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Uniformly N-labeled samples of membrane proteins with he-
ices aligned parallel to the membrane surface give two-dimen-
ional PISEMA spectra that are highly overlapped due to limited
ispersions of 1H–15N dipolar coupling and 15N chemical shift
requencies. However, resolution is greatly improved in three-
imensional 1H chemical shift/1H–15N dipolar coupling/15N chem-

ical shift correlation spectra. The 23-residue antibiotic peptide
magainin and a 54-residue polypeptide corresponding to the cy-
toplasmic domain of the HIV-1 accessory protein Vpu are used as
examples. Both polypeptides consist almost entirely of a-helices,
with their axes aligned parallel to the membrane surface. The
measurement of three orientationally dependent frequencies for
Val17 of magainin enabled the three-dimensional orientation of
this helical peptide to be determined in the lipid bilayer. © 2000

cademic Press

Key Words: PISEMA; magainin; membrane protein; solid-state
MR; protein structure.

INTRODUCTION

The structures of membrane proteins can be determin
phospholipid bilayers by solid-state NMR spectroscopy (1, 2).

he approach we are developing takes advantage of the
esolution and both angular and distance information avai
n stationary oriented samples. Although even the sim
ne-dimensional solid-state15N NMR spectra of oriented b

layer samples provide valuable information about the arch
ture of membrane peptides and proteins (3–7), complete struc
ure determination requires the measurement of mu
rientationally dependent frequencies for each residue
xample, the three-dimensional structures of the gramicidi
hannel peptide (8) and of a functional peptide correspond

to the M2 segment of the acetylcholine receptor (AChR)9)
have been determined with this method. In order for
approach to be generally applicable, it is essential to be a
resolve resonances from uniformly isotopically labeled
teins prepared by expression in bacteria or other organism
can grow on minimal medium. Using the PISEMA (polari
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tion inversion spin exchange at the magic angle) experi
(10), which is a high-resolution version of separated local
spectroscopy (11), many individual resonances have been
olved in the multidimensional solid-state NMR spectra
niformly 15N-labeled membrane proteins with between 25

200 residues in oriented bilayer samples (7, 9, 12–14). The
observed frequencies of the single-line resonances depe
the orientation of the molecular sites relative to the directio
the applied magnetic field and provide both the mechanism
resolution among resonances and the orientational cons
used for structure determination. The ability to measure
tiple orientationally dependent frequencies for each reson
is an important feature of this approach because, in princ
it enables a protein structure to be determined from a s
assigned spectrum.

Transmembrane helices give well-resolved two-dimens
1H–15N dipolar coupling/15N chemical shift PISEMA spect
(7, 9, 12, 13). This fortunate situation happens largely beca
transmembrane helices typically cross the membrane
angle (15–17). Solid-state NMR experiments have been use
characterize the orientations of transmembrane helices
number of polypeptides, including AChR M2 (9), the HIV-1
accessory protein Vpu (4, 13, 14), and influenza M2 (5). The
tilt leads to variations in the angles formed by the backb
amide NH bond vectors relative to the magnetic field, and
is manifest in the dispersion of both the1H–15N dipolar cou
pling and the15N chemical shift frequencies (16, 17).

In contrast to transmembrane helices, surface bound h
generally have their axes parallel to the plane of the bilaye
orthogonal to the direction of the applied magnetic field. C
sequently, they exhibit much smaller angular dispersion
their amide NH bond vectors relative to the magnetic field (16).

his leads to a high degree of overlap in the spectral re
ssociated with in-plane helices in two-dimensional PISE
pectra of uniformly15N-labeled proteins (7, 13, 14, 16). The

results described in this Communication demonstrate the
cial role played by the1H chemical shift interaction in th
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157COMMUNICATIONS
resolution of resonances from in-plane helices of memb
proteins (14). Three-dimensional1H chemical shift/1H–15N

ipolar coupling/15N chemical shift correlation spectra (18) can
ive very favorable results in situations where the two-dim
ional spectra are seemingly intractable.
Magainin, an antibiotic peptide isolated from frog skin (19),

as only 23 residues (GIGKFLHSAKKFGKAFVGEI MNS
et its one- and two-dimensional solid-state NMR spe
isplay poor resolution because the peptide is a nearly l

a-helix oriented in the plane of the membrane. The structu
magainin, determined by multidimensional solution N
spectroscopy in lipid micelles (20), is an amphipathica-helix
with slight curvature. Our earlier solid-state NMR experime
were consistent in showing that the helix axis lies in the p
of the phospholipid bilayer (21). These studies utilized spec
ically 15N-labeled synthetic peptides, which limited the inv-
tigation to only a few sites in the peptide. Expression
bacteria allows us to prepare uniformly15N-labeled sample
suitable for complete structure determination as long as
the resonances can be resolved.

Similarly, Vpu28–81, a polypeptide corresponding to the-
oplasmic domain of the HIV-1 accessory protein Vpu (22),
nteracts with membrane bilayers as in-planea-helices
(4, 13, 14), and uniformly 15N-labeled samples give poo
resolved one- and two-dimensional solid-state NMR spe
Full-length Vpu is an 81-residue membrane protein (MQP
AIVA LVVAIIIAIV VWSIVIIEYR KILRQRKIDR LIDRLI-
ERAE DSGNESEGEI SALVELGVEL GHHAPWDVDD L)
Using NMR experiments in micelles and in lipid bilayers,
have demonstrated that full-length Vpu folds into two dist
structural domains: a single transmembrane N-terminal h
phobic helix that makes an angle of about 15° with the bil
normal and two amphipathic in-plane helices in the cytop
mic C-terminal domain (4, 13, 14).

RESULTS AND DISCUSSION

Solid-state NMR spectra of uniformly15N-labeled magaini
and Vpu28–81 in oriented lipid bilayers are shown in Fig. 1.The
31P NMR spectra of the lipids in both samples (Figs. 1A
1B) display a single peak near 30 ppm, as expected for h
aligned bilayers with this lipid composition (phosphatidylc
line:phosphatidylglycerol, 4:1 molar ratio) and peptide:l
molar ratios (magainin, 1.6:100; and Vpu28–81, 0.5:100). Al-
though the one-dimensional15N chemical shift and two-dime-
sional PISEMA spectra of magainin (Figs. 1C and 1E)
Vpu28–81 (Figs. 1D and 1F) have limited resolution, they p-
vide sufficient information to map out the architecture of
polypeptides illustrated at the top of Fig. 1 (4, 13, 14). The
orientational dependence of the frequencies results in the
lap of resonances in these highly symmetric polypeptides
taining only in-plane helices. The resonance intensity is hi
concentrated near the1H–15N dipolar coupling (5 kHz) and15N
ne
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chemical shift (70 ppm) frequencies associated with NH b
parallel to the membrane surface and perpendicular to
direction of the applied magnetic field.

FIG. 1. Solid-state NMR spectra of uniformly15N-labeled magainin (lef
and Vpu28–81 (right) in oriented lipid bilayers. A and B. One-dimensional31P
NMR spectra of the phospholipids. C and D. One-dimensional15N NMR
spectra of the polypeptides. E and F. Two-dimensional1H–15N dipolar cou-

ling/15N chemical shift PISEMA spectra of the polypeptides. G and
Two-dimensional1H–15N dipolar coupling/15N chemical shift planes extract
from three-dimensional1H chemical shift/1H–15N dipolar coupling/15N chem-
ical shift correlation spectra at selected1H chemical shift frequencies. G.1H
chemical shift5 15.5 ppm. H.1H chemical shift5 17.0 ppm. In G the arro
dentifies the resonance from Val17 of magainin. The15N and 1H chemica
shifts are referenced to 0 ppm for liquid ammonia and tetramethyls
respectively. The recombinant polypeptides were derived from fusion pr
expressed inEscherichia coli.For uniformly labeled samples,E. coli cells

ere grown in medium containing15N-enriched ammonium sulfate. For t
specifically labeled sample used to obtain the spectrum in Fig. 3A, the g
medium contained all amino acids with only valine15N labeled. All isotopi-
ally labeled materials were from Cambridge Isotope Laboratories (And
A). The preparation of oriented lipid bilayer samples of magainin (21) and
pu28–81 (13) has been described. The solid-state NMR spectra were ob

at 23°C (magainin) or 0°C (Vpu28–81) using homebuilt double-resonance pro
with “square” RF coils wrapped directly around the samples, which cons
of thin glass plates containing the hydrated polypeptide and phospholipid
spectrometers had magnets with field strengths corresponding to1H resonanc
frequencies of 550 and 400 MHz. The NMR data were processed usi
programFELIX (Biosym Technology, San Diego, CA) on a Silicon Grap
omputer workstation (Mountain View, CA).
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158 COMMUNICATIONS
There are a few resolved resonances in the one-dimen
15N NMR spectrum of magainin (Fig. 1C); the signals at
and 180 ppm most likely correspond to the side chain nitro
of His7 and Asn22. There are three peaks in the isotropic15N
chemical shift region of the spectrum (115 ppm), but only
with a 1H–15N dipolar coupling frequency of 0 kHz. It
mprobable, although possible, that residues at the N-
-termini of the peptide undergo motions on a time s

ntermediate between the15N chemical shift and1H–15N dipo-
ar coupling interactions (0.1–1 ms). More likely, a few re
ues proximate to the termini do not form part of a canon
elix in the lipid bilayers as is the case in lipid micelles (20)
nd hence adopt conformations where the amide NH bond
ot parallel to the membrane surface.
Only a few resonances are genuinely resolved in the in-p

elical region of the two-dimensional PISEMA spectra
againin (Fig. 1E) or Vpu28–81 (Fig. 1F). The favorable res-

nance linewidths reflect well-oriented samples and a pro
tuned spectrometer (250 Hz in the1H–15N dipolar coupling
dimension and 3 ppm in the15N chemical shift dimension
However, the spectral resolution is limited by the small
quency dispersion in both dimensions, which is characte
of in-plane a-helices. Since one of the main advantage
uniform 15N labeling of proteins (23) is that three different sp
interactions are available for interrogation at each amide
the way to deal with the severe overlap in the in-plane he
region of the two-dimensional PISEMA spectra is to invoke
1H amide chemical shift interaction and increase the numb
frequency dimensions. The three-dimensional1H shift/1H–15N

ipolar coupling/15N shift correlation spectrum of magainin
in oriented bilayers is completely resolved, dramatically il
trating the value of the1H chemical shift in separating res-

ances from residues in a helix oriented in the plane o
ilayer. We have identified 22 resonances in the three-di
ional spectrum of magainin, as expected from the amino
equence of this 23-residue peptide. The two-dimensiona1H–

15N dipolar coupling/15N shift planes extracted from a thre
dimensional spectrum of uniformly15N-labeled magainin a
selected1H chemical shift frequencies are shown in Fig.

nd in Fig. 2. Similarly, the1H chemical shift separated tw
dimensional spectral plane of uniformly15N-labeled Vpu28–81

in Fig. 1H shows that individual resonances can be resolv
a polypeptide with twice as many residues, despite the s
overlap observed in the two-dimensional PISEMA spect
The observation of single resonances from individual back
amide sites indicates that both magainin and Vpu28–81 bind
ightly to the membrane surface in unique orientations an
tructured and immobilized by their interactions with the l
ilayers, even though they are soluble and unstructured
bsence of lipids (13, 20, 24, 25).
In Fig. 1G, the arrow points to the resonance assigne

al17 of magainin. This resonance was assigned by com
on with the two-dimensional PISEMA spectrum of spe
nal
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ally 15N Val-labeled magainin in Fig. 3A. The1H chemica
shift, 1H–15N dipolar coupling, and15N chemical shift frequen-
cies measured from the three-dimensional correlation spe
are sufficient to determine the orientation of Val17 relativ
the direction of the applied magnetic field. The angular res
tions from these experimental frequencies were combined
the solution NMR structure in lipid micelles (20) to character
ze the three-dimensional orientation of magainin in the
ilayers. As shown in Fig. 4A, the magainin helix is paralle

he bilayer surface. It is rotated about its long axis (Fig. 4B
hat the polar–apolar boundary, separating the hydrop
white) and hydrophobic (gray) faces of the helix, is paralle
he membrane surface. Residues Phe5, Phe12, and Phe
ll near this boundary region and, hence, equidistant from
ydrophobic core of the lipid bilayer. This is in agreement w
ata from fluorescence quenching studies at these sites26).

Because of symmetry considerations (16), the solid-state NMR
ata in Figs. 1 and 2 do not provide information about
sidedness” of the helix–bilayer interaction, i.e., whe

FIG. 2. Two-dimensional 1H–15N dipolar coupling/15N chemical shif
lanes extracted from three-dimensional1H chemical shift/1H–15N dipolar

coupling/15N chemical shift correlation spectrum of uniformly15N-labeled
magainin in oriented lipid bilayers at selected1H chemical shift frequencies.
otal of 22 resonances labeled a to v were identified.



as
er
ph
, a

em
n o

to
nte
ng
ire

o
th
ta-
tat
he
lat
he
an

nd
m
iffe
lip

b e
6

uffi
e

tio

rge
s.
ility

ions
em.

-
l e”

fre-
cular
lues

tal
tion
ce

f ma-

third
is

f the
e was
hree-
ts the
rrow

s the
) are
lar to

d arks
t es in
t

na
P rro
i i
f es

G).
unta

-sta
ng

c t

p –H
b s

159COMMUNICATIONS
Val17 is on the same or opposite side of the bulk water ph
We present the magainin peptide at the membrane–wat
terface with Val17 and the hydrophobic face of the am
pathic helix cis to the hydrophobic core of the lipid bilayer
expected from basic energy considerations.

The three-dimensional structure of magainin in the m
brane shown in Fig. 4 was validated by back-calculatio
the two-dimensional PISEMA spectrum. It is possible
calculate the solid-state NMR spectra of proteins in orie
samples because the frequencies directly reflect the a
between individual bonds or chemical groups and the d
tion of the applied magnetic field. The PISEMA spectrum
magainin calculated from the solution NMR structure of
peptide in lipid micelles (PDB file 2MAG) and the orien
tion of the Val17 peptide plane determined from solid-s
NMR (24) is shown in Fig. 3C. Many features of t
experimental spectrum are reproduced by the calcu
spectrum where the resonance frequencies reflect the
orientation, specified by Val17; the backbone dihedral
gles; the amide15N chemical shift tensor; and the NH bo
length. Differences between the experimental spectru
magainin and the calculated spectrum may be due to d
ences between the structure in lipid micelles and that in
bilayers. Variations in the backbone dihedral angles of610°

etween the two conformers lead to excursions as larg
15 ppm and61 kHz in the15N chemical shift and1H–15N

dipolar coupling frequencies, respectively, and are s
cient, by themselves, to account for the differences betw
the experimental and calculated spectra. Further, varia
in the magnitudes of the principal elements of the15N

FIG. 3. Experimental (A and B) and calculated (C) two-dimensio
ISEMA spectra of magainin in oriented lipid bilayers. In all spectra the a

dentifies the resonance from Val17. A.15N Val-labeled magainin. B. Un-
ormly 15N-labeled magainin. C. Spectrum calculated from the coordinat
the solution NMR structure of magainin in lipid micelles (PDB file 2MA
The spectrum was calculated on a Silicon Graphics O2 computer (Mo
View, CA), using the FORTRAN programFINGERPRINT.The input to the
program consisted of the orientation of magainin specified by the solid
NMR angular constraints determined for Val17; the backbone dihedral a
of residues 4 to 22 from the solution NMR structure in lipid micelles; the15N
hemical shift tensor; and the NH bond length. The amide15N chemical shif

tensor used in the chemical shift calculation had principal values ofs11 5 64
pm, s22 5 77 ppm,s33 5 217 ppm, and an orientation relative to the N
ond axis described bys33 / NH 5 17°. A NH bond length of 1.07 Å wa

used in the1H–15N dipolar coupling calculation.
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chemical shift tensor of620 ppm lead to excursions as la
as615 ppm in the calculated15N chemical shift frequencie
This is in keeping with the residue-dependent variab
observed for the amide15N chemical shift tensor; in con-
trast, little variability has been observed in the orientat
of the principal elements in the molecular axis syst
Finally, variations in the NH bond length as large as60.02
Å correspond to excursions of only60.6 kHz in the calcu
ated 1H–15N dipolar coupling frequency. In this “in-plan
region of the PISEMA spectrum the NMR resonance
quencies are very sensitive to small changes in mole
orientation, as well as NH bond length, and principal va
of the amide15N tensor.

The similarity of the calculated and experimen
PISEMA spectra in Fig. 3 corroborates the conforma
and orientation of magainin II shown in Fig. 4. Distan
measurements made on unoriented bilayer samples o
gainin with magic angle spinning experiments (27) were
interpreted to show that residues 15 to 19 have one-
b-sheet and two-thirdsa-helix secondary structure in th

FIG. 4. Schematic drawing of magainin II aligned on the surface o
lipid bilayer membrane. The three-dimensional orientation of the peptid
determined from the angular constraints for Val17 derived from the t
dimensional solid-state NMR spectrum. The solid gray area represen
polar/hydrophobic interfacial region of the lipid bilayer membrane. The a
specifies the direction of the applied magnetic field (B0). A. Side view of the
magainin II helix backbone. The amide nitrogen of Val17 is shown a
closed circle. The amide NH bonds (pointing to the right of the page
aligned nearly parallel to the surface of the lipid bilayer and perpendicu
the direction of the applied magnetic field. B. View of the backbone Ca atoms

own the long helix axis, with the N-terminus in front. The dashed line m
he boundary between hydrophilic (white) and hydrophobic (gray) residu
he amphipathic helix.
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region. PISEMA spectra ofb-sheets andb-turns inserted a
various orientations in a membrane exhibit character
patterns that are distinctly different from those ofa-helices
(unpublished results). The difference between the re
obtained on oriented bilayer samples, which show
a-helix, and those from unoriented samples, which sho
mixture of secondary structures, may be explained by
ferences in the peptide to lipid ratios of the samples.

CONCLUSIONS

Only the sequential assignment of all resonances an
determination of the complete three-dimensional struc
can provide the definitive answer about the topology
polypeptide in the membrane. The first steps in struc
determination are the resolution of individual resonan
and measurement of orientationally dependent frequen
The results shown in Figs. 1 and 2 demonstrate that t
dimensional correlation spectroscopy overcomes the s
spectral overlap observed in one- and two-dimensi
solid-state NMR spectra of membrane in-plane helice
oriented bilayer samples. With further development of
instrumentation, especially the use of high magnetic fie
and experimental methods, the ability to obtain comple
resolved spectra of uniformly isotopically labeled prote
in oriented bilayers should extend far beyond 50 residu
take advantage of solid-state NMR having no fundame
size limitation.
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