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Axial rotation causes the chemical shift and dipolar tensors toln this communication, we will demonstrate that high-reso
be collinear {, 2. Powder pattern spectra of molecules havinlgition structural constraints can also be obtained from unor
axial rotation can yield orientational constraints without the needhted samples in which rapid rotational diffusion occurs abot
for orienting the sample. Furthermore, the relative orientation af least one axis. This may be true for many membrane boul
chemical shift and dipolar interaction tensors in the principle axiwlypeptides and small proteins and is true for the polypeptic
system (PAS) frame of reference can be constrained through @fmannel, gramicidin A, in hydrated lipid bilayers. With the 2D
spectra. Here PISEMApplarizationinversionspin exchange PISEMA pulse sequence, the spectral resolution from an u
atmagicangle) @) spectra of the polypeptide gramicidin A areoriented, single site labeled “powder” sample is comparabl
presented to illustrate the quality of the constraints obtainatéth the resolution obtained from oriented samples. Thus, tr
in this way and the potential interpretation of such data.  tedious preparation of oriented samples could be avoided.

Orientational dependent nuclear spin interactions from solid-The PISEMA pulse sequence is based on the previous
state NMR can be used to determine the orientation, inter@gtablished frequency switched Lee-Goldburg (FSLG-Z
dynamics, and three-dimensional structure of membrane-assB@monuclear decoupling pulse sequenté-1§. PISEMA
ated proteins or peptided)( Constraints from uniformly aligned ¢a" 1be used to obtain two-dimensioridN chemical shift/
preparations have been successfully applied to define the high{-"H dipolar correlation spectra with much improved reso
resolution three-dimensional structure of a polypeptide, gramiéition in the dipolar dimension, as comparedséparatedocal
din A, in an anisotropic lipid bilayer environmer<7). While fi€ld (SLF) experimentsi@). In the PISEMA pulse sequence,
this structure was based on specific site isotopic labeling, weiPSS-Polarization (CP) is followed by spin exchange at th
resolved 2D or 3D spectra of uniformAfN-labeled membrane Magic angle, in WD'Ch, the spins (H) are locked along the
proteins from 50 to 200 residues in oriented phospholipid bilaydf29ic angle, 247, with respect to the external fiélgl, and
have been obtained through PISEMA experimeatsl(). the S.Spll’?S ¢°N) are Ioc.ked in the tran;verse plane by ar

The preparation of macroscopically aligned membrane a Hectlve field mat(;hed Wlth that_for tHespins. Therefore, the
membrane-associated proteins is one of the challenging prere &[nonuclearl—l dipolar interactions are suppressed and th

. . o : tization oscillation betweérandS spins is mediated by
ites for this strl r rmination roach. Considerable BE9"€ . . ;
sites for this structure dete ation approach. Conside lE‘bet%e scaled (0.82) heteronuclear dipolar coupling. The tilte

forts have gone into the development of methods for orienti?%I d is produced by RF irradiation offset from resonanc
samples 11-13. Uniformly aligned samples are generally pre-

. ) . ; S according to LG conditionsAw = *w,,/tan(54.7). The
pared in one of two ways: mechanically aligned lipid bilayers : : :

. . SLG cycles are incremented in steps which correspond to t
shearing samples between two glass platdy or magnetically t

. ; ; . . s dwell time. As a result, the linewidth in the dipolar dimen-
1 L
aligned bilayer-like disks called bicelle$4). A major disadvan- ion is governed by th, , of the | spins.

tage of 'the meghanical aIignme nt is that' most of the S"’?’?’Ps'em samples with axial rotational diffusion faster than the
volume is occupied by glass which results in a loss of sensitiviy\ir spin interaction time scale, the asymmetric chemical

(13). The addition of small amounts of lanthanide ions, such Rt powder pattern will be averaged to a symmetric tensc

-+ + 3+ + ; ;
E_n3  ECT, Tm » and Y5 has been shown to flip the aligned;, the motionally averaged chemical-shift interaction,
bicelles by 90° with respect to the magnetic field, bringing the

bilayer normal parallel to the magnetic fielﬁﬂ. However, nu- 0y = 01,C0S{ SIrtE + 07,SINL Sirké + 075,CoSE,
merous concerns about these preparations need to be addressed
before high-resolution structural constraints can be obtained. where¢ and ¢ are the polar angles defining the motional axis
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033 Equation [4] suggests that the observed dipolar interactic
should vary linearly with the chemical shift across the powde
* rotational axis pattern. A contour plot of the 2D dipolar/chemical shift spectrz

should yield two lines crossing at the isotropic chemical shift
where the rotational axis is oriented at 54.7° with respect to tf
magnetic field direction. The slope of the line is related to th
orientation of the internuclear vector with respect to the rote
tional axis and, by Eg. [3], related ® and 3, that orient the
dipolar and chemical-shift tensors relative to each other.
Gramicidin A (gA) is a 15-amino acid polypeptide which
forms a cation channel across membrargs 1. The trans-
membrane form is a dimer where each monomer is a singl
stranded right-hande@l helix with 6.5 residues per turn (PDB:
1MAG). The rotational diffusion of gramicidin A about the
channel axis which is parallel to the lipid bilayer normal ha:s
been extensively characterized ¥y NMR (22, 23. At 278 K,
the global rotation is frozen out, thus the asymmetrinl
chemical-shift powder patternm(= 0.23) is observed, as
o11 shown in Fig. 2A. When the temperature is raised to 298 K
approximately the temperature of the lipid phase transition, tt
_FIG. 1. Definition of t'he rotgtional axis and the I-S internuclear VECtOSymmetriC15N chemical-shift powder lineshape is obtained a:
with respect to the chemical-shift PAS frame. a result of fast global motion about the channel axis (Fig. 2B

i.e., the channel axis, in the chemical-shift PAS frame (Fig. 1).
Each position in the powder patterr,) corresponds to
molecules whose rotational axes make a particular afhgfigh
respect to the external magnetic field,

1
Oops — EO'H(S CO§6 - 1) [1] A.

with the average of the tensor elemenig,, = 0. The ob-
served dipolar interaction of any isolated pair of s%)'muclei
from such a randomly oriented sample can be calculated as

R
AVaps = £5(3 Co$d — 1)+ (3 Cos0 — 1), 2]

where ¢ is the angle between the internuclear vector and the
rotational (channel) axis, and is the dipolar coupling con- B.
stant,R = (uo/4m)(7y,ysh/27r). Here y is gyromagnetic

ratio, h Planck’s constant, andthe distance betwednand S

spins. Moreover,

Cosy = Cox3Co< + SinaSinBSinZSing
+ CosxSinBCog Siné, [3]

300 200 100 0

wherea andg define the orientation of the internuclear vector ppm

in the PAS frame (Flg 1) Sinceé determines both observa- FiG. 2. 5N chemical-shift powder pattern spectra f8N-Trp, ; gramici-

tions, Tobs and Avobs combining Egs. [1] and [2] gives din A in hydrated DMPC bilayers. (A) At 278 K, the global rotation is frozen
out (correlation time of the global motion 833 ms), and consequently, the
asymmetric chemical-shift powder pattern is obtained. (B) At 298 K, the

[4] rotational diffusion around the channel axis results in a symmetric chemica

Oobs
a| ' shift lineshape (correlation time of the global motiorn48.3 us).

AVys= *R(3 Cog9 — 1) -
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FIG. 3. PISEMA spectra of 60 mg°N-Trp, 5 gramicidin A in hydrated unoriented DMPC bilayers (1:8 peptide/lipid molar ratio) at 298 K. (A) Th&NMD
chemical-shift powder pattern projection. (B) Contour plot of 2D spectra shows the chemical-shift anisotropy along the horizontal axis and the dipolar s
along the vertical axis. On the left, slices are taken along the dipolar dimension corresponding to arrows 1, 2, 3. The spectrum above the contodt\plot i
chemical shift from the maximal dipolar splitting. The spectra were recorded on a homebuilt 400-MHz triple resonance spectrometer assembled &
Chemagnetics data acquisition system. The RF field strength of 48.6 kHz was used‘drcttamnel and a frequency jump of 34.4 kHz set the Lee—Goldbur
homonuclear decoupling condition during the spin exchange period. The RF field tiNtbkannel fulfilled the Hartmann—Hahn match at 59.5 kHz durjng t
There were 512 points acquired iy &ind 1600 transients were coadded for each of, @Xperiments with a dwell time of 48s. The recycle delay was 3 s.
The frequency and phase switch time of our spectrometer is on the order of tens of nanoseconds; however, the rise time of the probe is about 1.5 micl
on the proton channel. Therefore, a short defag,us, was put between each FSLG cycle whthirradiation but not*N irradiation; this was found to be critical
for achieving the theoretical scaling factor, because the rate of magnetization oscillation bEWWeewl 'H critically depends on the Hartmann—Hahn match
condition 9). The zero-frequency intensity across the 2D contour plot (dipolar dimension) arises from the asymmetric approach to the ecg@bfibim (
is possibly due to the proton spin-diffusion from the residit*H homonuclear interaction.
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The observed distortions are due to partial orientation of theeasurements are needed with samples oriented at differt

channel by the magnetic field resulting in an intensity contrangles relative to the magnetic field directi@7(28. Instead,

bution atay. these measurements can be accomplished simultaneously v
Spectra of a 2D PISEMA experiment iN-Trp,, grami- a few two-dimensional experiments without sample rotatior

cidin A in hydrated unoriented lipid bilayers at room tempersince each cross peak in the 2D spectrum represents the

ature are shown in Fig. 3. Figure 3A is a BN chemical-shift molecules at a well-defined orientation. Moreover, the map ¢

powder pattern; Fig. 3B is a contour plot of the 2D spectruthe anisotropic spin relaxation rates can be achieved with ve

with the*>N-*H dipolar interaction in the Fdimension and the high angular resolution.

N chemical shift in the Fdimension. As discussed above,
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