C carrier was placed at the center of the C1’ resonances except where indicated in Figure 1. The C2’ selective pulses were shifted
by —2550 Hz from the '*C carrier frequency.® No N3 selective inversion pulses were applied due to the absence of adenosine in this RNA sample.
The total acquisition time was 26 h. Linear prediction was used to extend the time-domain data in ¢, and t, prior to Fourier transformation.!? The

final data size was 128 X 128 X 1024 real points (F\FaF3).

isobserved for C12, probably because of more favorable relaxation
rates in this terminal nucleotide. The intensity of the correlation
for C12 is approximately 3—4 times that for the other six
pyrimidines.

Because only one guanosine out of five in this duplex yielded
any measurable signal in the H,C(NC),Hy experiment, we have
devised a different assignment strategy for purines, mainly
guanosine, which will be published elsewhere.'* The RNA duplex
in this study contains no adenosines. H,C,(NC),H} experiments
on 3C,'*N-labeled mononucleotides, however, indicate that AMP

* To whom correspondence should be sent.
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presents more favorable results than GMP (data not shown).
The H,C,(NC)yH, triple-resonance method for establishing
intraresidue sugar-to-base correlations should therefore accom-
modate adenosine more readily than guanosine. Future work
will be aimed at extending this class of triple-resonance exper-
iments to larger isotopically labeled RNAs, e.g., ribozymes and
tRNA.
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