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This implies that the residues of both homopolymers may have 
alternating conformations. Thus, each homopolymer might be 
syndiotactic or have some other alternating form. Alternating 
forms of polynucleotides have been observed previously but in all 
cases there has also been an alternating sequence.9 The NMR 
results do not discriminate between the wide variety of possible 
alternating forms nor are they readily interpretable in terms of 
conformational or other property, such as solvation,10 which might 
induce chemical shift differences. However, now that 31P signals 
can be reliably assigned the information from additional assign
ments may well lead to an understanding of the origin of the 
chemical shift dispersion of nucleic acids. The following com
munication describes the applications of this method to oligo
nucleotides.11 
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Although the 31P NMR resonances associated with the phos-
phodiester groups in the sugar-phosphate backbones of oligo
nucleotides frequently show sufficient dispersion in chemical shift 
to permit detection of individual resonances, little quantitative 
use of the chemical shift data in characterizing conformation and 
dynamics has been possible due to the difficulty in assigning the 
resonances to particular nuclei in the backbone. A recently re
ported solution to this problem is to identify the 3'- and 5'-1H 
nuclei coupled to each 31P nucleus either by decoupling experi
ments2 or by two-dimensional heteronuclear chemical shift cor
relation spectroscopy,3 but both of these techniques require resolved 
and assigned 1H NMR spectra. In this communication we de
scribe a general method for the assignment of the resonances in 
the 31P NMR spectra of oligonucleotides. Our approach is based 
on labeling the nonesterified phosphoryl oxygens of the backbone 
with 17O in a sequence-specific manner; the efficient scalar re
laxation of the second kind provided to the 31P nucleus by the 
directly bonded 17O nucleus causes extensive line broadening and 
a decrease in the apparent intensity of the associated 31P NMR 
resonance.4,5 To illustrate this method, we have prepared two 
samples of the self-complementary tetradeoxynucleoside tri
phosphate d(CpGpCpG) labeled in each d(CpG) unit with a single 
atom of 17O and used their spectra to assign the 31P NMR res
onances of the oligonucleotide both in the absence and in the 
presence of the intercalative drug actinomycin D. 

A solution phosphotriester method was used for the synthesis 
of unlabeled d(CpGpCpG) and two samples labeled in each d-
(CpG) unit with a single atom of 17O.6,7 This chemistry involves 
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Figure 1. Proton-decoupled 31P NMR spectra at 202.5 MHz and 30 0C 
of samples of 10 mM d(CpGpCpG) dissolved in D2O containing 0.1 M 
sodium cacodylate, pH 7.0, and 2 mM EGTA. The spectra are of the 
unlabeled sample (bottom), the sample labeled with 17O in the 3'-terminal 
d(CpG) unit (top), and the sample labeled with 17O in the 5'-terminal 
d(CpG) unit (middle). Chemical shifts are measured relative to external 
85% H3PO4. 

the coupling of a protected d(CpGp) having a 3'-(chlorophenyl 
phosphate) group with a protected d(CpG) having a free 5'-
hydroxyl group; l-(p-tolylsulfonyl)-4-nitroimidazole was used as 
the coupling reagent. The labeled d(CpGp) and d(CpG) were 
prepared from [17O]POCl3 by the hydroxybenzotriazole method 
described by van Boom and co-workers;8 the isotopic composition 
of the labeled phosphoryl oxygen was 35.5% 16O, 38.3% 17O, and 
26.2% 18O.9 Following purification of the completely protected 
tetramers on silica gel and removal of the protecting groups,10 the 
samples of d(CpGpCpG) were isolated by ion-exchange chro
matography on DEAE cellulose using a triethylammonium bi
carbonate gradient as the eluent.11 The 1H NMR spectra at 500 
MHz were in excellent agreement with literature data12"14 and 
demonstrated a very high degree of chemical purity. 

The 31P NMR spectra of the unlabeled and labeled oligonuc
leotides were obtained at 202.5 MHz and 30 0C, and these are 
reproduced in Figure 1. The spectrum of the unlabeled material 
(bottom spectrum) reveals two resonances in an intensity ratio 
of 1:2. The spectrum of the material labeled in the 3'-terminal 
d(CpG) unit (top spectrum) shows that the intensity of the 
downfield signal is diminished by the degree of 17O enrichment. 
The remaining signal for this phosphodiester group is composed 
of two resonances of approximately equal intensity that are sep
arated by 0.030 ppm; these resonances are associated with un
labeled and lgO-labeled oligonucleotides which are present by 
virtue of the isotopic composition of the POCl3 used to prepare 
the dimeric units. The spectrum of the material labeled in the 
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Figure 2. Proton-decoupled 31P NMR spectra at 202.5 MHz and 30 0C 
of samples of 10 mM d(CpGpCpG) and 5 mM actinomycin D dissolved 
in D2O containing 0.1 M sodium cacodylate, pH 7.0, and 2 mM EGTA. 
The spectra are of the unlabeled sample (bottom), the sample labeled 
with 17O in the 3'-terminal d(CpG) unit (top), and the sample with 17O 
in the 5'-terminal d(CpG) unit (middle). Chemical shifts are measured 
relative to external 85% H3PO4. 

5'-terminal d(CpG) unit (middle spectrum) demonstrates that the 
intensity of the upfield resonance is diminished. We note that 
the naive expectation that the chemical shifts of the external 
d(CpG) phosphodiester units in the double-helical structure might 
be similar but different than that of the internal d(GpC) unit is 
not realized. 

The 31P NMR spectra of the unlabeled and labeled oligo
nucleotides in the presence of actinomycin D (2:1 d-
(CpGpCpG)-actinomycin D) were also obtained at 202,5 MHz 
and 30 0C, and these are reproduced in Figure 2. The spectrum 
of the unlabeled ternary complex (bottom spectrum) is composed 
of six resonances of equal intensity because all of the 31P nuclei 
are nonequivalent, and the dissociation of the drug from the 
complex is slow on the NMR time scale. As expected on the basis 
of Patel's studies of this complex,12 two of the resonances are 
shifted dramatically downfield while the remaining four are found 
at approximately the same chemical shifts as those of the oligo
nucleotide in the absence of the drug. The spectra of complexes 
labeled in the d(CpG) units (top and middle spectra) reveal that 
the intensities of the upfield resonances are affected by the isotopic 
labeling, thereby unambiguously establishing that the downfield 
resonances are associated with the d(GpC) units. These assign
ments prove Patel's assumption that the phosphodiester groups 
at the site of intercalation of the drug experience the large 
downfield changes in chemical shift.12 

The previously described methods for assigning the 31P NMR 
resonances of oligonucleotides2'3 are dependent on the ability to 
make 1H NMR assignments. While these spectroscopic methods 
may be more convenient than the isotopic labeling method de
scribed in this communication, it is unlikely that the essential 1H 
NMR assignments will always be possible, especially for longer 
oligonucleotides and oligonucleotides bound to proteins. Thus, 
our more general isotopic labeling method should permit detailed 
study of a number of biochemically important problems. Prep
aration of the required labeled materials can be readily accom
plished by any of a variety of procedures now available for the 
rapid synthesis of oligonucleotides. 

The development of general methodology for 31P NMR chem
ical shift assignments should make 31P NMR a more definitive 
spectroscopic technique for studying oligonucleotide conformation 
and dynamics. In addition, sequence-specific 17O labeling of the 
backbones of oligonucleotides should be useful for 17O NMR 
studies of dynamics.15 
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The preceding communication describes the application of this 
method to polynucleotides.16 
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Although cyclopropabenzene1,2 and both cyclo-
propanaphthalenes3,4 have been synthesized and some of their 
chemical and physical properties investigated, several unsuccessful 
attempts to prepare parent members of the higher cycloproparenes 
have been reported.5"10 We describe here a new approach to the 
cycloproparenes that we have used to synthesize 1/f-cycloprop-
[b]anthracene ( I ) . " 

1 

A salient feature of this method is the synthesis12 of the new 
reagent l-bromo-2-chlorocyclopropene (2) (eq I).13 The 
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cyclopropene can be generated in high yield at -20 0C, transferred 
in vacuo and stored in tetrahydrofuran at -20 0C for several days. 
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