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The secondary structure and topology of membrane proteins
can be described by inspection of two-dimensional *"H-"N dipolar
coupling/®N chemical shift polarization inversion spin exchange
at the magic angle spectra obtained from uniformly **N-labeled
samples in oriented bilayers. The characteristic wheel-like patterns
of resonances observed in these spectra reflect helical wheel pro-

and proteins in oriented lipid bilayer samples, 8 have

utilized spin interactions between directly bonded nuclei
The bond length is assumed to have a fixed value, enablil
the angular constraints to be measured and interpreted |
rectly. Three-dimensional structure determination is feasibl

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

when multiple orientationally dependent frequencies ar
measured for nuclei at each residue, especidiylabeled

amide sites¥, 10. The complete resolution and assignmen
of resonances from uniformly labeled samples in multidi

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
determination; PISA wheels.

mensional solid-state NMR spectra is essentidl, (12 for
determining the three-dimensional structures of membratr
proteins.

In this Communication we demonstrate that, on the pat
toward three-dimensional structure determination, the se
ondary structure and topology of membrane proteins can |
described by inspection of the two-dimensiodd"N di-
polar coupling’N chemical shift PISEMA (polarization
inversion with spin exchange at the magic angle) spect

Membrane proteins adopt unique three-dimensional strdd) of uniformly.lsN-IabeIe(.j samples in oriented bilayers.
tures in their functional environment of phospholipid bilayt "€ characteristic “wheel-like” patterns of resonances ol

ers. Nearly all of the residues in the polypeptide chains a?§"ved in these spectra reflect helical whed) projections

immobile on time scales longer than milliseconds; therefoff residues in both transmembrane and in-plane helices a
the relevant dipolar coupling and chemical shift interactiofi€nce provide direct indices of secondary structure ar
present in backbone sites are not motionally averaged, df@0logy of membrane proteins in phospholipid bilayers
a wide variety of solid-state NMR experiments are highlyve refer to these patterns as PISA (polarity index slar
effective and can be used for structure determinatigrg. angle) wheels. The transmembrane helix of the M2 peptic
In magic angle sample spinning NMR experiments, theorresponding to the pore-lining segment of the acetylchc
resonances are narrowed through averaging of orientatiofi¢ receptor (AchR) and the membrane surface helix of th
parameters, enabling the measurement of internuclear dagtibiotic peptide magainin are used as examples. Th
tances by several different method&-@). In contrast, in approach bears some similarity to the use of isotropic cher
solid-state NMR spectroscopy of stationary, oriented sarn¢al shift indexes for assigning resonances and character
ples, the uniaxial orientation provides a mechanism fdng the secondary structure of proteins in solution NMF
line-narrowing that retains both the distance and the angugindies prior to the calculation of three-dimensional struc
information inherent in the anisotropic spin interactiongures (6, 17). In a parallel and complementary study, Cros:
Although variations of the method have the potential foand co-workers have independently identified these sar
extending it to a wide range of system5, @), nearly all characteristics in PISEMA spectra of membrane proteir
applications of solid-state NMR spectroscopy to peptidesid present their analysis in an accompanying pap&y. (
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RESULTS AND DISCUSSION 0°] 5
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Helices in Phospholipid Bilayers . L

S . o L
The resonance frequencies in PISEMA spectra of oriented O o 4
samples of membrane proteins depend on helix orientation, as - e od% -
well as on the backbone dihedral angles, the magnitudes anc oq

orientations of the principal elements of the amithé chem 10° 60°
ical shift tensor, and the NH bond length. Because the chemical B EE . G ‘\ -8

shift tensor and bond length are reasonably well characterized
for N-labeled amide sites1@), it is possible to calculate
solid-state NMR spectra for specific structural models of pro-
teins. The PISEMA spectra calculated for the full range of -
possible orientations of an ideal 19-residuelix, with 3.6
residues per turn and identical backbone dihedral angles for all &% 20° 70°
residues ¢ = —65°, ¢ = —40°), are shown in Fig. 1. When Cl o9 . H ‘% L8
the helix axis is parallel to the bilayer normal all of the amide % o
sites have an identical orientation relative to the direction of the
applied magnetic field, and therefore all of the resonances &
overlap with the sam&H—""N dipolar coupling and°N chem L o
o

ical shift frequencies. Since the amide backbone NH bonds in

TH-15N coupling (kHz)

ana-helix are nearly, but not exactly, parallel to the helix axis, e 3
the resonance frequencies approach, but do not reach, thei D éﬂoo L - |8
maximum values. o
Tilting the helix away from the membrane normal breaks the °
i . o . . . o
symmetry, introducing variations in the orientations of the o &
amide NH bond vectors relative to the field direction. This is ‘h& : Qb? -
manifest in the spectra as dispersions of both tHeN
dipolar coupling and thé’N chemical shift frequencies. Since 20° '900
a modest helix tilt of about 10° aligns the NH bond from one E L J <— 8
&

amide site and the,; amide™N chemical shift tensor element °
of another amide site with the magnetic field, the maximum o
values of both of these frequencies are observed in the spec o
trum, albeit from different amide resonances becaugef the o
shift tensor is rotated approximately 17° from the NH bond . C@g . R
vector (L9). Nearly all transmembrane helices are tilted with 200 100 200 100
r_espect to theobll_ayer norma2@). It is the _com_b|nat|on of the 15N shift (ppm)

tilt and the 17° difference between the directionogf and the

NH bond vector that makes it possible to resolve many resofIG. 1. PISEMA spectra calculated for a 19-residaehelix with 3.6
nances from residues in otherwise uniform helices and residues per turn and uniform dihedral anglés<( —65, = —40) at various
responsible for the characteristic wheel-like pattern observed#iix tilt angles relative to the bilayer normal. A. 0°. B. 10°. C. 20°. D. 30°. E.

. 40°. F. 50°. G. 60°. H. 70°. I. 80°. J. 90°. Spectra were calculated on a Silicc
the PISEMA spectra of umformliﬁN-labeled membrane pep Graphics O2 computer (Mountain View, CA), using the FORTRAN progran

tides and pro_teinS;LO’ 1]7 21,29 ~ FINGERPRINT(21, 24. The principal values and molecular orientation of the
For all helix orientations other than parallel to the fieldN chemical shift tensord,, = 64 ppm;o,, = 77 ppm;os; = 217 ppm;os;

direction (0°), the PISEMA spectra shown in Fig. 1 havéNH = 17°) and the NH bond distance (1.07 A) were as previously detel
characteristic wheel-like patterns whose frequency breadffged 9.

reflect the extent of the helix tilt. For helices with tilts equal to

or greater than 40° some amide NH bonds adopt orientatispgectra are symmetric and do not distinguish between positi
relative to the magnetic field equal to the magic angle (54.78hd negative dipolar coupling frequencies, helix tilts greate
and have corresponding resonances WiR™N dipolar cou than about 40° result in a portion of the wheel-like PISEMA
pling frequencies of 0 kHz (Figs. 1E-1H). Other amide NKpectrum, which appears to be reflected through the 0-kk
bonds are oriented with angles greater than 54.7° relative to thés. The sign of the dipolar coupling would be a valuabl
magnetic field resulting in resonances witH—"°N dipolar additional orientational constraint in samples that are aligned
coupling frequencies whose sign is inverted. Since PISEMa&unique direction relative to the magnetic field. Finally, heli
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ces oriented parallel to the membrane surface have their am A B c
NH bonds ando,, of the N chemical shift tensor nearly
orthogonal to the magnetic field and give highly overlappe
PISEMA spectra with all of the resonance frequencies arou
5 kHz and 75 ppm.

Figure 1 demonstrates that the wheel-like patterns in tl
PISEMA spectra of oriented samples are sensitive indicators
protein secondary structure and topology. Even without s
quential resonance assignments, thie*N dipolar coupling
and N chemical shift frequencies of the resonances in tt
characteristic wheel-like patterns provide strong evidence f{
the presence of helical secondary structure as well as a dir
measure of helix tilt relative to the bilayer normallj. Vari-
ations in the backbone dihedral anglestaf0° lead to excur-
sions as large as 15 ppm in the™N chemical shift, but less
than =1 kHz in the '"H-""N dipolar coupling frequencies. e e F19 w21 Kkia Gref
Variations in the magnitudes of the principal elements of tr 80 120 _ 80 &0
N chemical shift tensor of-20 ppm have been observea N SHERRm)

(23, 249 and lead to excursions as large #45 ppm in the  FIG.2. Helical wheel projection and two-dimensional PISEMA spectra of
calculated™N chemical shift frequency. Little variability hasthe uniformly*N-labeled polypeptides in oriented lipid bilayers. A, B, and C.
been observed in the tensor orientations. Finally, variations4ff"R M2. D, E, and F. Magainin Il. A. Helical wheel projection of the amide

N atoms of AChR M2. B. Experimental PISEMA spectrum of AChR M2,
the NH bond Iength as Iarge a<.02 A correspond to excur- which provided most of the orientational constraints used for structure dete

\ . P
sions of only 0.6 kHz in the calculatedH—""N dipolar mination (L0). C. Spectrum calculated for anhelix with 3.6 residues per turn,
coupling frequency. This makes tHel—"°N dipolar coupling identical dihedral angles = —65, —40), and a tilt of 12° relative to the

the more reliable parameter for approximating the tilt of grembrane normal. D. Helical wheel view of the &oms of the magainin Il
transmembrane helix helix with the N-terminus in front. The three-dimensional orientation of the

peptide was determined from the angular constraints for Vall7 derived fro
the three-dimensional solid-state NMR spectri)( The dashed line marks
Transmembrane Helices the boundary between polar (white) and hydrophobic (gray) residues in t
amphipathic helix. E. Experimental PISEMA spectrum of magainin II. F.
The experimental PISEMA spectrum of the AchR M2 pepSpectrum calculated from the solution NMR structure of magainin in lipic
tide shown in Fig. 2B is well resolved. This made it possible faicelles (PDB file 2MAG). Conditions for sample preparation and for the
measure theH—N dipolar coupling and®N chemical shift solid-state NMR experiments of AChR M2@) and magaininZ8) have been
. ) . .~ described. Spectra were calculated as described in Fig. 1.
frequencies for each correlation peak assigned to an amide site

in the peptide backbone and to determine the structure of the
peptide in the membrand @). Three-dimensional Correlationlcek) from those of an ideak-helix. Thus. even without

spectrags) are genera_lly not needed to resolve the resonang&z snance assignments, comparison of the experimental &
of transmembrane helices, even when two or more are present '

in the protein 22); this is in contrast to the situation for surfac cé\;u!ated spectra leads t.o the -conclusu-)n that the AChR I
. elix is transmembrane with a tilt angle in the range of 10 t

bound helices that are orthogonal to the membrane normal,z%g from the bilaver normal. A similar comparison w dt

discussed below and in an accompanying papéy. Nonethe- 0 € bilayer normal. A simiiar comparison was use

less, three-dimensional correlation spectra are essential forgﬁéermt')ne tgat the single trans.mfembrane heI!x 'q VSLE) a nt")ler
measurement ofH chemical shift frequencies for all reso rane bound accessory protein from HIV-1, is tilted by abot

nances, which provide valuable orientational constraid. ( 15° D). .

The resonances in the assigned experimental PISEMA specn the experimental PISEMA spectrum of AchR M2, the
trum of uniformly **N-labeled AchR M2 (Fig. 2B) trace out athael—llke pattern of assigned resonances is |d§nt|cal to tl
wheel-like pattern similar to those described in Fig. 1. Thelical wheel projection of the peptide shown in Fig. 2A, with
spectrum calculated for an ideal transmembrasteelix tilted ~the exceptions of Vall5 and lle7. The helical wheel in Fig. 2/
by 12° with 3.6 residues per turn and identical dihedral anglissarranged so that the residues align with their correspondit
(¢ = —65° = —40°) is shown in Fig. 2C. Differences amide resonances in the assigned experimental PISEMA sp
between the experimental spectrum of AchR M2, whose hefism (Fig. 2B). This is exactly as predicted by the assigne
was found to tilt by about 12° with respect to the membrarieésonances in the calculated spectrum (Fig. 2C) and reinforc
normal through structure determinatidr®), and the calculated the point that the solid-state NMR spectra of oriented proteir
spectrum are largely due to deviations in the experimentaltpntain all of the structural information necessary for structur
determined backbone dihedral angles of AChR M2 (PDB filgetermination. Indeed, the polarity of the wheel-like pattern i
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B,, andy is the polar angle between the projectiorBgfon the
helical wheel and a vector drawn between residue 2 and tl
center of the wheel. These anglgs §) are sufficient to fully
define the orientation of a helix in a lipid bilayer membrane.

In Figs. 3C and 3F, the wheels traced out in the PISEM/
spectra for two different helix orientations, with equal value:
of 8, but different values of, are identical because thid—""N
dipolar coupling and°N chemical shift frequencies reflect only
the angle of tilt of the helix axis relative to the bilayer normal
(21). However the spectra differ in their resonance assigr
ments, whose patterns mirror exactly the polantyf their
corresponding helical wheels. In Fig. 3D, helix rotatior
throughy aligns a vector drawn between the amide N atoms ¢
residues 2 and 11 with the laboratgrnaxis. The helix is then
tilted throughé around this vector so that the NH bond of
residue 11 is aligned with the magnetic field, while the NF
bond of residue 2 makes a larger angle with respect to the fiel
As a result, the corresponding resonances have the high
(residue 11) and lowest (residue 2-°N dipolar coupling
frequencies in the wheel-like pattern, which is similar to tha
observed for AchR M2 (Fig. 2B).

Importantly, this implies that when a wheel-like PISEMA
spectrum is observed no assignments are needed to detern

1H-15N Coupling (kHz)

2o 0615 the tilt of a transmemprane heli_ﬁl) in_the membrane, _and a

AR 50 R single resonance assignment is sufficient to determine he
BT ° |, rotation (see below). These are important parameters becal

1890 02! the tilt and rotation of transmembrane helices determine tt

1;’3 Shift (ppm?‘} supramolecular architectures of membrane protein assembli

fG 3 o § o ) i helix tlt and pol For example, the structure of the AchR M2 determined b
.o orrespondence etween membrane proteln elix tilt an polari id- H H H H H G
and the resulting PISEMA spectra for unifornifil-labeled protein in oriented t§0|(|jd Statele\t/)lR SpeCI:rOI_SCOpy in IIF;]Id b;:ayr?rz IS trlwlt[?d byéZ
bilayers. A, D, G, and J. Helical wheels rotated by various values of the po%p rotated a O_Ut its . elix axis so that the hy I_’Op ' 'C_ residue
angley. B, E, H, and K. Helices rotated through various valueg about their - face the N-terminal side of the membrane. This has importa
long axes (HA) and tilted by = 12° (B, E) andd = 90° (H, K) away from consequences for ion channel pore geometry and conduction

the membrane normal (n). Theaxis of the laboratory frame points out of thejt |eads to the assembly of a symmetric, pentameric, funnel-lik

page. C, F, I, and L. Calculated PISEMA spectra for the various helix rotatio : : : : _ . .
and tilts. The NH bond vectors of the polar opposite residues 2 and 11 in lh%e)re with its wide opening at the N-terminal side of the

helical wheels are highlighted. The light gray areas in B, E, H, and K represéﬂlembra_nex_o)' A_‘” of these (_:0nC|us_|onS about the StrUCt_ure of
the lipid bilayer. the peptide in bilayers are immediately apparent from inspe:

tion of the assigned PISEMA spectrum in Fig. 2B, prior tc
complete structure determination.
a PISEMA spectrum provides a direct measure of the angle of
helix rotation about its long axis within 'Fhe membra_ne. In-Plane Helices Parallel to the Membrane Surface
The correspondence among the polarity of the helical wheel,
the helix rotation and tilt, and the polarity of the wheel-like Typically membrane surface associatetielices orient with
pattern in the resulting PISEMA spectrum is illustrated in Figheir axes parallel to the bilayer surface and orthogonal to tt
3. In a mutually orthogonal laboratory frame of referenggy, direction of the applied magnetic field. As shown in Fig. 1J an
Z) with the z axis parallel to the lipid bilayer normal (n) and todescribed in the accompanying pap&6)( this results in
the direction of the applied magnetic fielB{), we define the PISEMA spectra that are highly overlapped and require the u
angley = 0° for a helix axis (HA) parallel t@ and the amide of three-dimensional correlation spectroscop$)(in order to
nitrogen of residue 2 aligned witk. The helix polarity is separate amide backbone resonances on the baStsabfen
defined by a right-handed rotation of the helical wheel aboigal shift differences. Tilting the helix from this 90° orientation
thez axis through the anglg (Figs. 3A and 3D). The helix tilt results in local angular differences, which give dispersions i
from the bilayer normal is prescribed by a right-handed rotaoth the ‘H—"N dipolar coupling and thé’N chemical shift
tion of the helix axis abouy, through an anglé (Figs. 3B and frequency dimensions.
3E). Therefored is the angle between HA and the direction of Nevertheless, as shown in Figs. 11 and 1J, characteris
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wheel-like resonance patterns are also observed in fioe determining the mode of binding of an amphipathic heli
PISEMA spectra ofv-helices aligned parallel to the membranéke magainin Il. This peptide lies on the membrane surfac
surface. The experimental PISEMA spectrum of uniformlgxposing its apolar side to the hydrophobic core of the lipi
*N-labeled magainin, a helical peptide that lies in the plane bflayer and with its polar-apolar interface parallel to the bi
the bilayer, is shown in Fig. 2E. The resonance assigned to thger surface29). In a «-helix, amide NH bonds at sites near
amide nitrogen of Vall7 is marked. Many features of ththe polar—apolar interface make larger angles with respect
experimental solid-state NMR spectrum in Fig. 2E are reprithe direction of the field (residues 2 and 11 in Fig. 3J) than d
duced in the spectrum in Fig. 2F, which was calculated bassites farther from the interface (residues 2 and 11 in Fig. 3G
on the coordinates of the structure of magainin Il determinedTris results in PISEMA spectra where the resonances s
lipid micelles by solution NMR spectroscop2& PDB file effectively polarized: amide sites near the polar—apolar boun
1MAG) and the orientation of the Vall7 peptide plane deteary have the smallesH-""N dipolar couplings and®N chem
mined from solid-state NMR dat&9). Differences between ical shifts, while amide sites farthest from the boundary hav
the experimental and calculated magainin spectra are mthst largestH—""N dipolar couplings and®N chemical shifts.
likely due to variations in the backbone dihedral angles b&his is clearly observed in the spectrum of magainin (Figs. 2
tween the structure in lipid micelles and lipid bilayers, varisand 2F). Residues Met21, Phe5, Lys14, and Glul9 are locat
tions in the™N chemical shift tensors, and in the NH bonchear the polar—apolar interface (dashed line in Fig. 2D) ar
lengths. have corresponding PISEMA resonances with smakerN
For ana-helix with 3.6 residues per turn, adjacent amiddipolar coupling and°N chemical shift frequencies. On the
residues are separated by 100° of the arc of the wheel, resultiiger hand, residues Lys4 and Asn22 in the center of tt
in 18 different amide NH bond orientations that can be samplégidrophilic face of the helix (white atoms in Fig. 2D) and
for any given helix orientation1f). However, this is effec- residues Leu6, Gly13, and 1le20 in the center of the hydroph
tively reduced to 9 orientations when the helix axis is orientdac face of the helix (gray atoms in Fig. 2D) have PISEMA
parallel to the membrane surface. This is because, for this hetesonances with larger frequencies.
tilt (6 = 90°), polar opposite residue pairs that are separated by
180° of the arc of the wheel have NH bonds with angles CONCLUSIONS
180 — 6 relative to the magnetic field (e.g., residues 11 and 2
in Figs. 3G-3L). These angles are indistinguishable in solid-Only the resolution and sequential assignment of resonanc
state NMR spectroscopy of uniaxially oriented samples; therieom all residues, and the subsequent calculation of the thre
fore, amide sites separated by 8 residues and at opposite pdiesensional structure, can provide the definitive answer abo
of the helical wheel have identic#i—"°N dipolar coupling and the three-dimensional structure of a membrane protein. Ho
N chemical shift frequencies. In the calculated PISEMAver, the helical wheel patterns observed in the PISEM,
spectrum of magainin (Fig. 2F) the polar opposite residue pagectra of uniformly*®N-labeled polypeptides associated with
Vall7/Ser8, Alal5/Leu6, and Lys14/Phe5 have overlappimgiented lipid bilayers provide a powerful qualitative measurt
resonances, as expected fos-elix lying in the plane of the of membrane protein secondary structure and topology.
bilayer. In solution NMR spectra of proteins the sensitivity of the
Thus, as observed for transmembrane helices, the PISEN&atropic chemical shifts to local molecular geometry provide
spectra of in-planex-helices also reflect the helix tilt anda method for determining secondary structural elements bas
rotation described in terms of the ang@snd y. The spectra on simple inspection of resonance frequencits, (7). This
calculated for two helices oriented parallel to the membraiemical shift index is so effective that it is routinely used tc
surface § = 90°) but with different rotations of about their identify macromolecular structural features and guide structu
respective helix axes are shown in Figs. 3l and 3L. The spectedinement. Similarly, the PISA wheel patterns observed i
trace out identical wheel-like patterns since they reflect onBISEMA spectra of uniformly°N-labeled samples of proteins
the tilt of the helix. However, the resonance assignments ane oriented bilayers identify the structure and topology o
markedly different and mirror both the helix rotation at thenembrane proteins. In addition, the spectral parameters pi
membrane (Figs. 3H and 3K) and the corresponding helicatle constraints for the calculation of the three-dimension:
wheel projections (Figs. 3G and 3J). As discussed abowructures of membrane proteins.
resonances from polar opposite residue pairs overlap. Because
the resonances in the PISEMA spectra of in-plane helices have ACKNOWLEDGMENTS
'H-"N dipolar couplings of opposite sign to those of trans
membrane helices and are reflected through 0 kHz, their wheeMle thank T. A. Cross for discussing his results and sending us a copy of f

like resonance patterns have a handedness contrary to ﬂ;ﬁﬂuscript prior to submission for publication. We also thank M. Montal an
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