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Abstract

Multiple-quantum 2D and 3D bi-directional HCNCH experiments are presented for the correlation of base and
ribose protons/carbons in '13C/">N labeled HIV-1 TAR RNA. In both 2D and 3D experiments, the magnetization of
H1’ is transferred to H6/H8 and H1’ through H1’-C1’-N1/9-C6/8-H6/8 and H1’-C1’-N1/9-C1’-H1’ pathways, and
the magnetization of H6/8 is transferred to H1" and H6/8 through H6/8-C6/8-N1/9-C1’-H1’ and H6/8-C6/8-N1/9-
C6/8-H6/8 pathways. Chemical shifts of four different nuclei (H1’, C1’, C6/8 and H6/8) are sampled in the 2D
experiment. The correlation of base and ribose protons/carbons is established by the rectangular arrangement of
crossover and out-and-back peaks in the proton/carbon correlated spectrum. The rectangular connections can be
further resolved using the nitrogen dimension in a 'H/!3C/">N 3D experiment. Furthermore, by taking advantage
of the well separated chemical shifts of N1 (pyrimidine) and N9 (purine), the 2D spectrum can be simplified into
two sub-spectra based on their base type. Both experiments were tested on a '>C/'>N labeled 27-mer HIV-1 TAR

RNA containing a UUCG hairpin loop.

With the advent of isotopic labeling techniques for the
preparation of '3C/!>N-labeled nucleic acids (Batey
et al., 1992; Nikonowicz et al., 1992; Michnicka et al.,
1993), the correlation of base and ribose positions
can be achieved more reliably from hetero-nuclear
correlation experiments instead of NOESY experi-
ments (Wiithrich, 1986). Experiments which correlate
base and ribose resonances through the H1’-C1’-N1/9-
C6/8-H6/8 moiety with different chemical shift label-
ing schemes and coherence transfer pathways have
been published. These studies include 2D and 3D
HiCsNp and HpCpNp experiments (Sklenar et al.,
1993a; Farmer et al., 1994), where the s and b stand
for the nuclei in sugar and base, 3D H;Cs(N,Cp)Hp
(Farmer et al., 1993), 2D Hi(CsNyCp)Hp (Sklenar
et al.,, 1993b), 2D H (CsNp)H, for purine (Tate
et al.,, 1994), 3D HyCs(Np)Cp (Farmer et al., 1994)
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and 3D Hg(Cs)Np(Cp)Hp (Fiala et al., 1998). The
HiCsNp and HpCpNp experiments together estab-
lish the base-ribose correlation through the Ny posi-
tion. The 3D HyCs(Ny,Cp)Hy, 2D Hg(CsNy,Cp)Hy, 2D
H (CsNp)Hp and Hg(Cs)Np(Cp)Hp connect the base
and ribose through the Hg and Hy, correlation. The 3D
HCs(Ny,)Cyp experiment connects the base and ribose
through the Hg and Cyp correlation. All these exper-
iments only sample chemical shifts of two or three
different nuclei. While this communication was in
preparation, a new 3D experiment was reported which
samples both HiCsNy, and HyCpNp simultaneously
(Riek et al., 2001). The experiment uses an out-and-
back scheme, thus base-ribose correlation relies solely
on Nyp. The potential obstacle for the base-ribose cor-
relation using the experiments mentioned above comes
from the fact that the chemical shifts of C1’ and H1’
are generally severely overlapped, and those of C6/8
and H6/8 are generally not well dispersed. It would be
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advantageous to make use of as many different nuclei
as possible in a single experiment to establish multi-
ple connections between base and ribose positions in
order to reduce the ambiguity.

Compared to the NOESY-type experiment, sensi-
tivity of the triple-resonance experiments correlating
base and ribose through scalar couplings is hampered
by the small couplings of C1’-N1/9 and C6/8-N1/9.
This drawback has been alleviated to a great extent
through the slower relaxation rate associated with
multiple-quantum coherence experiments as well as
the TROSY techniques (Grzesiek and Bax, 1995;
Grzesiek et al., 1995; Marino et al., 1997; Fiala et al.
1998, 2000; Sklendr et al., 1998; Riek et al., 2001).
On the other hand, compared to 3D experiments,
more signal averaging is feasible in a 2D experiment,
provided that overlap is not a problem.

Simultaneous sampling of 3C/'H and N/'H cor-
relations has been reported for protein samples by
several groups (Sgrensen, 1990; Farmer and Miiller,
1991; Boelens et al., 1994; Mariani et al., 1994;
Sattler et al., 1995). These methods significantly
shorten data collection time and provide more infor-
mation content when used in 3D and 4D experiments
(Farmer and Miiller, 1994; Mariani et al., 1994; Pas-
cal et al., 1994). More recently, a bi-directional 3D
HNHCACO experiment (Pang et al., 1998) and a
sensitivity-enhanced HNCA™ scheme using two dif-
ferent coherence pathways (Salzmann et al., 2000) for
protein backbone assignment were introduced. While
this paper was in preparation, a TROSY version of the
3D HCN experiment which simultaneously monitors
both HI’-C1’-N1/9 and H6/8-C6/8-N1/9 pathways in
an out-and-back manner was published (Riek et al.,
2001).

In this paper we present a novel bi-directional
HCNCH experiment (bid-HCNCH), with 2D and 3D
versions, to establish the correlation of base and ri-
bose positions. The pulse sequences for 2D and 3D
bid-HCNCH experiments are shown in Figures 1A
and 1B. The magnetization transfer steps for the 3D
bid-HCNCH will be described briefly using the prod-
uct operator formalism (Sgrensen et al., 1983). The
magnetization flow chart of the 3D bid-HCNCH ex-
periment (Figure 1B) is as follows:

HI'—— CI1” (t]) ~ //‘_’, Cl’ ==& HI' (13)
> NI K

HE/8 v > C6/8 (1)~ N C6/8 s HO/S (13)

where the solid and the dotted arrows stand for the
magnetization that starts from H1’ and H6/8, respec-
tively. As shown in the scheme above, the magne-
tization starting from H1’ ends up at both H1’ and
H6/8, and that from H6/8 also ends up at both HI1’
and H6/8. Since the coherence pathways starting from
H1’ and H6/8 are symmetrical, the following discus-
sion will focus on the one starting from H1’ only. At
point a, the 90° pulse on carbon generates a multi-
ple quantum term of Cl’yHl;. From point a to c, the
chemical shift of C1’ is labeled, the scalar coupling
interaction between C1’ and C2’ is refocused by the
two [-BURP 180° pulses (Geen and Freeman, 1991)
on C2’, and the antiphase term of C1’ to N1/9 is de-
veloped. The chemical shift of H1” is refocused from
point a to b, and the multiple quantum term of C1’
to H1’ is converted to antiphase by the 90° pulse on
proton at point b, and this antiphase term is refocused
at point c. For the magnetization starting from H6, the
scalar coupling interaction between C5 and C6 is re-
focused by adjusting the delay of T to 2/Jcs-ce. The
term Cl’le . (for simplicity, only N1 of pyrimidine
is discussed and the chemical shift evolution term is
not included) is converted to C1,N1y after the 90°
pulse on carbon and nitrogen at point d. From point
d to e, continuous decoupling is applied on proton
and the chemical shift of N1 is sampled. The I-BURP
180° pulse inverses both C1’ and C6 (also C8 for
purine) simultaneously, C1,N1y is evolved into two
terms, one giving an out-and-back peak and the other
a crossover peak. The out-and-back term is C1/N1,
with a factor of cos(mtJc/-N1TN)cos(mJce-n1TN) and
the crossover term is —C6,N1, with a factor of
sin(rtJcy7-N1 TN)sin(mtJce—n1TN). From point e to f,
the out-and-back and crossover terms are converted to
Cl’leZ and —C6yN1, by the 90° pulse on carbon and
nitrogen. Similar to what was described for the coher-
ence transfer from point a to b, the antiphase terms
of carbon to nitrogen are refocused from point f to h,
the two terms are evolved into C1{H1{ and —C6yH6y,
where the multiple quantum coherence of carbon to
the attached proton is generated by the delay of 21,
followed by the 90° pulse on the proton at point g.
The two terms are further converted to C1;HI{ and
—C6,H6y after the 90° pulse on carbon at point h. Af-
ter the last refocusing INEPT step, the chemical shifts
of H1” and H6 are detected during the acquisition.
Thus, two peaks starting from H1’ are detected with
chemical shifts of, in order of dimension, (C1’, N1
and H1’) and (C1’, N1 and H6). Similarly, two peaks
starting from H6 have the chemical shifts of (C6, N1
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Figure 1. Pulse sequences of the 2D (A) and 3D (B) bi-directional HCNCH experiments for 13¢,15N-labeled nucleic acids. Narrow and wide
bars represent 90° and 180° pulses, respectively. All pulses are along the x-axis unless otherwise indicated. The shaped pulses filled with vertical
bars are off-resonance 180° band-selective I-BURP (Geen and Freeman, 1991) centered at 76 ppm with a duration of 2.3 ms. The shaped pulses
filled with horizontal bars are off-resonance 180° band-selective - BURP centered simultaneously at 91.8 and 140.2 ppm with a duration of
1.9 ms. The blank shaped pulse on nitrogen is 180° on-resonance band-selective I-BURP centered at 148 ppm for the pyrimidine-selected 2D
experiment, and at 170 ppm for the purine-selected 2D experiment with the same duration of 4.8 ms. The TH and 13C carrier frequencies were
4.76, 116 for both 2D and 3D experiments. The I5N carrier frequency was 157.5 ppm for the 3D experiment. Field strengths of the Iy pulse,
the 13C high power pulse, the N high power pulse and GARP decoupling on 1>C (Shaka et al., 1985) were 43.8, 18.5, 6.3, and 4.4 kHz,
respectively. Strengths and durations of gradients were gl = (18 G/cm, 0.2 ms), g2 = (34 G/cm, 0.2 ms), g3 = (18 G/cm, 0.2 ms). 13 = 1.4 ms,
T =29.8ms, TN =25 ms and T' = T — 81,. Phase cycling was ¢; = x, X, —X, —X; ¢2 =y, —y; ¢3 = 4(x), 4(—x) and Acq. (¢4) = X, —X, —X,
X, —X, X, X, —X. Quadrature detection for t; was achieved via States-TPPI (Marion et al., 1989) on ¢ for 3A and 3B, and for t; on ¢3 for 3B.

and H6) and (C6, N1 and H1). To gain the same infor-
mation of these correlations, three 3D experiments of
those discussed in the introductory part are required.
The four peaks of (C1’, HI"), (C6, HI’), (C6, H6)
and (C1’, H6) form a rectangular pattern in a carbon-
proton plane. The correlation between base and ribose
can be realized by any one pair of out-and-back and
crossover peaks if no overlaps exist. Under conditions
of overlap, the multiple connections among two pairs
of out-and-back and crossover peaks make the base-
ribose correlation a much less ambiguous process. It
is worth noting that the cross and diagonal peaks have
opposite signs, and the 1D experiment yields a very
weak signal.

The 2D bid-HCNCH experiment (Figure 1A) is
very similar to the 3D experiment except that the ni-
trogen chemical shift is not labeled, and a selective
I-BURP 180° pulse on either N1 or N9 is used in the
long INEPT step for the refocusing of the carbon an-
tiphase term to the nitrogen. The separation between

N1 and N9 is at least more than 10 ppm (Wijmenga
and van Buuren, 1998; Hu and Jiang, 1999), and hence
a 5 ms I-BURP on a 600 MHz NMR instrument can
selectively inverse one group of nitrogens. We have
verified the clean selection with 2D N1-H1’ or N9-H1
correlated spectra on several RNA samples. Selection
based on the different chemical shift range of N1 and
N9 has been used to simplify the 2D Hg(CsNy,Cp)Hp
spectrum (Gosser et al., 2001). It was noted that if the
selective I-BURP 180° on nitrogen was replaced by
a hard 180° pulse, strong peaks were observed from
the H5-C5-N3 pathway of uridine. Nevertheless, these
peaks do not interfere with the data analysis since the
N3 of uridine has a different chemical shift range from
those of N1/9 (Wijmenga and van Buuren, 1998). The
advantages of the N1/9-selected 2D bid-HCNCH are
that sub-spectra are much less crowded, high resolu-
tion data can be acquired along the carbon dimension,
more signal averaging is feasible and data analysis is
much simpler.
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Figure 2. Carbon-proton correlated spectra for pyrimidine (2A) and purine (2B) acquired using the 2D bid-HCNCH sequence (1A) on uni-
formly 13¢/I5N labeled 27-mer HIV-1 TAR RNA containing a UUCG hairpin loop. The spectral widths (Hz)/no. of complex points for the
carbon and proton dimensions were 4375/108 and 8000/544 with 96 transients for (A) and 144 for (B). The total experimental times were 9 and
13.5 h for (A) and (B), respectively. All other related parameters are the same as in the legend to Figure 1. Since chemical shifts of both C1’
and C6/8 are folded, the C1’ regions are located below the C6/8 regions in both spectra. The correlation of base-ribose positions can be found
through tracing the individual rectangular pattern outlined by the thin lines.

The pulse sequences of 2D and 3D bid-HCNCH
shown in Figure 1 were tested on a 1.6 mM
uniformly '3C,'N-labeled 27-mer TAR RNA frag-
ment, in which the loop CUGGGA was replaced
by a stable tetraloop sequence UUCG. This substi-
tution reduces the Tat binding affinity to a small
extent (Aboul-ela et al., 1996). The sequence is
G17GCAGAUCUGAGC9U31UCG34G36CUCUCUG
CCys5. Two residues (30 and 35) in the sequence were
omitted in order to keep the numbers of nucleotides
consistent with the wild-type TAR RNA. The sample
was dissolved in DO at pH 6.1. All the NMR exper-
iments were carried out on a Varian Inova 600 MHz
spectrometer equipped with actively shielded per-
forma II Z-gradients at 25 °C. The data was processed
and analyzed using NMRPipe (Delaglio et al., 1995)
and NMRView (Johnson and Blevins, 1994) software
on an SGI O2 workstation.

Shown in Figure 2 are the spectra acquired from
the 2D bid-HCNCH sequence with an I-BURP 180°
pulse acting on either N1 of pyrimidine (Figure 2A) or
NO of purine (Figure 2B). Clearly, the simplified spec-
tra (Figures 2A and 2B) are much easier to analyze,
especially for the regions corresponding to the C1’ po-
sitions. To demonstrate the usage of the experiment,
C29 and C44 were taken as an example in Figure 2A.
Although the chemical shifts of C1’ and H1’ of C29
and C44 are indistinguishable, the base-ribose corre-
lation of these two nucleotides is unequivocal through
tracing the two different rectangular connections due

to the different chemical shifts of C6 and H6. This
is because the chemical shifts of C6 and H6 of these
two cytosines are different. Shown in Figure 2B is an
example where A22 and G18 share almost identical
H1’ and H8 chemical shifts. Since the chemical shifts
of C1’ and C8 for these two nucleotides are different,
the individual rectangular arrangement is recognizable
through the pattern similar to the E. COSY exper-
iment (Griesinger et al., 1985; Eggenberger et al.,
1992). In essence, the small difference in chemical
shifts of H1’ and H8 becomes distinguishable through
the much larger different chemical shifts in the car-
bon dimension. Actually, the base-ribose correlation
of these two nucleotides was not available from the
2D Hy(CsNpCp)Hp. Even in the 3D Hg(Cs)Np(Cp)Hp,
the necessary resolution for base-ribose correlation of
these two nucleotides was not available without the aid
of a 3D HCN experiment to sample both HI’-C1’-N1/9
and H6/8-C6/8-N1/9 moieties. By using the 2D bid-
HCNCH experiment, all the base-ribose correlations
have been assigned for the 27-mer TAR RNA. The
crossover peak (H1’, C8) and the out-and-back peak
(Hl’, C1l’) of G36 do not appear in Figure 2B because
the chemical shift of H1' is at 4.44 ppm. There are also
some weak peaks in both Figures 2A and 2B due to the
presence of minor conformations.

The application of 3D bid-HCNCH is demon-
strated in Figures 3A and 3B for the G18 and A22
nucleotides, respectively. The base-ribose correlation
of these two nucleotides has been established in the
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Figure 3. 2D planes of carbon-proton correlation at 169.6 (A) and 170.4 ppm (B) along the nitrogen dimension from the 3D data acquired using
3D bid-HCNCH on uniformly 13¢C/15N labeled 27-mer HIV-1 TAR RNA containing a UUCG hairpin loop. The spectral widths (Hz)/no. of
complex points along IH, 13C and 19N were 8000/544, 4375/44 and 2006/30, respectively, with 32 transients per FID. The total experimental
time was 71 h. The resolution of both the 13C and !5N dimensions was enhanced through linear prediction (Delaglio et al., 1995), resulting in
a final matrix size of 512x 128x128. The correlation of base-ribose of G18 and A22 can be easily obtained through the thin line connections in

(A) and (B).

2D bid-HCNCH experiment as discussed above. Nev-
ertheless, their correlation can be further verified from
the well-separated individual rectangular patterns in
the 3D bid-HCNCH experiment due to their resolved
NO chemical shifts along the nitrogen dimension. The
proton-carbon crossover and out-and-back peaks of
these two nucleotides are labeled along the rectan-
gular trace in Figures 3A and 3B for G18 and A22,
respectively. The 2D planes were taken at 169.6 and
170.4 ppm along the nitrogen dimension.

The sensitivity of heteronuclear correlation exper-
iments correlating base and ribose positions is con-
fined by the small scalar couplings of C1’-N1/9 and
C6/8-N1/9. The application of slow relaxation asso-
ciated with multiple quantum coherence and TROSY
techniques improves the sensitivity of HCN and HC-
NCH significantly and makes this kind of experiment
applicable to medium and large-sized nucleic acids.
While TROSY can significantly enhance the sensitiv-
ity for the carbon-proton pair in aromatic rings, it does
not work as well for the C1’/ H1’ pair due to the small
CSA of carbons in the ribose ring (Fiala et al., 2000).
As a compromise, the multiple quantum coherence
of C1’ and C6/8 with respect to the attached proton
were adapted during the two long INEPT steps trans-
ferring to and back from N1/9. The duration of these
two INEPT steps, T, was set to 29.8 ms, which was
at the lower end of the values used in the literature
(25-42 ms) (Sklendr et al., 1993a; Tate et al., 1994).
The reason for the wide range of delay T values is the
consideration of carbon-carbon decoupling and trans-

verse relaxation (Wijmenga and van Buuren, 1998).
The main purpose for setting T to 29.8 ms in our exper-
iment was to refocus the scalar coupling between C5
and C6 of pyrimidine, which is uniformly ~67.3 Hz
(Wijmenga and van Buuren, 1998). This might not
be the optimized value, depending upon the different
transverse relaxation rates. The duration of TN was
set to 25 ms, and this is a compromise value between
the out-and-back and crossover terms associated
with factors of cos(mtc1/-N1 /9 TN)cos(mtIce/8-N1/9TN)
and sin(mJcy-N1/9TN)sin(mt)ce/8-N1/9TN),  respec-
tively. The TN value is shorter than the optimized
value (32~40 ms) for one-directional transferred
HCNCH-type experiments (Sklendr et al., 1993a;
Farmer et al., 1994). Nevertheless, the effect on the
sensitivity is not that significant if the T, relaxation
factor is considered. Quick calculation showed that for
a T of 30 ms and 60 ms, when TN changed from
36 ms to 25 ms, the sensitivity was reduced to 96%
and 80% , respectively.

The other aspect that should also be considered
in evaluating the sensitivity of this experiment com-
pared to other experiments for the base-ribose correla-
tion is the consumption of instrument time. The 3D
bid-HCNCH experiment provides five different fre-
quencies (H1’, Cl’, N1/9, C6/8 and H6/8), and two
13C-TH crossover peaks for the base-ribose correla-
tion. To gather the same information, usually three
different 3D experiments are needed (Sklendr et al.,
1993a; Farmer et al., 1993, 1994; Fiala et al., 1998;
Riek et al., 2001). This suggests that bid-HCNCH is
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a sensitive experiment in the sense of gaining equal
information using the same instrument time. Further-
more, the rectangular pattern of the four proton-carbon
peaks has more tolerance for the low signal-to-noise in
analyzing the data because the peak location is antic-
ipated (Pang et al., 1998). This advantage has been
demonstrated on correlating base and ribose of G17
shown in Figure 2B, even though two peaks along the
C1’ position are very weak. The weak peaks might be
due to the staggered terminus of the RNA.

We applied the 2D bid-HCNCH to a 32-mer RNA
oligonucleotide complexed with a 23-residue peptide
(Gosser et al., 2001). About 90% of the base-ribose
correlations have been assigned with two 2D spectra
acquired over a total of 25 h. The complete assign-
ment was curbed by the weak out-and-back peaks of
C6/8-H6/8, and less strong crossover peaks of C1'-
H6/8. Since the intensity of these peaks is more or
less related to the base moiety, the introduction of the
TROSY scheme to the sequence should improve the
sensitivity of these peaks (Fiala et al., 2000; Riek et al.,
2001), and this needs further investigation.

In summary, 2D and 3D bi-directional HCNCH
experiments for base-ribose correlation have been pre-
sented in this communication. The N1/9 separated 2D
bid-HCNCH simplifies the spectrum by a factor of
two. It samples four frequencies simultaneously. The
use of both proton and carbon dispersions, as well
as the rectangular arrangement of the crossover and
out-and-back peaks makes the base-ribose correlation
less ambiguous and more straightforward. The 3D
bid-HCNCH experiment dictates five frequencies with
four different types of chemical shift correlation along
the H1’-C1’-N1/9-C6/8-H6/8 moiety, which otherwise
would require three 3D experiments to achieve. More
importantly, it makes data analysis much easier in two
aspects: one is the special carbon-proton peak arrange-
ment as discussed above, and the other is that only one
3D matrix needs to be analyzed.
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