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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. 
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(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% 
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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. 
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The 30.4-MHz 15N NMR spectrum of DNA, obtained with 
gated broadband proton decoupling during acquisition only, is 
shown in Figure 1. The spectra were obtained on a Bruker 
WH-300 spectrometer at Hebrew University, Jerusalem. Spec
trum A was acquired with a relatively slow pulse repetition rate 
and gated decoupling to minimize any contributions from the 
protons to a nuclear Overhauser effect (NOE) for the 15N reso
nances. As illustrated in Figure 2, and discussed in more detail 
below, the negative gyromagnetic ratio of 15N can lead to negative 
signals from the negative NOE or positive signals (although di
minished intensity) from a positive NOE, depending on the 
motional characteristics of the biopolymer. An NOE of zero 
means the signal will vanish. 

Most resonances in the spectrum are resolved. Assignment of 
the resonances to the various nitrogens of guanine (G), adenine 
(A), thymine (T), and cytosine (C) bases in DNA are shown in 
Figure 1. Assignments were made by comparison with published 
15N NMR data of mononucleotides and mononucleosides.13"15 

Chemical shifts found for double-stranded DNA are very close 
to values published for the monomers, with the nitrogens involved 
in Watson-Crick base pair formation exhibiting the greatest 
deviation from the monomers' chemical shifts. The chemical shifts 
observed in double-stranded DNA are guanine Nl (121.8), N3 
(142.0), N7 (212), N9 (144.6), NH2 (49.5); adenine Nl (198.3), 
N3 (188.2), N7 (207.5), N9 (144.6), NH2 (54.8); cytosine Nl 
(134.7); N3 (170.9), NH2 (71.9); and thymine Nl (124.3), N3 
(124.7). The chemical shifts (in parentheses) are in ppm downfield 
of external 2 M 15NH4Cl in 2 M HCl. 

The N3 resonance of cytidine has been shown to shift upfield 
a few ppm in dimethyl sulfoxide solution when the nucleoside is 
in the presence of guanosine.16 This was ascribed to the N3 
nitrogen being a proton acceptor in a hydrogen bond formed with 
a cytidine-guanosine dimer. The cytosine N3 resonance is shifted 
upfield about 10 ppm, relative to the monomer, in double-stranded 
DNA which is in accord with the N3 being a proton acceptor in 
a hydrogen bond. The only other nitrogen to perform as a hy
drogen bond proton acceptor in Watson-Crick base pairs is the 
Nl of adenine. Consistent with this notion, we tentatively attribute 
a resonance 4-7 ppm upfield from its position in the monomer 
to the adenine Nl in DNA. As explained below, the 15N reso
nances from hydrogen bond proton donors shift about 1 ppm 
downfield. 

Several signals in the spectrum give evidence of chemical shift 
heterogeneity with reproducible multiple resonances being observed 
in some cases. The polydispersity in helix length may be considered 

(12) DNA (1 mg/mL) in 0.15 M NaCl, 10 mM cacodylate, pH 7.5, was 
bubbled with nitrogen and sonicated at 20 KHz with an Ultrasonics W-375 
sonicator by using a 10-mm probe. Thirty milliliter aliquots, layered with a 
constant stream of nitrogen and in a methanol-ice bath maintained at <-5 
0C, were sonicated for 45 min at an 80% duty cycle with a 5.5 output. The 
sonicated DNA was treated with Sl nuclease to digest any single-stranded 
DNA (Wiegand, R. C; Godson, G. N.; Radding, C. M. J. Biol. Chem. 1975, 
250, 8848-8855), dialyzed, extracted twice with fresh phenol, precipitated with 
2-propanol, and redissolved. The sample was dialyzed against 200 volumes 
(v/v) each of (a) 100 mM NaCl, 20 mM cacodylate, 2 mM EDTA, (b) 1 mM 
NaCl, 1 mM cacodylate, 2 mM EDTA, (c) 1 mM NaCl, 1 mM cacodylate, 
4 mM EGTA, and (d) 1 mM NaCl, 1 mM cacodylate. The sample was then 
lyophilized and redissolved in doubly glass-distilled water in a 7-mm cellulose 
nitrate tube which was inserted into a 10-mm NMR tube containing deu
terium oxide to provide a deuterium lock. Hyperchromic shift analysis before 
and following sonication, as well as before and after Sl nuclease digestion, 
revealed the DNA preparations to have a hyperchromic shift at 260 nm equal 
to that of the best commercial preparations. Gel electrophoresis on 4% 
polyacrylamide gel using molecular weight markers derived from Hinf I 
restriction endonuclease digests of PBR322 phage DNA indicated that 80% 
of the DNA in the sample had 300 ± 150 base pairs. The samples (1.5 mL) 
in the NMR tube contained 55 mg/mL of DNA (for spectrum A) or 45 
mg/mL (for spectrum B), 50 mM NaCl, and 50 mM sodium cacodylate, pH 
7.5. 

(13) Markowski, V.; Sullivan, G. R.; Roberts, J. D. J. Am. Chem. Soc. 
1977, 99, 714-718. 

(14) Hawkes, G. E.; Randall, E. W. / . Chem. Soc, Perkin Trans. 2 1977, 
1268-1275. 

(15) Buchner, P.; Maurer, W.; Riiterjans, H. / . Magn. Reson. 1978, 29, 
45-63. 

(16) Dyllick-Brenzinger, C; Sullivan, G. R.; Pang, P. P.; Roberts, J. D. 
Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 5580-5582. 

as a potential source of chemical shift heterogeneity. However, 
the sample had been extensively dialyzed to remove small mo
lecular weight species. Furthermore, the chemical shift of largest 
amplitude in any resonance band (hydrogen bond proton acceptors 
excepted) agrees well with the value of the monomer. The 
treatment with Sl nuclease should also remove any single-stranded 
moieties, leaving only double-stranded DNA. The influence of 
any paramagnetic ions should also be minimal due to dialysis 
against EDTA and EGTA. The possibility of DNA aggregation 
at such high concentrations as a cause should also be considered. 
The observed line widths provide evidence against extensive ag
gregation, and the above arguments against size polydispersity 
also apply to aggregation. A spectrum (not shown) obtained with 
a solution containing 25% less DNA displayed the same chemical 
shift dispersion. Since 15N chemical shifts are quite sensitive to 
the electronic environment of the nigrogen,4 we conclude that the 
observed chemical shift heterogeneity is due to a variety of different 
chemical environments experienced by the nitrogens in DNA. 

The chemical shift heterogeneity is exhibited to a variable extent 
by different resonances, both by those which are and which are 
not involved in base-pair hydrogen bonding. Especially interesting 
is the appearance of a peak at 117.4 ppm which is of comparable 
amplitude and width to the others in the spectrum. That resonance 
frequency is not appropriate for amide or amine nitrogen reso
nances. The sample preparation and analysis also militate against 
attributing it to an impurity. At present, we ascribe this peak 
to a component of the DNA, possibly to some thymine Nl which 
is in a different sugar ring conformation. In this regard, we note 
that X-ray diffraction studies reveal several sugar conformations 
in a DNA dodecamer.17 There are other interesting multiple 
resonances, all reproducible, about whose origin we have no details 
at present. 

Spectrum B in Figure 1 was obtained with a sample containing 
some thermally denatured DNA; enzymatic, chemical and 
spectroscopic analysis indicated 15-20% was single-stranded DNA. 
Spectrum B exhibits five relatively narrow negative peaks which 
occur 1-1.5 ppm upfield of the resonance positions of protonated 
nitrogens (all NH2, Gl, T3) in double-stranded DNA. Although 
full expression of the NOE is not expected to be manifest with 
the timing of the gated decoupling used to obtain spectrum B, 
the rapid pulse rate and high duty cycle of the proton decoupling 
will still enable us to distinguish positive from negative signals. 
Theoretical NOE curves (Figure 2) were calculated for several 
rotational jump angles d by using an isotropic reorientation time 
T0 of 1 us which we found to be appropriate for DNA from 31P, 
'3C, and 19F relaxation experiments.5"8,18 The NOE curves, 
appropriate for protonated nitrogens assuming only dipolar re
laxation from bonded protons, are plotted as a function of r,, where 
1/TJ is the jump rate between two internal jump states. In fact 
the curves are not strongly dependent on the exact value of T0 if 
T0 » T1 or on the jump amplitude 6 if T1 > 2 ns. 

Negative peaks in spectrum B of Figure 1 are attributed to 
protonated nitrogens on single-stranded DNA which, according 
to Figure 2, have T1 < 5 ns (and probably T0 < 1 /xs).6 The adjacent 
positive peaks downfield are attributed to protonated nitrogens 
on double-stranded DNA which have T1 > 5 ns, according to 
Figure 2. Hydrogen bonding in native DNA apparently results 
in the 1-1.5-ppm downfield shift. 

The observed negative peaks reveal the importance of proton 
dipolar relaxation for the protonated nitrogens. Lack of additional 
negative peaks in spectrum B indicates that nonprotonated ni
trogens in single-stranded DNA do not have a negative NOE and, 
consequently, another relaxation mechanism may dominate. On 
the basis of comparative N-H distances, dipolar relaxation is 
expected to be 50-100 times less efficient for nonprotonated 
nitrogens than for protonated nitrogens in DNA. Schweitzer and 
Spiess19 showed that the chemical shift anisotropy (CSA) for 15N 

(17) Drew, H. R.; Wing, R. M.; Takano, T.; Broka, C; Tanaka, S.; Ita-
kura, K.; Dickerson, R. E. Proc. Natl. Acad. Sci. U.S.A. 1981, 78, 2179-2183. 

(18) Bolton, P. H.; Mirau, P. A.; Shafer, R. H.; James, T. L. Biopolymers 
1981, 20, 435-449. 

(19) Schweitzer, D.; Spiess, H. W. J. Magn. Reson. 1974, 15, 529-539. 
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is three times larger than that of 13C with a chemical shift an-
isotropy Aa = 673 ppm and an asymmetry parameter T) = -0.47 
ppm for 15N in pyridine. Since the CSA contribution to relaxation 
increases with the square of the magnetic field strength, it may 
dominate relaxation for nonprotonated nitrogens in the 7.05 T field 
used to obtain the spectra of Figure 1. Using the above values 
for the CSA parameters and assuming a single isotropic correlation 
time Teff, CSA contributions to the line width of 17 and 150 Hz 
may be estimated for refT = 10 and 100 ns, respectively. Although 
chemical shift heterogeneity obfuscates line width measurements, 
it is evident in Figure 1 that line widths for the protonated and 
nonprotonated nitrogen resonances are similar. Although sig
nal-to-noise ratio was poor, the 15N spectrum of DNA at 9.115 
MHz (not shown) was also observed. Line widths for protonated 
nitrogen resonances were comparable at both field strengths, but 
nonprotonated nitrogen resonances were roughly three times 
narrower at the low field strength. Chemical shift heterogeneity 
may be a factor, but different CSA contributions to line width 
undoubtedly occur at the two field strengths. The differential 
behavior of protonated and nonprotonated nitrogen resonances 
at the two field strengths was consistent with the peak assignments 
in Figure 1. 
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Lysine 2,3-aminomutase catalyzes the reversible interconversion 
of L-a-lysine (la) and L-/3-lysine (2).1 The air-sensitive enzyme 
purified to near homogeneity from Clostridium SB4 (C. sub-
terminale strain SB4, ATCC 29748) has an equilibrium constant 
K = (L-/3-Lys)/(L-a-Lys) = 6.7 at 37 0C and shows stimulation 
by 5-adenosylmethionine, ferrous ion, and pyridoxal phosphate.2 

However, in contrast to most1,3~8 other known aminomutases, the 
enzyme neither contains nor is stimulated by coenzyme Bi2. The 
interconversion of L-a-lysine and L-/3-lysine takes place without 
exchange of nitrogen or hydrogens with the medium2,9 and thus, 
presumably, proceeds with intramolecular (or intermolecular) 

(1) For a review, see: Stadtman, T. C. Adv. Enzymol. 1970, 38, 413-448. 
(2) Chirpich, T. P.; Zappia, V.; Costilow, R. N.; Barker, H. A. J. Biol. 

Chem. 1970, 245, 1778-1789. 
(3) Poston, J. M. J. Biol. Chem. 1980, 255, 10067-10072. 
(4) Overton et al. recently reported5 that L-leucine 2,3-aminomutase in 

tissue cultures of Andrographis paniculata did not show a coenzyme B[2 
dependence. This result contrasts with the results of Poston,3 who has iden
tified a coenzyme-B12-dependent leucine 2,3-aminomutase in a wide variety 
of species. 

(5) Freer, I.; Pedrocchi-Fantoni, G.; Picken, D. J.; Overton, K. H. J. Chem. 
Soc, Chem. Commun. 1981, 80-82. 

(6) Tyrosine a,0-mutase has no requirement for coenzyme B12 but also has 
no requirement for pyridoxal phosphate.7 The reaction proceeds with ex
change of one C-3 hydrogen (3-pro-5) of L-tyrosine and both C-2 hydrogens 
of /3-tyrosine with the medium. Also the amino group undergoes exchange 
with ammonium ions in the medium. The reaction thus differs in a funda
mental way from lysine 2,3-aminomutase.8 

(7) Kurylo-Borowska, Z.; Abramsky, T. Biochim. Biophys. Acta 1972, 264, 
1-10. 

(8) Parry, R. J.; Kurylo-Borowska, Z. J. Am. Chem. Soc. 1980, 102, 
836-837. 

(9) Crude cell-free extracts of Clostridia contain an a-lysine racemase 
which presumably exchanges the a-hydrogens of a-lysine. However, the pure 
enzyme has no racemase activity. 
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Figure 1. 90-MHz 1H NMR spectra of 3a and 3e: 
(CDCl3 solutions). 

(A) 3a; (B) 3e 

hydrogen and amino group transfer.10,11 

Although the absolute configurations of the substrates of lysine 
2,3-aminomutase have long been known, the mechanism of the 
reaction is still obscure. In an effort to shed some light on this 
problem, we investigated the cryptic stereochemistry12,13 of the 
process and now report evidence which establishes that, in 
Clostridium SB4, the hydrogen and amino group transfers take 
place with inversion of configuration at both migration termini.14 

In preliminary experiments, we found that upon incubation of 
L-lysine-14C with a cell-free extract of C. SB4 grown on a Iy-
sine-rich medium,15 a reasonably high recovery (ca. 25%) of 
/3-lysine could be obtained after conversion of the crude reaction 
product into the dk/V-phthaloyl ethyl ester derivative (3a) by 
heating with phthalic anhydride followed by treatment with 
diazoethane.16,17 It was therefore unnecessary to purify the 
enzyme, and all of our studies were conducted with this cell-free 
extract. Our ability to isolate ,3-lysine as the pure derivative 3 
in milligram quantities was of extreme importance to our sub
sequent work. The 1H NMR spectrum of this compound (Figure 
IA) showed an excellent resolution of the signals for the C-2 and 
C-3 protons.18 

(10) Experiments designed to directly examine the question of intra- vs. 
intermolecular transfer of hydrogen and/or amino group in this reaction are 
in progress and will be reported elsewhere. For an experiment showing 
intramolecular transfer of the amino group in lysine 2,3-aminomutase in a 
Streptomyces, see the accompanying paper by Gould and Thiruvengadam." 

(11) Gould, S. J.; Thiruvengadam, T. K. J. Am. Chem. Soc, following 
paper in this issue. 

(12) Cryptic stereochemistry refers to the stereochemical course of a re
action which cannot be deduced simply by examining the absolute configu
rations of starting material and product." Such sterochemistry can only be 
elucidated by an isotopic labeling experiment. 

(13) Hanson, K. R.; Rose, I. A. Ace. Chem. Res. 1975, 8, 1-10. 
(14) L-/3-Lysine is also produced by certain Streptomyces, where it accu

mulates as a component of a wide variety of antibiotics: (a) Sawada, Y.; 
Nakashima, S.; Taniyama, H. Chem. Pharm. Bull. 1977, 25, 3210-3217. (b) 
Gould, S. J.; Martinkus, K. J.; Tann, C-H. J. Am. Chem. Soc. 1981, 103, 
2871-2872. (c) McGahren, W. J.; Hardy, B. A.; Morton, G. O.; Lovell, F. 
M.; Perkinson, N. A.; Hargreaves, R. T.; Borders, D. B.; Ellestad, G. A. J. 
Org. Chem. 1981, 46, 792-799. 

(15) Clostridium SB4 (ATCC 29748) was grown on the medium of Barker 
et al: (a) Costilow, R. N.; Rochovansky, O. M.; Barker, H. A. J. Biol. Chem. 
1966, 241, 1573-1580. (b) Chirpich, T. P.; Herbst, M. M.; Edmunds, H. N.; 
Baltimore, B. G.; Costilow, R. N.; Barker, H. A. Prep. Biochem. 1973, 3, 
47-52. 

(16) Redemann, C. E.; Rice, F. O.; Roberts, R.; Ward, H. P. "Organic 
Syntheses"; Wiley: New York, 1955; Collect. Vol. Ill, pp 245-247. 

(17) Satisfactory analytical data have been obtained for all new compounds 
reported in this paper. 
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