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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 *C signal by N when the labels are placed in an
a-helical peptide at the carbonyl of residue (i) and amide nitrogen
of residue (i + 2) to show the dependency of REDOR echo
intensity on the peptide tilt angle relative to the membrane nor-
mal. The approach was applied to the labeled transmembrane
domain of phospholamban ([**N-Leus;, *C-Leus]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

and quantitative analysis of multiple-spin systems are beil
addressed €). Nevertheless, solid-state NMR methods the
place small numbers of localized structural constraints c
specifically labeled membrane peptides and proteins contin
to be valuable and informative alternatives to complete stru
ture determination®). These methods involve either specifi-
cally measuring internuclear distances using dipolar recouplil
methods (e.g., REDOR or rotational resonance), or bond ang
relative to a unique director axis, usually the membrane nc
mal. Such methods provide a limited amount of model-inde
pendent structural information with high precision.

This work seeks to increase the amount of structural info

labels, and dephasing in oriented membranes showed that the
peptide helix was tilted by 25° = 7° relative to the bilayer normal.
These results agree with those obtained by other spectroscopic
methods.  © 2000 Academic Press
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mation that can be obtained from selectively labeled biomo
ecules by adapting the MAOSS method to provide both di
tance and angular information from specifically isotope labele
peptides in lipid bilayers. In so doing the aim is to determin
from the same labeling scheme (i) the local secondary structt
of the peptide in the region between the two labels and (ii) tt
tilt angle of the peptide long axis in the lipid bilayer. If
Several solid-state NMR methods have emerged over thaccessful, the approach could be extended to examine
past decade for the structural analysis of partially or uniformBtructure and relative orientations of membrane-spanning |
isotopically labeled biomolecules in lipid membranel. ( gions in larger polytopic membrane proteins.
These methods are, in general, based either on magic-angl€he experimental strategy is based on selectively measuri
spinning (MAS) approaches in which second-rank interactiodgolar couplings from a labeled peptide in a randomly dis
are removed by sample rotation and then partially reintroducpdrsed membrane and in a lipid bilayer uniformly oriented o
by radiofrequency pulses or adjustment of the sample spinnigiass plates, in both cases while applying magic-angle spi
frequency ), or on methods that exploit tensor orientations ining. In the membrane dispersion the measured dipolar cc
uniaxially aligned lipid bilayers3). A recent advance has beerpling constanty,, which is inversely proportional to the cube
to combine the two approaches as magic-angkentedsample of the internuclear distances between the labeled sites, is
spinning (MAOSS), in which MAS experiments are performediagnostic of the local secondary structure. In an oriente
on membranes aligned on glass plates to provide a highlymple, the distance-dependent valuepfs also sensitive to
sensitive method for determining molecular orientations @fe angle between the internuclear vector and the bilayer n
membrane samples, such as the retinal chromophore in bagigt, and hence to the tilt axis of the peptide in the membrar
riorhodopsin 4, 9). (Fig. 1). The heteronuclear recoupling method REDOR we
A major goal in solid-state NMR is to solve the structures afsed to measure, because it does not require fast spinning
uniformly (**C, **N) isotope labeled proteins and peptides ihich could potentially disrupt sample orientation, and be
membrane environments. Significant progress is being maggise the experimentally observed signal dephasing is rela
toward this aim, as issues of spectral resolution, assignmq;my to the magnitude and orientation of the dipolar vec8r (
1 To whom correspondence should be addressed. Hence, the analysis of dephasing c_urves_is simple ant_ﬂ does_
Current address: Department of Biomolecular Sciences, University 'E)?ly on knowledge of the relative orientations of chemical shi
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bilayer with the director axi® (the bilayer normal) aligned
along the magic angle and containing a labeled membrar
spanning peptide orientated at unique argyg relative to the
bilayer normal (Fig. 1). The internuclear distance veatgr
separating a single heteronuclear I-S spin-pair in the peptide
not isotropically distributed as in a powder sample (i.e., Ec
[1]), but takes restricted orientations dependent@ap and
azimuthal anglex,, which defines the rotational orientation of
the peptide about its long axis. The angle, between the I-S
internuclear vector and the bilayer normal is calculated fron

Bisu = €0S [ cOS B,spC0S Bpy — COSaypSIN BiseSin Beul,
[2]

where B,s is the angle between z and the 1-S vector (Fig. 1
and anglea,, defines the rotational excursion of | from a
reference axig/ perpendicular to the rotation axis (Fig. 1).
REDOR dephasing can now be calculated for any peptide t
angle in a uniaxially oriented membrane sample, according

> (B
< \Qp; Ppm
So
FIG. 1. Definition of geometric terms for an I-S spin pair in a membrane- 5
spanning peptide distributed within in a perfectly uniaxially oriented lipid _ 1 i Vo o 5 . .
bilayer (no mosaic spread). (A) The tilt of the peptide relative to the membrane - E co ,TR 2 \’2 Sin BysySin apy, dapy, [3]
normaln is described by polar angfé.y, and the peptide distribution traces a 0

cone abouh described by azimuthal angte.,. (B) The orientation of an I-S

internuclear vector of lengths is defined in an axis system withparallel to . . _ . L
the peptide long axis, wit,s, defining the angle between the 1-S vector ancYVhereaPM is the azimuthal angle defining the peptide distri

z. (C) Viewed along the peptide long axis, angle defines the rotational bution about the membrane normal (Fig. 1).
orientation of the peptide about its long axis in terms of the position of spin I. In practice, an aligned membrane sample has a distributi

of molecular orientations about the average membrane norn
n. The resulting distribution of peptide molecules, with tilt
In the REDOR method the signal from spin | (€.§C) is anglesBey oriented about a mean tilt angBay, is taken into
measured in two experiments, one with dephasingulses account by modification of Eq. [3] with a Gaussian distributiot
placed at the center of each rotor cycle at the frequency of sgimction (11)
S (e.g., ®N), the other without dephasing pulses. Dipolar
dephasing afteN, rotor cycles at a spinning frequeney is - (Bous — Bonn)?
quantified as§/'S,, which is the ratio of the echo intensity after F(By) = N J ex PMZAZPM] Sin BeydBews  [4]
dephasingm pulses §) to the full echo intensity withoutr 0 B
pulses &,). In the case of a powder sample or membrane

((jllzg)ersmn, the observed REDOR dephasing is calculated fr(\m}ereN is a normalization constant arg3 is the macroscopic

mosaic spread of the bilayer.
This strategy was used to examine the 24-residue transme
S 1 (& (- Vo s . _ brane domain of the cardiac contractility regulating protei
S " anm COS[VR 22 sin 2B sin« |sin BdadB.  phospholamban labeled witfiC at the carbony! of Ley and
a=0 Y =0 N at Leu, ([*°N-Leus;, *C-Leu]PLBTM) and incorporated
1] into dimyristoylphosphatidylcholine (DMPC) membranes. Th
three cysteines of wild-type phospholamban were substitut
The polar and azimuthal angles, and B, respectively, with alanine to prevent self-association of the peptide in tf
define the orientation of individual heteronuclear dipolar veecnembrane. Thé’C—"N internuclear distance in this)( (i +
tors in the fixed MAS rotor axis system, and standard powd2} labeling scheme is diagnostic of secondary structure and
averaging is performed over all values @fand 8. predicted to be 3.26 A for an-helix and 4.16 A for g8-sheet.
The case is now considered of a perfectly oriented lipid The analysis of REDOR and other dipolar recoupling exper
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ments on randomly dispersed and oriented membrane peptides A B
must take into consideration whether the peptide rotates about its %
long axis in the membrane. Fast molecular rotational diffusion (on  0.30-

. . . i 0.8
the homonuclear and heteronuclear dipolar coupling timescales) | mosaie j’gf“oo
will reduce the rates of Hartmann—Hahn cross-polarization and, in Y A W AB =207 L0.6
dipolar recoupling experiments, scale the observed signal dephagy> 0201 - A =907

ing. In the case of peptides that self-associate into channels, a@® o¢.1s4

peptides and proteins containing hydrophilic domains outside the T e Lo2
lipid bilayer, the axial rotation of individual membrane domains 0107 N tilt angle

may be hindered by protein—protein contadt or protein-lipid 0.05- — Bm=10c  \_[00
interactions §). On the other hand, shorter monomeric peptides 4ol L | B o
like PLBTM are more likely to rotate freely about their long 0 15 30 45 60 75 90 0 5 10 1 2
molecular axis when in fluid lipid membranes because fewer tilt angle B, (deg) N /vg (ms)

ppportunlt[es §X|§t for mptlonal restraint of the peptide. Moreover,FlG_ 2. Calculated™N-dephasing of théC signal from ana-helical
if the peptide is tilted with respect to the membrane normal, thgyige tiited at an anglg., in a uniaxially oriented lipid bilayer, with labels
peptide long axis may also rotate about the membrane norpiated 3.28 A apart in the carbonyl of residig gnd amide of residue (+
(13)_ 2). (A) The extent of dephasing at peptide tilt angbeg ranging from 0° to
It is important to assess the rotational mobility of individuad0® was calculated for mosaic spreafs of 0° (solid line), 20° (dotted line),

. P . 90° (dashed line). All curves represent the fraction of sigB&b)
peptides before REDOR dephasing can be analyzed. I‘IneSh?maining after 40 rotor period§() at a MAS frequencyy of 3000 Hz. The

anaIySiS of static broad linéH NMR spectra of [CD' interpolating lines show examples of two tilt anglg&,( = 10° and 39°)
Ala]PLBTM in fluid phase DMPC bilayers (above 23°C)giving identical values ofs/S, under these conditions whekg = 0°. (B)
showed that the averaging of thEl quadrupolar interaction Calculated dephasing curveSg = 0°) covering a range of echo timell {ve)
was indeed consistent with axial rotation of PLBTM with dom 0 to 20 ms for peptide tilt angles of 10° (full lines) and 39° (dashed lines
correlation time of 10°-10° s, whereas no evidence for
molecular rotational averaging was observed belo®0°C the membrane normal (Fig. 1). This possibility is alread
(unpublished results). This does not appear to be the casevered in Eq. [3] and Eq. [5] by performing averaging ove
however, in’H spectra of the EGF receptor transmembrang,.
domain in DOPC bilayersi@). In this case the residual quad- The dependence dfN-dephased®C echo intensity on the
rupole splittings suggested that the peptide rotates about fieptide tilt angle 8,y) was calculated from Eq. [5] for a
membrane normal, but does not rotate about its long axis goetfectly aligned 438 = 0°) a-helical membrane peptide la-
is described by a unique orientational angle. beled as for PN-Leu,;, “C-Leug]PLBTM (Fig. 2A; solid

In the REDOR experiments described in this work, it waine). Signal dephasing is clearly sensitive g, with Sy/S
desirable to fully eliminate the scaling effects induced by axisghnging from 0.3 to 0.03 as the tilt angbe,, increases from 0°
rotation of PLBTM, and this was achieved by freezing botthelix axis parallel to the membrane normgl to 90° (helix
oriented and unoriented samples-&0°C. It is assumed that axis perpendicular ta). The solid curve in Fig. 2A shows that
freezing out the free axial rotation of PLBTM produces annique values 0§/S, are not observed when the tilt angle falls
ensemble of peptide rotamers, which are defined by rotatiomettween 0° and 45°, which unfortunately is the range of angl
anglesa,, (Fig. 1) distributed randomly between 0° and 360%een for most membrane peptides. Within this rang@Hf
Such a rotamer distribution does not affect REDOR dephasiagy single value 08,/S at the given echo timeN /v, = 13 ms)
in a randomly dispersed membrane, but for an aligned meia-consistent with two possible peptide tilt angles. For exampl
brane sample Eq. [3] must be modified to perform averagimgmeasured value d&/S, of 0.20 would be consistent with
over the full distribution of rotational angles,, to give peptide tilt angles of 10° and 39° when the mosaic spread
close to zero (Fig. 2A).

This ambiguity in the tilt angles determined frd&S, (Fig.

S (Bew) 2A; solid line) can be avoided by comparing full REDOR
So dephasing curves over a series of echo times. The calcula
1 o 2n Ty curves in Fig. 2B §how that while the're.is little to distinguist
= 42f f -b 2\,5 sin PBisusin apy | dapydae.  the signal dephasing f@ey = 10° (solid line) andBey = 39°
T J oo d apo R (dashed line) when the echo time is shertlé ms), the curves

diverge significantly at longer times. Hence, with appropriat
selection of echo times it is possible to identify a uniqu
peptide tilt angle from the signal dephasing. Introducing
If the peptide is tilted in the membrane, freezing the sampieosaic spread of 20° slightly reduces the sensitivity of depha
may give an additional ensemble of peptides distributed abang to the full range of possible peptide tilt angles (Fig. 2A

[5]



COMMUNICATIONS 369

dotted line) but, crucially, each value 8§/S within the upper A dispersion oriented
and lower limit now corresponds to a unique peptide tilt angle.
With a mosaic spread of 90°, the echo intensity is no longer
dependent o8,y (Fig. 2A; dashed line) and REDOR dephas
ing is equivalent to that expected for a random membrane
dispersion.

A series of°C observe,°N-dephased REDOR experiments
(operating field strength of 11.7 T) was carried out-&0°C 50 0 -50 50 0 -50
on disperse DMPC membrane samples containiiig-Leus;, ppm ppm
BC-Lew]PLBTM and on the same membrane samples ori
ented on a stacked set of 5 mm diameter glass disks. The static B
P spectrum of the oriented membranes (with the glass plates
perpendicular to the magic-angle) indicated that the mem-
branes were well aligned (Fig. 3A,; right), and a lower limit on
the mosaic spread\3 = 10°) was estimated directly from the
P linewidth. It was not possible to determingd more pre
cisely by an independent method. Y r . T T T

The carbonyl region of typicdfC REDOR echo spectra for 200 150 100 200 150 100
[®N-Leus;, “C-Leug]PLBTM in oriented membranes is ppm ppm
shown in Fig. 3B and values &S, measured from the peptide
carbonyl peak for disperse and oriented membrane samples are C
shown in Fig. 3C (left). In the case of the membrane disper-
sion, curves were calculated from Eg. [1] and the best fit to the o8
experimental data was obtained for a dipolar coupling constant £,

full "*N-dephased

Bpy (deg)
8 =3

v, of 98 Hz. The value o, corresponds to a through-space i

BCy»—""N., distance of 3.2+ 0.2 A, which is close to the os) O MAOSS

distance of 3.26 A expected for amhelical structure. This 10

conclusion agrees with the results from rotational resonance A ey 10 o 2
| Vg (ms) AB (deg)

NMR (14) and FTIR (5 measurements on the same peptide
sequence, which also indicate arhelix. FIG. 3. NMR spectra, signal intensities, and simulations of REDOF
Simulations of the REDOR dephasing observed foN{ dephasing forfN-Leus;, *C-Leu]PLBTM in DMPC membranes (at a lipid-
Leus, 13C-Leng]PLBTM in the oriented membrane Samp|éo—peptide mole ratio of 20:1), prepared as a random membrane dispersior
were performed by Substituting the predetermined value,of oriented on glass disks by slow rehydration. (A) Static, proton decouiffred

. L= . . . NMR spectra from a random dispersion (left) and a sample of stacked dis
into Eq. [5] and varyingey andAB to find the distribution of aligned at the magic angle (right). (B) Carbonyl peak intensities in full-ech

peptide tilt angles giving curves best fitting the experimentaés) and *N-dephased echo (righffC spectra of oriented membranes at
data. Curves were calculated for peptide tilt angles of betweeB0°C, obtained after 20 rotor cyclebld) at a MAS frequency of 3000 Hz.
0° and 50° and, because the mosaic spread could not (BeExperimental and simulatetiN dephasing of the carbo_n)}FC signal
measured accurately the calculations were also performed () o7 FePLGe 1 e merens sbersm end e renos s
?1range of\B \galues al?ove 10° (the lower limit eStlmatEd f.roniimulated using Eq. [1] (solid line) from which a distance of 3.2 A was
P spectra)x® analysis, represented by the two-dimensiongktermined. Data from the oriented sample was simulated fos-alical
plot in Fig. 3C (right), showed that the experimental data coutgtometry using Eq. [5] (dotted line). In the simulation procedure, curves we
not be simulated from unique valuesﬁn‘m andAp, but instead calcul_ated by varying _th_e values @y anq Ag to find the best fit to t_he _
the best fitting curves were found when the mosaic spread v?hége”me.”ta' datay’ minimum). The best fits are shown as a dark region ir
. . e two-dimensional plot (right) and are consistent with a peptide tilt giigle
between 10° and 19° and the peptide tilt angle was25%. ¢ 550 + 70
The range of tilt angles found here compares favorably with the
angle of around 30° found independently by other spectro-
scopic methodsi). with which Bpy can be measured (a limitation of all experi
The simple case of a short, single membrane spannimgents on oriented membrane systems), the REDOR methoc
peptide containing an isolated spin-pair has been used heraitople and the information can be interpreted without know
demonstrate how MAOSS can be applied to obtain informati@uge of tensor orientations or relaxation rat@s [t is envis-
about both the secondary structure and orientation of seleged that by incorporating several spin-pairs in remote regio
tively labeled peptides and proteins in biomembranes. Adf larger membrane proteins, the combined REDOR-MAOS
though uncertainties in the molecular distribution about trepproach could be useful in determining the relative orient
director axis (i.e., the mosaic spreA@) reduce the precision tions of two or more membrane spanning helices.
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