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Summary 

Backbone-driven assignment methods that utilize covalent connectivities have greatly facilitated spectral 
assignments of proteins. In nucleic acids, 1H-13C-31P correlations could play a similar role, and several 
related experiments (HCP) have recently been presented for backbone-driven sequential assignments in 
RNA. The three-dimensional extension of 1H-31p Het-Cor (P,H-COSY-H,C-HMQC) and Het-TOCSY 
(P,H-TOCSY-H,C-HMQC) experiments presented here complements HCP experiments as tools for 
spectral assignments and extraction of dihedral angle constraints. By relying on ~H-31P rather than 13C- 
31p couplings to generate cross peaks, the strongest connectivities are observed in different spectral 
regions, increasing the likelihood of resolving spectral overlap. In addition, semiquantitative estimates 
of 1H-31p and 13C-31P couplings provide dihedral angle constraints for RNA structure determination. 

The possibility of using phosphorus correlations for 
spectral assignments has long been recognized, and suc- 
cesfully implemented for small oligonucleotides (Varani et 
al., 1991; Kellogg, 1992; Kellogg et al., 1992; Kellogg and 
Schweitzer, 1993; Szewczak et al., 1993). Although NOE- 
based sequential assignment procedures are sufficient to 
assign regular helical regions (Varani and Tinoco, 1991b; 
Nikonowicz and Pardi, 1993), these procedures rely on 
conformational assumptions which are generally not val- 
id in unusual novel structures. These assumptions have 
led to misassignments in single-stranded regions, and 
through-bond assignment techniques have allowed correc- 
tion and verification of assignments based on NOE con- 
nections (Varani et al., 1991; Gehring et al., 1993). 
Through-bond connectivities complement NOE-based 
procedures in NMR spectral assignments of nucleic acids. 

The availability of 13C-labelled RNA has made it poss- 
ible to use triple resonance 1H-31p-13C experiments to 
overcome the poor spectral dispersion of both the 3~p and 
IH dimensions. In the recently introduced HCP experi- 
ments (Heus et al., 1994; Marino et al., 1994), magnetiz- 
ation is transferred between neighboring sugar resonances 
via the intervening phosphorus resonances, thereby se- 
quentially correlating neighboring nucleotides (in the 

following discussion, each 31p resonance is taken to be 
part of the nucleotide at its 3' side, in accord with stan- 
dard IUPAC nomenclature). The cross peaks generated 
by the C4'(i-1)-P(i) and P(i)-C4'(i) couplings (J = 6-11 
Hz) are usually the most intense peaks in HCP spectra, 
whereas CY(i-1)-P(i) and P(i)-C5'(i) couplings (J = 5 Hz) 
generally lead to weaker cross peaks and less reliable 
spectral identifications at increasing molecular weight. 
The C4'-H4' region is the least disperse region of the 
RNA spectrum, and we have found it impossible to ob- 
tain spectral assignments for oligonucleotides of 20 or 
more residues from HCP experiments alone. The scope of 
HCP experiments has been extended by relaying the 31p_ 
labelled magnetization to other sugar resonances via 
HCCH-TOCSY (Marino et al., 1995; Wijmenga et al., 
1995) or HCCH-COSY steps (Tate et al., 1995). Although 
these experiments are clearly valuable, our experience 
with HCCH-TOCSY and HCP-CCH-TOCSY experi- 
ments (Marino et al., 1995) suggests that relaxation will 
severely limit the scope of these experiments at molecular 
weights above = 10 kDa (30 nucleotides). 

One alternative and complement to HCP experiments 
is utilization of sequential H3'(i-l)-P(i) connectivities (J 

5 15 Hz), that produce especially strong cross peaks in 

*To whom correspondence should be addressed. 

0925-2738/$ 6.00 + 1.00 �9 1995 ESCOM Science Publishers B.V. 



316 

two-dimensional 31p-1H Het-Cor (Sklenfi~ et al., 1986) and 
hetero-TOCSY (Kellogg, 1992) experiments. Although the 
overlap of two-dimensional 31p-~H Het-Cor and hetero- 
TOCSY experiments makes it very difficult to use these 
experiments to supplement the HCP-based information, 
their extension to three dimensions solves the overlap 
problems in many cases. 

In this communication, we present three-dimensional 
~3C-edited Het-Cor (RH-COSY-H,C-HMQC) and hetero- 
TOCSY (P,H-TOCSY-H,C-HMQC) experiments. These 
experiments provide information that is generally comple- 
mentary to the HCP experiment. Although sequential 
connectivities are difficult to establish because of the 
generally small intraresidue P(i)-H4'(i) and P(i)-H5'/H5"(i) 
couplings, these experiments ideally complement the HCP 
experiments by relying on different coupling constants for 
magnetization transfer to generate intense cross peaks in 
different regions of the RNA spectrum. Using a combina- 
tion of three-dimensional HCP and P,H-COSY-H,C- 
HMQC experiments, we have completely assigned several 
RNA oligonucleotides of up to 30 residues and obtained 
at the same time semiquantitative estimates of scalar 
coupling constants that are valuable in defining the RNA 
backbone conformation. 

The 3D ~3C-edited Het-Cor and Het-TOCSY experi- 
ments are shown in the upper and lower parts of Fig. 1, 
respectively. We have chosen Het-Cor and Het-TOCSY 
31p-1H transfer based on the performance of 2D Het-COR 

and Het-TOCSY which is superior over 31p-1H HSQC 
experiments at molecular weights of  7 kDa or more (G. 
Varani et al., unpublished results). In Fig. 1, the 1H-31P 
cross peaks observed in two-dimensional Het-Cor or Het- 
TOCSY experiments are edited by an additional ~3C di- 
mension via a 1H-laC HMQC period. In two-dimensional 
experiments acquired on a 500 MHz spectrometer equip- 
ped with an inverse probe, Het-TOCSY experiments 
generally outperformed Het-COR experiments. However, 
the quality of the three-dimensional P,H-TOCSY-H,C- 
HMQC was inferior to that of  the corresponding P,H- 
COSY-H,C-HMQC spectrum. We have no explanation 
for this unexpected result. 

The experiments presented in this communication were 
conducted on a 30-met oligonucleotide (Fig. 2), isotopi- 
cally ~3C-15N-labelled at a level of > 98%. Comparable re- 
sults were obtained for two other RNA oligonucleotides 
of similar size and for their complexes with small ligands, 
but sensitivity was clearly diminished when the molecular 
weight approached 15 kDa in an RNA-polypeptide com- 
plex (E Aboul-ela and G. Varani, manuscript in prepara- 
tion). This limitation may partially be overcome by per- 
forming these experiments on lower field spectrometers 
(300 or 400 MHz) to reduce the chemical shift anisotropy 
contribution to 31p relaxation. However, we have found 
that the superior resolution of 600 MHz spectra (compared 
to 300 MHz) more than compensated for the losses due to 
faster 3~p relaxation for oligonucleotides of 10 kDa or less. 

'. ( l)n 1 11,3 

31p I ,t, I 
13 C L)2 t2/2 t212~ ~ARF 

, .  (11)o ~ "c ! ,  3 

31p IQI tl II 1~3 

13 C ~2t2/2 t2/2 ~ GAR[ 

Fig. 1. Three-dimensional EH-COSY-H,C-HMQC (top) and P,H-TOCSY-H,C-HMQC (bottom) experiments. Thin bars represent 90 ~ pulses; 
thick bars represent 180 ~ pulses. Heteronuclear cross-polarization was applied using the DIPSI-3 mixing sequence at reduced power (% = 42 ~ts) 
and was preceded by a 1.5 ms trim pulse applied to 3~p; .~ = 3 ms. ~3C decoupling during acquisition was done with low-power GARP decoupling 
(Shaka et al., 1985). A train of 25-30 180 ~ pulses (separated by 45 ms delays) was used to saturate the 1H magnetization during the relaxation 
delay. Phases are along the x-axis unless indicated otherwise; ~ = x,x,-x,-x; ~2 = x,-x; ~3 = x,x,x,x,-x,-x,-x,-x; ~4 = x,-x; Rec. = +,-,-,+. 
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Fig. 2. Sequence and secondary structure of the 30-mer RNA oligo- 
nucleotide used in the experiments presented in this communication. 
This RNA oligonucleotide represents the binding site for the human 
U1A protein within the Y-untranslated region of the U1A pre-mRNA; 
this interaction is involved in the regulation of polyadenylation of the 
U1A pre-mRNA (Van Gelder et al., 1993). Isotopically labelled RNA 
was prepared by standard methods using biosynthetically prepared 
nucleotide triphosphates and the T7-RNA polymerase in vitro tran- 
scription system. 

The results are i l lustrated in Fig. 3, where a two-di-  
mensional  H e t - C O R  experiment  is compared  with several 

planes from the P , H - C O S Y - H , C - H M Q C  spectrum. A 
direct compar i son  of  the 3D Het -Cor  and H C P  experi- 

ments  is shown in Fig. 4. A considerable degree of  spec- 
tral  overlap is seen for the 31p resonances in the two-di-  

mensional  spectrum (Fig. 3a), par t icular ly  those corre- 

sponding to the double  helical regions of  the structure. 
Even for the well-isolated resonances from single-stranded 

regions of  this oligonucleotide,  it would be imprudent  to 

assume that  the strongest peaks  always cor respond to 

sequential  H3'( i -1)-P(i)  connectivities. I f  the 13 (P-O5'-C5'- 
CA') torsion angle is not  trans (as normal ly  observed in 
regular  double  helices), but  in either of  the gauche con- 

formers, the intranucleot ide P(i)-H5'(i) or P(i)-H5"(i) 
scalar couplings are as large as the sequential  H3' ( i -1)-  
P(i) couplings (Altona,  1982). The 13C sugar chemical  

shifts (Varani and Tinoco, 1991a) easily allow to distin- 
guish C3' from C5' resonances. The planes of  the R H -  
C O S Y - H , C - H M Q C  experiments il lustrate the edit ing 
power o f  the addi t ional  13C dimension (Figs. 3b-d) .  We 

found it much easier to analyze spectra that  were phased 
in the directly detected dimension (o)3), with an addi t ional  
90 ~ correct ion to 'h ide '  the ant iphase  character  with re- 
spect to the H-P  coupling. 
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Restraining the backbone  conformat ion  by means  of  

scalar coupling constant  measurements  improves the 

accuracy and precision o f  N M R  structures of  R N A  
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Fig. 3. (a) Two-dimensional 1H-31P Het-Cor spectrum (Sklenfi~ et al., 
1986) of the oligonucleotide of Fig. 2, acquired in =22 h at 500 MHz 
on a 2 mM RNA sample isotopically 13C-ZSN enriched (> 98%). (b-d) 
t3C slices through the three-dimensional Het-Cor spectrum correspon- 
ding to C3' frequencies (b,c) or C5' frequencies (d). Assignments are 
indicated for several cross peaks. This 3D spectrum and the HCP ex- 
periment shown in Fig. 4 were acquired in = 22 h each on a 600 MHz 
Bruker DMX spectrometer equipped with a triple resonance gradient 
~HJ3C-X probe. Sixty-four transients of 256 complex points were 
acquired in each of the indirectly detected dimensions, with spectral 
widths of 3004 Hz (~H, t~ nax = 85 ms), 4000 Hz (13C, t~ ~ = 8 ms) and 
2000 Hz (3~p, t~,x = 16 ms). The data were apodized with 400-60 ~ 
shifted sine bells and zero-filled to a final size of 64 (31p)x 128 (t3C)x 
512(IH). 
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(Varani et al., 1991; Wimberly, 1992). Several experimen- 
tal strategies have been proposed for measuring homo- 
and heteronuclear couplings in RNA oligonucleotides 
(Schmieder et al., 1992; Hines et al., 1993,1994; Schwalbe 
et al., 1994), including C-P and H-P couplings (Schwalbe 
et al., 1993). However, it is far from clear how effective 
those strategies are for molecules larger than 10-15 nu- 
cleotides. In addition to providing a means of assigning 
the RNA spectrum, the combination of HCP and Het- 
COR 3D experiments provides the opportunity to con- 
strain the nucleic acid backbone conformation. 

To a first approximation, cross-peak intensities in 
correlated spectra depend on the magnitude of the active 
coupling. Of course other factors (nuclear relaxation and 
the pattern of passive couplings) contribute to the cross- 
peak intensity, and it would be naive to quantitate pre- 
cisely the magnitude of scalar coupling constants from 
cross-peak intensities. Similar problems are encountered 
when relating cross-peak intensities in NOESY spectra 
with interproton distances, and we propose to use a simi- 
lar semiquantitative approach to obtain backbone dihedral 
angle constraints in RNA (and DNA) oligonucleotides. 
The intensities of cross peaks corresponding to known 
coupling constants can be used for internal control and 
'calibration'. In many circumstances, the sequential two- 
bond C3'(i-1)-P(i) couplings can be employed for this 
purpose, since these couplings (4-6 Hz) are not strongly 
sensitive to conformation. By comparison with cross 
peaks corresponding to couplings of known magnitude, 
we have estimated a lower limit of approximately 5 Hz 
for the active coupling generating intense cross peaks in 
HCP (generally sequential or intraresidual C4'-P coup- 
lings) or RH-COSY-H,C-HMQC (generally sequential 
H3'-P couplings) spectra. Analysis of the generalized 
Karplus correlations for 31p-IH and 31p-13C scalar coup- 
lings (Altona, 1982; Mooren et al., 1994) reveals that 
upper or lower limits of 5 Hz can significantly restrain 
the conformational space if (and only if) several couplings 
are estimated at the same time. 

Additional care should be employed when using the 
absence or weakness of cross peaks to obtain upper limits 
on scalar couplings. It must be verified that fast relax- 
ation is not responsible for the absence or weakness of 
the cross peak. Controls on 1H and 13C line widths can be 
obtained by analyzing other three-dimensional spectra 
(such as NOESY-HMQC, HCCH-TOCSY or HCCH- 
COSY)..Controls on 31p line widths can be obtained 
either from the intensity of the sequential H3'(i-1)-P(i) 
cross peaks in P,H-COSY-H,C-HMQC spectra, or from 
sequential and intraresidual H4'-P cross peaks in HCP 
spectra. A careful analysis of the entire pattern of cross 
peaks observed for a given 31p resonance is necessary to 
identify broadened resonances that generate cross peaks 
of reduced intensity. In our experience, broader reson- 
ances are generally found within conformationally flexible 
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Fig. 4. Comparison of (a) P,H-COSY-H,C-HMQC and (b) HCP 
spectra, plotted at similar noise levels; JHJ3C planes corresponding to 
the well-isolated G34 31p resonance have been chosen for ease of 
comparison. Notice the appearance of strong connectivities in the C4' 
region of the HCP spectrum (corresponding to two overlapped reson- 
ances), and the decreased intensity of the signal corresponding to the 
sequential C3'-P connectivity (at = 5.7 ppm). 

regions, where the pattern of scalar couplings indicates 
significant conformational averaging. 

A graphic demonstration of the procedure used to 
constrain the e dihedral angle is provided in Fig. 5. 
Strong sequential HY(i-1)-P(i) cross peaks in the P,H- 
COSY-H,C-HMQC spectrum (implying 3JHy. P > 5 Uz) are 
consistent with r (C4'-CY-OY-P) trans, g+ or g-. The three 
possibilities can be distinguished from the pattern of 
sequential couplings observed in HCP experiments. Large 
sequential CA'(i-1)-P(i) cross peaks (3Jc4,. p >5 Hz), to- 
gether with weak or absent sequential C2'(i-1)-P(i) cross 
peaks (3Jc2,. P < 5 Hz) demonstrate that ~ is trans (Figs. 
5a-c). The opposite situation (3Jc4,. P < 5 Uz, 3Jc2,_ P > 5 Uz) 
indicates that ~ is g- (Figs. 5d-f). As predicted from steric 
considerations (Saenger, 1984), the g- conformation was 
found at two nucleotides (U30 and C33) in the single- 
stranded apical loop characterized by C2'-endo sugar 
conformation. The observation of relatively strong se- 
quential correlations to both the C2' and the C4' reson- 
ances (as seen in the internal loop region, U40-C45) 
indicates the presence of a flexible region in the structure. 
The observation of several broadened resonances and 
very large chemical shift changes as a function of tem- 
perature for some loop resonances is consistent with this 
interpretation. 

The intensities of the intraresidual P(i)-H5'/H5"(i) cross 
peaks can be used to constrain the 13 dihedral angles, after 
it has been verified that the absence of a cross peak is not 
due to broadening of the resonance. When 13 is trans, as 
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Fig. 5. The combination of Het-Cor and HCP spectra can be used to 
unambiguously identify the conformation of the e (C4'-C3'-O3'-P) 
dihedral angle. If e is trans, as normally observed in regular RNA and 
DNA double helices, the H3'(i-1)-P(i) coupling is large (a), the C2'- 
(i-1)-P(i) coupling is small (b; the x indicates the position where the 
peak should be observed) and the C4'(i-1)-P(i) coupling is large (c). 
When e is g-, the H3'(i-1)-P(i) coupling is large (d), the C2'(i-1)-P(i) 
coupling is also large (e), but the C4'(i-1)-P(i) coupling is now unre- 
solved (f; the x indicates the position of the missing cross peak). 

normally observed in regular double helices, both 3Jp.HS, < 
5 Hz and 3jp.us,, < 5 H z ,  whereas either 3Jp_HS, o r  3Jp_HS,. are 
large when ~ is in the g+ or g range. For all nucleotides 
with relatively small 31p line widths, the observation of 
weak or absent intraresidue P(i)-H5'(i) and P(i)-H5"(i) 
cross peaks in RH-COSY-H,C-HMQC spectra indicates 
that 13 is trans. Important controls are provided by the 
intensity of the intraresidue P(i)-C4'(i) cross peaks in the 
HCP experiment and, in some cases, by the observation 
of a resolved four-bond intraresidual P(i)-H4'(i) coupling 
(Altona, 1982). Since 3Jp.c4, is relatively large for [3 t, the 
observation of a strong intraresidue P(i)-C4(i) cross peak 
validates the conclusion based on the absence or weak- 
ness of intraresidue P(i)-H5'(i) and P(i)-H5"(i) cross peaks. 
Because of the spectral overlap in the two-dimensional 
Het-Cor and Het-TOCSY experiments (Fig. 3a), the 
increased resolution provided by the additional I3C di- 
mension is essential. Relatively strong P(i)-H5'(i) and P(i)- 
H5"(i) couplings were found in the internal loop region 
(U40-C45), presumably as a result of conformational 
averaging. 

The semiquantitative analysis of scalar coupling pat- 
terns, based on the comparison of cross- peak intensities 
in 3D 13C-edited correlated spectra, can provide structural 
information on two of the six torsion angles that define 
the conformation of the nucleic acid backbone. Examin- 
ation of the Karplus equations (Mooren et al., 1994) 
reveals that upper and lower limits of 5 Hz on the scalar 
couplings are sufficient to constrain torsion angles ~3 and 

to within + 300-40 ~ if several coupling constants are 
obtained for each residue. The sugar conformation can be 
obtained in many different ways from 1H-1H (Altona, 
1982) and IH-13C scalar couplings (Hines et al., 1993, 
1994), and 7 (O5'-C5'-C4'-C3') can be estimated from the 
magnitude of H4'-H5' and H4'-H5" scalar couplings, in 
addition to 4Jp_H4, (Altona, 1982). Only the two phospho- 
diester angles c~ (O3'-P-O5'-C5') and ~ (C3'-O3'-P-O5') 
cannot be constrained by means of scalar coupling meas- 
urements. 

In conclusion, the extension to three dimensions of 
indirectly detected 1H-31p correlation experiments by 
means of ~3C editing provides a powerful complement to 
the recently proposed HCP (Heus et al., 1994; Marino et 
al., 1994) and HCP-CCH-TOCSY (Marino et al., 1995; 
Tate et al., 1995; Wijmenga et al., 1995) experiments for 
backbone-driven assignments in isotopically labelled nu- 
cleic acids. Furthermore, these experiments can be used to 
constrain the conformation of the nucleic acid backbone. 
Work under way in our laboratory indicates that the 
procedure illustrated here remains effective for oligonucle- 
otides of up to about 40 residues. The favorable spectral 
dispersion generally observed in the more structurally 
interesting single-stranded regions may allow the extrac- 
tion of relevant information for at least part of even 
larger molecules. 
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