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S U M M A R Y  

Solid-state NM R spectroscopy was used to determine the orientations of two amphipathic helical peptides 
associated with lipid bilayers. A single spectral parameter provides sufficient orientational information for 
these peptides, which are known, from other methods, to be helical. The orientations of the peptides were de- 
termined using the JSN chemical shift observed for specifically labeled peptide sites. Magainin, an antibiotic 
peptide from frog skin, was found to lie in the plane of the bilayer. M2& a helical segment of  the nicotinic 
acetylcholine receptor, was found to span the membrane, perpendicular to the plane of the bilayer. These 
findings have important implications for the mechanisms of  biological functions of  these peptides. 

INTRODUCTION 

Amphipathic helical peptides are structural and functional entities by themselves, as oligomers, 
and as protein domains in membrane environments. Amphipathic helical peptides are thought to 
form trans-membrane ion channels by aggregating in oligomeric bundles with their hydrophilic 
residues on the inside, facing the lumen of the pore, and their hydrophobic residues on the out- 
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side, interacting with the hydrocarbon chains of the lipids. Each of the peptides in these channels 
contributes a single membrane spanning helix perpendicular to the plane of the bilayer. Amphi- 
pathic helical peptides also associate with the interface region of phospholipid bilayers in the 
plane of the bilayer. Solid-state NMR spectroscopy is well suited for differentiating between 
trans-membrane and in-plane orientations of helical peptides with many different orientationally 
dependent spectral parameters available for this purpose. In this paper we demonstrate that the 
15N amide chemical shift provides a convenient parameter for determining the orientation of am- 
phipathic helical peptides in lipid bilayers. 

Magainins are a family of 21-26 residue peptides first found in the skin of frogs (Zasloff, 1987). 
They exhibit a broad spectrum of antibacterial and other biological activities, possibly resulting 
from the formation of oligomeric peptide ion channels across membranes, or some other mechan- 
ism for disrupting the electrochemical ionic gradient across cell membranes (Urrutia et al., 1989). 
There is substantial evidence for strong interactions of magainins with bacterial membranes. 
However, these peptides do not lyse red blood cells, which suggests that they may interact quite 
differently with vertebrate membranes than with bacterial membranes. Two-dimensional solution 
NMR experiments indicate that these peptides are predominantly helical in detergent micelles 
(Shon et al., 1991d) and trifluoroethanol/water mixtures (Marion et al., 1988) and unfolded in 
aqueous solution. The 23-residue Magainin2 peptide, GIGKFLHSAKKFGKAFVGEIMNS-  
amide, was synthesized with Ala 15 labeled with JSN for these studies. 

The major superfamilies of ion channels in biological membranes, such as the nicotinic acetyl- 
choline receptor and voltage-gated cation channels, are large and complex proteins. A promising 
approach to their analysis is to synthesize and study peptide sequences corresponding to segments 
of the protein (Montal, 1990a, b). The peptide M2 was selected from the 8 subunit of the torpedo 
acetylcholine receptor, because homology and model studies suggest that this sequence-specific 
motif is responsible for specific functions in the channel activity of the receptor (Oiki et al., 1988). 
M28 differs substantially from Magainin2 in that it does lyse red blood cells (Kersh et al., 1989) 
and closely mimics the ion channel properties of the receptor in model membranes. M28 and simi- 
lar peptides have been shown to be helical by solution NMR spectroscopy (Brown et al., 1982, 
1983; Lee et al., 1987; Holak et al., t988: Mulvey et al., 1989; Wennerberg et al., 1990; Ikura et al., 
1991; Shon et al., 1991b). The 23-resi6ue M28 peptide, EKMSTAISVLLA_QAVFLLLTSQR, was 

12 synthesized with Ala labeled with 15N for these studies. 

METHODS 

The peptides utilized in the NMR experiments w~re synthesized by automated solid-phase 
methods based on t-Boc chemistry with a single amide site specifically labeled with 15N. The 
samples were prepared from peptides uniformly mixed with lipids in an organic solvent at a de- 
fined ratio, applied to thin glass plates where the solvent was evaporated, equilibrated at 93% rela- 
tive humidity at a temperature above that for the lipid phase transition, and compressed between 
plates. 31p NMR spectra of the peptide containing lipids indicate that the samples are highly 
oriented. Each sample was then placed in the doubly tuned coil of a probe of a solid-state NMR 
spectrometer and maintained at constant humidity and temperature. Coils with either planar geo- 
metry, suitable for a single pair of glass plates, or square geometry, suitable for a stack of glass 
plates, were used (Bechinger and Opella, 1991). 15N NMR experiments were performed on a 
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home-built  double-resonance spectrometer with an 8.5 T magnetic field. The spectra were ob- 
tained with spin-temperature-alternated and phase-cycled MOIST cross-polarization sequence 

(Pines et al., 1973; Levitt et al., 1986) with typical parameters  of  1.6 ms mix time, 3 s recycle delay, 

1.5 m T  decoupling field, and signals acquired with 20 000 proton decoupled transients. 

RESULTS A N D  D I S C U S S I O N  

Figure i compares  experimental solid-state ~SN NM R spectra of  the specifically labeled Magai- 

nin2 and M2~i peptides in oriented phospholipid bilayers, to a simulated 15N amide chemical- 

shift powder pattern. Each oriented peptide has a relatively narrow single-line resonance from its 
one 15N-labeled amide site. The resonance frequencies observed in these two samples are quite 

different, varying by nearly the full breadth of  the powder pattern, indicating that the planes con- 

taining the labeled peptide groups have very different orientations relative to the direction of the 
applied magnetic field. In order to fully determine the orientation of a labeled peptide plane, it 

would be necessary to measure at least one other spectral parameter  associated with that site 
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Fig. 1. ~SN N M R  spectra of peptides. (A) Experimental spectrum of ~SN-Ala L~ - Magainin2 ( 3 tool % ) in POPC/POPG 
(3:1) ( I-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine / l-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol) bilayers 
oriented between glass plates at 40 o C. (B) Experimental spectrum of L~N-Ala12-M28 peptide ( 5 mol % ) in DMPC/ 
DMPG (4:1) (1,2 - dimyristoyl-sn-glycero-3-phosphocholine / 1,2 - dimyristoyl-sn-glycero-3-phosphoglycerol) bilayers 
oriented between glass plates at 30~ In both samples, the glass plates were oriented so that the plane of the bilayers is 
perpendicular to the direction of the applied magnetic field. (C) Simulation of ~SN chemical-shift powder pattern for a 
peptide nitrogen, using the values given in Fig. 2. The positions associated with the N-H bond approximately parallel to 
the field and perpendicular to the field are marked. 



170 

A 

o 
o 1110 

B 

o 
o 1llo 

C 

D E F 

0 180 0 100 

G 

z 

I 
x 

Bo 

Y 

Fig. 2. (A) Restriction plot for a tSN chemical shift measurement of 60 + 5 ppm. The values for the chemical-shift tensor 
are: a~ = 37.6 + 6.5 ppm, a22 = 55.4 +5.2 ppm and 633 = 200.6 +5.5 ppm. The tensor orientation is 18.5~ ~ (B). 
restriction plot showing the possible a, 13 pairs for an e-helix oriented perpendicular to the direction of the applied magnet- 
ic field, Bo. The star indicates the pair of angles corresponding to the orientation with the N-H bond perpendicular to Bo, 
a = 180 ~ [3 = 180 ~ (C) The peptide plane corresponding to the starred pair of angles in B. (D) Restriction plot for a 15N 
chemical-shift measurement of 185 + 5 ppm. The tensor is the same as in A. (E) Restriction plot showing the possible a, 
13 pairs for an e-helix oriented parallel tO Bo. The two possibilities are symmetry related, corresponding to the e-helix being 
oriented with the N-H bonds pointing 'up' or "down'. (F) The peptide plane corresponding to the orientation indicated by 
the star in E. (G) Molecular axis system for the peptide plane. The x-axis is coincident with the N-H bond, the z-axis is per- 
pendicular to the plane, and the y-axis is perpendicular to both x and z. The orientation of the peptide plane with respect 
to Bo is given by the angles a and [3.13 is the angle between Bo and the z-axis and a is the angle between the x-axis and the 
projection of Bo in the xy plane. 

(Opel la  et al., 1987; Opel la  and  Stewar t ,  1989). However ,  since the JSN-labeled residues in bo th  

Maga in in2  ( M a r i o n  et al., 1988; Shon  et al., 1991d) and  M28 (Shon et al. ,  1991a) are  k n o w n  to 

a d o p t  helical s econda ry  s t ructures  in m e m b r a n e  env i ronmen t s  f rom so lu t ion  N M R  exper iments ,  

the 15N chemical  shifts p rov ide  sufficient i n fo rma t ion  to define the o r i en ta t ions  o f  the helices. 

The exper imen ta l  spec t ra  in Figs.  I A and  1B can be readi ly  in te rpre ted  qua l i ta t ive ly ,  since the 

magn i tudes  and  o r i en ta t ions  o f  the pr inc ipa l  values  9f  the (nearly)  axial ly  symmet r i c  15N amide  

chemical -shi f t  tensor  have been es tab l i shed  in a var ie ty  o f  mode l  pept ides ,  and  the obse rved  reso- 

nance  frequencies  are near  the d i scont inu i t ies  o f  the chemica l -sh i f t  p o w d e r  pa t te rn ;  the chemica l -  

shift  t ensor  o f  a 15N amide  site is o r ien ted  such tha t  an N - H  b o n d  tha t  is a p p r o x i m a t e l y  para l le l  

to the d i rec t ion  o f  the app l ied  magne t i c  field has  a tSN resonance  f requency close to tha t  o f  the 

pr inc ipa l  e lement  o11, and  an amide  N - H  b o n d  pe rpend icu l a r  to the field has  a 15N resonance  fre- 

quency  close to tha t  o f  the pr inc ipa l  e lement  o •  et al. ,  1984; Har tze l l  et al., 1987; Oas  

et al. ,  1987; Teng and  Cross ,  1989). In Fig. IA ,  the ~SN N M R  spec t rum of  JSN-AlalS-labeled M a -  

gainin2 consis ts  o f  a single line with a r esonance  f requency near  o •  therefore  the N - H  b o n d  o f  

A la  15 , as well as those  o f  the o the r  residues in the helical pept ide ,  are  a p p r o x i m a t e l y  pe rpend icu -  
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lar to the direction of the magnetic field and parallel to the plane of the bilayer. In Fig. I B, the tSN 
NMR spectrum of tSN-Alat2-1abeled M2~5 has its resonance intensity near ell, therefore the N-H 
bond of Ala t2 , as well as those of  the other residues in the helical peptide, are approximately pa- 
rallel to the direction of  the magnetic field and perpendicular to the plane of the bilayer. 
The experimental spectra in Figs. 1A and 1B can be interpreted in a more detailed and quantitati- 
ve manner by identifying all of the peptide plane orientations that are consistent with the observed 
resonance frequencies. The two polar angles ct and 13 defined in Fig. 2G describe the orientation 
of  a peptide plane with respect to the direction of sample orientation and the applied magnetic 
field, B0. Peptide plane orientations consistent with an experimental measurement are represented 
as pairs of a and 13 angles. This method provides limitations or restrictions on the possible peptide 
plane orientations rather than determining a unique orientation from the experimental data. Suc- 
cessive applications of the restrictions from various experimental measurements reduce the 
number of allowed orientations to a manageable number (Chirlian and Opella, 1990a). The re- 
sults are displayed graphically in restriction plots, where the dark areas represent the a- and 13- 
angle pairs for all orientations consistent with the experimental measurement; orientations de- 
scribed by pairs of a and 13 angles in the white areas are ruled out by the measurement. The restric- 
tion plots in Figs. 2A and 2D correspond to the experimental data in Figs. IA and I B, respective- 
ly. In order to ensure that all plausible orientations are present in the restriction plots, the full 
range of 15N chemical-shift tensor values which have been observed in proteins or peptides, and 
a very conservative estimate of experimental error, are utilized in the calculations (Chirlian and 
Opella, 1990b, 1991). 

Many different peptide-plane orientations are consistent with each 15N resonance l~requency. If 
information about the secondary structure was not available, then the determination of orienta- 
tion would be possible only through additional experimental measurements. However, since the 
secondary structure has been determined independently for both of the peptides, we can take ad- 
vantage of the structural regularity of the a-helix to extend" the results from the specifically labeled 
site to the entire peptide. The peptide planes in an a-helix oriented parallel to the field all have the 

M28 Magainin2 

L 

Fig. 3. Schematic drawing of in-plane (Magainin2) and trans-membrane (M2~5) orientations of 23-residue amphipathic 
helical peptides in lipid bilayers. The helical backbones are represented by their 22 peptide bond planes, whereas the white 
boxes indicate the extending side chains. 
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same values of a and 13, as shown in the restriction plot in Fig. 2E. When the helix is oriented per- 
pendicular to the field a regular pattern of a, 13 pairs exists, as is shown in Fig. 2B. Comparisons 
between these restriction plots based only on secondary structure, with those based on experimen- 
tal results, enables the orientation of the helix to be determined by elimination. The correct 
peptide, plane orientation (a, ]3 pair) for a helix parallel to the magnetic field is only contained in 
the restriction plot for the 185-ppm chemical shift. No overlap with the a, 13 pairs for a helix 
oriented perpendicular to the field is observed. Similarly, common a, 13 pairs are present in Figs. 
2A and 2B consistent with a helix oriented perpendicular to the field. These conclusions are 
strengthened by the absence of overlap between the restriction plots in Figs. 2B and 2E. 

The qualitative and quantitative methods of analysis of the oriented 15N chemical shifts are in 
agreement in describing the orientations of these two helical peptides in lipid bilayers. Magainin2 
is oriented approximately parallel to the plane of the bilayer. The drawing in Fig. 3 places it at the 
interfacial region of the bilayer based on the expectation that an amphipathic peptide interacts 
with both the polar headgroups and the hydrocarbon chains of the lipids. M25 is clearly a trans- 
membrane peptide, as shown in Fig. 3, oriented perpendicular to the plane of the bilayer. Both of 
the peptides are visualized as monomers in Fig. 3; however, they are most likely associated as oli- 
gomers in the membranes, with each peptide having the same orientation relative to the plane of 
the membrane. These findings are consistent with the functional models of the M25 peptide form- 
ing trans-membrane molecular channels. However, they suggest that the magainins, at least at 
equilibrium in this lipid system, do not cross the membrane, but rather reside in the interfacial 
regions. 

a-Helices are the dominant structural features of membrane proteins (Deisenhofer, 1985; Rees 
et al., 1989; Henderson et al., 1990). Both hydrophobic and amphipathic helices longer than about 
20 residues span the membrane and are aligned approximately perpendicular to the plane of the 
bilayer, and shorter amphipathic helices are associated with the polar headgroups of the lipids 
and are aligned along the plane of the bilayer. These results demonstrate that the combination of 
determining the secondary structure of proteins in micelles and the orientation of helices in 
bilayers that has been successfully demonstrated for membrane-bound fd (Shon et al., 1991c) and 
Pfl (Shon et al., 1991b) filamentous bacteriophage coat proteins is applicable to isolated am- 
phipathic helices in bilayers. 
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