
o
i
m
d

M
M

Journal of Magnetic Resonance147,366–370 (2000)
doi:10.1006/jmre.2000.2187, available online at http://www.idealibrary.com on
REDOR NMR on a Hydrophobic Peptide in Oriented Membranes

David A. Middleton,1 Zareen Ahmed, Clemens Glaubitz, and Anthony Watts

Biomembrane Structure Unit, Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX1 3QU, United Kingdom

Received May 22, 2000; revised July 31, 2000
r t
rml
(
-an
tion
uc
ni

s in
en

e
igh
s o
bac

s o
s in
ma
me

eing
that

on
tinue
truc-
ifi-
pling
ngles
nor-
de-

for-
mol-
dis-
eled
ine
cture
) the
If

e the
g re-

uring
dis-

on
spin-
cou-

be
is

nted
o
nor-

rane
was
ing,
be-

elated
(

es not
hift
n be

ty
hes
A method is presented for the calculation of REDOR dephasing
for specifically labeled membrane-spanning peptides in uniformly
aligned lipid bilayers under magic angle oriented sample spinning
(MAOSS) conditions. Numerical simulations are performed for
dephasing of 13C signal by 15N when the labels are placed in an
a-helical peptide at the carbonyl of residue (i) and amide nitrogen
f residue (i 1 2) to show the dependency of REDOR echo
ntensity on the peptide tilt angle relative to the membrane nor-

al. The approach was applied to the labeled transmembrane
omain of phospholamban ([15N-Leu37,

13C-Leu39]PLBTM) incor-
porated into dimyristoylphosphatidylcholine bilayers. The
dephasing observed for a random membrane dispersion showed
that the peptide was a-helical in the region including the two
labels, and dephasing in oriented membranes showed that the
peptide helix was tilted by 25° 6 7° relative to the bilayer normal.
These results agree with those obtained by other spectroscopic
methods. © 2000 Academic Press

Key Words: MAOSS; phospholamban; magic-angle spinning;
membrane; peptide.

Several solid-state NMR methods have emerged ove
past decade for the structural analysis of partially or unifo
isotopically labeled biomolecules in lipid membranes1).
These methods are, in general, based either on magic
spinning (MAS) approaches in which second-rank interac
are removed by sample rotation and then partially reintrod
by radiofrequency pulses or adjustment of the sample spin
frequency (2), or on methods that exploit tensor orientation
uniaxially aligned lipid bilayers (3). A recent advance has be
to combine the two approaches as magic-angleorientedsample
spinning (MAOSS), in which MAS experiments are perform
on membranes aligned on glass plates to provide a h
sensitive method for determining molecular orientation
membrane samples, such as the retinal chromophore in
riorhodopsin (4, 5).

A major goal in solid-state NMR is to solve the structure
uniformly (13C, 15N) isotope labeled proteins and peptide
membrane environments. Significant progress is being
toward this aim, as issues of spectral resolution, assign
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and quantitative analysis of multiple-spin systems are b
addressed (6). Nevertheless, solid-state NMR methods
place small numbers of localized structural constraints
specifically labeled membrane peptides and proteins con
to be valuable and informative alternatives to complete s
ture determination (7). These methods involve either spec
cally measuring internuclear distances using dipolar recou
methods (e.g., REDOR or rotational resonance), or bond a
relative to a unique director axis, usually the membrane
mal. Such methods provide a limited amount of model-in
pendent structural information with high precision.

This work seeks to increase the amount of structural in
mation that can be obtained from selectively labeled bio
ecules by adapting the MAOSS method to provide both
tance and angular information from specifically isotope lab
peptides in lipid bilayers. In so doing the aim is to determ
from the same labeling scheme (i) the local secondary stru
of the peptide in the region between the two labels and (ii
tilt angle of the peptide long axis in the lipid bilayer.
successful, the approach could be extended to examin
structure and relative orientations of membrane-spannin
gions in larger polytopic membrane proteins.

The experimental strategy is based on selectively meas
dipolar couplings from a labeled peptide in a randomly
persed membrane and in a lipid bilayer uniformly oriented
glass plates, in both cases while applying magic-angle
ning. In the membrane dispersion the measured dipolar
pling constantnD, which is inversely proportional to the cu
of the internuclear distancer IS between the labeled sites,
diagnostic of the local secondary structure. In an orie
sample, the distance-dependent value ofnD is also sensitive t
the angle between the internuclear vector and the bilayer
mal, and hence to the tilt axis of the peptide in the memb
(Fig. 1). The heteronuclear recoupling method REDOR
used to measurenD because it does not require fast spinn
which could potentially disrupt sample orientation, and
cause the experimentally observed signal dephasing is r
only to the magnitude and orientation of the dipolar vector8).
Hence, the analysis of dephasing curves is simple and do
rely on knowledge of the relative orientations of chemical s
tensors or on multiple-quantum relaxation times, which ca
difficult to determine accurately (9).

of
ter



f sp
la

q ter

an
d fro
(

,
vec

d

lipi

d
rane-

r
ide is
Eq.

of
S
om

w . 1)
a

1).
e tilt
ng to

w tri

ution
ormal
tilt

tion

ic

mem-
tein

d
The
tuted
the

nd is
.
peri-

ane
lipid
bran
s a

c S
i

and
z al
o pin

367COMMUNICATIONS
In the REDOR method the signal from spin I (e.g.,13C) is
measured in two experiments, one with dephasingp pulses
placed at the center of each rotor cycle at the frequency o
S (e.g., 15N), the other without dephasing pulses. Dipo
dephasing afterNc rotor cycles at a spinning frequencynR is

uantified asS/S0, which is the ratio of the echo intensity af
dephasingp pulses (S) to the full echo intensity withoutp
pulses (S0). In the case of a powder sample or membr

ispersion, the observed REDOR dephasing is calculated
10)

S

S0
5

1

4p E
a50

2p E
b50

p

cosFnD

nR
2Î2 sin 2b sin aGsin bdadb.

[1]

The polar and azimuthal angles,a and b, respectively
define the orientation of individual heteronuclear dipolar
tors in the fixed MAS rotor axis system, and standard pow
averaging is performed over all values ofa andb.

The case is now considered of a perfectly oriented

FIG. 1. Definition of geometric terms for an I–S spin pair in a membr
spanning peptide distributed within in a perfectly uniaxially oriented
bilayer (no mosaic spread). (A) The tilt of the peptide relative to the mem
normaln is described by polar anglebPM, and the peptide distribution trace
one aboutn described by azimuthal angleaPM. (B) The orientation of an I–
nternuclear vector of lengthr IS is defined in an axis system withz parallel to
the peptide long axis, withb ISP defining the angle between the I–S vector
. (C) Viewed along the peptide long axis, anglea IP defines the rotation
rientation of the peptide about its long axis in terms of the position of s
in
r

e
m

-
er

d

bilayer with the director axisn (the bilayer normal) aligne
along the magic angle and containing a labeled memb
spanning peptide orientated at unique anglebPM relative to the
bilayer normal (Fig. 1). The internuclear distance vector IS

separating a single heteronuclear I–S spin-pair in the pept
not isotropically distributed as in a powder sample (i.e.,
[1]), but takes restricted orientations dependent onbPM and
azimuthal angleaP, which defines the rotational orientation
the peptide about its long axis. The angleb ISM between the I–
internuclear vector and the bilayer normal is calculated fr

b ISM 5 cos21@cosb ISPcosbPM 2 cosaIPsin bISPsin bPM#,

[2]

hereb ISP is the angle between z and the I–S vector (Fig
and anglea IP defines the rotational excursion of I from
reference axisy perpendicular to the rotation axis (Fig.
REDOR dephasing can now be calculated for any peptid
angle in a uniaxially oriented membrane sample, accordi

S

S0
~a IP, bPM!

5
1

4p E
0

2p

cosFnD

nR
2Î2 sin 2bISMsin aPMGdaPM, [3]

hereaPM is the azimuthal angle defining the peptide dis-
bution about the membrane normal (Fig. 1).

In practice, an aligned membrane sample has a distrib
of molecular orientations about the average membrane n
n. The resulting distribution of peptide molecules, with
anglesbPM oriented about a mean tilt angleb# PM, is taken into
account by modification of Eq. [3] with a Gaussian distribu
function (11)

F~bM! 5 N E
0

p

expF ~b# PM 2 bPM! 2

2Db 2 Gsin bPMdbPM, [4]

whereN is a normalization constant andDb is the macroscop
mosaic spread of the bilayer.

This strategy was used to examine the 24-residue trans
brane domain of the cardiac contractility regulating pro
phospholamban labeled with13C at the carbonyl of Leu37 and
15N at Leu39 ([ 15N-Leu37,

13C-Leu39]PLBTM) and incorporate
into dimyristoylphosphatidylcholine (DMPC) membranes.
three cysteines of wild-type phospholamban were substi
with alanine to prevent self-association of the peptide in
membrane. The13C–15N internuclear distance in this (i ), (i 1
2) labeling scheme is diagnostic of secondary structure a
predicted to be 3.26 Å for ana-helix and 4.16 Å for ab-sheet

The analysis of REDOR and other dipolar recoupling ex
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368 COMMUNICATIONS
ments on randomly dispersed and oriented membrane pe
must take into consideration whether the peptide rotates ab
long axis in the membrane. Fast molecular rotational diffusion
the homonuclear and heteronuclear dipolar coupling times
will reduce the rates of Hartmann–Hahn cross-polarization a
dipolar recoupling experiments, scale the observed signal de
ing. In the case of peptides that self-associate into channel
peptides and proteins containing hydrophilic domains outsid
lipid bilayer, the axial rotation of individual membrane doma
may be hindered by protein–protein contacts (12) or protein–lipid
interactions (8). On the other hand, shorter monomeric pept
like PLBTM are more likely to rotate freely about their lo
molecular axis when in fluid lipid membranes because f
opportunities exist for motional restraint of the peptide. Moreo
if the peptide is tilted with respect to the membrane norma
peptide long axis may also rotate about the membrane n
(13).

It is important to assess the rotational mobility of individ
eptides before REDOR dephasing can be analyzed. Line
nalysis of static broad line2H NMR spectra of [CD3-

Ala]PLBTM in fluid phase DMPC bilayers (above 23°
showed that the averaging of the2H quadrupolar interactio

as indeed consistent with axial rotation of PLBTM with
orrelation time of 1024–1025 s, whereas no evidence

molecular rotational averaging was observed below220°C
(unpublished results). This does not appear to be the
however, in 2H spectra of the EGF receptor transmemb
domain in DOPC bilayers (13). In this case the residual qua
upole splittings suggested that the peptide rotates abo
embrane normal, but does not rotate about its long axi

s described by a unique orientational angle.
In the REDOR experiments described in this work, it

esirable to fully eliminate the scaling effects induced by a
otation of PLBTM, and this was achieved by freezing b
riented and unoriented samples at250°C. It is assumed th

reezing out the free axial rotation of PLBTM produces
nsemble of peptide rotamers, which are defined by rotat
nglesa IP (Fig. 1) distributed randomly between 0° and 36
uch a rotamer distribution does not affect REDOR depha

n a randomly dispersed membrane, but for an aligned m
rane sample Eq. [3] must be modified to perform avera
ver the full distribution of rotational anglesa IP, to give

S

S0
~bPM!

5
1

4p 2 E
aPM50

2p E
aIP50

2p FnD

nR
2Î2 sin 2bISMsin aPMGdaPMda IP.

[5]

If the peptide is tilted in the membrane, freezing the sam
may give an additional ensemble of peptides distributed a
des
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the membrane normal (Fig. 1). This possibility is alre
covered in Eq. [3] and Eq. [5] by performing averaging o
aPM.

The dependence of15N-dephased13C echo intensity on th
peptide tilt angle (bPM) was calculated from Eq. [5] for
perfectly aligned (Db 5 0°) a-helical membrane peptide
beled as for [15N-Leu37,

13C-Leu39]PLBTM (Fig. 2A; solid
line). Signal dephasing is clearly sensitive tobPM, with S0/S
ranging from 0.3 to 0.03 as the tilt anglebPM increases from 0
(helix axis parallel to the membrane normaln) to 90° (helix
axis perpendicular ton). The solid curve in Fig. 2A shows th
unique values ofS/S0 are not observed when the tilt angle fa
between 0° and 45°, which unfortunately is the range of an
seen for most membrane peptides. Within this range ofbPM,

ny single value ofS0/Sat the given echo time (Nc/nr 5 13 ms)
is consistent with two possible peptide tilt angles. For exam
a measured value ofS/S0 of 0.20 would be consistent wi
peptide tilt angles of 10° and 39° when the mosaic spre
close to zero (Fig. 2A).

This ambiguity in the tilt angles determined fromS/S0 (Fig.
2A; solid line) can be avoided by comparing full REDO
dephasing curves over a series of echo times. The calcu
curves in Fig. 2B show that while there is little to distingu
the signal dephasing forbPM 5 10° (solid line) andbPM 5 39°
(dashed line) when the echo time is short (,15 ms), the curve
diverge significantly at longer times. Hence, with approp
selection of echo times it is possible to identify a uni
peptide tilt angle from the signal dephasing. Introducin
mosaic spread of 20° slightly reduces the sensitivity of dep
ing to the full range of possible peptide tilt angles (Fig.

FIG. 2. Calculated15N-dephasing of the13C signal from ana-helical
eptide tilted at an anglebPM in a uniaxially oriented lipid bilayer, with labe

placed 3.28 Å apart in the carbonyl of residue (i ) and amide of residue (i 1
2). (A) The extent of dephasing at peptide tilt anglesbPM ranging from 0° to

0° was calculated for mosaic spreadsDb of 0° (solid line), 20° (dotted line
and 90° (dashed line). All curves represent the fraction of signal (S/S0)
emaining after 40 rotor periods (Nc) at a MAS frequencynR of 3000 Hz. The
nterpolating lines show examples of two tilt angles (bPM 5 10° and 39°
iving identical values ofS/S0 under these conditions whenDb 5 0°. (B)
alculated dephasing curves (Db 5 0°) covering a range of echo times (Nc/nR)

from 0 to 20 ms for peptide tilt angles of 10° (full lines) and 39° (dashed li
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369COMMUNICATIONS
dotted line) but, crucially, each value ofS0/S within the uppe
and lower limit now corresponds to a unique peptide tilt an
With a mosaic spread of 90°, the echo intensity is no lo
dependent onbPM (Fig. 2A; dashed line) and REDOR deph-
ing is equivalent to that expected for a random memb
dispersion.

A series of13C observe,15N-dephased REDOR experime
(operating field strength of 11.7 T) was carried out at250°C

n disperse DMPC membrane samples containing [15N-Leu37,
13C-Leu39]PLBTM and on the same membrane samples-
ented on a stacked set of 5 mm diameter glass disks. The
31P spectrum of the oriented membranes (with the glass p
perpendicular to the magic-angle) indicated that the m
branes were well aligned (Fig. 3A; right), and a lower limit
the mosaic spread (Db 5 10°) was estimated directly from t
31P linewidth. It was not possible to determineDb more pre-
cisely by an independent method.

The carbonyl region of typical13C REDOR echo spectra f
[ 15N-Leu37,

13C-Leu39]PLBTM in oriented membranes
shown in Fig. 3B and values ofS/S0 measured from the pepti
carbonyl peak for disperse and oriented membrane sampl
shown in Fig. 3C (left). In the case of the membrane dis
sion, curves were calculated from Eq. [1] and the best fit to
experimental data was obtained for a dipolar coupling con
nD of 98 Hz. The value ofnD corresponds to a through-spa
13C(i )–

15N(i12) distance of 3.26 0.2 Å, which is close to th
distance of 3.26 Å expected for ana-helical structure. Thi
conclusion agrees with the results from rotational reson
NMR (14) and FTIR (15) measurements on the same pep
sequence, which also indicate ana-helix.

Simulations of the REDOR dephasing observed for [15N-
Leu37,

13C-Leu39]PLBTM in the oriented membrane sam
were performed by substituting the predetermined valuenD

into Eq. [5] and varyingb# PM andDb to find the distribution o
peptide tilt angles giving curves best fitting the experime
data. Curves were calculated for peptide tilt angles of betw
0° and 50° and, because the mosaic spread could n
measured accurately, the calculations were also performe
a range ofDb values above 10° (the lower limit estimated fr
31P spectra).x2 analysis, represented by the two-dimensio
plot in Fig. 3C (right), showed that the experimental data c
not be simulated from unique values ofb# PM andDb, but instead
the best fitting curves were found when the mosaic spread
between 10° and 19° and the peptide tilt angle was 25°6 7°.

he range of tilt angles found here compares favorably wit
ngle of around 30° found independently by other spe
copic methods (16).
The simple case of a short, single membrane span

eptide containing an isolated spin-pair has been used h
emonstrate how MAOSS can be applied to obtain informa
bout both the secondary structure and orientation of s

ively labeled peptides and proteins in biomembranes.
hough uncertainties in the molecular distribution about
irector axis (i.e., the mosaic spreadDb) reduce the precisio
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with which bPM can be measured (a limitation of all expe-
ents on oriented membrane systems), the REDOR meth

imple and the information can be interpreted without kn
dge of tensor orientations or relaxation rates (9). It is envis-
ged that by incorporating several spin-pairs in remote re
f larger membrane proteins, the combined REDOR–MA
pproach could be useful in determining the relative orie

ions of two or more membrane spanning helices.

FIG. 3. NMR spectra, signal intensities, and simulations of RED
dephasing for [15N-Leu37,

13C-Leu39]PLBTM in DMPC membranes (at a lipi
to-peptide mole ratio of 20:1), prepared as a random membrane disper
oriented on glass disks by slow rehydration. (A) Static, proton decouple31P

MR spectra from a random dispersion (left) and a sample of stacked
ligned at the magic angle (right). (B) Carbonyl peak intensities in full-
left) and 15N-dephased echo (right)13C spectra of oriented membranes

250°C, obtained after 20 rotor cycles (Nc) at a MAS frequency of 3000 H
(C) Experimental and simulated15N dephasing of the carbonyl13C signa
(S/S0) from peptide in the membrane dispersion (■) and the oriented samp
h) observed at 4 echo times (right). Data from the random dispersio
imulated using Eq. [1] (solid line) from which a distance of 3.2 Å
etermined. Data from the oriented sample was simulated for ana-helical

geometry using Eq. [5] (dotted line). In the simulation procedure, curves
calculated by varying the values ofbPM and Db to find the best fit to th

xperimental data (x2 minimum). The best fits are shown as a dark regio
the two-dimensional plot (right) and are consistent with a peptide tilt anglb# PM

of 25° 6 7°.
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