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acidic lipids.ll The latter phenomenon plays important roles in 
regulation of physiological functions such as membrane fusion 
and secretion. 

The interaction of metal ions with the surface ligand of aqueous 
micelles and bilayers has been studied by several groups. Le 
Moigne et aI.l2J3 reported enhanced interactions of some metal 
ions with micellar ligands (crown ether and polyamine) and 
Gratzel et al.'4315 described acceleration of photoreduction of Ag' 
in related micellar and bilayer systems. Fromherz and ArdenI6 
examined pH modulation of energy and electron transfer across 
the bilayer of docosylamine deposited on the electrode surface. 

The characteristics of the present membrane system as a signal 
receptor are summarized as follows. Chemical signals (H', Cu2', 
and interact specifically with the ethylenediamine moiety 
(receptor) at the membrane surface, and these specific signals are 
transduced into nonspecific spectral information via the change 
in the membrane physical state. The signals can be amplified 
during this process, since the molecular extinction coefficient of 
the azobenzene chromophore (23 000) is much larger than, for 
instance, that of the ethylenediamine Cu2+ chelate (ca. 50). 

The signal recognition can be readily improved by the intro- 
duction of other specific ligands a t  the membrane surface and by 
the use of more sensitive spectroscopic methods. Efforts directed 
toward this goal are  under way. 
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High-resolution nitrogen N M R  spectra of biopolymers are 
readily obtained by using solid-state 15N N M R  techniques on 
immobile samples, whether crystalline or slowly reorienting so- 
lutions, where the molecules have been highly enriched biosyn- 
thetically with I5N. Nitrogen N M R  spectroscopy is very attractive 
for biophysical studies because there are relatively few nitrogen 
atoms in biopolymers (compared to carbon or hydrogen) and they 
are often located in interesting sites such as functionally active 
residues of enzymes, the bases of D N A  and RNA,  or the poly- 
peptide backbone of proteins. 

The nuclear properties of the stable isotopes of nitrogen present 
difficulties for high-resolution N M R  spectroscopy. I4N has spin 
S = 1 with a large quadrupole coupling constant in most situations; 
as a consequence the powder patterns in solids and the resonances 
in solution are broad. Recent I4N solid-state N M R  experiments 
on single crystals1 and samples with substantial motional aver- 

show considerable promise for these specialized cases. The 
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other stable isotope of nitrogen is 15N, which has spin S = 
but its natural abundance of only 0.3% results in very low sen- 
sitivity, and its small, negative gyromagnetic ratio makes even 
labeled site studies difficult because of long T,'s and negative 
nuclear Overhauser enhancements. Spin S = nuclei offer great 
opportunities for biological N M R  spectroscopy because the ob- 
servation of resonances from individual sites of biopolymers allows 
measurements that can give structural and dynamical information 
with atomic resolution. Of the four spin S = nuclei found in 
biopolymers ( 'H, 13C, 15N, 31P) only I5N has not been widely used 
in spectroscopic studies. Natural abundance "N spectra of 
biopolymers have single-site resolution only when very concentrated 
large samples are extensively signal averaged in a high-field 
spe~t rometer .~J  

There are several advantages to solid-state I5N N M R  exper- 
iments. The sensitivity due to cross polarization of the I5N 
magnetization from the protons is increased over that from "N 
sampling pulses because of the larger amount of I5N magnetization 
developed per transient and the ability to recycle the experiment 
according to the generally short 'H T,'s rather than the long ISN 
T1k6 The observed nuclear Overhauser enhancement varies with 
reorientation rates in solution and can completely eliminate signals 
in spectra of biopolymers, but is avoided in the cross-polarization 
experiment. Proton decoupling removes the heteronuclear dipolar 
interactions, making the I5N chemical shift properties available 
for Magic-angle sample spinningg averages the 15N 
chemical shift powder patterns to isotropic resonances, with line 
widths (<0.5 ppm) for polycrystalline amino acids similar to those 
observed in I3C N M R  spectroscopy.I0 

Meselson and Stahl" demonstrated that when E. coli are grown 
on a medium with l5NH4CI as the sole nitrogen source, I5N is 
incorporated into the newly synthesized biopolymers. From growth 
of E.  coli with the appropriate genetic makeup,'* whether wild 
type or arranged through mutation, cloning, or viral infection, any 
gene or gene product of procaryotic or eucaryotic origin can be 
obtained uniformly labeled with 15N. Very high enrichment with 
15N is advantageous from an N M R  point of view because of the 
increased sensitivity due to the large number of spins without the 
penalty associated with homonuclear couplings, as seen with 
uniform I3C enrichment, since no nitrogens in biopolymers are 
directly bonded to other nitrogens. Growth on I5N-containing 
media has been used to provide several in vivo  system^^^-'^ and 
isolated biomolecules,1s-20 including D N A  from E.  coli,21-22d for 
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Figure 1. 15N NMR spectra of B-DNA and fd virus. The spectra were 
obtained at a resonance frequency of 15.24 MHz on a home-built dou- 
ble-resonance spectrometer with the spin-lock method of cross polariza- 
tion using mix times as listed with proton decoupling (1.5 mT) during 
data acquisition (50 ms). The samples packed in Andrew-Beams rotors 
were spinning (2.2 kHz) at the magic angle (55O) with respect to the 
applied magnetic field. Chemical shifts are referenced to external 
15NH4N0,. (A) Vertical expansion of B. (B) Complete I5N NMR 
spectrum of fd with 2-ms mix time for 6000 transients. Spinning side- 
bands were suppressed by using the technique described by Di~on. '~  (C) 
Nonprotonated "N NMR spectrum of B-DNA with 4-ms mix time for 
1000 transients. Resonances from proton-bearing nitrogens were sup- 
pressed by using the technique described by Opella and Frey.21 (D) 
Protonated I5N NMR spectrum of B-DNA with 0.05-ms mix time for 
1000 transients. Resonances from non-proton-bearing nitrogens were 
suppressed by virtue of the short mix time. (E) Complete 15N NMR 
spectrum of B-DNA with 4-ms mix time for 4000 transients. (F) Iden- 
tification of I5N resonance line positions in ppm: G7, 21 1.1; A7, 208.5; 
A l ,  200.3; A3, 190.8; C3, 174.1; A9, 147.5; G9, 147.5; G3, 139.6; T3, 
136.1; C1, 128.9; G1, 124.4; TI ,  120.6; C-"2, 75.7; A-"2, 59.3; 
G-"2, 52.7. 

N M R  studies. The samples used here were obtained from E. coli 
infected with the filamentous bacteriophage fd and grown on a 
minimal, chemically defined medium with ISNH4C1 as the sole 
nitrogen source. The duplex D N A  from the cells and the virus 
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from the growth medium were isolated and purified by standard 
 method^;^^.^^ the N M R  samples were prepared by hydrating the 
ethanol-precipitated DNA and by pelleting fd in an ultracentrifuge. 

The complete ISN N M R  spectrum of solid B form D N A  is 
shown in Figure 1E. Figures 1C and 1D demonstrate that 
excellent selectivity between proton-bearing and non-proton- 
bearing nitrogen sites is possible by relying on the relative strengths 
of the IH-ISN dipolar couplings.2s Resolved resonances for 13 
of the 14 nitrogen sites of D N A  are  observed in Figure IC-E 
despite the relatively low resonance frequency (15.24 MHz). The 
D N A  resonances are generally broader (2-6 ppm) than those of 
the corresponding crystalline small molecules because of the 
dispersive effects of sequence and conformational heterogeneity. 
Many of the D N A  resonance frequencies are within 1-2 ppm of 
the values observed for nucleosides or nucleotides in solution. 
Inter- or intrastrand neighbor effects a re  evident in the thymine 
N 1  resonance, which is split into two lines (120-121 ppm) in 
Figure l C ,  and the apparent 4-16 ppm upfield shifts of some 
resonances, including the C 3  and A1 nitrogens, which are hy- 
drogen-bond acceptors.26 

The bacteriophage fd consists almost entirely of 2700 copies 
of the major coat protein (90%) and a single stranded circle of 
D N A  (10%). ISN N M R  spectroscopy offers the possibility of 
simultaneously studying the D N A  and protein components of the 
virus, since there is little overlap among the chemical shifts of the 
constituents of these b iopolymer~.~2~ ' -~~ The lSN N M R  spectrum 
of fd in Figure 1B shows the narrow, high-intensity protein res- 
onances well separated from the broad, low-intensity D N A  res- 
onances. The protein spectrum is dominated by the intense amide 
resonance band (98.5 ppm), with lines from the glutamine side 
chain and the glycines a t  85-90 ppm. The five lysine €-amino 
groups give the resonance a t  12 ppm. Of particular interest are 
the resolved resonances from the single proline residue (Pro-6, 
117 ppm) and the amino terminal alanine residue (Ala-1; 19 ppm) 
of the coat protein, which demonstrate that single atomic site 
resolution is possible with this strategy for ISN N M R  of proteins.m 
The individual Pro-6 and Ala- 1 resonances, as well as the viral 
D N A  resonances, are clearly visible in the expanded spectrum 
of Figure 1A. The single stranded circular D N A  packed inside 
the viral coat has nitrogen resonance bands that differ in shape 
and relative intensities from those of duplex D N A  seen by com- 
parison of Figures 1 parts A and E; these spectral changes in DNA 
resonances can be accounted for with shifts on the order of 1-5 
ppm due to the influence of the coat proteins on the DNA. 

The availability of well-resolved ISN isotropic chemical shift 
spectra of biopolymers offers many possibilities for informative 
NMR experiments. Structural information is available from the 
precise chemical shift frequencies and the I5N-'H dipolar cou- 
p l i n g ~ . ~ ~  Dynamical information is available from the motional 
averaging of ISN chemical shift and ISH-" dipolar powder 
patterns and the relaxation analysis of the isotropic I5N reso- 
n a n c e ~ . ~ ~  Samples highly enriched in I5N are valuable in I3C 
solid-state N M R  spectroscopy in overcoming the deleterious effects 
of I4N dipolar couplings on I3C spectral resolution33 and in 'H 
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solution N M R  spectroscopy in eliminating broadening from 14N 
relaxation effects.34 
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Because of its central role in biology, the structure of DNA 
is of substantial interest and has been the subject of numerous 
investigations. X-ray diffraction studies of oriented polymer 
fibers's2 and crystals of oligonucleotides3 have described the 
conformations of DNA in considerable detail based on the positions 
of the C,  N ,  0, and P atoms. In spite of the importance of 
interstrand hydrogen bonds to the structure and biological roles 
of DNA, little is known about the locations of the hydrogens 
between the base pairs because of the limitations of X-ray dif- 
fraction. Both X-ray4 and neutron5 diffraction have been used 
to measure N-H bond lengths of hydrogen-bond donors; however, 
the results are from crystals of methylated bases participating in 
Hoogsteen rather than Watson-Crick base pairs. 

N M R  spectroscopy is well suited for structure determinations, 
especially in locating the positions of protons, through the spatial 
dependence of internuclear dipole-dipole couplings.6 The large 
number of dipolar interactions in complex chemical systems result 
in severe spectral overlap among sites and couplings. Separated 
local field spectroscopy uses chemical shift positions to distinguish 
among individual sites and selective averaging techniques to 
measure the heteronuclear dipolar couplings a t  those sites.' The 
dipolar interactions between carbons and protons have been 
characterized with this approach in single crystals,* oriented fibers: 
and powder samples.lO~ll 

Uniformly I5N labeled D N A  gives solid-state N M R  spectra 
with resolved resonancis for nearly all nitrogen sites;I2 in particular, 
both the hydrogen-bond donor and acceptor nitrogens of the 
adeninethymine (AT) and guanine-cytosine (GC) base pairs can 
be distinguished. By determination of the size of the I5N-'H 
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Figure 1. Schematic outline of the pulse sequence used for magic-angle 
sample spinning separated local field spectroscopy. IH represents the 
procedure applied at the proton resonance frequency: P, are pulses of 
rotation angle P with relative phases x = 0' or -x = 180'; CW, is 
continuous irradiation on resonance of phase y = 90° relative to x; CWo, 
is continuous irradiation off-resonance for magic-angle decoupling as 
described by Lee and G01dburg.I~ I5N represents the procedures applied 
at the nitrogen resonance frequency: the continuous on-resonance mixing 
irradiation (CW) and the 180' pulse have the same phase. The free- 
induction decays are actual experimental data from a molecule with a 
single nitrogen drawn to scale, except for the length of interval t2.  T~,,, 

is the time for one sample rotation and N is an integer. t l  and t2 are the 
two sampling intervals. 

dipolar couplings of these sites and hence the bond lengths, the 
hydrogen bonds can be fully characterized as long as they are 
assumed to be linear. Because magic-angle sample spinning is 
used to average the chemical shift to its isotropic value in the 
unoriented polymer samples, the I5N-'H dipolar spectra are in 
the form of Pake powder patterns modulated by the spinning 
frequency and are observed as dipolar sidebands." 

The experimental procedure for separate local field spectroscopy 
with magic-angle sample spinning is outlined in Figure 1. Initial 
'H magnetization is developed in the static magnetic field and 
then spin locked on resonance with a 90' pulse followed by 
continuous irradiation shifted in phase by 90'. The 15N 
magnetization is prepared by simultaneously applying a mixing 
pulse under Hartmann-Hahn matching  condition^.'^ The initial 
15N magnetization is allowed to precess for the time interval t l ,  
which is systematically incremented in the course of the exper- 
iments. During the t l  interval, spin diffusion among the protons 
is suppressed by decoupling the 'H-IH dipolar interactions with 
a radiofrequency field applied off-resonance, such that the effective 
field in the rotating frame points along a direction inclined at  the 
magic angle with respect to the static magnetic field.14 This 
magic-angle decoupling scales the 15N-'H dipolar coupling by 
3-'12. The dipolar precession is monitored during time interval 
t 2 ,  when fully IH decoupled I5N isotropic chemical shift free-in- 
duction decays are recorded. Additional IH pulses are inserted 
in the sequence to preserve coherence of the 'H magnetization 
in the rotating frame and to flip back any 'H magnetization not 
transferred to the 15N spins or lost to T1, processes to the labo- 
ratory frame for optimal sensitivity of the experiment. The I5N 
180' pulse refocuses the chemical shift precession, so that pure 
I5N-lH dipolar spectra are obtained. The entire procedure is 
synchronized with the sample rotation, such that the I5N 180' 
pulse and the start of interval t2  are integral multiples of the sample 
rotation period. 

The spectra in Figure 2 are obtained by Fourier transformation 
of free-induction decays associated with time intervals t ,  (dipolar 
couplings in kHz) and t2  (chemical shift in ppm). The isotropic 
chemical shift spectra are of hydrated B form DNAI5 (Figure 2A) 
and low-humidity DNA16 (Figure 2B). The contour plots in 
Figure 2C represent the intensities of the dipolar sidebands aligned 
with the chemical shift positions of Figure 2B. The qualitative 
correlation of chemical shift with the magnitude of the dipolar 
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