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the rate of the hydrolysis reaction. The alcohol dehydrogenase, 
coupled spectrophotometric assay may be used with little difficulty 
and with confidence at very small concentrations of substrate (<5 
mM), whereas higher concentrations of substrate must be used 
in I3C N M R  in order to obtain reliable data. Thus, I3C N M R  
may best be utilized in experimental situations where specific, 
clearly defined problems are conveniently and directly resolved 
such as the position of bond cleavage illustrated in the present 
study. At this time, I3C NMR is probably not suitable for routine 
analyses of epoxide hydratase activity. 

The I8O isotope effect in I3C N M R  spectroscopy provides a 
continuous, direct method to evaluate simultaneously the rate of 
hydrolysis, the position of bond cleavage, and the extent of ac- 
companying oxygen exchange in acid- and microsomal epoxide 
hydratase-catalyzed hydrolysis of 2,2-dimethyloxirane. This ex- 

ample further illustrates the applicability of this phenomenon in 
the analysis of a variety of research problems. 
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A novel application of two-dimensional nuclear magnetic 
resonance (2-D NMR) for assignment of hydrogen and phosphorus 
nuclei in the sugar phosphate backbone of oligonucleotides is 
described and illustrated by the assignment of the tetranucleotide 
d-CpTpApG. The assignments are made by observation of ho- 
monuclear (‘H-lH) and heteronuclear ( IH-31P) scalar spinspin 
couplings. 

Proton N M R  has been extensively used to study the confor- 
mation and dynamics of oligonucleotides in solution.’ Although 
the coupling constants for the protons in the sugar rings provide 
information on the sugar and phosphate backbone conformation,* 
the difficulties involved in assigning these protons have limited 
the applications. 2-D N M R  experiments overcome many of the 
problems of selective decoupling and extensive overlap of reso- 
nances observed in conventional one-dimensional studies. The 
approach of sequential assignments outlined here allows the 
complete assignment of the sugar phosphate backbone solely from 
the 2-D N M R  experiments and knowledge of the covalent 
structure of the backbone. 

The first step in the assignment procedure involves the iden- 
tification of the proton spin systems of the individual sugar rings. 
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Figure 1. Contour plot of an absolute value 500-MHz IH COSY spec- 
trum of 0.02 M d-CpTpApG in *H20,  p2H 8.0, T = 40 “C. The Cl’C2’ 
proton cross peaks are also shown on an expanded scale in the inset. The 
chemical shifts of the CI’, C2’, and C3’ protons are indicated on the 
margins, where the four deoxyribose spin systems are arbitrarily labeled 
I ( -e-) ,  I1 (e-), 111 (- - -), and IV (-). 

This information was obtained with homonuclear correlated 
spectroscopy (COSY).3-4 COSY spectra for d-CpTpApG5 are 
shown in Figures 1 and 2. J connectivities between individual 
protons are manifested by cross peaks which appear symmetrically 
with respect to the diagonal. The deoxyribose spin system, which 
includes the lowest field C1’ proton at 6.16 ppm, was arbitrarily 
labeled “sugar I”. It shows cross peaks to C2’ protons at 2.60 
and 2.68 ppm (Figure 1). The C2’ protons then show coupling 
to the C3’ proton at 4.95 ppm (Figure l), and this C3’ proton has 
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Table I. Chemical Shifts (ppm) of the Sugar Protons in 
d-C1pT2pA3pG4 (p2H 8.0, T =  40 “C, Shifts Are Relative to 
Internal Sodium 3-(Trimethylsilyl)[ 2,2,3,3-2 H,]propionate; “TSP”) 
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Figure 2. Expansion of the region of Figure 1 needed for analysis of the 
H3’-H4’ and H4’-H5’ connectivities. Same presentation as in Figure 
1. 
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Figure 3. (a) Contour plot of an absolute value 121-MHz 31P (300 MHz 
IH) 31P-’H chemical shift correlation spectrum of d-CpTpApG under 
the same conditions as in Figure 1 except that the concentration was 
0.009 M. Cross sections of the IIP signals a t  (b) -0.65, (c) -0.69, and 
(d) -0.85 ppm (relative to 15% phosphoric acid) are also shown. The 
one-dimensional proton spectrum is shown in e, where the chemical shifts 
of the C3’ and C5’ protons are also indicated. The asterisks in b and d 
indicate cross peaks arising from long-range couplings between C4’H and 
“P, 

a cross peak with the C4’ proton at 4.30 ppm (Figure 2). Figure 
2 also shows that there are cross peaks linking the C4’ proton with 
two C5’ protons at 3.97 and 4.05 ppm; the geminal coupling of 
the two C5’ protons is also manifest. As is illustrated in Figures 
1 and 2 the three other sugar spin systems (labeled 11-IV) can 
be traced in a manner similar to sugar I .  For sugar 111 one of 
the cross peaks linking H4‘ and the two C5’ protons overlaps with 

residue chemical shift, ppm 

system) C1’H C2’H,a C3’H C4’H C5’H,a 

dC’ (11) 6.11 2.21, 2.52 4.69 4.12 3.72, 3.80 
dT’ (IV) 5.91 1.85, 2.21 4.74 4.11 3.94, 3.94 
dA3 (I) 6.16 2.60, 2.68 4.95 4.30 3.97, 4.05 
dG4(III)  6.08 2.42,2.66 4.71 4.18 4.11,4.20 

a The stereospecifity of the two protons at these positions was 
not assigned. 

(spin 

the HS’”’’ cross peaks, and the other H4’45’  proton cross peak 
is too close to the diagonal to observe. In sugar IV the two C5’ 
protons have equivalent chemical shifts and thus no H5’”’’ cross 
peak is observed. The four sugar spin systems in d-CpTpApG 
have thus been completely identified, and the chemical shifts are 
listed in Table I. 

The second step in the assignment procedure is to observe the 
31P resonances of the phosphate groups and to identify, by het- 
eronuclear chemical shift correlation spectroscopy,6.’ the deoxy- 
ribose spin systems bound to each phosphate group from the scalar 
31P-1H couplings. Figure 3a shows a contour plot of this ex- 
periment for d-CpTpApG, where cross peaks are observed at  
positions (qA, qB) when there is scalar coupling between the 
proton at  wA and the 31P nucleus at  wB. The pulse sequence 
employed4 eliminates the proton coupling in the phosphorus signals 
along w2 and the phosphorus coupling in the proton signals along 
w1. 

The 31P resonance at  -0.69 ppm shows coupling to the C3’ 
proton of sugar spin system I a t  4.95 ppm (Figure 3c). The C5’ 
protons at  4.1 1 and 4.20 ppm, which are coupled to this phos- 
phorus, are from sugar 111. Therefore this 3’P atom connects the 
sugar spin systems I and I11 in a I(3’pS’)III linkage. 

The 31P resonance at -0.85 ppm (Figure 3d) shows a H3’ signal 
from sugar IV at 4.74 ppm and CS’ proton peaks at 3.97 and 4.05 
ppm from sugar I, indicating a IV(3’p5’)I linkage. The third 31P 
signal a t  -0.65 ppm (Figure 3b) has coupling to the C5’ protons 
from sugar IV at 3.94 ppm and also shows coupling to a C3’ proton 
at ca. 4.70 ppm. The C3’ protons of sugars I1 and I11 have very 
similar chemical shifts (Table I), so it is difficult to a priori assign 
this cross peak; however, sugar I11 can be ruled out since this would 
require a cyclic nucleotide. Thus the 3‘P resonance at -0.65 forms 
a II(3’pS’)IV sugar linkage. These results show that the sequence 
of the sugars is IIpIVpIpIII, and the sugars I-IV are assigned, 
respectively, to the A, C, G, and T residues in d-CpTpApG. 

We have outlined a novel method to sequentially assign the 
sugar phosphate backbone in oligonucleotides by application of 
2-D NMR techniques. Complete assignments for the backbone 
of a tetranucleotide were obtained without reference to smaller 
fragments of the oligonucleotide. Although this sequential as- 
signment method could in principle be used with one-dimensional 
N M R  techniques, it is the inherently better resolution and the 
greater efficiency of the 2-D N M R  experiments that promise to 
make this a generally practicable approach. 
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