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Two of the fundamental challenges in biological solid- ments, sensitivity and resolution are a primary concern. Con-
sequently, there is great interest in taking these experimentsstate NMR are the needs for sensitivity and resolution.

Here we scrutinize the cross-polarization conditions for to high field. When spectral linewidths cannot be further
a hydrated and uniformly aligned lipid bilayer preparation
of a polypeptide. Mixing times on the millisecond time
scale used in cross-polarization lead to uniform spin tem-
perature and relatively uniform sensitivity enhancements
for a variety of chemical sites. However, long mixing
times result in less than maximal sensitivity for some
sites and the loss of selectivity which can lead to a loss
of spectral resolution. Dipolar oscillations as a function
of mixing time are observed in the samples studied here.
These oscillations lead to improvements in sensitivity and
spectral resolution as well as a measure of the dipolar
interaction magnitude, the 1H spin diffusion rates, and
an upper limit on hydrogen exchange rates. The field-
dependent T H

1r relaxation rates are also measured.
Ernst and co-workers (1 ) observed transient oscilla-

tions in protonated 13C spectra of ferrocene with short
mixing times. The oscillation frequency was shown to
represent the orientation-dependent dipolar interaction
between the observed rare nuclei and the directly bonded
protons. Because of the r03 distance dependence, the di-
rectly attached proton dominates the calculation of the
dipolar interaction. Depolarization and polarization-in-
version pulse sequences have taken advantage of such
oscillations to enhance the selection of certain spin popu-
lations (2–4 ) . These dipolar oscillations have also been
reported in several other studies (5, 6 ) .

Recently, we have shown that complete three-dimensional
structures can be obtained from orientational constraints de-
rived from solid-state NMR (7, 8) . These structural con-
straints derive from samples that are uniformly aligned with
respect to the magnetic field, such that the orientation-depen-

FIG. 1. 15N spectra at 40 MHz of 30 mg 15N1,3,5,7 gramicidin A indent frequencies of various nuclear spin interactions can
hydrated (50% by weight) DMPC lipid bilayer (1:8 molar ratio) orientedbe observed (9–12) . Most of these constraints have been
with the bilayer normal parallel to the magnetic field direction. The cross-obtained from polypeptides isotopically labeled at a single
polarized spectra were obtained with spectral width 60 kHz and acquisition

site, but current research is focused on obtaining such con- time 8.55 ms. (A) 50 ms contact time, 3.0 s recycle delay, and 600 acquisi-
straints from amino-acid-specific labeling and from uniform tions; (B) is from the same sample after exposure to a D2O atmosphere for

2 days obtained with a 1.2 ms contact time and 2400 acquisitions.isotopic labeling (13) . For such multidimensional experi-
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FIG. 2. 15N signal intensity versus contact time. (A) m corresponds to experimental data for the protonated sites and the solid line is the simulation
using Eq. [1] with a spin-diffusion rate R01 Å 280 ms; TH

1r Å 5.4 ms, and the N–H dipolar interaction Dn Å 20 kHz; D corresponds to experimental
data from the deuterated sample and, the solid line is the simulation using Eq. [2] with TH

1r Å 5.4 ms, TNH Å 500 ms, and TNH/TN
1r à 0. (B) Expansion

of the early part of (A) with the following simulations added: (---) Dn Å 21 kHz, (-–-) Dn Å 19 kHz.

reduced, spectral resolution can still be improved by select- in a hydrated lipid bilayer. In such oriented samples, each
of these sites contributes to a signal at 198 ppm. Figureing a subset of resonances. Through the use of short mixing

times, it is possible to select for such resonance subsets. 1A shows the high sensitivity of this sample in an Oxford
Instruments widebore 9.4 T magnet observed with a home-Figure 1 shows spectra of 15N1,3,5,7-labeled gramicidin A

AID JMR 1102 / 6j17$$$442 03-10-97 05:13:55 maga



222 COMMUNICATIONS

From separated-local-field experiments, the dipolar interac-
tion for these four 15N-labeled sites varies from 19.7 to 22
kHz (7) . The observed dipolar oscillation frequency is just
half of the dipolar splitting. Figure 2B shows simulations of
the oscillation with a dipolar interaction of 20 { 1 kHz. The
dipolar oscillations damp away with the spin-diffusion rate,
which is modeled here as R01 Å 280 ms. The remaining
magnetization decay constant (TH

1r) is assessed by observing
the magnetization at long mixing times (Fig. 2A). For this
data obtained at 9.4 T, TH

1r Å 5.4 ms.
Figure 2A also shows the magnetization built up for a

deuterated sample. Here no N–H dipolar oscillations are
observed and the buildup is much slower, since multiple 1Hs
are involved and the 1Hs are further away from the 15N site.
Using the following expression (14) with the same value
of TH

1r , TNH Å 500 ms, and TNH/TN
1r É 0, the 15N– 2H data

were simulated,

M (t ) Å M (0)e
0t /TH

1rl01(1 0 e0lt /TNH ) , [2]

where

l Å S1 / TNH

TN
1r

0 TNH

TH
1r
D .

Equations [1] and [2] both reduce toFIG. 3. 15N spectra of 15N1,3,5,7 gramicidin A using (A) a standard cross-
polarization pulse sequence with 1 ms cross-polarization time and (B) a
selective-polarization pulse sequence (3) with cross-polarization time 1 ms M (t ) Å M (0)e

0 t /TH
1r [3]

and polarization inversion time 50 ms.

at long mixing times. If 15N– 1H and 15N– 2H sites were
built probe and homebuilt triple-resonance spectrometer as- both present in a sample, a factor of 7 enhancement of
sembled around a Chemagnetics data-acquisition system.
This spectrum has been obtained with a 50 ms mixing time
that provides a 10–15% improvement in sensitivity over a
1 ms mixing time (Fig. 2) . Residual powder pattern intensity
is observed primarily at the s⊥ edge of the spectrum (65
ppm) . Figure 1B is a spectrum of the same sample after
it was exposed to a D2O atmosphere for two days. The
nominal 1:1:1 triplet arises from the dipolar coupling be-
tween a spin-1

2
15N site and the directly attached spin-1 2H

site. Note that the powder pattern intensity also shows the
results of this dipolar coupling. The spectrum was obtained
with a mixing time of 1.2 ms and would have shown very
poor sensitivity if recorded at 50 ms (see Fig. 2) .

Figure 2 shows the dipolar oscillations that occur as a
function of mixing time. Simulations have been generated
by modeling the magnetization, M , as a function of TH

1r , the
spin diffusion rate, R , and Dn, the magnitude of the dipolar
interaction using the following equation modified from
Müller et al. (1) :

FIG. 4. Dependence of TH
1r on B0 and B1 . (m) and (h) represent the

experimental data from a 9.4 T field with B1 Å 38 kHz and B1 Å 56 kHz,
M (t )ÅM (0)e

0t /TH
1rS10 0.5e0Rt0 0.5e01.5Rtcos

Dgt

2 D . [1] respectively, TH
1r Å 5.4 ms; D is from a 4.7 T field with B1 Å 37 kHz and

TH
1r Å 2.2 ms.
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