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Uniformly *N-labeled samples of membrane proteins with he-
lices aligned parallel to the membrane surface give two-dimen-
sional PISEMA spectra that are highly overlapped due to limited
dispersions of 'H-"*N dipolar coupling and N chemical shift
frequencies. However, resolution is greatly improved in three-
dimensional *H chemical shift/*H-"*N dipolar coupling/*N 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 VVpu 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
Vall7 of magainin enabled the three-dimensional orientation of
this helical peptide to be determined in the lipid bilayer. © 2000
Academic Press
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INTRODUCTION

The structures of membrane proteins can be determine
phospholipid bilayers by solid-state NMR spectroscapy?).
The approach we are developing takes advantage of the
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tion inversion spin exchange at the magic angle) experime
(10), which is a high-resolution version of separated local fiel
spectroscopy1(l), many individual resonances have been re
solved in the multidimensional solid-state NMR spectra o
uniformly **N-labeled membrane proteins with between 25 an
200 residues in oriented bilayer samplés 9, 12—14. The
observed frequencies of the single-line resonances depend
the orientation of the molecular sites relative to the direction ¢
the applied magnetic field and provide both the mechanism fi
resolution among resonances and the orientational constrai
used for structure determination. The ability to measure mu
tiple orientationally dependent frequencies for each resonan
is an important feature of this approach because, in principl
it enables a protein structure to be determined from a sing
assigned spectrum.

Transmembrane helices give well-resolved two-dimension
"H-"N dipolar coupling’N chemical shift PISEMA spectra
(7,9, 12, 13. This fortunate situation happens largely becaus
transmembrane helices typically cross the membrane at

4Ahgle (5-17. Solid-state NMR experiments have been used t
characterize the orientations of transmembrane helices in
hw{nber of polypeptides, including AChR M®)( the HIV-1

resolution and both angular and distance information availafcessory protein VplA(13, 14, and influenza M2%). The

in stationary oriented samples. Although even the simplddt lads to variations in the angles formed by the backbor
one-dimensional solid-statéN NMR spectra of oriented bi- amide NH bond vectors relative to the magnetic field, and th
layer samples provide valuable information about the architég-manifest in the dispersion of both the—"N dipolar cou-
ture of membrane peptides and proteigs®, complete struc- Pling and the®N chemical shift frequencied, 17.

ture determination requires the measurement of multiple!n contrast to transmembrane helices, surface bound helic
orientationally dependent frequencies for each residue. Fsnerally have their axes parallel to the plane of the bilayer ar
example, the three-dimensional structures of the gramicidin iefthogonal to the direction of the applied magnetic field. Cor
channel peptide8) and of a functional peptide correspondingequently, they exhibit much smaller angular dispersions
to the M2 segment of the acetylcholine receptor (ACh®) (their amide NH bond vectors relative to the magnetic fi&g).(
have been determined with this method. In order for thiEhis leads to a high degree of overlap in the spectral regic
approach to be generally applicable, it is essential to be ableagsociated with in-plane helices in two-dimensional PISEM;
resolve resonances from uniformly isotopically labeled prepectra of uniformly°N-labeled proteins7, 13, 14, 1§. The
teins prepared by expression in bacteria or other organisms trestults described in this Communication demonstrate the cr
can grow on minimal medium. Using the PISEMA (polarizagial role played by the'H chemical shift interaction in the
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resolution of resonances from in-plane helices of membrane Magainin-2 Vpu2og-81
proteins (4). Three-dimensionafH chemical shift/tH—""N s I oy
dipolar coupling’’N chemical shift correlation spectrag) can ' _
give very favorable results in situations where the two-dimen- '
sional spectra are seemingly intractable. A B

Magainin, an antibiotic peptide isolated from frog skird), ﬂ
has only 23 residues (GIGKFLHSAKKFGKAFVGEI MNS), . - - 3 -

T
yet its one- and two-dimensional solid-state NMR spectra 0 0 3‘50 5 o -50
display poor resolution because the peptide is a nearly linear 1P shift (ppm)

a-helix oriented in the plane of the membrane. The structure of c D
magainin, determined by multidimensional solution NMR
spectroscopy in lipid micelle2(), is an amphipathie-helix M\J\,
with slight curvature. Our earlier solid-state NMR experiments
were consistent in showing that the helix axis lies in the plane E : F $
of the phospholipid bilayer21). These studies utilized specif- w -
ically **N-labeled synthetic peptides, which limited the inves .
tigation to only a few sites in the peptide. Expression in .
bacteria allows us to prepare uniformfiN-labeled samples P T ‘,_4,&_
suitable for complete structure determination as long as all of
the resonances can be resolved. 0
Similarly, Vpu,s_g;, @ polypeptide corresponding to the-cy "t 0 r
toplasmic domain of the HIV-1 accessory protein V@A2)(
interacts with membrane bilayers as in-plarehelices
(4,13, 14, and uniformly **N-labeled samples give poorly , : — B w_
resolved one- and two-dimensional solid-state NMR spectra. 150 100 150 100
Full-length Vpu is an 81-residue membrane protein (MQPIQI- 15N shift (ppm)
AIVA LVVAIIIAIV VWSIVIIEYR K”-RQRKlDR LIDRLI- FIG. 1. Solid-state NMR spectra of uniformfyN-labeled magainin (left)
ERAE DSGNESEGEI SALVELGVEL GHHAPWDVDD L). and Vpus_s (right) in oriented lipid bilayers. A and B. One-dimensiorid
Using NMR experiments in micelles and in lipid bilayers, w&MR spectra of the phospholipids. C and D. On_e-dir?sensigiFNINMR
have demonstrated that full-length Vpu folds into two distin@?emfﬁ‘ of the polypeptides. E and F. Two-dimensichai™N dipolar cou
. . . ing/“N chemical shift PISEMA spectra of the polypeptides. G and H.
structural domains: a smgle transmembrane N-terminal hyd vo-dimensionalH-"N dipolar coupling’N chemical shift planes extracted
phobic helix that makes an angle of about 15° with the bilay@bm three-dimensiondiH chemical shiftfH—*N dipolar coupling®N chem
normal and two amphipathic in-plane helices in the cytoplasal shift correlation spectra at selectt#d chemical shift frequencies. GH
mic C-terminal domainl(, 13, 14_ F:hemigal shift= 15.5 ppm. H."H chemical shift.: '17.0 ppm. In G the arrow
identifies the resonance from Vall7 of magainin. Tf¢ and '*H chemical
shifts are referenced to 0 ppm for liquid ammonia and tetramethylsilan
RESULTS AND DISCUSSION respectively. The recombinant polypeptides were derived from fusion proteil
expressed irEscherichia coli.For uniformly labeled samples. coli cells
Solid-state NMR spectra of uniformﬁ?N-Iabeled magainin were grown in medium containingN-enriched ammonium sulfate. For the
and Vpus_s: in oriented lipid bilayers are shown in Fig. The specifically labeled sample used to obtain the spectrum in Fig. 3A, the grow
3p NMR spectra of the lipids in both samples (Figs. 1A anraedlum contained all amino acids with only valifiél labeled. All isotopi

. . . cally labeled materials were from Cambridge Isotope Laboratories (Andove
1B) d'SpIay a smgle peak near 30 ppm, as expected for hlg ). The preparation of oriented lipid bilayer samples of magai@if) @nd
aligned bilayers with this lipid composition (phosphatidylchovpu,, ,, (13) has been described. The solid-state NMR spectra were obtain
line:phosphatidylglycerol, 4:1 molar ratio) and peptide:lipi@t23°C (magainin) or 0°C (VpsLe) using homebuilt double-resonance probes
molar ratios (magainin, 1.6:100; and Vjpu,, 0.5:100). A+  Wwith “square” RF coils wrapped directly around the samples, which consiste

though the one-dimensionSN chemical shift and two-dimen of thin glass plates containing the hydrated polypeptide and phospholipids. T
sgectrometers had magnets with field strengths correspondikyrsonance

sional PIS_EMA spectra of maga?nir] (Figs. 1C_ and 1E) an quencies of 550 and 400 MHz. The NMR data were processed using t
Vpus_g: (Figs. 1D and 1F) have limited resolution, they proprogramrELIX (Biosym Technology, San Diego, CA) on a Silicon Graphics
vide sufficient information to map out the architecture of theomputer workstation (Mountain View, CA).

polypeptides illustrated at the top of Fig. 4, (3, 14. The

orientational dependence of the frequencies results in the over-

lap of resonances in these highly symmetric polypeptides cariiemical shift (70 ppm) frequencies associated with NH bonc
taining only in-plane helices. The resonance intensity is highparallel to the membrane surface and perpendicular to tl
concentrated near tHel—"°N dipolar coupling (5 kHz) and’N  direction of the applied magnetic field.

=

1H-15N coupling (kHz)
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There are a few resolved resonances in the one-dimensional 15 ppm 9 ppm
15 s ; ; B -6

N NMR spectrum of magainin (Fig. 1C); the signals at 166 d ? gh
and 180 ppm most likely correspond to the side chain nitrogens cﬂ L re |
of His7 and Asn22. There are three peaks in the isotropic
chemical shift region of the spectrum (115 ppm), but only one - -2
with a '*H-"N dipolar coupling frequency of 0 kHz. It is
improbable, although possible, that residues at the N- and L ' '
C-termini of the peptide undergo motions on a time scale 8 ppm
intermediate between tH&N chemical shift andH-""N dipo- i )f S
lar coupling interactions (0.1-1 ms). More likely, a few resi-
dues proximate to the termini do not form part of a canonical
helix in the lipid bilayers as is the case in lipid micelley )
and hence adopt conformations where the amide NH bonds are 0 /|
not parallel to the membrane surface. 12 ppm

Only a few resonances are genuinely resolved in the in-plane ny {(
helical region of the two-dimensional PISEMA spectra of m t .
magainin (Fig. 1E) or Vpu_g, (Fig. 1F). The favorable reso
nance linewidths reflect well-oriented samples and a properly B -2
tuned spectrometer (250 Hz in tHel-"°N dipolar coupling f
dimension and 3 ppm in th€N chemical shift dimension). :
However, the spectral resolution is limited by the small fre- 11 ppm =
guency dispersion in both dimensions, which is characteristic 0|
of in-plane a-helices. Since one of the main advantages of
uniform N labeling of proteinsZ3) is that three different spin
. . - . . . . B -2
interactions are available for interrogation at each amide site, pf
the way to deal with the severe overlap in the in-plane helical . : ; :
region of the two-dimensional PISEMA spectra is to invoke the 150 100 150 100
*H amide chemical shift interaction and increase the number of 15N shift (ppm)
frequency dimensions. The three-dimensiothashift/"H-""N FIG. 2. Two-dimensional'H-""N dipolar couplingN chemical shift
dipolar coupling’N shift correlation spectrum of magainin Il planes extracted from three-dimensiorial chemical shiffH—"*N dipolar
in oriented bilayers is completely resolved, dramatically illugoupling/°N chemical shift correlation spectrum of uniformfiN-labeled
trating the value of théH chemical shift in separating reso magainin in oriented lipid bilayers at select’éﬁchemical shift frequencies. A

. . . . . total of 22 resonances labeled a to v were identified.

nances from residues in a helix oriented in the plane of the
bilayer. We have identified 22 resonances in the three-dimen-
sional spectrum of magainin, as expected from the amino acily N Val-labeled magainin in Fig. 3A. Th&H chemical
sequence of this 23-residue peptide. The two-dimensidthal shift, "H-=""N dipolar coupling, and°N chemical shift frequen
N dipolar coupling’’N shift planes extracted from a threecies measured from the three-dimensional correlation spectrt
dimensional spectrum of uniformly’N-labeled magainin at are sufficient to determine the orientation of Vall7 relative tc
selected'H chemical shift frequencies are shown in Fig. 1@he direction of the applied magnetic field. The angular restric
and in Fig. 2. Similarly, théH chemical shift separated two-tions from these experimental frequencies were combined wi
dimensional spectral plane of uniformiN-labeled Vpuys_s; the solution NMR structure in lipid micelle20) to character-
in Fig. 1H shows that individual resonances can be resolvedii® the three-dimensional orientation of magainin in the lipic
a polypeptide with twice as many residues, despite the sevbikayers. As shown in Fig. 4A, the magainin helix is parallel tc
overlap observed in the two-dimensional PISEMA spectrurthe bilayer surface. It is rotated about its long axis (Fig. 4B) s
The observation of single resonances from individual backbotieat the polar—apolar boundary, separating the hydrophil
amide sites indicates that both magainin and )pu bind (white) and hydrophobic (gray) faces of the helix, is parallel t
tightly to the membrane surface in unique orientations and dfee membrane surface. Residues Phe5, Phel2, and Phel6
structured and immobilized by their interactions with the lipi@ll near this boundary region and, hence, equidistant from tt
bilayers, even though they are soluble and unstructured in throphobic core of the lipid bilayer. This is in agreement witt
absence of lipids13, 20, 24, 2h data from fluorescence quenching studies at these g@s (

In Fig. 1G, the arrow points to the resonance assigned Because of symmetry consideratiod$) the solid-state NMR
Vall7 of magainin. This resonance was assigned by compatata in Figs. 1 and 2 do not provide information about th
son with the two-dimensional PISEMA spectrum of specifisidedness” of the helix—bilayer interaction, i.e., whethe

=
-
T
T

|7 ppm 5

1H-15N coupling (kHz)
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6 ppm
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BREBE o chemical shift tensor of-20 ppm lead to excursions as large
A B N C ;@& T as*15ppmin the calculateiN chemical shift frequencies.
Vite L VW——';-.@ | Mirz—= 121_4 2 This is in keeping with the residue-dependent variability
) L 'g observed for the amid&N chemical shift tensor; in con
B L 211418 1p O trast, little variability has been observed in the orientation
a - of the principal elements in the molecular axis systen
T T i g . . L Finally, variations in the NH bond length as large28.02
100 50 100 50 100 50

A correspond to excursions of onty0.6 kHz in the calcu-
lated *H=""N dipolar coupling frequency. In this “in-plane”
FIG. 3. Experimental (A and B) and calculated (C) two-dimensiona+egion of the PISEMA spectrum the NMR resonance fre

PISEMA spectra of magainin in oriented lipid bilayers. In all spectra the arro . i .
identifies the resonance from Vall7. AN Val-labeled magainin. B. Uni Huenmes are very sensitive to small changes in molecul

formly “N-labeled magainin. C. Spectrum calculated from the coordinates 8fi€ntation, as well as NH bond length, and principal value
the solution NMR structure of magainin in lipid micelles (PDB file 2MAG).Of the amide™N tensor.

The spectrum was calculated on a Silicon Graphics 02 computer (MountainThe similarity of the calculated and experimental
View, CA), using the FORTRAN prografRINGERPRINT.The input to the p|SEMA spectra in Fig. 3 corroborates the conformatio

program consisted of the orientation of magainin specified by the solid-stat . . . . . .
NMR angular constraints determined for Vall7; the backbone dihedral ang%‘e(@d orientation of magainin Il shown in Fig. 4. Distance

of residues 4 to 22 from the solution NMR structure in lipid micelles; fhe me_a_sure_ments made on Un(_)rie_nted b”a)_/er samples of n
chemical shift tensor; and the NH bond length. The aniftlechemical shift gainin with magic angle spinning experimenta7) were
tensor used in the chemical shift calculation had principal values.of 64 interpreted to show that residues 15 to 19 have one-thil

ppM, 2, = 77 ppm, o, = 217 ppm, and an orientation relative to the N-Hg_sheet and two-thirds-helix secondary structure in this
bond axis described by;; £ NH = 17°. A NH bond length of 1.07 A was

used in the'H-"*N dipolar coupling calculation.

15N shift (ppm)

A water
Vall7 is on the same or opposite side of the bulk water phase. Bo
We present the magainin peptide at the membrane—water in-
terface with Vall7 and the hydrophobic face of the amphi- Vi7 T

pathic helix cis to the hydrophobic core of the lipid bilayer, as
expected from basic energy considerations.

The three-dimensional structure of magainin in the mem-
brane shown in Fig. 4 was validated by back-calculation of
the two-dimensional PISEMA spectrum. It is possible to
calculate the solid-state NMR spectra of proteins in oriented
samples because the frequencies directly reflect the angles
between individual bonds or chemical groups and the direc-
tion of the applied magnetic field. The PISEMA spectrum of
magainin calculated from the solution NMR structure of the
peptide in lipid micelles (PDB file 2MAG) and the orienta-
tion of the Vall7 peptide plane determined from solid-state
NMR (24) is shown in Fig. 3C. Many features of the
experimental spectrum are reproduced by the calculated
spectrum where the resonance frequencies reflect the helix
orientation, specified by Vall7; the backbone dihedral an-
gles; the amide®N chemical shift tensor; and the NH bond FIG. 4. Schematic drawing of magainin Il aligned on the surface of the
length. Differences between the experimental spectrum lipfd bilayer membrane. The three-dimensional orientation of the peptide w
magainin and the calculated spectrum may be due to diffélle_termi.ned from the angular constraints for Val'17 derived from the three

T . .. dimensional solid-state NMR spectrum. The solid gray area represents t
e_nces betwe_en_the ?trucwre in lipid m_lce”es and that in IIpfa(ilnar/hydrophobic interfacial region of the lipid bilayer membrane. The arrov
bilayers. Variations in the backbone dihedral angles@D®  gpecifies the direction of the applied magnetic figdd)( A. Side view of the
between the two conformers lead to excursions as largengsainin Il helix backbone. The amide nitrogen of Vall7 is shown as th
+15 ppm and*=1 kHz in the™N chemical shift andH—""N  closed circle. The amide NH bonds (pointing to the right of the page) ar
dipolar coupling frequencies, respectively, and are suffiligned nearly parallel to the surface of the lipid bilayer and perpendicular t

ient. by th | t t for the diff bet the direction of the applied magnetic field. B. View of the backbop@@ms
cient, by themselves, 1o account 1or the differences be We(?d’\)vn the long helix axis, with the N-terminus in front. The dashed line mark

the experimental and calculated spectra. Further, variatiqRgpoundary between hydrophilic (white) and hydrophobic (gray) residues
in the magnitudes of the principal elements of thH& the amphipathic helix.
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region. PISEMA spectra g8-sheets ang-turns inserted at 6. F. M. Marassi and S. J. Opella, NMR structural studies of mem-
various orientations in a membrane exhibit characteristic Prane proteins, Curr. Opin. Struct. Biol. 8, 640-648 (1998).
patterns that are distinctly different from thosewhelices ~7- Y- Kim. K. Valentine, S. J. Opella, S. L. Schendel, and W. A. Cramer,
(unpublished results). The difference between the results tShO"d'St.a.te NMR studies of the membrane-bound closed state of
. . . . e colicin E1 channel domain in lipid bilayers, Protein Sci. 7,
obtained on oriented bilayer samples, which show only 345 348 (1998).
a-helix, and those from unoriented samples, which show 8 g Rr. Ketchem, W. Hu, and T. A. Cross, High-resolution conforma-
mixture of secondary structures, may be explained by dif- tion of gramicidin A in a lipid bilayer by solid-state NMR, Science
ferences in the peptide to lipid ratios of the samples. 261, 1457-1460 (1993).

9. S. J. Opella, F. M. Marassi, J. J. Gesell, A. P. Valente, Y. Kim, M.
Oblatt-Montal, and M. Montal, Three-dimensional structure of the
membrane-embedded M2 channel-lining segment from nicotinic

. . acetylcholine receptors and NMDA receptors by NMR spectros-
Only the sequential assignment of all resonances and the copy, Nat. Struct. Biol. 6, 374-379 (1999).

determination of the complete three-dimensional structure. C. H. Wu, A. Ramamoorthy, and S. J. Opella, High resolution

can provide the definitive answer about the topology of a heteronuclear dipolar solid-state NMR spectroscopy, J. Magn. Re-

polypeptide in the membrane. The first steps in structure SOM A 109,270-272 (1894). _ _

determination are the resolution of individual resonancés: J- S- Waugh, Uncoupling of local field spectra in nuclear magnetic

and measurement of orientationally dependent frequencies resonance: Determination of atomic positions in solids, Proc. Natl.
u ot or ' y aep QUENCIES. A ad. Sci. USA 73, 1394-1397 (1976).

T_he re;ults shown Ir_] Figs. 1 and 2 demonstrate that thr(:ﬁ._ F. M. Marassi, A. Ramamoorthy, and S. J. Opella, Complete reso-

dimensional correlation specf[roscopy Qvercomes the SEVEre|ytion of the solid-state NMR spectrum of a uniformly **N-labeled

spectral overlap observed in one- and two-dimensional membrane protein in phospholipid bilayers, Proc. Natl. Acad. Sci.

solid-state NMR spectra of membrane in-plane helices in USA 94, 8551-8556 (1997).

oriented bilayer samples. With further development of the. F. M. Marassi, C. Ma, H. Gratkowski, S. K. Straus, K. Strebel, M.

instrumentation, especially the use of high magnetic fields, Otb'att"’\";’ma('j' f’V'- 't\_"ontla'a and S-_J-ﬂ?pe”a’ Eo”e'at'o? ,Othhe

. i . structural an unctional domains In € membrane protein Vpu

and Iex%erlmert]tal r?eth.?ds, Ith(_e atb|I|t_y tﬁ Olbtg”? Zompltet_ely from HIV-1, Proc. Natl. Acad. Sci. USA 96, 1433614341 (1999).

.reso_"e spe_c ra of uniformly iSotopically labele p!’O em 4. F. M. Marassi, C. Ma, J. J. Gesell, and S. J. Opella, The roles of

in oriented bllayers Sh_OUId extend far beyond 50 residues to homonuclear line narrowing and the *H amide chemical shift tensor

take advantage of solid-state NMR having no fundamental in structure determination of proteins by solid-state NMR spectros-

size limitation. copy, Appl. Magn. Reson. 17, 433-447 (1999).

15. J. U. Bowie, Helix packing in membrane proteins, J. Mol. Biol. 272,
780-789 (1997).

16. F. M. Marassi and S. J. Opella, A solid-state NMR index of helical

membrane protein structure and topology, J. Magn. Reson. 144,

150-155 (2000).
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