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The secondary structure and topology of membrane proteins
can be described by inspection of two-dimensional 1H–15N dipolar
oupling/15N chemical shift polarization inversion spin exchange

at the magic angle spectra obtained from uniformly 15N-labeled
samples in oriented bilayers. The characteristic wheel-like patterns
of resonances observed in these spectra reflect helical wheel pro-
jections of residues in both transmembrane and in-plane helices
and hence provide direct indices of the secondary structure and
topology of membrane proteins in phospholipid bilayers. We refer
to these patterns as PISA (polarity index slant angle) wheels. The
transmembrane helix of the M2 peptide corresponding to the
pore-lining segment of the acetylcholine receptor and the mem-
brane surface helix of the antibiotic peptide magainin are used as
examples. © 2000 Academic Press

Key Words: solid-state NMR; PISEMA; helical wheels; structure
etermination; PISA wheels.

INTRODUCTION

Membrane proteins adopt unique three-dimensional s
tures in their functional environment of phospholipid bil
ers. Nearly all of the residues in the polypeptide chains
immobile on time scales longer than milliseconds; there
the relevant dipolar coupling and chemical shift interact
present in backbone sites are not motionally averaged
a wide variety of solid-state NMR experiments are hig
effective and can be used for structure determination (1, 2).
In magic angle sample spinning NMR experiments,
resonances are narrowed through averaging of orienta
parameters, enabling the measurement of internuclea
tances by several different methods (2– 4). In contrast, in
solid-state NMR spectroscopy of stationary, oriented s
ples, the uniaxial orientation provides a mechanism
line-narrowing that retains both the distance and the an
information inherent in the anisotropic spin interactio
Although variations of the method have the potential
extending it to a wide range of systems (5, 6), nearly al
applications of solid-state NMR spectroscopy to pept
1501090-7807/00 $35.00
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and proteins in oriented lipid bilayer samples (7, 8) have
utilized spin interactions between directly bonded nu
The bond length is assumed to have a fixed value, ena
the angular constraints to be measured and interprete
rectly. Three-dimensional structure determination is fea
when multiple orientationally dependent frequencies
measured for nuclei at each residue, especially15N-labeled
amide sites (9, 10). The complete resolution and assignm
of resonances from uniformly labeled samples in mul
mensional solid-state NMR spectra is essential (11, 12) for
determining the three-dimensional structures of memb
proteins.

In this Communication we demonstrate that, on the
toward three-dimensional structure determination, the
ondary structure and topology of membrane proteins ca
described by inspection of the two-dimensional1H–15N di-

olar coupling/15N chemical shift PISEMA (polarizatio
inversion with spin exchange at the magic angle) spe
(14) of uniformly 15N-labeled samples in oriented bilaye
The characteristic “wheel-like” patterns of resonances
served in these spectra reflect helical wheel (15) projections

f residues in both transmembrane and in-plane helice
ence provide direct indices of secondary structure

opology of membrane proteins in phospholipid bilay
e refer to these patterns as PISA (polarity index s

ngle) wheels. The transmembrane helix of the M2 pep
orresponding to the pore-lining segment of the acetyl
ine receptor (AchR) and the membrane surface helix o
ntibiotic peptide magainin are used as examples.
pproach bears some similarity to the use of isotropic ch

cal shift indexes for assigning resonances and charac
ng the secondary structure of proteins in solution N
tudies prior to the calculation of three-dimensional st
ures (16, 17). In a parallel and complementary study, Cr
nd co-workers have independently identified these s
haracteristics in PISEMA spectra of membrane prot
nd present their analysis in an accompanying paper (18).
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RESULTS AND DISCUSSION

Helices in Phospholipid Bilayers

The resonance frequencies in PISEMA spectra of orie
samples of membrane proteins depend on helix orientatio
well as on the backbone dihedral angles, the magnitude
orientations of the principal elements of the amide15N chem-
ical shift tensor, and the NH bond length. Because the che
shift tensor and bond length are reasonably well characte
for 15N-labeled amide sites (19), it is possible to calcula
solid-state NMR spectra for specific structural models of
teins. The PISEMA spectra calculated for the full range
possible orientations of an ideal 19-residuea-helix, with 3.6
residues per turn and identical backbone dihedral angles f
residues (f 5 265°, c 5 240°), are shown in Fig. 1. Whe
the helix axis is parallel to the bilayer normal all of the am
sites have an identical orientation relative to the direction o
applied magnetic field, and therefore all of the resona
overlap with the same1H–15N dipolar coupling and15N chem-
cal shift frequencies. Since the amide backbone NH bon
na-helix are nearly, but not exactly, parallel to the helix a

the resonance frequencies approach, but do not reach
maximum values.

Tilting the helix away from the membrane normal breaks
symmetry, introducing variations in the orientations of
amide NH bond vectors relative to the field direction. Thi
manifest in the spectra as dispersions of both the1H–15N

ipolar coupling and the15N chemical shift frequencies. Sin
a modest helix tilt of about 10° aligns the NH bond from
amide site and thes33 amide15N chemical shift tensor eleme
of another amide site with the magnetic field, the maxim
values of both of these frequencies are observed in the
trum, albeit from different amide resonances becauses33 of the
shift tensor is rotated approximately 17° from the NH b
vector (19). Nearly all transmembrane helices are tilted w
espect to the bilayer normal (20). It is the combination of th
ilt and the 17° difference between the direction ofs33 and the
H bond vector that makes it possible to resolve many r
ances from residues in otherwise uniform helices an
esponsible for the characteristic wheel-like pattern observ
he PISEMA spectra of uniformly15N-labeled membrane pe-
tides and proteins (10, 11, 21, 22).

For all helix orientations other than parallel to the fi
irection (0°), the PISEMA spectra shown in Fig. 1 h
haracteristic wheel-like patterns whose frequency bre
eflect the extent of the helix tilt. For helices with tilts equa
r greater than 40° some amide NH bonds adopt orienta
elative to the magnetic field equal to the magic angle (54
nd have corresponding resonances with1H–15N dipolar cou-

pling frequencies of 0 kHz (Figs. 1E–1H). Other amide
bonds are oriented with angles greater than 54.7° relative
magnetic field resulting in resonances with1H–15N dipolar
coupling frequencies whose sign is inverted. Since PISE
d
as
nd

al
ed

-
f

all

e
es

in
,
eir

e
e
s

ec-

d

o-
is
in

hs

ns
°)

he

A

spectra are symmetric and do not distinguish between po
and negative dipolar coupling frequencies, helix tilts gre
than about 40° result in a portion of the wheel-like PISE
spectrum, which appears to be reflected through the 0
axis. The sign of the dipolar coupling would be a valua
additional orientational constraint in samples that are align
a unique direction relative to the magnetic field. Finally, h

FIG. 1. PISEMA spectra calculated for a 19-residuea-helix with 3.6
esidues per turn and uniform dihedral angles (f 5 265,c 5 240) at variou
elix tilt angles relative to the bilayer normal. A. 0°. B. 10°. C. 20°. D. 30
0°. F. 50°. G. 60°. H. 70°. I. 80°. J. 90°. Spectra were calculated on a S
raphics O2 computer (Mountain View, CA), using the FORTRAN prog
INGERPRINT(21, 24). The principal values and molecular orientation of

15N chemical shift tensor (s11 5 64 ppm;s22 5 77 ppm;s33 5 217 ppm;s33

/NH 5 17°) and the NH bond distance (1.07 Å) were as previously d
mined (19).
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ces oriented parallel to the membrane surface have their a
NH bonds ands33 of the 15N chemical shift tensor near
orthogonal to the magnetic field and give highly overlap
PISEMA spectra with all of the resonance frequencies ar
5 kHz and 75 ppm.

Figure 1 demonstrates that the wheel-like patterns in
PISEMA spectra of oriented samples are sensitive indicato
protein secondary structure and topology. Even withou
quential resonance assignments, the1H–15N dipolar coupling
and 15N chemical shift frequencies of the resonances in
characteristic wheel-like patterns provide strong evidenc
the presence of helical secondary structure as well as a
measure of helix tilt relative to the bilayer normal (21). Vari-

tions in the backbone dihedral angles of610° lead to excur
ions as large as615 ppm in the15N chemical shift, but les

than 61 kHz in the 1H–15N dipolar coupling frequencie
Variations in the magnitudes of the principal elements of
15N chemical shift tensor of620 ppm have been observ
(23, 24) and lead to excursions as large as615 ppm in the
calculated15N chemical shift frequency. Little variability h
been observed in the tensor orientations. Finally, variatio
the NH bond length as large as60.02 Å correspond to excu
sions of only 60.6 kHz in the calculated1H–15N dipolar
coupling frequency. This makes the1H–15N dipolar coupling
the more reliable parameter for approximating the tilt o
transmembrane helix.

Transmembrane Helices

The experimental PISEMA spectrum of the AchR M2 p
tide shown in Fig. 2B is well resolved. This made it possibl
measure the1H–15N dipolar coupling and15N chemical shif
frequencies for each correlation peak assigned to an amid
in the peptide backbone and to determine the structure o
peptide in the membrane (10). Three-dimensional correlatio
pectra (25) are generally not needed to resolve the resona
f transmembrane helices, even when two or more are pr

n the protein (22); this is in contrast to the situation for surfa
ound helices that are orthogonal to the membrane norm
iscussed below and in an accompanying paper (26). Nonethe

ess, three-dimensional correlation spectra are essential f
easurement of1H chemical shift frequencies for all res-
ances, which provide valuable orientational constraints27).
The resonances in the assigned experimental PISEMA

rum of uniformly 15N-labeled AchR M2 (Fig. 2B) trace out
heel-like pattern similar to those described in Fig. 1.
pectrum calculated for an ideal transmembranea-helix tilted

by 12° with 3.6 residues per turn and identical dihedral an
(f 5 265°, c 5 240°) is shown in Fig. 2C. Differenc

etween the experimental spectrum of AchR M2, whose
as found to tilt by about 12° with respect to the memb
ormal through structure determination (10), and the calculate
pectrum are largely due to deviations in the experimen
etermined backbone dihedral angles of AChR M2 (PDB
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cek) from those of an ideala-helix. Thus, even withou
resonance assignments, comparison of the experimenta
calculated spectra leads to the conclusion that the AChR
helix is transmembrane with a tilt angle in the range of 1
20° from the bilayer normal. A similar comparison was use
determine that the single transmembrane helix in Vpu, a m
brane bound accessory protein from HIV-1, is tilted by ab
15° (21).

In the experimental PISEMA spectrum of AchR M2,
heel-like pattern of assigned resonances is identical t
elical wheel projection of the peptide shown in Fig. 2A, w

he exceptions of Val15 and Ile7. The helical wheel in Fig.
s arranged so that the residues align with their correspon
mide resonances in the assigned experimental PISEMA

rum (Fig. 2B). This is exactly as predicted by the assig
esonances in the calculated spectrum (Fig. 2C) and reinf
he point that the solid-state NMR spectra of oriented pro
ontain all of the structural information necessary for struc
etermination. Indeed, the polarity of the wheel-like patter

FIG. 2. Helical wheel projection and two-dimensional PISEMA spectr
the uniformly15N-labeled polypeptides in oriented lipid bilayers. A, B, and

ChR M2. D, E, and F. Magainin II. A. Helical wheel projection of the am
atoms of AChR M2. B. Experimental PISEMA spectrum of AChR M

hich provided most of the orientational constraints used for structure
ination (10). C. Spectrum calculated for ana-helix with 3.6 residues per tur

identical dihedral angles (f, c 5 265, 240), and a tilt of 12° relative to th
embrane normal. D. Helical wheel view of the Ca atoms of the magainin
elix with the N-terminus in front. The three-dimensional orientation of
eptide was determined from the angular constraints for Val17 derived

he three-dimensional solid-state NMR spectrum (24). The dashed line mar
he boundary between polar (white) and hydrophobic (gray) residues
mphipathic helix. E. Experimental PISEMA spectrum of magainin I
pectrum calculated from the solution NMR structure of magainin in
icelles (PDB file 2MAG). Conditions for sample preparation and for

olid-state NMR experiments of AChR M2 (10) and magainin (28) have bee
described. Spectra were calculated as described in Fig. 1.
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a PISEMA spectrum provides a direct measure of the ang
helix rotation about its long axis within the membrane.

The correspondence among the polarity of the helical w
the helix rotation and tilt, and the polarity of the wheel-l
pattern in the resulting PISEMA spectrum is illustrated in
3. In a mutually orthogonal laboratory frame of reference (x, y,
z) with thez axis parallel to the lipid bilayer normal (n) and
the direction of the applied magnetic field (B0), we define th
anglex 5 0° for a helix axis (HA) parallel toz and the amid

itrogen of residue 2 aligned withx. The helix polarity is
efined by a right-handed rotation of the helical wheel a

hez axis through the anglex (Figs. 3A and 3D). The helix ti
from the bilayer normal is prescribed by a right-handed r
tion of the helix axis abouty, through an angled (Figs. 3B and
3E). Therefore,d is the angle between HA and the direction

FIG. 3. Correspondence between membrane protein helix tilt and po
and the resulting PISEMA spectra for uniformly15N-labeled protein in oriente

ilayers. A, D, G, and J. Helical wheels rotated by various values of the
nglex. B, E, H, and K. Helices rotated through various values ofx about thei

ong axes (HA) and tilted byd 5 12° (B, E) andd 5 90° (H, K) away from
he membrane normal (n). They axis of the laboratory frame points out of
age. C, F, I, and L. Calculated PISEMA spectra for the various helix rota
nd tilts. The NH bond vectors of the polar opposite residues 2 and 11
elical wheels are highlighted. The light gray areas in B, E, H, and K repr

he lipid bilayer.
of

el,

.

ut

-

f

B0, andx is the polar angle between the projection ofB0 on the
helical wheel and a vector drawn between residue 2 an
center of the wheel. These angles (x, d) are sufficient to fully
define the orientation of a helix in a lipid bilayer membra

In Figs. 3C and 3F, the wheels traced out in the PISE
spectra for two different helix orientations, with equal val
of d, but different values ofx, are identical because the1H–15N
dipolar coupling and15N chemical shift frequencies reflect on
the angle of tilt of the helix axis relative to the bilayer norm
(21). However the spectra differ in their resonance ass

ents, whose patterns mirror exactly the polarityx of their
corresponding helical wheels. In Fig. 3D, helix rotat
throughx aligns a vector drawn between the amide N atom
residues 2 and 11 with the laboratoryy axis. The helix is the
tilted throughd around this vector so that the NH bond
residue 11 is aligned with the magnetic field, while the
bond of residue 2 makes a larger angle with respect to the
As a result, the corresponding resonances have the h
(residue 11) and lowest (residue 2)1H–15N dipolar coupling
frequencies in the wheel-like pattern, which is similar to
observed for AchR M2 (Fig. 2B).

Importantly, this implies that when a wheel-like PISEM
spectrum is observed no assignments are needed to det
the tilt of a transmembrane helix (21) in the membrane, and
single resonance assignment is sufficient to determine
rotation (see below). These are important parameters be
the tilt and rotation of transmembrane helices determine
supramolecular architectures of membrane protein assem
For example, the structure of the AchR M2 determined
solid-state NMR spectroscopy in lipid bilayers is tilted by
and rotated about its helix axis so that the hydrophilic resi
face the N-terminal side of the membrane. This has impo
consequences for ion channel pore geometry and conduct
it leads to the assembly of a symmetric, pentameric, funne
pore with its wide opening at the N-terminal side of
membrane (10). All of these conclusions about the structure
he peptide in bilayers are immediately apparent from ins
ion of the assigned PISEMA spectrum in Fig. 2B, prio
omplete structure determination.

n-Plane Helices Parallel to the Membrane Surface

Typically membrane surface associateda-helices orient with
their axes parallel to the bilayer surface and orthogonal t
direction of the applied magnetic field. As shown in Fig. 1J
described in the accompanying paper (26), this results in

ISEMA spectra that are highly overlapped and require th
f three-dimensional correlation spectroscopy (25) in order to
eparate amide backbone resonances on the basis of1H chem-

ical shift differences. Tilting the helix from this 90° orientat
results in local angular differences, which give dispersion
both the1H–15N dipolar coupling and the15N chemical shif
frequency dimensions.

Nevertheless, as shown in Figs. 1I and 1J, characte
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wheel-like resonance patterns are also observed in
PISEMA spectra ofa-helices aligned parallel to the membra
urface. The experimental PISEMA spectrum of unifor

15N-labeled magainin, a helical peptide that lies in the plan
the bilayer, is shown in Fig. 2E. The resonance assigned
amide nitrogen of Val17 is marked. Many features of
experimental solid-state NMR spectrum in Fig. 2E are re
duced in the spectrum in Fig. 2F, which was calculated b
on the coordinates of the structure of magainin II determin
lipid micelles by solution NMR spectroscopy (28; PDB file
1MAG) and the orientation of the Val17 peptide plane de
mined from solid-state NMR data (29). Differences betwee
he experimental and calculated magainin spectra are
ikely due to variations in the backbone dihedral angles
ween the structure in lipid micelles and lipid bilayers, va
ions in the 15N chemical shift tensors, and in the NH bo
lengths.

For an a-helix with 3.6 residues per turn, adjacent am
residues are separated by 100° of the arc of the wheel, res
in 18 different amide NH bond orientations that can be sam
for any given helix orientation (15). However, this is effec
ively reduced to 9 orientations when the helix axis is orie
arallel to the membrane surface. This is because, for this

ilt (d 5 90°), polar opposite residue pairs that are separat
180° of the arc of the wheel have NH bonds with anglesu or

802 u relative to the magnetic field (e.g., residues 11 a
in Figs. 3G–3L). These angles are indistinguishable in s
state NMR spectroscopy of uniaxially oriented samples; th
fore, amide sites separated by 8 residues and at opposite
of the helical wheel have identical1H–15N dipolar coupling an
15N chemical shift frequencies. In the calculated PISE
spectrum of magainin (Fig. 2F) the polar opposite residue
Val17/Ser8, Ala15/Leu6, and Lys14/Phe5 have overlap
resonances, as expected for aa-helix lying in the plane of th
bilayer.

Thus, as observed for transmembrane helices, the PIS
spectra of in-planea-helices also reflect the helix tilt a
rotation described in terms of the anglesd andx. The spectr
calculated for two helices oriented parallel to the memb
surface (d 5 90°) but with different rotations ofx about thei
respective helix axes are shown in Figs. 3I and 3L. The sp
trace out identical wheel-like patterns since they reflect
the tilt of the helix. However, the resonance assignment
markedly different and mirror both the helix rotation at
membrane (Figs. 3H and 3K) and the corresponding he
wheel projections (Figs. 3G and 3J). As discussed ab
resonances from polar opposite residue pairs overlap. Be
the resonances in the PISEMA spectra of in-plane helices
1H–15N dipolar couplings of opposite sign to those of tra-
membrane helices and are reflected through 0 kHz, their w
like resonance patterns have a handedness contrary t
observed for transmembrane helices.

The sensitivity of assigned PISEMA spectra to the pola
of a helix bound to the membrane surface is particularly u
he
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for determining the mode of binding of an amphipathic h
like magainin II. This peptide lies on the membrane sur
exposing its apolar side to the hydrophobic core of the
bilayer and with its polar–apolar interface parallel to the
layer surface (29). In a a-helix, amide NH bonds at sites ne
the polar–apolar interface make larger angles with respe
the direction of the field (residues 2 and 11 in Fig. 3J) tha
sites farther from the interface (residues 2 and 11 in Fig.
This results in PISEMA spectra where the resonances
effectively polarized: amide sites near the polar–apolar bo
ary have the smallest1H–15N dipolar couplings and15N chem-
ical shifts, while amide sites farthest from the boundary h
the largest1H–15N dipolar couplings and15N chemical shifts
This is clearly observed in the spectrum of magainin (Figs
and 2F). Residues Met21, Phe5, Lys14, and Glu19 are lo
near the polar–apolar interface (dashed line in Fig. 2D)
have corresponding PISEMA resonances with smaller1H–15N
dipolar coupling and15N chemical shift frequencies. On t
other hand, residues Lys4 and Asn22 in the center o
hydrophilic face of the helix (white atoms in Fig. 2D) a
residues Leu6, Gly13, and Ile20 in the center of the hydro
bic face of the helix (gray atoms in Fig. 2D) have PISE
resonances with larger frequencies.

CONCLUSIONS

Only the resolution and sequential assignment of reson
from all residues, and the subsequent calculation of the t
dimensional structure, can provide the definitive answer a
the three-dimensional structure of a membrane protein. H
ever, the helical wheel patterns observed in the PISE
spectra of uniformly15N-labeled polypeptides associated w
oriented lipid bilayers provide a powerful qualitative meas
of membrane protein secondary structure and topology.

In solution NMR spectra of proteins the sensitivity of
isotropic chemical shifts to local molecular geometry prov
a method for determining secondary structural elements b
on simple inspection of resonance frequencies (16, 17). This
chemical shift index is so effective that it is routinely use
identify macromolecular structural features and guide stru
refinement. Similarly, the PISA wheel patterns observe
PISEMA spectra of uniformly15N-labeled samples of protei
in oriented bilayers identify the structure and topology
membrane proteins. In addition, the spectral parameters
vide constraints for the calculation of the three-dimensi
structures of membrane proteins.
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