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SUMMARY 

The multiplet structure of cross peaks in double-quantum-filtered COSY NMR spectra is analysed for 
those resonances that include passive heteronuclear couplings. Interestingly, the cross peak involving the 
sugar-ring protons H2’ and H3’ in nucleic acids display an E.COSY-type appearance exclusively when the 
backbone torsion angle E (C4’-C3’-03’-P) adopts a gauche(-) conformation. This observation allows an 
unambiguous analysis of the conformation around E, without the knowledge of 3Jc, coupling constants. 

INTRODUCTION 

Efficient methods for studying structures of nucleic acids using NMR methods are well estab- 
lished (Van de Ven and Hilbers, 1988; Wijmenga et al., 1993). They generally require the measure- 
ment of NOES, which are interpreted using physical relaxation models to account for spin 
diffusion. Furthermore, coupling constants defining the sugar-ring conformation (Altona, 1982) 
are evaluated as additional restraints. However, homo- and heteronuclear coupling constants 
reflecting the conformation of the phosphate backbone have been largely neglected, although 
they are of particular interest for structures different from A- or B-type helices, such as hairpins, 
bulges, mismatches or certain nucleic acid analogues designed for antisense DNA application. 

In this paper, we report a simple method to distinguish between the gauche(+), trans and 
gauche(-) conformations around the backbone torsion angle E (C4’-C3’-03’-P). It will be demon- 
strated below that this information is easily extracted from a conventional double-quantum- 
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Fig. 1. Karplus curve representing the relationship between the ‘J,,., Fig. 1. Karplus curve representing the relationship between the ‘J,,., coupling constant and the backbone torsion angle E coupling constant and the backbone torsion angle E 

(C4’-C3’-03’-P) parameterised by Lankhorst et al. (1984): (C4’-C3’-03’-P) parameterised by Lankhorst et al. (1984): 3J 3J nYP nYP = 15.3 cos’ (E + 120) - 6.2 cos (E + 120) + 1.5. The steri- = 15.3 cos’ (E + 120) - 6.2 cos (E + 120) + 1.5. The steri- 
tally allowed regions for this torsion angle, trans and gauche(-), are indicated, as well as the corresponding conforma- tally allowed regions for this torsion angle, trans and gauche(-), are indicated, as well as the corresponding conforma- 
tions. The bonds which connect the H2’, H3’ and P spins are indicated in bold. tions. The bonds which connect the H2’, H3’ and P spins are indicated in bold. 

filtered COSY experiment (2QF-COSY) (Piantini et al., 1982) by considering the appearance of 
the H2’-H3’ cross peak. 

METHODS 

Unambiguous determination of the torsion angle E requires the knowledge of three coupling 
constants, i.e., 3J,,,, 3Jc-p and 3Jcep (Blommers et al., 1988). Due to the degeneracies in the 
Karplus curve (Lankhorst et al., 1984) presented in Fig. 1, E may not be restricted to a single value 
when only the 3J,,, value is known. In the gauche(+) conformation the phosphate lies below the 
sugar ring, leading to severe van der Waals repulsion, and hence this conformation has never been 
observed so far. However, in modified nucleoside analogues the gauche(+) conformation may 
well be sterically allowed and would be conveniently recognised from the large 3J,y, coupling 
around 23 Hz. Unfortunately, for the trans and gauche(-) conformations this coupling is of 
simiiar magnitude. 

The backbone of nucleic acids is not necessarily rigid and conformational transitions may be 
expected between the trans and gauche(-) conformations. The observed coupling constants then 
display a time-averaged value, which may be described as: 

J obs 
XI 

XtGUlS J tram + (1 - xtrm> J- 

where xtra,, is the molar fraction of the trans conformation and J,,,,, and J- the 3J,,, coupling 
constants for the trans and gauche(-) conformations, respectively. Since J,,,,, and J- have similar 
values, neither the molar fraction nor the torsion angle value of the rotamers can be obtained 
from the 3J,,., coupling constant solely. 
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Fig. 2. Simulations of the 2QF-COSY experiment obtained using the program SMART. I and S denote ‘H spins, whereas 
P denotes 3’P. The following coupling constants are used: Jr, = 9 Hz; Js, = 5 Hz, J,, = 0 Hz (left panel) or 3 Hz (right 
panel). The J-connectivities of the two spin systems are shown on top. E.COSY-type cross peaks are observed only when 
both spins I and S are coupled to the heteronucleus P. 

shift, homonuclear and heteronuclear J-coupling is indicated by green, black and red arrows, 
respectively. Only those pathways which lead to observable cross peaks are indicated. Two 
pathways are responsible for detection of the cross peaks that correlate the spins I and S. The 
uppermost pathway leads via IS double-quantum coherence, which is in anti-phase with respect 
to the heteronuclear coupling J,,. This coherence is converted into detectable single-quantum 
coherence during t,, provided that J,, # 0. It is evident that this pathway only leads to detectable 
cross peaks when both protons I and S are coupled to the same phosphorus. The bottom pathway 
does not involve the heteronuclear coupling actively and corresponds to the normal pathway in 
a double-quantum-filtered experiment. The transfer function for the cross peak I + S is given by: 

-S, cos(QT,) sin(rrJ,,t,) sin(rrJ,,t,) sin(nJ,,t,) sin(rcJ,,t,) sin(Qt,) 
+ S, sin(Q,t,) sin(rcJ,,t,) cos(rcJ,,t,) sin(rcJ,,t,) cos(rrJ&) cos(Q,t,) 

and that for S + I is given by: 

-1, cos(Q,t,) sin(rcJ,,t,) sin(rcJ,,t,) sin(rcJ,,Q sin(rrJ,,t,) sin(&t,) 
+ I, sin(Qst,) sin(rcJ,,t,) cos(nJ,,t,) sin(~J,,t,) cos(rcJ,,t,) cos(Q&) 

The combination of the two terms that give rise to the cross peak results in cancellation of half of 
the multiplet components present in the cross peak, leading to an appearance as a so-called 
E.COSY-type cross peak (Griesinger et al., 1985). 
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In order to verify the effect, 2QF-COSY spectra of an I-S-P spin system have been simulated 
using the program SMART (Studer, 1988), implemented on an X32 computer. When only one of 
the coupled protons has a resolved phosphorus coupling, the E.COSY-type multiplet pattern can 
be seen in its diagonal peak only; otherwise it can be observed in both the diagonal and the cross 
peak (cf. Fig. 2). The phosphorus, in contrast to the protons, is not affected by the mixing pulses, 
and hence no higher nonobservable heteronuclear coherence orders are excited. Additional pro- 
tons in the spin system, such as Hl’, H2” and H4’, will lead to additional in-phase splittings of the 
multiplets (Blommers et al., 1988). 

Since such a simultaneous phosphorus coupling to both H2’ and H3’ only exists for gauche(-) 
conformations, as discussed above, the evaluation of the cross-peak patterns may be used to 
discriminate between the two cases in nucleic acids. 

RESULTS AND DISCUSSION 

An application of the described method is demonstrated for the dodecamer of oligonucleotide 
d(C,-C,-T,-A,-T,-T,-T,-Ax-T,-A,,-C,,-G,& which forms a hairpin in solution. The H2’-H3’ cross 
peaks, as observed in the 2QF-COSY spectrum, are presented in Fig. 3. The enlarged cross peaks 
correspond to residue C, in the double-stranded part (Fig. 3A) and residue T, in the loop (Fig. 
3B). From the E.COSY-type multiplet structure of the H2’-H3’ cross peaks it is obvious that only 
T, is in a gauche(-) conformation around E. The heteronuclear couplings 4J,,, and 3J,,,p can 
readily be estimated from the displacements of the multiplet components, preferably in the F2 
dimension. It is a special advantage of the method that, for cases where one of the two protons 
displays a relatively large phosphorus coupling, the other one is still measurable, even if the 
coupling is smaller than the natural line width of the involved proton. This is due to the displace- 
ment in the other frequency dimension, and has been exploited recently to determine i3C-lH or 
“N-‘H coupling constants in labelled proteins (Montelione et al., 1989; Schmieder et al., 1991). 
It is expected that the E.COSY-type cross peaks can be recognised in much larger systems than 
the one presented here, provided that the individual cross peaks display no severe overlap. 

In the case of the investigated oligonucleotide the residues T, and A, are involved in a sharp 
n-turn: the backbone inverts its direction after the third loop residue. The gauche(-) conforma- 
tion around E, is clearly established, based on the 4Jn2fp coupling detected in a 31P-‘H correlation 
experiment (not shown). It is obvious, however, that the 2QF-COSY experiment is the experiment 
of choice, since it is much more sensitive, especially when 4J,,, is small. 

Since the four-bond coupling only exists for the gauche(-) conformation, the population of this 
rotamer can be calculated by: 

Xc(-) = 4J~m (ohs) i4Jm (-1 

where 4JHTp(-j denotes the coupling constant observed for a pure gauche(-) conformation of E. 
For residue T, of the dodecamer, 4J,,, = 2.3 Hz is observed. In the NMR study of a cyclic 
trinucleotide, i.e., r < pGpGpG > (Mooren et al., 1994), the torsion angle E is found in equilibri- 
um between gauche(-) (35%) and trans (65%) conformations. This follows from the JcJp and Jcztp 
coupling constants. The 4J,T, coupling constant for this case amounts to 0.8 Hz. When these data 
are combined, it appears that a 4J,,, of 2.3 Hz, as found for residue T,, corresponds to a pure 
gauche(-) conformation. 
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Fig. 3. Part of the ZQF-COSY spectrum of d(C,-C,-T,-A,-T,-T,-T,-A,-T,-A,,-G,,-G,,), recorded at 25 “C, pH 7.0. The 
spectrum was recorded with 4098 and 600 complex points in t, and t,, respectively, and processed using shifted sine-bell 
apodisation. The region encompassing most of the H2’,H2” resonances (F2) and H3’ resonances (Fl) is shown in part C. 
Cross peaks A and B are enlarged in the two panels at the top. These cross peaks correlate the H2’ and H3’ of residues C, 
and Tr, respectively. 

The analysis of the torsion angles E can now be completed. For example, E, is found to be in a 
trans conformation for more than 90%. In combination with the 3J,yP value of 7.0 Hz, the 
Karplus curve depicted in Fig. 1 can be used to determine the value of torsion angle E to be 207”. 
In contrast, E, is found exclusively in a gauche(-) conformation. Here, 3JHyP = 7.7 Hz, which 
corresponds to E, = 269”. It should be noted that such an analysis for nucleic acids is only allowed 
when E adopts only one conformation, which can be checked by means of an inspection of the 
2QF-COSY spectrum. Because, in general, it is difficult to exclude minor (< 10%) contributions 
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of a second conformation, it would be realistic to assume an error of about * 5” in the obtained 
value of a. A more qualitative interpretation, e.g., all torsion angles E in our duplex adopt a trans 
conformation (Blommers et al., 1994) is useful as well. 

Similar effects relate to H4’-H5’ and H4’-H5” cross peaks, although for the investigated dode- 
tamer this is only observed for a few cases, due to resonance overlap in that particular area of the 
spectrum. For these cases, the E.COSY-type cross peaks account for the torsion angle y (OS’-C5’- 
C4’-C3’) to be in a gauche(+) and the torsion angle p (P-05’-C5’-C4’) to be in a trans conforma- 
tion. Only for this combination, the bonds involving P-05’-C5’-C4’-H4’ are in a zig-zag (W) 
conformation, where the 4J,gp coupling is resolved. Then, the H4’-H5’ and H4’-H5” are both 
coupled to the same phosphorus. Although we believe that this method finds only limited applica- 
tion for the determination of the backbone torsion angles p and y, in case these cross peaks do not 
exhibit resonance overlap, the interpretation can in principle be done along the same lines as 
outlined for the torsion angle E. 

CONCLUSIONS 

We are convinced that the knowledge of the conformation around E which can be readily 
obtained as outlined in this paper provides useful additional restraints for structure calculations 
and will therefore improve the quality of nucleic acid structures derived from NMR measure- 
ments. 
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