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a role in cell transformation by the oxidative activation of xe-
nobiotics to carcinogenic derivatives. This may contribute to the 
association of dietary fat and carcinogenesis.22 
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Since the paper of Morris and Freeman1 first describing a 
polarization-transfer sequence between two / coupled spins / and 
S (INEPT sequence), several communications have appeared 
applying this method for NMR measurements of 13C,2315N,2b and 
14N,2c (S, 1H; /, observed nucleus). The gain in signal over noise 
obtained using the INEPT sequence can reach, under optimal 

(1) G. A. Morris and R. Freeman, J. Am. Chem. Soc, 101, 760-762 
(1979). 

(2) (a) Reference 1; D. M. Doddrell, H. Bergen, D. Thomas, D. T. Pegg, 
and M. R. Bendall, / . Magn. Reson., 40, 591-594 (1980). (b) G. A. Morris, 
J. Am. Chem. Soc, 102, 428-429 (1980). (c) D. M. Doddrell, D. T. Pegg, 
M. R. Bendall, W. M. Brooks, and D. M. Thomas, J. Magn. Reson., 41, 
492-495 (1980). 

Figure 1. 109Ag spectrum of a 4M solution of AgNO3 in H2O (1 scan, 
90° pulse). Top, with solvent proton irradiation; bottom, normal ac
quisition. 

experimental conditions, a factor equal to yS/yl for an AX spin 
system. This enhancement is particularly welcome for NMR 
observations of isotopes with small y values. We now report results 
which show the possibilities offered by the INEPT sequence for 
direct observation of 109Ag and 103Rh in complexes where these 
nuclei have a 1H resolved scalar coupling [3Z(M1

1H)].3 

From a practical point of view NMR experiments on transi
tion-metal nuclei with small y values suffer from several draw
backs. Firstly, these nuclei often possess a negative y which implies 
a negative t\ (nuclear Overhauser enhancement) when measuring 
the sample using broadband proton decoupling irradiation; in 
general the metal center is not directly bonded to hydrogen and 
the effect of a remote 1H environment will reduce the theoretical 
enhancement of the metal resonance to a few percent. As the 
maximum theoretical r\ value can be quite large (r\ = -10.7 for 
109Ag), this small operative mechanism often leads to observed 
7? values of ca. -1 and gives a zero nuclear Overhauser effect (the 
"null signal" problem). Such a phenomenon has been found 
during measurements of transition-metal salts in protio solvents,4 

and Figure 1 clearly shows this effect on the 109Ag resonance of 
an AgNO3 solution (4 M in 90:10 (v/v) H20/D20) when observed 
with and without broadband 1H decoupling. Secondly, 1H de
coupling inescapably produces a slight increase of the sample 
temperature. Because of the large i^bjK for many transition-metal 
nuclei,5 the comparison of chemical-shift data can be unreliable. 
Finally, since low-7 spin '/2 nuclei sometimes have very large T1 
values (900-1000 s for 109Ag in aqueous solutions of AgNO3

6) 
very long relaxation delays and small pulse angles are required. 

During the course of a detailed NMR study of complexes of 
the type [AgI

2[M-(i?,5)-l,2-[(6-R-2-C5H3N)C(H)=N]2cyclo-
hexane]2](03SCF3)2 (I, R = H)7 and [(Rh'(CO)2)(M-(.R,S> 
l,2-[(2-C4H3N)C(H)=N]2cyclohexane)] (II) we considered the 
use of 109Ag and 103Rh NMR spectroscopy to gain more insight 
into the electronic environment and the structural and dynamic 
behavior of these complexes in solution. Fortunately they all show 

Rh / \ X 

(3) The y values for 109Ag, 103Rh (/spins), and 1H (S spin) are -1.2449, 
-0.8420 and 26.7510 X 107 rad T 1 s"\ respectively. INEPT sensitivity gain 
is then equal to 21.48 for 109Ag and 31.77 for 105Rh with a corresponding 
theoretical drop in accumulation time by a factor of 461 for 109Ag and 1000 
for 103Rh. 

(4) (a) G. C. Levy, P. L. Rinaldi, J. T. Bailey, J. Magn. Reson., 40, 
167-173 (1980). (b) C. Brevard, unpublished results. 

(5) (a) "NMR and the Periodic Table", R. K. Harris and B. E. Mann, 
Eds., Academic Press, New York, 1978, pp 194-278. (b) R. G. Kidd, Amu. 
Rep. NMR Spectrosc, 10, 1-79 (1980). 

(6) J. Kronenbitter, V. Scheizer, and A. Schwenk, Z. Naturforsch. A, 35A, 
319-328 (1980). 

(7) G. C. van Stein, H. van der Poel, G. van Koten, A. L. Spek, A. J. M. 
Duisenberg, and P. S. Pregosin, J. Chem. Soc, Chem. Commun. 1016-1018 
(1980). 
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Figure 2. 109Ag NMR spectrum of compound I (R = H) in CD3OD. Left, direct observation, 15-mm probe; right, INEPT sequence, 10-mm probe, 
same solution (upper, 1H coupled; lower, 1H decoupled). 
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Figure 3. Comparison of normal (B) and INEPT (A) 103Rh spectrum of a 0.1 M solution of complex II in CD2Cl2 

at room temperature in their 1H NMR spectra a scalar coupling, 
3/(M,H-imine), in the range 2-10 Hz.8 Despite these small J 
values it was tempting to try direct 109Ag and 103Rh NMR ex
periments by using the INEPT sequence.9 The successful outcome 
of this work is illustrated by Figures 2 and 3. Although the 
spectra speak for themselves, it is worth making the following 
comments. Firstly since the pulsing rate in the INEPT sequence 
is no longer governed by the metal T1, but rather by the proton 

(8) For the anisochronous imine protons in / the 3Z(1071109Ag-1H-ImJnC) 
is 9.3 Hz (5 8.87) and 6.3 Hz (8 8.69). For II the ^(""Rh-'H-imine) is 2.0 
Hz (S 8.00). 

(9) All the spectra have been run on a Bruker WM 250 spectrometer. 
Using a [90H/-r—180Hj

0;180M^0—r—90Ho ,°;90M^,-, r/ acquire] or 
[ 9 0 H / - T - 1 80H,/;1 8 0 M / — r - 9 0 H / ; 9 0 M , w , _ / - A - ( B B ) a c q u i r e ] se
quence, with T = (4/)-1, A = (4J)'1; 10 mm sample tubes; 90H°, 35 ^s; 90Ag°, 
50 /is; 90RI,°, 70 i±s; a positive 5 corresponds to a higher resonance frequency 
("deshielding") with respect to the reference frequency. 

T1, the intrinsic experimental time saving, deriving from the 
absence of long relaxation delays, is appreciable and ranges from 
a factor 400 for 109Ag to 900 for 103Rh. Secondly, the up-down 
appearance of the 1H coupled INEPT spectra allows for quite 
accurate determination of long-range / values: this is particularly 
useful when the natural line width is increased as encountered 
with the 109Ag resonance of I that is broadened due to 14N 
quadrupolar relaxation. A further advantage when accumulating 
1H decoupled INEPT spectra is that the duty cycle for the 1H 
decoupler involves only a low on-off switching rate, and this avoids 
both a significant temperature gradient in the sample (compare 
in Figure 3 the slight chemical-shift difference between the 1H-
coupled and 'H-decoupled spectra run in the normal mode) and 
any signal reduction through potential negative nuclear Overhauser 
enhancement. 

The chemical-shift value obtained for the binuclear silver(I) 
complex I (+580 ppm relative to 2 M aqueous AgNO3) compares 
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well with published data for AgNO3 in chelating solvent mix
tures.10 However, the 8103Rh value for II (+46 ppm relative to 
the accepted H = 3.16-MHz reference) is one of the highest ever 
reported for a Rh(I) complex,11 a situation resulting from nitrogen 
coordination at the rhodium center.12 

Finally, since polarization-transfer experiments are very easy 
to set up (no triple irradiation attachment needed as for 1H-(Mj 
INDOR nor precise determination of proton-transition frequencies 
as in SPI/SPT experiments) we anticipate a widespread use of 
this technique in metal NMR spectroscopy, since many organo-
metallic complexes show long-range metal proton scalar cou
plings.13 

A full paper on the chemistry, NMR parameters, and dynamic 
behavior of these silver(I) and rhodium(I) complexes will be 
published shortly. 

Acknowledgment. We thank Dr. D. M. Grove and Professor 
Dr. K. Vrieze for helpful discussions. 

(10) A. K. Rahimi and A. I. Popov, J. Magn. Reson., 36, 351-359 (1979). 
(11) Reference 5a, p 245. 
(12) Reference 5b, p 38. 
(13) Reference 5a, p 248. 
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Nitrogen-15 NMR resonances have been observed for un-
fractionated yeast tRNA at natural abundance in solution2 and 
15N-enriched B. licheniformis cells.3 However, no one previously 
has reported observation of the 15N spectrum of DNA. This 
communication describes our initial studies of the 15N NMR 
spectral properties of sonicated native DNA obtained from 15N-
enriched E. coli. 

Lack of any previous 15N NMR experiments with DNA can 
be attributed to the low sensitivity of natural abundance 15N NMR 
spectroscopy,4 which would be aggravated by the extremely broad 
resonances one might anticipate from a molecule the size of DNA. 
Our recent 31P and 13C NMR relaxation studies of nucleic acids 
showed that the nucleic acid backbone is relatively mobile.5"8 

Internal motions in nucleic acids lead to line narrowing with 
consequent improvement in spectral sensitivity and resolution. In 
fact Rill et al.9 have recently obtained a high-field, natural 
abundance 13C NMR spectrum of DNA in which nearly all peaks 
are resolved. This background led us to believe the 15N NMR 
spectrum of DNA could be obtained if the DNA was enriched 
in 15N. 

Consequently, we isolated DNA from E. coli cells grown on 
a medium containing [15N]ammonium chloride enriched 90-95% 

(1) Recipient of Research Career Development Award AM 00291 from 
NIH. On sabbatical leave from the Department of Pharmaceutical Chemistry, 
University of California, San Francisco, CA 94143. Address correspondence 
to this address. 

(2) Gust, D.; Moon, R. B.; Roberts, J. D. Proc. Natl. Acad. Sci. U.S.A. 
1975, 72, 4696-4700. 

(3) Lapidot, A.; Irving, C. S. Proc. Natl. Acad. Sci. U.S.A. 1977, 74, 
1988-1992. 

(4) Levy, G. C; Lichter, R. L. "Nitrogen-15 Nuclear Magnetic Resonance 
Spectroscopy"; Wiley: New York, 1979. 

(5) Bolton, P. H., James, T. L. / . Phys. Chem. 1979, 83, 3359-3366. 
(6) Bolton, P. H.; James, T. L. / . Am. Chem. Soc. 1980, 102, 25-31. 
(7) Bolton, P. H.; James, T. L. Biochemistry 1980, 19, 1388-1392. 
(8) James, T. L. Bull. Magn. Reson., in press. 
(9) Rill, R. L.; Hilliard, P. R., Jr.; Bailey, J. T.; Levy, G. C. J. Am. Chem. 

Soc. 1980, 102, 418-420. 
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Figure 1. (A) 15N NMR spectrum (30.4 MHz) obtained at 35 ± 2 0 C 
of 15N-labeled DNA (55 mg/mL) in 50 rnM sodium cacodylate, pH 7.5, 
and 50 mM NaCl;1216412 transients were accumulated with 70° pulses 
by using an acquisition time of 1.16 s, a pulse recycle time of 4.16 s, and 
broadband proton decoupling on only during signal acquisition. The 
Fourier transform spectrum displayed was the result of exponential 
multiplication equivalent to 4-Hz line broadening. (B) 30.4-MHz 
spectrum obtained at 45 ± 2 0C of DNA (45 mg/mL) in 50 mM sodium 
cacodylate, pH 7.5, and 50 mM NaCl;12 170 304 transients were accu
mulated with 90" pulses using an acquisition time of 0.073 s, a pulse 
recycle time of 0.3 s, and broadband proton decoupling on during ac
quisition. Exponential multiplication equivalent to 8 Hz was used. 
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Figure 2. Theoretical dependence of the 15Nj1H) NOE for 15N at 30.4 
MHz assuming only dipolar relaxation, calculated by using a two-state 
internal jump model appropriate for rotational jumps about the C l ' -N 
bond, as a function of T, the lifetime in either jump state. The calcula
tions are made for a series of angular jump amplitudes 9 and assume an 
isotropic reorientation time of 1 /its. 

in 1 5N.1 0 The isolated D N A is therefore enriched with 15N in 
all positions. The high-purity sample11 used for the N M R studies 
was sonicated, yielding a double-stranded D N A sample with a 
median length of 300 base pairs.12 

(10) DNA was isolated by using a modification of published methods 
(Marmur, J. / . MoI. Biol. 1961, 3, 208-218. Berns, K. I.; Thomas, C. A., 
Jr. Ibid. 1965, 11, 476-490). Twenty grams (wet weight) of E. coli grown 
on [15N]ammonium chloride were suspended in 100 volumes of (w/v) 0.15 
M saline, 0.1 M ethylenediaminetetraacetic acid (EDTA) at pH 8.0, and 
digested with 250 Mg of lysozyme for 20 min. To this, 5% (v/v) of 20% SDS 
solution was added and swirled for 15 min. Pronase (CalBiochem B grade) 
was added to a final concentration of 1 mg/mL in 3 increments—0.5 mg/mL 
was initially added with incubation for 3-3.5 h at 45 0C. Two additional 
increments of 0.25 mg/mL were added at 2-2.5-h intervals for a total incu
bation time of 7-8 h. The solution, cooled to room temperature, was extracted 
with equal volumes of saline-EDTA saturated phenol. Phenol was extracted 
with diethyl ether. Only fresh white reagent grade phenol was used. DNA 
was precipitated with 1 volume of iced 2-propranol, spooled onto glass rods, 
and dissolved in a minimum volume of 0.1X saline-citrate buffer (0.15 M 
saline, 0.015 M citrate, pH 7.0). RNase A (50 mg/mL) and RNase T1 (100 
units/mL) were added and the solution was incubated at 37 0C for 1 h. 
Pronase (1 mg/mL) digestion at 45 0C for 2 h was followed with phenol 
extraction and 2-propanol precipitation. The RNase and pronase steps were 
repeated, and the solution was doubly extracted with phenol. Any phenol in 
the DNA solution was extracted with ether, and the DNA was dialyzed 
against 200 volumes of 0.1 M NaCl and 20 mM cacodylate, pH 8. Any 
polysaccharides (opalescent material) were removed by ultracentrifugation 
at 100000 g for 1 h. 

(11) Diphenylamine and orcinal tests (Schneider, W. C. Methods Enzy-
mol. 1957, 3, 680-683) indicated that RNA contamination was less than 5%. 
UV analysis revealed a A1^jAlm value of 1.9 and a A^f/alAjto value of 2.4, 
indicating little protein or polysaccharide contamination. 

©1981 American Chemical Society 


