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Summary

A three-dimensional 'H,"C,*'P triple resonance experiment, HCP-CCH-TOCSY, is presented which pro-
vides unambiguous through-bond correlation of all 'H ribose protons on the 5' and 3' sides of the
intervening phosphorus along the backbone bonding network in "C-labeled RNA oligonucleotides. The
correlation of the complete ribose spin system to the intervening phosphorus is obtained by adding a
C,C-TOCSY coherence transfer step to the triple resonance IICP experiment. The C,C-TOCSY transfer
step, which utilizes the large and relatively uniform 'J(C,C) coupling constant (~40 Hz for ribose
carbons), efficiently correlates the phosphorus-coupled carbons observed in the HCP correlation experi-
ment (i.c., C4' and C5' in the ¥ direction and C4' and C2' in the 3’ direction) to all ather carbons in the
ribose spin system. Of the additional correlations observed in the HCP-CCH-TOCSY, that to the
relatively well-reselved anomeric H1',C1' resonance pairs provides the greatest gain in terms of facilitat-
ing assignment. The gain in spectral resolution afforded by chemical shift labeling with the anomeric
resonances should provide a more robust pathway for sequential assignment over the intervening
phosphorus in larger RNA oligonucleotides. The HCP-CCH-TOCSY experiment is demonstrated on
a uniformly *C,”N-labeled 19-nucleotide RNA stem-loop, derived from the antisense RNA T molecule
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found in the CofEl plasmid replication control system.

'H NMR spectroscopy has been proven to be a power-
ful tool in determining the conformation and dynamics of
small cligonucleotides in solution (Van de Ven and IHil-
bers, 1988; Varani and Tinoco, 1991). The first step in any
high-resolution "H NMR structural study of nucleic acids
involves the complete assignment of ‘H resonances. The
standard strategy for nucleic acid resonance assighment de-
pends on the observation of sequential NQESY cross peaks
predicted from the structural models of double-helical RNA
or DNA (Feigon et al., 1983; Hare et al., 1983; Scheck ct
al., 1984). Many structurally interesting RNA oligonucleo-
tides, however, often adopt noncanonical secondary and
tertiary conformations, such as bulges, loops and triplets
(Chastain and Tinoco, 1991; Wyatt and Tinoco, 1993). It

is usually in these regions of the molecules where structu-
ral characterization provides the most interesting informa-
tion on the biological questions being raised, but for which
assignmenl by the standard NOESY strategy becomes
most precarious. Methods for sequential unambiguous
through-bond assignment in these noncanonical regions, as
well as in helical regions of RNA oligonucleotides, would
obvicusly be quite advantageous in structural studies. We
have therefore pursued triple resonance 'H,"*C,>'P NMR
methods tor sequential through-bond assignment of back-
bone ribose protons and intervening phosphorus atoms
along the phosphodiester backbone in RNA.

Sequential through-bond ussignment of the ribose
protons across the phosphate backbone of oligonucleo-
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Fig. 1. The pulse schemes of the 3D (A) HCP; (B) HCP-CCH-TOCSY: and (C) sensitivity-enhanced gradient HCP-CCH-TOCSY triple resonance
experiments used to correlate ribose 'H,"C spin systems with their respective intervening phosphorus. Narrow bars represent a/2 pulses and wide
bars represent r pulses. All pulses without phase indication were applied along the x-axis. For the 3D HCP experiment {A), the four-step phase
cvcle used was as follows: &; = x,-X; &, = 2(¥),2(~y); Acq = (X,—x,~%,x). For the 3D HCP-CCH-TOCSY experiment (B), the eight-step phase cycle
used was as follows: ¢, = 4x),4—x); @, = x,—x: ¢; = 2(x),2(=x} Acq = {x,~x.—%,%),(—%,x,x,~x). The delays were A/2 = 1.5 ms (1/4I{CH}. where J(CH)
=165 Hz), 1, = 26 ms. In the HCP-CCH-TOCSY experiment, the refocusing delay was optimized for CH groups, A/2 = 1.5 ms, and so the H5/HS"
methylene protons were not observed. Tn the HCP experiment (A), the constant-time evolution of *C (1, = I/ICC) = 26 ms) is achieved simulta-
neously with the C,H-INEPT delay. In the HCP-CCH-TOCSY experiment, a 15 ms carbon spin-lock period along the x-axis is achieved by using
a DIPSI-2 pulse sequence with an rf field strength of 5 kHz centered on the ribosc carbons (~80 ppm). For both experiments, the *C carrier was
centered in the middle of the ribose area (~80 ppm) and the *'P carrier was centered in the middle of the phosphorus resonances (—4.10 ppm).
GARP decoupling (Shaka et al., 1985) was used to decouple *C during acquisition. Quadraturc in the o, and @, dimensions was obtained with
the TPPI-States method (Marion et al., 1989). For the sensitivity-enhanced gradient HCP-CCIH-TOCSY (C), the gradient acting on carbon was
inverted in concert with the phase ¥ (¥,~¥) to select the echo and anti-echo in alternate scans. Gradients were applied along the z-axis with x =
2. Spectra with pure phase in w, were obtained from the original data set according Lo the method described by Cavanagh et al. (1991). This
sequence could not be used because a probe equipped with gradients was not available at the time the experiments were performed.

tides can in principle be obtained from 2D 'H-""P-corre-
lated experiments when the heteronuclear correlation
information is coupled with connectivity information
obtained from 2D '"H-"H COSY cxperiments (Pardi et al.,
1983). In practice, however, this correlation scheme is
quite difficult to accomplish, even in moderately sized
oligomicleotides, due to the severe overlap of backbone
'H and *'P resonances (which is especially true in RNA).
Additionally, small J(HS'.P), I(H5",P) coupling constants
and overlapped geminal H5',HS" pairs can result in a
breakdown of the sequential backbone assignment. More

recently, 2D and 3D 'H-""P correlations based on hetero-
nuclear TOCSY (Bearden and Brown, 1989; Artemov,
1991; Morris and Gibbs, 1991; Kellogg, 1992) have been
used to make sequential correlations along the DNA
backbone by correlation to the H3' proton on both the 5'
and 3' sides of the intervening phosphorus (Kellogg and
Schweitzer, 1993). The resolution of H3' protons, together
with favorable I(H,P) coupling constants, make this a
more efficient method for sequential assignment in DNA.
Unfortunately, in RNA molecules the "H-*'P magnetiz-
ation transfer by H,P-TOCSY occurs almost exclusively



to the ribose on the 5' side of the intervening phosphorus
(Kellogg and Schweitzer, 1993). Tn addition, the transfer
usually terminates at the H2' proton due to the vanishing-
ly small “J(H1',H2") coupling constant that is characteris-
tic of the C3-endo sugar conformation adopted by ri-
boses found in an A-form helical geometry. Therefore, as
a result of the more severe spectral overlap of backbone
'H resonances and unfavorable I(H,P) coupling constants
in RNA, sequential through-bond correlations to resolv-
able resonances are not obtained with thc H,P-TOCSY.
An additional NOESY transfer step after the IH,P-
TOCSY provides HI'P correlations in RNA, however,
with much reduced sensitivity (Kellogg et al., 1992).
Using uniformly “C-labeled RNA oligonucleotides, un-
ambiguous through-bond correlations of the H4',C4' and
H5/HS5",C5' resonances on the 5' side and the H3',C3" and
H4',C4' resonances on the 3’ side of the intervening phos-
phorus in the HCP experiment (Heus et al., 1994; Marino
et al., 1994) can provide sequential assignment. The ex-
periment has sufficient sensitivity due to the favorable
2J(C,PY couplings of 3-3 Hz and “J(C4',P) couplings of
810 Hz (Schwalbe et al., 1993,1994). However, due to
severe averlap in the C3', C4' and C3' regions of carbon
spectra of larger RNA oligonucleotides, additional corre-
lations to more resolved resonances are required.

In this communication, we describe a 3D triple reson-
ance 'H,"*C,'"P experiment, HCP-CCH-TOCSY, a con-
catenation of HCP (Heus et al., 1994; Marino et al.,
1994) and HCCH-TOCSY (Bax et al., 1990; Fesik et al.,
1990; Pardi and Nikonowicz, 1992) experiments, provid-
ing unambiguous through-bond correlation of all ribose
pratons, ribose carbons and intervening phosphorus res-
onances via the coupling network along the backbone in
BC-labeled RNA oligonucieotides. The goal of the experi-
ment is to label the phosphorus-coupled carbons (C3' and
C4' in the ¥ direction; C4" and C5' in the 3' direclion)
ohserved by the P, C and II correlations of the 1ICP
experiment with the chemical shift of the anomeric C1'
and HI' resonances found in the same ribose. In RNA,
the anomeric H1',C1' resonances usually show the highest
chemical shift dispersion and do not overlap with any
other ribose resonances. These anomeric resonances are
consequently the most attractive candidates for chemical
shift labeling to enhance the spectral resolution of any
experiment involving the backbone resonances in RNA.

The 3D triple resonance HCP-CCH-TOCSY experi-
ment (B) and the HCP experiment (A), from which it is
derived, are shown in Fig. 1. Thc HCP-CCH-TOCSY
experiment correlates backbone proton, carbon and phos-
phorus resonances in an analogous manner to the HCP
experiment. The HCP part of the sequence resembies the
HNCO experiment in its out and back version and con-
sists of two sequential '"H-"C and “C-""P INEPT and re-
verse INEPT coherence transfer steps (Morris and TFree-
man, 1979). Proton excitation provides the optimal sensi-
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tivity, due to the higher gyromagnetic ratio relative to
carbon and phosphorus. Morcover, since *'P has the
smallest T, this sequence profits from the minimal delay
during which *'P is transverse. The delay 1, is set to 26 ms,
which is approximately 1/(4°J(C4',P)) and also 1/'J(C,C).
Thus, coherence is transferred optimally from C4' to P and
sensitivity losses due to the inevitable evolution of the ho-
monuclear 'J(C,C) coupling are minimized. For the RNA
molecule under investigation here, 26 ms was the optimal
delay despite the rather short T, of the carbons. For larger
RNA oligonucleotides, a shorter 1, delay may turn out te
be optimal when carbon T, relaxation is considered.
The C,C-TOCSY corrclation of all ribose carbons,
particularly the C1' carbons, to the phosphorus-correlated
carbons is accomplished with a DIPSI-2 isotropic mixing
scquence (Shaka ct al., 1988) of 15 ms, covering a § kHz
field spectral width. The evolution of carbon chemical
shift during t, after the C,C-TOCSY and finaily the C,H
transfer optimized for CH groups (A= 1/(2'J(C,H)) resulls
in the correlation of the intervening phosphorus reson-
ances with all H,C pairs of the riboses in both the 5' and
3" directions along the RNA backbone. In particular, the
well-resolved H1',C1' resenances of each ribose are corre-
lated with the adjacent phosphorus resonances. The mag-
netization pathway followed in the HCP and HCP-CCH-
TOCSY experiments is shown schematically in Fig. 2.

He A
N

Fig. 2. A schematic showing the through-bond correlations observed
in the HCP and HCP-CCH-TQOCSY experiments. The threc-bond C,
1P correlation pathway (A), *J(C4',I") ~ 810 Hz, and the two-bond
PC'P correlation pathway (B and C), 2(C,P) ~ 3 5 Hz, observed in
the HCP ‘out and back’ transfers are indicated. In the HCP-CCH-
TOCSY experiment pathway C is suppressed due to methin selective
excitation. The ribose carbans correlated by the C,C-TOCSY are
shadowed and the correlation between the phosphorus-correlated car-
bons (C3,C4' in the 3' dircction and C5.C4' in the %' direction of the
intervening phosphorus) of the FICP experiment and the C1' carbons
is shown by pathway (C).
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In our hands, the chemical shift evolution of PC after
the C,C-TOCSY was lound to be superior to the alter-
native experiment that accomplished "*C evolution before
the C,C-TOCSY part. The alternate approach would then
give a 3D experiment in which the chemical shifts of the
backbone phosphorus-correlated carbons, namely C3' and
C4' (C3' is suppressed duc to the refocussing delay set to
1/21), are evolved and then further labeled in the third di-
mension with the chemical shift of the anomeric 'H in the
ribosc spin system. This implementation has the advan-
tage, as in the HCP experiment, that the information
about the direction of the sequence is not lost. However,
the chemical shift dispersion afforded by evolution of the
C3 and C4' carbon resonances is usually worse when
compared to the CI' resonances, In addition, the evol-
ution of carbon chemical shift after the TOCSY mixing
leads to an increased sensitivity when compared to evol-
ution of carbon chemical shift before the TOCSY. For
the proposed approach, the detected proton derives its
magnetization from all carbon coherences fiitered in the
HCP step, giving rise (o four signals per ribose and phos-
phorus. In the alternative implementation the detected
proton derives its magnetization individually from the
selected carbon coherence filtered in the HCP step, giving
rise to eight signals per ribose and phosphorus.

The sequences A and B could be further improved by
implementing sensitivity enhancement (Palmer et al.,
1991) in connection with the formation of a heteronuclear
gradient echo (Kay et al., 1992; Schleucher et al., 1993).
This would allow the experiments Lo be measured in H,O.
The respective pulse sequence with carbon evolution after
the TOCSY mixing period is given in Fig. 1C. The cxperi-
ment in Fig. 1C uses a pulsed in-phase coherence order-
selective coherence transfer (ICOS-CT), resulting in a
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Scheme 1. Numbering of the residues in the RNA stem-loop 19-mer
under investigation.

sensitivity enhancement of ¥2 compared to the non-gradi-
ent version (Sattler et al., 1993).

The 3D HCP-CCH-TOCSY experiment can also be eas-
ily converted into a 2D version by removing the *C chem-
ical shift labeling. The resulting 2D *'P-'"H experiment
could beused to correlate [11' protons on the 5'and 3' sides
of the intervening phosphorus and provide complete se-
quential assignments il’ the spectral resolution of the HI'
protons and phosphorus resonances is sufficient. A 2 ver-
sion of the HCP-CCH-TOCSY experiment, applied to the
19-mer RNA stem-loop (Scheme 1) derived [rom the RNA,
1 antisense repressor molecule of the Co/E7 replication con-
trol system, is shown in Fig. 3. The solid line traces the
HT1,P correlations for the loop residues US through A2,

The PC-'P correlations of the C1' regions at the ano-
meric 'H slices of the HCP-CCH-TOCSY experiment,
applied fo the 19-mer RNA stem-loop, are shown in Fig.
4. Each 'H plane shows a given C1' carbon correlated to
the phosphorus in both the 5" and 3' directions of the inter-
vening ribose ring. Sequential connectivitics along the
entire backbone of the 19-mer stem-loop, as shown by
solid lines in Fig. 3, are made by connecting two cross
peaks in a given C1',P plane and then connecting these
C1',P cross peaks from one 'H anomeric plane to the next.
An analogous assignment pathway can be used by looking
at the 'H,P planes in the H1' region of the slices at the C1'
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Fig. 3. A 'H,”'P plot of the 2D HICP-CCII-TOCSY experiment applied to the RNA T stem-loop in 25 mM NaCl, 1 mM cacodylate (pH = 6.5)
dissolved in 99.996% D,0. The RNA oligonucleotide was enzymatically synthesized from a DNA template using T7 polymerase run oif transctip-
tion (Milligan et al., 1987). The "C, '*N-labeled NTPs werc preparcd from RNA, isolated from Methylophilus methylotraphus grown in minimal
media with *C-methanol and "N-NH,CI as the sole carbon and nitrogen sources (Batey et al., 1992). The sample concentration was ~1.5 mM.
The experiment was collected on a Bruker four-channel AMX600 spectrometer equipped with a triple resonance 'H,”C,”'P probe at 25 °C.
Correlations are obscrved between the *'P resonances and all 'H resonances in the riboses at the 5' and 3" sides of the phosphorus. A sequential
trace of the anomeric H1'P cross peaks, with the ribose H1' chemical shifts labeled, of the loop’ residues A12 through UR is indicated by the solid
line. The experiment was collected with 512 and 32 complex points in 1, and t,, respectively, 256 scans per t;, t, increment and spectral widths of
6000 and 425 Hz for the respective dimensions. Total experiment time was 8 h. The spectrum was processed with a 60°-shifted sine bell in t, (using
256 points) and t; and was zero-filled to a final matrix size of 1024 x 256.



carbon chemical shifts and correlating Hi".P cross peaks
from one Cl' carbon plane to the next. Additionally, se-
quential phosphorus correlations to H4',C4', H3,C3' and
H2',C2' resonances are observed in the experiment (meth-
ylene H5,HS" are not observed, since A' = 1/2J(CH)). In
the event that overlapped resonances are observed in the
anomeric region of the spectrum, these other correlations
may be resolved and provide the missing assignments, The
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YP plane at the G10 phosphorus resonance is shown in Fig.
35, with the correlations to the C1',HY, C2' HY', C3',H3' and
C4' H4' resonances of the GI0 and U11 riboses labeled.
In general, however, the dispersion afforded by the HI'
and C1' resonances is in most cascs better than any other
resonances correlated to the intervening phosphorus by
gither the direct HCP or indirect C,C-TOCSY transfers.

In short, the 3D HCP-CCH-TOCSY experiment de-
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Fig. 4. Expansion of the C1',P regions of the “C,»P planes at the 'H chemical shift of anomeric H1' protons in the 3D HCP-CCH-TOCSY
experiments applied to the RNA T stem-loop. The experiment was collected on a Bruker four-channel DMX600 spectrometer (Bruker Instruments,
Billerica), equipped with a guadruple resonance 'H,"*C,""N,'P probe at 25 °C. Each C'P plane shows two correlations in the C1',P region to
the phosphorus on both the 5' and 3' sides of an intervening ribose H1',C1" resonance. Sequential assignment along the entire oligonucleotide
sequence of the stem-loop is shewn by the solid lines conneeting the labeled C1',P cross peaks from one 'H plane to the nexl. The cross peaks are
labeled by the nucleotide assignment for a particular H1',C1' pair. The additional peaks labeled with asterisks in the selected C1%.P regions result
from cverlap in the 'I1 dimension. The experiment was collected with 512, 70 and 19 complex points in t,, t, and t,, respectively, 24 scans per t,,
t, increment and spectral widths of 6000, 8400 and 425 Hz for the respective dimensions. Total experiment time was 48 h. The spectrum was
processed with a 60°-shifted sine bell in t, (using 256 points), t, and 1, and was zro-filled to a final matrix size of 1024 x 256 x 64. Note that the
C1'P planes have been plotted at different levels, as a reflection of the differing cross-peak intensities observed, and that the splitting observed

for the Al2 resenance is not understood at this time.
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Fig. 5. Plane at the *P resonance of G10 in the 3D IICP-CClI-
TOCSY experiment, applied to the RNA I stem-loop. The correla-
tions of the G10 phosphorus resonance to the C1'HI'. C2 H2,
C3 H3' and C4.H4' resonances of the G10 and Ull riboses are
indicated. The C3,H3' resonances of G10 and Ul are overlapped in
this plane and are assigned based on a 3D HCCH-TOCSY experiment
thai has been recorded with the RNA T sample. Note that the *'P
resonances are numbered by the preceding 5' nucleotide to which they
are bound, which is consistent with the convention of previous nucleic
acid NMR studies, but does not conform to IUPAC standards.

scrihed here contains three favorable components that
make it a powerlul tool for sequential backbone assign-
ment in RNA: (i) the favorable J(C,P) allows efficient
transfer to the ribose rings on both the 3' and 3" sides of
the infervening phosphorus; (ii) the C,C-TOCSY provides
efficient correlation of all ring carbons that is indepen-
dent of ring geomeiry; and (iii) the evolution of the "C
chemical shift provides additional spectral dispersion. The
HCP sequential correlations discussed here can be taken
together with other through-bond correlations obtained
in double "H,"*C (Pardi and Nikonowicz, 1992) and triple
,3C,*N resonance (Farmer et al., 1993,1994; Sklenaf et
al., 1993a,b) experiments developed for RNA assignment
to provide unambiguous assignment of all backbone 'H,
BC, BN and *'P resonances. The ability to completely
assign these backbone resonances now provides an oppor-
tunity te extract additional structural information con-
tained in the chemical shifts, relaxation behavior, NOEs
and coupling constants associated with these resonances.
This additional information on the backbone structure
and dynamics should enhance the ability to obtain high-
resolution solution NMR structures of RNA molecules.
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